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Zusammenfassung

Zusammenfassung

Wegen der grol3en technologischen Bedeutung derteiogeraturbenetzung wurden
insbesondere zur Benetzung von flissigen Metalleh @Qxiden auf unterschiedlichen
Substraten viele experimentelle Untersuchungenhgdjfcihrt. Die Benetzung bei tiefen
Temperaturen kann theoretisch gut beschrieben wevdegegen die Beschreibung von
Hochtemperatursystemen sehr kompliziert ist, daSdilstrate nicht mehr als unldslich
und starr angesehen werden kénnen. Zusatzlich musgsksorptionseffekte und
Grenzflachenreaktionen in Betracht gezogen werddtxperimentell stellen
Hochtemperaturexperimente sehr hohe Anforderungediea Temperaturregelung und
die Reinheit der Atmosphére. Deshalb kommt es bpauafu widerspriichlichen
experimentellen Befunden.

In dieser Arbeit wurde die ,Drop-transfer Method@igewandt. Dabei wird die
Flissigkeit und das Substrat getrennt aufgeheitteust nach Erreichen der Temperatur
in Kontakt gebracht. Dadurch wird eine isothermendeung erreicht. Es wurde die
Benetzungskinetik von flissigem Silber auf polytaiénem und einkristallinem Mo
((110)- und (100))-Oberflachen) untersucht. Das Mg—System ist ein einfaches
eutektisches System ohne intermetallische Phaseswe&gen keine chemischen
Reaktionen wahrend des Benetzungsversuches ablalsn stellt somit ein
Modellsystem dar.

Ziel der Arbeit war es, die grundlegenden Phanomerde die
Hochtemperaturbenetzung in Metall-Metall Systememtiollieren, zu analysieren.Die
Benetzungskinetik des Systems Ag—Mo wurde dazu khatdellvorhersagen zur
Tieftemperaturbenetzung verglichen. Die Dynamik Tieftemperatursystemen wird
Ublicherweise durch ein hydrodynamisches Modelluig-flow model*) oder durch ein

mikroskopisches Modell (,Molecular kinetic modeltjeschrieben. In dieser Arbeit
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Zusammenfassung

wurde gezeigt, dass die Benetzung aller verwendetelybdansubstrate bei allen
Temperaturen und experimentellen Bedingungen dudah mikroskopische Modell
beschrieben werden kann. Im Rahmen des mikroskugisdlodells ist die Kinetik
dominiert durch die Reibungsverluste der Dreiphgsamelinie bei ihrer Bewegung
Uber die Substratoberflache. Viskose Reibung iralbrter Flussigkeit spielt demnach
eine untergeordnete Rolle. Fur die freie Aktiviggs@nergie wurde in dieser Arbeit ein
Wert von AG =~ 95 — 145 kJ/mol ermittelt. Dieser stimmt mit La&srwerten zur
Oberflachendiffusion von Silberatomen Uberein. Darfolgt, dass die Kinetik in den
Experimenten durch die Oberflachendiffusion vorb&ilauf Molybdan bestimmt wird.
Die Kinetik ist unabhangig von der Temperatur, @egrentierung des Substrates und
experimenteller Randbedingungen (,equilibratedfién-equilibrated?).

Der Benetzungswinkel im Gleichgewicht ist hingegarhangig von all diesen
Faktoren. Unter ,equilibrated” Versuchsbedingunggtrder Endwinkel immer geringer
als unter ,non-equilibrated® Bedingungen, unabhgngvon Temperatur und
Orientierung des Substrats. Es wird angenommers dager den ,non-equilibrated”
Bedingungen trotz der reduzierenden Atmosphére Skagserstoffadsorbat auf der
Molybdanoberflache nicht vollstandig desorbiert deur

Der Abfall des Endwinkels mit ansteigender Temperan Falle der Benetzung
von Ag auf einkristallinem Mo lasst sich durch eingnstieg der Loslichkeit (Mo in
Ag) von 0.3 auf 1.2 at.% mit ansteigender Temperg@ton 970 °C auf 1290 °C)
erklaren. Durch diesen Anstieg andert sich die @&taohenenergiéys, um40 mN/m.
Bei dem polykristallinen Mo-Substrat wurde bei migdn Temperaturen (970 °C-
1000 °C) ein starkerer Winkelabfall beobachtetbaisdem einkristallinen Mo-Substrat.
Dies ist weder durch die Anderung der Grenzflichergie ys. noch durch eine
Anderung der Oberflachenenergie mit der Temperatuzu erklaren. Es wére jedoch
denkbar, dal3 trotz der reduzierenden Atmosphard émperaturen um 970 °C der an

der polykristalinen Mo Oberflache adsorbierte Sateff noch nicht vollstandig

! Bei Versuchen unter ,equilibrated* Bedingungen dem die Proben fiir eine Stunde auf

Versuchstemperatur gehalten bevor das eigentlid@eBungsexperiment stattfand, wohingegen unter
.non-equilibrated  Bedingungen sofort nach Erreiche der  Versuchstemperatur  das

Benetzungsexperiment durchgefihrt wurde.
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Zusammenfassung

desorbiert ist. Dies wirde zu einer kleineren Aiehienenergiesy fihren und damit
auch zu einem héheren Endwinkel.

Der Endwinkel von Ag auf einkrisallinem Mo(100) waei den untersuchten
Temperaturen immer kleiner als der auf einkrigtaltn Mo(110). Die in dieser Arbeit

bestimmten Daten besagen, dass die Beziel\ng = ye° — Vo >AYy, = Var — Ve

erfullt sein muss. Dies bedeutet, dass entwedeGdemzflachenenergie sich stark mit
der Orientierung des Substrates &ndert, oder dadsr uden experimentellen
Bedingungen die Oberflachenenergie von Mo(110) grdlts diejenige von Mo(100)
sein misste. Es ist aus der Literatur bekannt, dsgse H-Atmosphare eine
Rekonstruktion der Mo Oberflache verursacht. Digsmrte zu einer geringeren
Oberflachenenergie einer rekonstruierten Mo(100er@fche im Vergleich zu einer
rekonstruierten Mo(110) fuhren.

Untersuchungen zur Furchenbildung an polykristaiinMo unter den gleichen
Versuchsbedingungen wie die Benetzungsexperimentelem durchgefuhrt, um die
Oberflachendiffusivitat von Molybdan zu bestimmeonkale Diffusionsprozesse an den
Grenzflachen zwischen Gas, Flussigkeit und Fes#tokdnnen zu einer Gratbildung
auf dem Substrat fuhren. Es wurde bei einigen Hoperatursystemen wie z.B. Glas
auf Mo und Al auf AJO; beobachtet, dass Gratbildung die Benetzungskinetik
beeinflusst {Saiz, E., 1998}, {Lopez-Esteban S.020 Fir das Ag—Mo-System wurde
in dieser Arbeit gezeigt dass unter der Annahmss #&ine Oberflachenstérungen als
Keime fur eine Gratbildung auf der Molybdanoberfiécvorhanden sind, bei den
beobachteten Benetzungsgeschwindigkeiten keinebilshathg zu erwarten ist. Selbst
bei Vorhandensein solcher Keime auf der Molybdaritishe misste der Grat kleiner
als 1 nm sein um sich mit den beobachteten Gesdykeiten mitzubewegen.
Gratbildung beinflusst daher die Benetzungskingiiéht. Dies wurde durch REM-,
AFM- und TEM-Untersuchungen bestatigt, die zeigtdass selbst nachdem das
Benetzungsexperiment beendet war und sich der &nopbdch eine weitere Stunde auf
dem Substrat befunden hatte, keine Gratbildungdngdbt werden konnte.
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1 Introduction

1 Introduction

Wetting is a phenomenon which is part of our dbie/as, for example, rain drops on a
window or ink on a paper. In some cases one warashieve a complete wetting as in
the case of the spreading ink on a paper or ircfse of coating processes. In other
cases as, for example, wetting of water on raimipoiothes should be avoided {Bultt,
H.J., 2003}.

Dynamic wetting or spreading is when a liquid moes®r a solid surface and
replaces a gas or liquid which was initially in tact with the solid surface. Two
general situations are possible: either the ligpickads until the angle between the solid
surface and the moving liquid front reaches a dirgquilibrium contact angle — a
situation which is callegartial wetting — or the liquid displaces the original fluid or gas
completely. The latter case is calledmplete wetting and the contact angle is zero.
Young {Young, T.,1805} was able to relate, in thedagnamic equilibrium the contact
angle to the surface energies of the interfacéseatriple line (solid—liquid—gas(liquid))
and Gibbs expressed this relationship in mathemddten {Gibbs, W., 1878}.

Besides the movement of a liquid drop over a sslidace, wetting also relates to
the penetration of a liquid into a porous mediuntiqaid advancing in a capillary, a
plate being immersed in a liquid or the displaceimeina liquid by another one
{Johnson, R.E. 1993}.

In general one differentiates betwefenced wetting and spontaneous wetting. In
forced wetting an externally imposed force causesdolid-liquid interfacial area to
increase (beyond the static equilibrium) {Kistleé3,F 1993}. This is common in
industrial coating processes where a thin laydigofd is deposited continuously onto a
moving surface. The speed at which the coatingbmmpplied is limited due to the

failure of the liquid to displace sufficient ailofn the substrate. This entrainment of air
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1 Introduction

can lead to a patchy or uneven deposition. Othemples of forced wetting are
enhanced oil recovery or polymer processing as éoample with mold filling,
composite manufacture etc. Spontaneous wettifggisnigration of a liquid over a solid
surface or liquid surface towards thermodynamicildgium. The driving force is not
externally imposed but comes from the capillarycésr that aim towards a decrease in
the free energy of the system. Examples of spootemevetting are sprays, such as
insecticidal sprays that wet the waxy surface ainplleaves, the printing of inks on
paper or the application of paints.

Besides the difference between forced and spont@nemetting one also
differentiates betweenlow-temperature and high-temperature spreading. Low-
temperature wetting implies that the wetting expent is performed at << T, ,
where T, is the melting point of the substrate. Examplesldav-temperature wetting
include insecticidal sprays, inks and paints. Theatnic aspects of low-temperature
wetting have been extensively studied for the spmeius and forced case as well as for
the complete and partial-wetting ead#glake, T.D. 1993}, {Kistler, S.F 1993}, {De
Ruijter, M. 1999}. Theoretical approaches typicalgsume that the substrate is smooth,
homogeneous, inert, and non-deformable. Howeven&ten et al. {Shanahan, M.,
1988} incorporated also viscoelastic ridging inke ttheoretical description. For low-
temperature systems, dynamic wetting has been zsthlysing a hydrodynamic
description {Voinov, O.V., 1976}, {Kistler, S.F 139{Cox, R.G., 1986},{Tanner,
L.H., 1979},{Gennes de, P.G., 1985} and from a nsalar point of view {Blake, T.D.
1993}, {Blake, T.D., 1968}. High-temperature wetgimccurs if the wetting experiment
is performed afT > 0.5T,,. Typical examples are welding and brazing. Destie
importance of high-temperature wetting in many nfacturing processes it remains a
largely unexplored field, mainly due to the tempar@a and chemical environmental
controls required and the complexity of tleeperimental procedure. The current
theories of the dynamics of low-temperature wetting not necessarily valid for high-
temperature spreading. This is in part due to thieerent complexity of high-
temperature systems in which the substrates cdrendescribed as rigid and insoluble

and spreading is usually accompanied by adsorptiguie-line ridging, interdiffusion
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1 Introduction

or interfacial reactions. Thua most of the systems of high-temperature sprepthe
results are ambiguous and even inconsistent anthéoeetical analysis lags far behind
the progress made for low-temperature systems @fuspopoulos, N., 1999}.

The objective of this work is to unveil the basibepomena controlling
spontaneous spreading in a model system at highetettures. Several authors have
investigated high-temperature spreading systemigasl metals or metal alloys on
ceramics and glasses on metals {Lopez-Estebar084}2{Saiz, E., 1998}, {Levi G.,
2003}, {Eustathopoulos N., 1998}, {Saiz, E., 2000h these systems spreading was
influenced by triple line ridging, adsorption effe®r interfacial reactions. In order to
avoid reaction and interdiffusion processes thepkneutectic metal-metal system,
Ag(liquid) — Mo, with very small mutual solubilithas been chosen. The phase diagram
is shown in Figure 1.1. Previous studies of metakainsystems with small mutual
solubility did not investigate a possible influenceridge formation on the kinetics
{Tomsia, A.P.,1982}{Pique, D., 1981} {Sugita, T.,1970},{Yupko, V.L.,
1991KYupko, V.L., 1986}. The focus of the presambrk is the spreading kinetics, the
question whether it is influenced by triple lindging, and how spreading is influenced
by temperature, the equilibration state of the eayst(adsorption effects) and the
orientation of the Mo substrate. The observed sjngakinetic is compared with
current theories developed for low-temperature agirgy such as the molecular kinetic
model {Blake, T.D., 1993}, {Blake, T.D., 1968}, {D&uijter, M. 1999} and the fluid
flow model {Voinov, O.V., 1976}, {Kistler, S.F 1993

High-temperature spreading experiments are gegerpérformed using a
conventional sessile-drop configuration, wheregaitl drop is placed on a substrate and
observed in cross-sections through a telescopengUsis method it is difficult to
separate the basic spreading process from additieffacts (such as melting,
equilibration with the atmosphere, oxide skin realpwetc.) {Eustathopopoulos, N.,
1999}, {Loehman, R.E., 1994}. In this work a drajusfer setup combined with high-
speed photography is used to analyze the spontarfbimin-temperature) spreading of a
liquid Ag drop on polycrystalline and single-cryiitee Mo substrates. In this method
the Ag is placed on a sapphire substrate, whiclo@s not wet. The Mo substrate is

17



1 Introduction

lowered from the top until it touches the liquid Agp and thus wets the Mo substrate.
The drop transfer setup provides a unique oppdiptuto systematically analyze

isothermal spreading and avoid the complicatioteted to melting and equilibration.

2900CT oore ,
961.9C 2623C
o
2
©
8 1900C
e
(]
|_
961,9C
958.5+2C
900C
0 50 100
Ag — at %Mo Mo

Figure 1.1: Schematic of the Ag-Mo phase diagratergMassalski, T.B., 1990}. The
solubility of Ag in solid Mo is lower than 0.00528%

In the next chapter general aspects of wetting diseussed. Two theoretical
approaches, based on a molecular kinetic modeadhud flow model are summarized.
Furthermore, two important effects in high tempematsystems: ridge formation and
adsorption, are discussed in detail. In Chaptelifature survey is given concerning
the dynamics of wetting in different low- and hitgmperature wetting systems. The
experimental details such as the description ofvik#ting experiment, including the
wetting furnace and the parameters of the wettimgeement, as well as the
microstructure investigations with Atomic Force kiscopy (AFM), Scanning Electron
Microscopy (SEM), Transmission Electron Microscof@EM), and Auger Electron
Spectroscopy (AES) are reported in Chapter 4. Retaechnical descriptions of the

sample preparation for the wetting experiment anth® microstructure investigations
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are given in Chapter. 5n Chapter 6 the experimental results of the spngpkinetics of
liquid Ag on polycrystalline and single-crystallifdo substrates are presented. In
addition the influence of equilibration, Mo orietitea and ridge formation on the
spreading kinetics and the final equilibrium cont@uegle is reported. Finally, the results
are discussed in Chapter 7. A short summary isngiv€hapter 8.
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2 Fundamentals

2 Fundamentals

2.1 General aspects of wetting

In the present work the spontaneous spreadingligual drop over a solid surface is
investigated. The liquid moves across a solid serfand displaces the gas which was
originally in contact with the solid surface. Th@vement of the liquid stops if either
the liquid reaches a finite equilibrium contact anglghwthe substrate or if it displaces
the original liquid or gas completely. In the lattase, the contact angle is equal to zero
which corresponds to complete wetting in contragtartial wetting which is described
by a finite contact angle.

Since wetting depends on the surface propertiessafid and its interactions with
the liquid the investigation of wetting allows cheterization of surfaces and the
interaction of solids with liquids.

This chapter gives an overview of the parameterghwbharacterize wetting and
their derivation. In addition, the difference beémelow- and high-temperature

spreading isliscussed.

2.1.1 Young’s equation

A fundamental parameter characterizing wettinghes ¢quilibrium contact angle. The
contact angle represents a macroscopic quantitinetefas the angle between the
substrate/liquid interface and the tangent to tioplét at the solid/liquid/vapor junction

(Figure 2.1). Complete wetting occurs & =0°, 0° < g, < 180° implies partial

wetting.
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2 Fundamentals

Substrate

Figure 2.1: Schematic drawing of a liquid drop oso#id substrated, is the Young'’s

equilibrium angle;ysv, ysi, andy.y are the equilibrium solid/vapor, solid/liquid and
liquid/vapor interfacial energies.

Equilibrium can be described by Young’s equatiorli§2, which is the result of
balancing the horizontal force components at theetiphase line:

Ysv = Vs t Y1y COSE, (2.1a)
and thus: CO@0 = (ysv - ys|_)/ YLV (2.lb)

whereysy , ys.. andyy are the equilibrium solid/vapor, solid/liquid, ahduid/vapor

interfacial energies per unit area, respectivelye Termysy - ysL in Young’s equation

(2.1.b) is sometimes called the wetting drivingcéarYoung’s equation is only valid
when the substrate is flat, homogenous, inert, rammddeformable. In the following a
brief derivation of the Young’'s equation is givesing a circular drop on a planar solid
surface and assuming that the drop has the shapespierical cap. The derivation is
done for the two-dimensional case; a three-dimersioalculation leads to equivalent

results. Since the mass of the drop is small, tagwn can be neglected.

A R

0

Figure 2.2: A drop with the shape of a sphericgnsent is showngis the contact
angle, R represents the base radius of the dribye &olid—liquid interface.
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2 Fundamentals

The area f\,,..) Of a spherical segment is

A‘segment: 9 r2 - Ra . (22)

Givensinéd _R anda=Rcotd (see Figure 2.2) the aré®, 1S
r

sind
JAscgrend @ —sindcosb) '

Since the liquid is incompressible and the masthefliquid stays constant, the area

(2.3)

6
A%egment: R2 [—26 - cotd ] = R=
Sin

( Aggrent) Of the spherical segment is constant:
Asegmen=CONSL. (2.4)

In equilibrium, the total energl,: of the system has its minimum. The total energy is
the sum of the product @& (solid-liquid), ysy (solid-vapor) and,y (liquid-vapor) and
the respective interface lines

Etot = yLvLiv + ysvlsy + psibst (2.5).
With Sas the length of the substrate
2R
Erot :yva-l-ySV(S_ZR)-FVSLZR (2.6)
In equilibrium
0

30 0 (R@®).9) =0 (2.7)

6=6,

5 0 2] 0 sinég
0 0 + _ o =0 (2.8
355 = 1o gl eV st)ae(mﬂ% -

with f(6) =+6-cosfsing (2.9).
Equation (2.8) transforms to

0 o & 0 ( sin@

—E = _ ] — |+ - _ — :O 210

25 S {VLV ae(f(e)] (Ve VSV)ae(f(e)nge (2.10)

) 1 o 1 _, ycosf_ o0 1 =
_|:yLV (@-FH@%}-(VSL st)( ) +sm6’ae f(e)ﬂgzgo 0
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2 Fundamentals

Withi 1 = 1 0

6@ fz(e)ﬁf(e) (2.11).

Equation (2.10) leads to

0 .0 _
{ Vi [ fO)-0f (e)j + (Ve - ysv)(cosﬁ f(6)-sind__f (e)ﬂ =0(2.12)

6=8,

and (2.13).

if(g):l 1-cos @ +sin* @
06 2 f(0)
Equation (2.12) is transformed to

L f2(6) - 8sin?(8)]+ (v, ~ ¥y o8 £2(6) -sin 6., =0 (2.14).

With sin*@+cos =1 (2.15)

andédcosd -sind £0 (2.16)
equation (2.14) becomes the Young’s equation

cosd, = (ysv - ysu)/ yv. (2.17).

Even though the previous derivation was done femall drop on a substrate, the
Young’'s equation (2.17) is also valid for other twveg situations such as a liquid
advancing in a capillary or a plate being immerisgal a liquid.

The Young’s angle is a macroscopic quantity. In\tenity of the wetting line,
which is named “core region”, forces such as vanWileals forces or electrostatic
forces can change the shape of the drop {de GeRnes1985}. These forces affect the
shape of the triple line of the drop in a rangemMeein 1 and 100 nm. They can be
responsible for the difference observed betweenmastopic and macroscopic contact
angles {Borchard-Wyart, F., 1991}, {Yeh, E.K., 1999Butt, HJ., 2003}. If the liquid
is attracted by the solid surface (van der Waatsgelectrostatic forces) and this
attraction is stronger than the attraction amomglitjuid molecules the core region will
extend (Figure 2.3A). On the other hand, if theaation of the molecules in the liquid
is stronger than their attraction to the solid, toee region will shrink (Figure 2.3B)
{Butt, HJ., 2003}.

24



2 Fundamentals

Substrate Substrate

(A) (B)

Figure 2.3: lllustration of the core region at thplé line of a solid—liquid-gas interface
after {Butt, HJ., 2003}. A) The solid-liquid intetBons are stronger than the liquid—
liquid interactions. Therefore the core region age B) the core region shrinks since
the liquid—liquids interactions are stronger thia@ $olid—liquid interactions.

However, Young found that it is possible to reltdte equilibrium anglé), to the
energiessy, ys. andy.y without any knowledge of the core region, if theius of the

core region is smatlompared to the radius of the drop {de Gennes, RIB5}.

2.1.2 Measurements of the contact angle

A common method of measuring the equilibrium contacgle is the sessile drop
method, shown in Figure 2.4. A drop is placed omi@zbntal surface and observed in
cross section through a telescope. A goniometesésl to measure the angle. Several

measurements are made on both sides of the dadgdm an average value.

Substrate

Figure 2.4: Spreading of a liquid drop on a solidssrdte using the sessile drop method.

The experimental set up for the sessile drop methodlatively simple compared

to other measurement procedures such as the Withgllate and drop transfer system
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2 Fundamentals

which will be explained in more detail below. Thessile drop method is fast and easy
to use. However, it is difficult to determine tloetion of the triple line due to possible
reflections of the drop on the polished substrakels, the reproducibility becomes poor
and the interpretation of data more difficult. N@ues obtained by different individual
measurements differ typically by 1=For reactive wetting systems, where diffusion or
reaction processes occur between the solid andighel at high temperatures, the
sessile drop method exhibits further disadvanta8ege the liquid is placed on top of
the substrate during the heating period, reactiot diffusion processes can occur
before the final wetting temperature is reache@doAkince the drop is in contact with
the substrate during the heating process and béfi@rdinal wetting temperature is
reached, the wetting process is non-isothermal.

Another method to measure equilibrium contact angge the Wilhelmy plate
method (Figure 2.5) {Wilhelmy, L., 1863}. A thin g&is placed vertically halfway into
a liquid. In the case when the liquid wets the goldhe surface tension can exert a
downward force. One measures the force requir@deeent the plate from being drawn
into the liquid. This force is given by {Butt, H2003}:

F =y, cosd-mg (2.18),

wherem is the mass of the plate agdhe acceleration due to gravity. In determining
the force one can calculate the contact angle.afivantages of this method are that the
measurements are reproducible since the force mexasut is more precise than the
measurement of the contact angle with the sessig dnethod. In addition the
sensitivity of the measurement is high (less thabd® @&rror in the contact angle
determination). One disadvantage of this methatias the wetting surface must be in
the form of a sheet, rod or fiber and all of thefaces which touch the liquid must have
the same wettability {Johnson, R.E., 1993}.
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F =y, cod-mg

Substrate

/

Liquid

Figure 2.5: A thin plate is placed vertically intdiguid. The force which prevents the
plate from being drawn into the liquid (in the casavetting) is measured. The contact
angle is determined by using this measurement. ff@thod of determining contact
angles is called the Wilhelmy plate method.

A further method of measuring equilibrium contacigles is the drop transfer
method, which is schematically illustrated in Figaé. A liquid drop is placed on a
horizontal surface. In order to avoid a retardiogc€ on the drop during the transfer, the
liquid must have an obtuse contact angl®Q°) with this surface and it must not wet it.
A second horizontal plate, the substrate, is theudht into contact with the liquid in
order to wet it. The wetting line, which is thepta line at the solid/liquid/vapor
interface, moves with a certain velocity and thglanchanges with time until the
wetting line reaches zero velocity. At this poirfitetcontact angle becomes the
equilibrium contact angle. This time-dependent anigl called the dynamic contact
angle. The time dependence of the dynamic contagleaand the base radi&sof the
drop is illustrated in Figure 2.7. The contact ardgereases with time until it becomes
constant. This constant angle is the equilibriumtact angle. Thus, the wetting process
involves the flow of a fluid over a solid and thentact angle cannot be viewed as a
static quantity. Therefore the drop transfer metisaslitable not only for measuring the
equilibrium contact angle but also the spreadimg#cs.
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BT

Figure 2.6: Schematic illustration of the drop transhethod. A liquid drop is placed
on a horizontal surface which is not wetted. A secplate is brought close to the liquid
until it touches the liquid and thus wets this dtdis. The contact angle and base radius
of the drop change with time.
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Figure 2.7: Schematic plot of the contact angle &edhbiase radius of the liquid drop
versus time.

The advantage of this system is that especiallyhfgh-temperature wetting, no
reaction or diffusion occur during the heating @®& since the liquid and substrate are
not yet in contact. The disadvantage of the drapdfer method is that it requires a
substrate which is not wet by the liquid. In aduftivibration of the experimental setup
might occur while the second substrate is brougfot contact with the liquid, leading to

errors in the determination of the dynamic congangjle.
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2.1.3 Definition of advancing and receding angle

Young's equation is derived under the conditiort tha substrate is flat, inert, and non-
deformable. Thus the surface of the substrate#td¢d as an ideal surface. Real surfaces
however, show two types of irregularities: surfaceughness and chemical
inhomogenities. Chemical inhomogeneties are spediahtions of atomic or molecular
composition. Such surfaces exhibit a hysteresisoimact angle-velocity curves. This
means that the equilibrium contact angle measuoedafliquid advancing across a
surface exceeds that reached by the liquid receaimgss the surface.

Figure 2.8 illustrates an experimental approach bse8aiz et al. {Saiz, E 1998}
to measure equilibrium advancing and receding angséng the sessile drop method in
high temperature systems. The sample is shapeer @tha tall piece or as a flat plate
placed on the substrate. Because, the sample loagea melting temperature than the
substrate, it becomes liquid during heating whetbassubstrate remains solid. If the
sample is a tall piece, the liquid advances actiosssurface of the substrate until the
velocity of the liquid front becomes zero. The fimmgle in such a measurement is
called “advancing contact angle” (Figure 2.8.A). &ilthe initial sample is a flat plate
(Figure 2.8.B), the liquid retracts and the finaglens the “receding contact angle”.

T Bogo Liquid
Tt

_sampe |+

Z
Sample

B).

7!

Figure 2.8: Schematic drawing of a sessile drop. BA)hadvancing and (B) receding
angle are shown {Saiz, E 1998}.
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Other experimental techniques are commonly usednéasure advancing and
receding contact angles in low temperatures syst&ms example, in the Wilhelmy
plate method the advancing angle is the stablecamgiched when the plate is lowered
into the liquid and the receding angle is the gtablgle reached after the plate is raised
(Figure 2.5).

Due to the hysteresis, the final advancing angtzeds the final receding angle.
The equilibrium angledy, which would occur if no surface roughness or cloaini
inhomogeneity on the substrate existed, lies invbeh these two values {Kistler S.F,
1993}. Figure 2.9 shows the dependencé ain the velocity of the wetting line. The
contact angle varies with speed and direction dionoln the advancing case, the angle
increases with increasing magnitude of the veloditythe velocity is equal to 9
reaches the static advancing contact artjlg, In the receding case the angle decreases
with increasing magnitude of velocity. For this c@seaches the static receding contact
angled..if the velocity is equal to zero.

The difference betweefyg, andbec can be quite large—as much as 5 water
on mineral surfaces. This is generally attributedstirface heterogeneity or surface
roughness. The latter effect is illustrated in FegRrl0. A drop with a contact angle of
90° on top of a substrate is shown. The roughrestustrated by a microscopically
small single spherical distortion of the substrdtee triple line advances from position
A to position C. If the liquid drop comes into caat with the distortion it jumps
immediately to position B where it has again a aohtingle of 90°. This happens on
top of the distortion. The drop is hindered fromresiling further in order to locally
keep a contact angle of 90°. At this stage the asaapic contact angle appears much
larger than 90°. After overcoming the distortionedio the capillary force, the drop
continues spreading until it reaches the next dista When the liquid recedes, the
same effect occurs and a hysteresis can be obséBwegt] H.J., 2003},{Eick, J.D
1975},{Neumann, A.W, 1972}.
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Wetting

-V 0 v

Figure 2.9: Schematic drawing of the advancing acddieg contact angle versus. the
spreading velocity v of the triple line moving afptwo directions. The advancing angle
exceeds the receding angle. This is called coagte hysteresis.
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Figure 2.10: A liquid drop is advancing across asswabe possessing a small
perturbation. In A) the optically visible situatiosillustrated. B shows the microscopic
details of the triple line marked in A, {Butt, H2D03}. The triple line advances from
position A to C.

J. D. Eick et al. {Eick, J.D 1975} studied the hestsis on an ideal rough surface
approximated by a saw-tooth structure with constamface energy. They used the
Wilhelmy plate method to determine the contact anglhe angleg; f» and the height
H were introduced to describe the surface struchmct are illustrated in Figure 2.11.
Varying p1 andp, and keepindd constant the authors found that/asandf, approach
90°, the difference between receding and advanangie and therefore the hysteresis

decreases. If; andf, are 90° the difference between receding and adwgramgle is
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zero and no hysteresis exists. Varying H and kepfinand f, constant results in a
decrease of the hysteresis with decreasing H {Hi€k 1975}. A.W. Neumann et al
{Neumann, A.W, 1972}. showed that the hysteresithefcontact angle is a function of
the heterogeneity of the surface, i.e. the size stmpe of the areas with different

surface energies.

» X

Figure 2.11: Capillary rise of a liquid on a roughface. The surface is approximated
by a saw-tooth structure. The paramefarss, andH describe the rough surface plate,
{Eick J. D, 1975}.

2.1.4 Low-/ high temperature spreading

Low-temperature spreading implies that the spreading experiment is perfornagd
T << Tm, whereTy, is the melting point of the substrate. Low-tempana spreading is
important in a variety of manufacturing techniquesd thus has been extensively
studied {Blake, T.D. 1993}, {Kistler, S.F 1993}.

High-temperature spreading occurs if the spreading experiment is performed at
T>0.5Tn. As mentioned earlier (chapter 1), high-tempegmturetting remains a
largely unexplored field due to the temperature andironmental controls required

during the spreading process.
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2.2 Theoretical models of low—temperature spreading

The theoretical models of low temperature spreatiaige been developed for forced
and spontaneous spreading as well as for partélcamplete wetting systems as is
shown in chapter 3. Traditionally the models woelktér for complete wetting systems.
However, the theoretical models of low-temperatspeeading assume that the
substrate is smooth, homogeneous, inert, and nfamrdable. If a liquid drop contacts a
substrate, the system (liquid, solid and vapogeserally not in its equilibrium state of
minimum free energy. Capillary forces drive thetsgs towards its equilibrium by
spreading of the liquid over the substrate. Dugpgeading the contact anglehanges
its value from its initial maximum value of 1801 tae moment of contact), towards its
equilibrium anglef, in the case of partial wetting, and 0° in the caseomplete
wetting. As the drop spreads, the radius of theamirarea changes from its initial value
of 0 mm to its equilibrium base radil®. Since the system changes its energy state
from a state of higher energy to a state of minimemergy, energy has to dissipate
during spreading. The energy can be dissipatedsirous dissipation in the bulk drop
and at the triple line. In principle energy is gisged in both ways. However a model
that treats simultaneously both sources of dissipahas not been developed yet.
Consequently there exist two models which consdiéerent main sources of energy
dissipation. Both describe the motion of the triptee of the liquid drop while the
system equilibrates {De Coninck, J 2001}.The molackinetic model considers the
friction at the triple line as main source of enedjssipation whereas the fluid flow
model considers the viscous dissipation in the hkirdp as main source of energy

dissipation.

2.2.1 Molecular kinetic model

The molecular kinetic model describes the motiorthef triple line considering only
surface effects at the triple line {Blake, T.D.,9B9, {Blake, T.D., 1968}, {De Ruijter,

M. 1999}. In its simplest formulation this modelgiects hydrodynamic aspects such as
viscous dissipation in the liquid drop and at thiple line. Even though the model
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neglects these effects, it is capable of linkingnoscopic quantities such as frequency
of the molecular displacement on top of the substnath macroscopic quantities such
as the contact angle. To determine the velocitshefliquid drop as a function of the
contact angle, Blake and Heynes {Blake, T.D., 198@}sidered only the motion of the
atoms or molecules at the triple line, but notha tiquid itself. They assumed that all
events relevant for the motion occur at the triple. The atoms or molecules at the

triple line need to overcome an energy barrier tvenforward or backward.

@uuuuuuu

Adsorbtion sn/

V

Figure 2.12: lllustration of the molecular kineticodel. The atoms of a liquid
advancing across a surface replace the atoms gfatheeceding across a surface due to
adsorption and desorptiohis the average distance between adsorption dtersBlake
{Blake, T.D., 1968KBlake, T.D., 1993}.

Atoms moving away from the drop lead to an advamaih the drop (Figure 2.12)
whereas the reverse movement makes the drop releladiecules or atoms inside the
bulk liquid are allowed to move freely without ogeeming an energy barrier. If a
system is in equilibrium than the wetting line iagroscopically stationary. However, at
a molecular level thermal fluctuations appear &t titple line and molecules of the
liquid constantly interchange with molecules of therroundinggas or liquid. On
average, the net rate of displacements will be aatbthe triple line will fluctuate back
and forth about its mean position. Assuming tha¢ finequency of molecular
displacements in the forward and backward direcison,” andx, , respectively, the

equilibrium is attained if
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Koy =Ky =Ky (2.19).
Eyring’s theory of absolute reaction rates {GlasstcS., 1941} relates the equilibrium

frequencyx;, to the molar free activation energy of wetting,,

kS = [k—Tj exp{ﬂ] (2.20)
h NKT

where k is the Bolzmann constant, is the absolute temperature,is the Planck
constant andN the Avogadro number.

Under non—equilibrium conditions, e.g. for an adiag drop, the potential energy
barrier away from the drop has to be lower than gbeential energy barrier in the
backward direction.

Denoting theirreversible work done per unit displacement oftdangth of the

wetting line byw, the work done per adsorption sﬂeas, if n are the sites per unit
n

area. If the energy barriers for molecular disptaeets are symmetrical, the WOizﬂw IS
n

used to lower the barriers in the forward directonl the same for raising the barrier in

the backward direction. Then:

_ AG\:v/_w
N KT ( N /an 2.21
Ky =| — |ex :
W ( h ) KT (2.:21)
and
- A(3\’;\// +W
_ (kT N~ /2n —
Ky =| — |ex :
v [ h j KT (2.22)
The net frequency of total displacement is given by
Ky =Ky — Ky (2.23)
w -W
= Ky ex - K2 ex 2.24
W F{anTj W F{anTj (2.24)
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= 2k° sinj —_ 2.25).
W {anTj (2.29)

If A is the average distance between the adsorpties e velocity of the wetting can

be written as
V =Ky A (2.26)

or

. w
v=k2Asin 2.27
W {anTj (2.27)

In order to correlate the velocity with the contangle, Blake and Heynes assumed
that the force required to drive the wetting liree grovided by the out-of-balance
interfacial tension forces which act at the tripte. This is the result of the change in
the contact angle from its equilibrium valdgto the dynamic valué(v) {Blake, T.D
1993}:

w =y, (cosg, —cosb) (2.28).
With (2.27) and (2.28)
cosg, —cosd
Vv =2k, sin v, (cosh ) (2.29)
2nkT

In the case of spontaneous spreading of a small @nd vanishing contact angles,
it was found that the base radius R and the coatagle6 follow the relationship {De
Coninck, J., 2001}

-3
7

R-t'” and@~t 7 (2.30)
It was shown that these relationships work welldome liquid/solid systems {Marmur,
A., 1983}, {Dodge, FT, 1988}.

2.2.2 Fluid flow model

In contrast to the molecular kinetic model, whistaimicroscopic model, the fluid flow
model is a macroscopic model. In the fluid flow rabthe wetting dynamic has been
analyzed using continuum mechanics (hydrodynamids3. motion of the triple line in

the fluid flow model is derived under the assumpttbat a capillary force acts as a
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driving force and the viscosity of the liquid aets a retarding force. Thus, the energy is

dissipated due to the viscous impedance in the luid.

Figure 2.13: A liquid is advancing across a solidace. Energy is dissipated due to the
viscous flow in the liquid. LS, represents the lngf the cutoff region at the triple line,
after {Davis, S.H., 1983}.

The relationship between the velocity of the triplge and the macroscopic
apparent contact angle can be described by therajmeel Hoffmann-Voinov and
Tanner law (fluid flow model) {Voinov, O.V., 1976}

ca=—+ _(¢°y-&) 0<135° (2.31),

9In[Lj

LS

wherelL is the capillary length,s is the slip lengthé(t) is the dynamic angle an@ais
the capillary numberThe slip lengthLs is introduced to handle the singularity at the
triple line arising from the fluid flow equations. A cutoff ieg around the triple line is
defined in order to cope with this singularity ataddetermine the angle dependent
velocity of the liquid drop. The slip length is tdeameter of the cutoff region and will
be discussed in more detail later in this chapildre capillary numberCa is
dimensionless and describes a normalized velocity:

ca="1 (2.32)
Yiv
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wherey is theviscosity of the liquid and),y the liquid—vapor interface energy. For

spontaneous spreading of a small drop emishing contact angles it has been shown
that the hydrodynamic regime may be characterizganptotically by {Gennes de,
P.G., 1985}

R~t/10 andg~t 10 (2.33).

The assumptions of the hydrodynamic model are ttiefiquid is incompressible
and non-volatile, that there is no-slip of the ldjon a flat and homogeneous substrate,
that there is no mass transfer at the fluid/gasrfiate, and that the local contact angle is
in the range between 0° and 180°. Under these gdgms it was found that there are
multiple solutions for the velocity field at thepie line derived from the Navier-Stokes
equations. The viscous stresses are predictedcrease withl/d, where d is the
distance from the triple line. Thus the viscousesdr would be infinite yielding a
singularity at the triple line. However, this simguty of the viscous stress at the triple
line does not occur in the experiment otherwiset¢ingperature would rise locally at the
triple line. The temperature, and thus the densihd viscosity would not be
homogeneous over the complete liquid. This wouldtraalict the assumptions of the
Navier-Stokes equation. However, it was found thatorigin of the singularity is not
an artifact of the mathematical approximationss itather a result of a failure of one of
the assumptions in the traditional hydrodynamiocotitie{Huh, C 1971}, {Hansen, J
1971}. One of the simplest ways to describe thdimgtdynamics with the conventional
hydrodynamic theory is to introduce a cutoff lengththe triple line and exclude the
volume within this cutoff length from the calculatis, without identifying a special
cutoff mechanism {Kistler, S.F. 1993}. This cutdéngth is typically of the order of
10°-108 m {De Coninck, J 2001}. Many researchers tried ittroduce special
mechanisms in order to cope with the singularitgmg& of them neglected viscous
effects in the cutoff region {Huh, C., 1971}, {dee@nes, P.G., 1985} {Kistler, S.F.,
1993}, other theories introduced slip of the flaider the solid at the triple line {Kistler,
S.F., 1993}. Even though there were many studie® do find an explanation of how to
cope with the singularity at the triple line, thesenot yet a general explanation which
would describe microscopically the dynamic at thplé line {Kistler, S.F., 1993}.
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Despite this problem, all investigations and thesnpredict the same dynamics in the
outer cutoff region. Cox {Kistler, S.F., 1993} pred theoretically that the macroscopic
contact angle could be calculated without speafyenspecial cutoff mechanism and
that the macroscopic behavior of the liquid could becdbsd with the Hoffmann—
Voinov and Tanner law (2.31).

2.3 Factors affecting the wetting process

2.3.1 Adsorption

The adsorption of atoms (as for example, oxygeradoon) on solid and liquid surfaces

and at solid—liquid interfaces leads to a reduciiothe surface and interface energies.
Figure 2.14 shows the hypothetical dependence efdifierent surface energies of a

solid-liquid-vapor system on the activity of aniaetelement {Saiz, E. 2000}. Since the

equilibrium amount of adsorbate depends on theifgtit can be used as a measure of
the amount of adsorbate on the surface.
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Figure 2.14: Hypothetical variation of the intefitdcenergies i, ysv, yLv) versus the
activity a due to adsorption effects (for example oxygen do@a adsorption)
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A critical activity a., exists where the surface interface energy decseasih
increasing activity. Depending on the amount ofoaate the equilibrium contact angle
decreases or increases. This can be derived fromng'® equation (2.1b) by
introducing activity dependent surface energies.

A special situation arises if the primary sourceh&f adsorbate for the solid is the
liquid itself. ‘Dry’ spreading occurs when the spdéng velocity of the liquid is too fast
for adsorption equilibrium to develop on the suefad the substrate ahead of the liquid
(Figure 2.15A) {de Gennes, P.G., 1985}{Cannon, RIM95}. Substituting the energy

for a pure surface’sy by jev with (sv > Jev) into the Young equation implies a low
value of the angleﬂomy. Even when the initial spreading is dry spreadingnost cases

the adsorbate tends to reach its equilibrium vaseethat with time one can reach a
lower ysy and thus a highé. If adsorption equilibrium is reached before spneggdthe
so called ‘equilibrium’ wetting occurs (Figure 2.B%.

Some examples for ‘dry’ and equilibrium spreadimg given by {Cannon, R.M.,
1995KSharps, P.R., 1981}{Saiz, E., 2000}. Shargsak¢ observed that the contact
angle of a liquid metal on a metal substrate (Cuspstem) was lower in the case of a
non-pre-equilibrated substrate than in the casa pife-equilibrated substrate {Sharps,
P.R., 1981}. According to Saiz et al. {Saiz, E.0@D‘dry’ spreading could explain this
effect. In the non pre-equilibrated case the spngadelocity may be too fast to obtain
adsorption. Thus one could consider this as ‘drgtting case.

Cannon et al. {Cannon, R.M., 1995} proposed thapehding on the amount of
evaporation of adsorbate from the surface ahed#luedfiple line, situations with contact

angles between those for equilibrium and ‘dry’ \wttcan occur.
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Figure 2.15: Schematic drawing of a liquid drop arsubstrate A): In case of ‘dry’
spreading, the substrate is initially clean; B)r éguilibrium wetting, atoms of the
liquid are adsorbed on the substrate. The diagraithuStrates the dependency gf, on
the activity in the dry and equilibrium case.

2.3.2 Ridge formation

Young’'s equation only applies to systems where dhlestrate is perfectly rigid and
insoluble, and where the triple line can only momethe direction parallel to the
substrate. In this case vertical force componeais lse neglected and the Young
equation is derived by balancing the horizontatéocomponents. This approximation is
valid for many low-temperature systems like orgalmeids on hard, high-cohesive
energy substrates such as most metals or cerdmittss case the elastic distortions of
the solid caused by the vertical components ofinkerfacial tensions are negligible.
However, in the case of soft substrates with a d¢olwesive energy (e.g. rubbers,

elastomers or gel) elastic distortions are notigdxé. When liquids are in contact with
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soft solids pronounced local elastic deformatiod &rmation of a triple line ridge on
the substrate surface may occur. The ridges caseberal tens of nanometers tall and
they can affect the dynamics of wetting {Carré, 2296} {Carré, A., 1995}.

For most high-temperature systems (e.g., molterals\@r oxides on ceramics or
metals) the temperatures during the experimenttygoieally = 0.5T,,, and therefore,
local atomic diffusion can occur. This provides acmanism for ridge formation even
for hard substrates. In the case of ridge formatgpreading requires motion of the
triple line both horizontally and vertically, whid¢kads to two independent relations:

sings _sing _sing, (2.34),

Yiv Vsv VsL

where ¢ @, ¢ are equilibrium dihedral angles in the solid, idjuand vapor,

respectively. These dihedral angles are visualizédgure 2.16.

Solid

Figure 2.16: lllustration of the dihedral angledhe case of ridge formation, taken from
{Saiz, E 1998}

The ridge will evolve until complete equilibrium isached. If a ridge is present
one has to differentiate between microscopic androsaopic angles. The microscopic
angles are the aforementioned dihedral angdes , @.. The macroscopic angle is the
angle between the tangent of the liquid/vapor fater at the triple line and the
unperturbed substrate surface. The presence ofige rcan strongly influence the
spreading kinetics and the equilibrium angle. Thseoved spreading rates can be

orders of magnitudes lower than for liquids, whéhne flow is just controlled by
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capillarity and viscosity. Saiz et al. {Saiz, E 8)Qivided the spreading process into
four stages, depending on the degree of ridge ¢growie four different regimes are
stipulated by the size of the ridge compared tor#akus of the drop curvature and the
ridge growth velocity compared to the spreadingooy. The geometrical situations
corresponding to the different regimes are schaalatishown in Figure 2.17. In the
first regime, the deformation which occurs at ttfyglé line is due to elastic strains in the
solid. In the case of metallic or ceramic subsgdtes distortion was calculated and
found sufficiently small such that no plastic defiation is expected. In this regime the
capillary forces drive the contact angle towards ¢ime defined by Young's equation.
The first regime is found at short times when tlg@itl spreads very fast with a high
driving force so that a triple line ridge would bestable, or at such low temperatures
that diffusion is very slow so that only elastidges can form {Saiz, E., 1998}. In the
second regime some diffusion processes or solytieaipitation are allowed to occur.
The substrate will deform at the triple line. Thepasts a certain time where the ridge
will be small compared to the radius of curvaturéhe liquid. In this regime capillary
forces will drived towards a value close to Young’s angle but spregklinetics will be
dictated by the velocity at which the attached eidgoves. Microscopically the so
called 2D equilibrium of the interfacial forces (both directions, perpendicular and
parallel to the substrate surface) is reachedeatrtple line ridge (2.34). If the ratio of
the heighth of the ridge over the curvatukeof the liquid exceeds 0.1, capillary forces
do not drive the macroscopic contact angle towHrdsyoung’s angle {Saiz, E., 1998}.
In this case the ridge is large compared to theusadf curvature of the drop. The so
calledmicroscopic 2D equilibrium angle is reached micagscally. This is considered
as the third regime. The fourth regime describasptete equilibrium, which means
macroscopic 2D equilibrium and constant curvatdre.reach full 2D equilibrium,
times much longer than the experimental ones mighhecessary in many practical

systems.
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Figure 2.17: The geometry of a liquid drop on as$tdte depends on time. In Regime 1
(A) the spreading velocity of the liquid is fasthian the ridge formation. The liquid
spreads on a flat surface. Regime 2+3 (B): a ricigeform, depending on the ratio of
the height of the ridge compared to the curvatureghe liquid one differentiates
between Regime 2 and 3. Regime 4 (C): full equiitoris obtained. The curvature of
the drop is constant. After {Saiz, E 1998}.

An important question is whether in the case ajeiformation the liquid is going
to remain attached or will break away and a negeidill form. A simple geometrical
model was used to derive the attachment range ofaseopic contact angles {Saiz, E.,
2001}. If the macroscopic contact angle is in ttaage the liquid is considered to be
pinned at the ridge. Figure 2.18 shows a ridgehatttiple line of liquid, solid, and
vapor. In the geometrical model the ridge is com®d to be a wedge. The ridge

exhibits the angles1 andm, with the unperturbed horizontal plane of the stast and
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0, is the angle of incidence of the liquid surfacehwihe unperturbed horizontal

substrate.

Figure 2.18: Geometrical representation of a trijle ridge. The ridge is idealized as a
ramp and its orientation is given by the anglehaf apex (mand m). @; is the angle
between the liquid front and the horizontal sultetr@ ¢, @ are the dihedral angles,
after {Saiz, E., 2001}.

Figure 2.19: Schematic of the triple line ridgéystrating the attachment range for an
advancing liquid front {Saiz, E., 2001}.
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Firstly, the movement of a liquid advancing acrtlss surface is considered.
Therefore the movement of the liquid along the plane of the ridge requires closer
investigation (Figure 2.19). With as the angle between the plane and the liquid-
vapor front, the one-dimensional Young’s angjenay be written as:

b, = ¢+ D6, (2.35)

If ¢ < 6o the liquid front would be driven by capillary f@s to a value close to the
Young’'s angle. Therefore the angjehas to increase. This would result in a receding
movement of the liquid along the imaginamy plane. Thus the spreading front is
considered to be pinned by the ridge, in the caserevthe ridge does not have time to
rotate to adjust its position. ¢ > 6, the liquid front would also be driven by capillary
forces close to the Young's angle and thus theeapdias to decrease. However, this
would result in an advancing movement of the ligaldng them, plane. Thus, the

spreading front will jump tog, + A6,

adv?

l.e. it will break away from the ridge. Hence,

the pinning condition for the advancing case cawbgen as {Saiz, E 2001}
NG, 20 (2.36).

Figure 2.20: Attachment range for a receding licuaht at a triple line ridge {Saiz, E
2001}

46



2 Fundamentals

Figure 2.20 shows schematically the situation efrdiceding movement of a liquid
over a ridge. In this case,is the angle between the m- plane and the ligajby front.
The one-dimensional Young’s anglgamounts to:

6, =9 -Ab., (2.37)

If ¢ > 0y the anglep had to decrease in order to reach equilibrium.rfoee the
liquid had to advance along the imaginanyplane. If the ridge does not have time to
rotate to adjust its position, the spreading frgnthen considered to be pinned by the
ridge. If ¢ < 6y the liquid front would also be driven by capillafgyrces close to the
Young’'s angle. In this case the angldas to increase. The liquid would recede along
the m plane. Thus, the spreading front will decreasewéel-46.., i.e. the triple line
will break away from the ridge. Therefore, the pimgncondition for the receding case
becomes {Saiz, E 2001}

NG =0 (2.38).

The total pinning range can be written as {Sai20B1}:
6 -06,. <6 <6 +AG,,, (2.39).

rec —

If the 2D-equilibrium (2.34) is maintained at thiple line, the anglem. andm. can be

related to the corresponding dihedral angles as:

¢ =6 +m (2.40)

¢ =m, —m. (2.41)

¢ =2n-6 -m, (2.42).
ABagv andABeccan be written as:

NG, .=¢ —6, (2.43)

NG, =6, +¢, —T (2.44)

ReplacingAf.qy and Abec as well as the dihedral angles in equation (2tB&ugh
equations (2.40)-(2.44) the range of macroscopgtesnfor which the overall energy of
the system will increase if the triple line breakgay will be

,-m <6 <6,+2n-m, (2.45)
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Equation (2.45) shows that the pinning range depemdly on the ridge anglesd
not on its height. Once a ridge is attached, theement of the ridge determines the
spreading velocity assuming that the ridge is sreatbugh to belong to the second
regime. Saiz et al. found that the higher the mglpoint of the substrate, i.e. the higher
the surface energy, the larger the expected atmchmange{Saiz, E., 2001}. They
observed that in the case of spreading of liquidn&um on sapphire at 1100 °C in
vacuum, a final angle of 80° was reached. Afterragmately 20 minutes the final
angle decreased to 60° and then jumps to the maxinalue of 80° After removing
the aluminum from the sapphire substrate, ridgesewasible which had formed
corresponding to each jump. Many authors postulethe Young's equilibrium angle
of aluminum on sapphire a value of ~80° {Carnalam., 1958}, {Saiz, E., 1998}. It
was claimed that evaporation of the aluminum tgidase and that this results in a
decrease of the final angle. Thus the contact aisgtet within its attachment range
(2.45) and the triple line will break away from thedge. Calculations of Saiz at al.
confirm this behavior {Saiz, E. 2001}.

2.4 Mullins theory of grooving

The ridge growth velocity can be controlled by ifdaeial diffusion. The corresponding
differential equations were developed by Mullinsoirder to describe grain boundary
grooving. To determine the ridge growth velocitg tMullins equations must be solved
with new boundary conditions. In order to have @drensight into ridge growth a short

overview of Mullins theory will be given.

2.4.1 Summary of Mullins theory of grooving

On the surface of an annealed polycrystalline mealter groove will form where a
stationary grain boundary intersects the surfagure 2.21 shows a profile of a grain

boundary that ends at the surface. The groove deseduch that the sum of the two
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surface energies and the grain boundary energeris at the root. The equilibrium

dihedral angled is given by

L

Figure 2.21: lllustration of a grain boundary greowhich intersects the surface of a
substratedy is the equilibrium angles, the surface energy, angs the grainrboundary
energy {Mullins, 1956}.

YeB

2ysC0SDs| =yGp. (2.46)

The formation of the equilibrium angle occurs doeatomic migration in the
region of the intersection. Humps appear at botlessiof the grain boundary when
groove evolution is controlled by diffusion. Thekamps tend to flatten by either
condensation and evaporation or surface diffusidihis flattening upsets the
equilibrium angle and forces the groove to deepdnlljns, 1956}. Mullins used the
following assumptions to derive and solve the défgial equations which describe the
development of the groove profile: The system @setl and contains a poly-crystal in
quasi—equilibrium with its vapor. The propertiestioé¢ interface are independent of its
orientation with respect to the adjacent crystaélge only mechanisms operative in the
transport of matter are evaporation-condensati@ahsamface or volume diffusion. The
process of grooving is described by the use of asaapic concepts such as surface
curvature and surface energy. Effects arising ftbenatomistic nature of crystals and
crystalline imperfections are ignored. With thesssumptions the time dependent
profile of a groove surface can be calculated @ tase of grooving controlled by
surface diffusion. One result of the calculatiorthe time dependence of the groove
width w (Figure 2.21), which is the distance between the twaxima in the profile at

both sides of the groove. By measuring the groonthnas a function of time one can
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directly determine the surface diffusion coefficieAssuming surface diffusion to be
the only mass transport mechanism in operation,giian boundary profile can be
derived as follows: with p (K) as the chemical il per atom, K the curvature on a
surfaceQ as the molecular volume, it was shown that {M4)ih956}

H(K) = K)Q (2.47)

This equation implies that a gradient in the chenpotential is associated with a
gradient in curvature. These gradients in the cbahpotential will result in a drift of
atoms from areas of high potential energy to acddswer potential energy. Since the
curvature is equal to zero on a flat surface afidiiy on the groove root the atoms will
drift from the groove root, to the flat surface.€eTtrift will have an average velocity
which is given by the Nernst-Einstein relation,
__D.ou_ DJOIK

KT 0s KT 0s

Ds is the surface diffusion coefficiens,is the arc length across the profilejs the

(2.48).

Bolzmann constant, andthe temperature. If one multiplies the averagecigl by the
number of atoms per unit aredhe surface curreidtis obtained:

3=_DJRa oK (2.49)
KT 0s

This surface current gives information about thenbar of atoms which cross a line on

the surface per unit time. The derivative of thefeare curren@~%S is equal to the

increase in the number of atoms per unit area. iplyihg this derivative by the
molecular volume?, the speed of movement of a surface elemgaliong its normal is
obtained,
D Q%a 0%K
=
KT  0s
In the investigation of grooving it is importantdetermine the velocity of ridge growth

(2.50)

along the y-direction (see Figure 2.21). Substtyti, by y(x,t) and using a small-slope

approximation, Mullins derived the differential edion for groove growth:

4
Y__gdy (2.51),

ot ox*
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whereB is the Mullins constant

= DR (2.52).
KT
Using the following boundary conditions
y(x,0) =0 (2.53)
y (0,t) =m (2.54)
y 0t)=0 (2.55)
the time-dependent groove width is {Mullins, 1956}
w= 46(Bt)" (2.56).

In this section the time dependent profile of aogesurface was calculated for the
case of grooving controlled by surface diffusiorulihs did not only solve the case for
surface diffusion but also for volume diffusion. Wiewver at any given moment the
atoms are traveling along all paths: the surfake, interface, through the solid and
through the liquid. Groove evolution is in genearahtrolled by the fastest of these paths
for diffusion. Triple line ridging is analyzed und¢he assumptions that the rate

determining step was interfacial diffusion applyigllins differential equations.

2.4.2 Relation between Mullins grooving theory and ridgdormation theory

Mullins equations can not be applied directly te talculation of the ridge movement
because the assumptions (i.e. in the boundary tongdiused for grain boundary
grooving are not valid for the development of ayedrofile. Using similar assumptions
as Mullins assumptions but different boundary cbads, Saiz et al. {Saiz, E., 1998}
were able to calculate, under certain conditioms,velocities involved in the formation
and movement of a ridge. Mullins considers onlynig=l surface energies and
diffusivities at both sides of the groove. Thesaditbons are no longer valid if ridge
formation occurs. Asymmetrical surface energies diffdision along the solid—vapor

interface and the solid-liquid interface have tdddesn into account (Figure 2.22).
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a)

Vapor
ny. ',.Liquid'_

Yov YL sold

Figure 2.22: The boundary conditions of a ridgetret triple line at a solid liquid
interface (a) are compared with the boundary camdibf a groove which intersects a
surface (b) {Saiz, E 1998}.

E. Saiz {Saiz, E 1998} calculated the ridge-growsthocity considering two special
cases. In the first case, the ridge moves at ata@aingelocity along the surface of the
substrate. The ridge does not change its size apeshVith this steady state condition
the ridge growth perpendicular to the substratthesefore zero \(; = 0). Under the
condition that the solid-liquid diffusivity is laeg than the diffusivity solid-vapor
(Ds >> Ds,) the solutions for advancing and receding fronés{&aiz, E., 1998}:

3
V:gv = st(tan(l:] %)j (257
3
Ve = Belen (—Ztar;(g ‘”s)] (2.58).

B is the Mullins constant, which depends in theecaBs on the diffusion coefficient
Dg and in the case @, on the diffusion coefficienDs,. SinceDs >> Ds,, the velocity
for the advancing front depends on the slower diffity and has therefore the smaller
coefficient for the same ridge height. Thus, thime#y in the advancing case is slower
than in the receding case as can be seen fromiegsid2.57) and (2.58). The second
case E. Saiz {Saiz, E., 1998} considers is wheeentlacroscopic angle is approximately

the Young's anglef = §,). The velocity of the ridge| parallel to the substrate is then

equal to zero and the ridge grows only in heighie calculated velocity is similar to the
calculated groove velocity determined by Mullins fllee symmetricalBs = Bs,) case:

_[097qtanr-¢)|'B
v, =

o (2.59).
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For the asymmetrical casBs(>> Bs,) the ridge growth will depend on the higher
diffusivity. The two cases E. Saiz discussed argtiing cases which are rarely found
experimentally. In reality, the ridge shape ance sill change during the spreading
experiment. The general equations describing tlperaxental case are however not
solved. Nevertheless, a trend can be seen by cargbthe results, described above
{Saiz, E 1998}.

@
Q @
™
s g
o
-]
0

Figure 2.23: The stability range of the ridge, Wedocity for a ridge growthv, as well

as the velocity parallel to the substrafeare plotted against the macroscopic contact
angle, after {Saiz, E 1998}.

As shown in equations (2.57-2.59), all of the dediwelocities scale aB/h.?
Therefore, the velocities can be normalized WitiB and then plotted as a function éf
(Figure 2.23) {Saiz, E 1998}. The scheme is vabd $mall ridges as described in the

second regime. If the velocity, is equal to zero the first of the aforementioneddy

state solutions is reached. As previously descrited magnitude of the advancing
velocity v|jav at this point is smaller than the magnitude of ibeeding velocity|re,
sinceDs >> Ds,. If v|is equal to zero, theft = 0 and the velocityf theridge growth

perpendicular to the substrate reaches its maximum value, and hence, the second

steady state condition is reached. As can be seé&igure 2.23 if9 lies between the

values for the steady state cases then the moidyrdipe ridge grows perpendicular to
the substrate, the slower it moves parallel tosthtestrate. A triple line moving along a
smooth substrate should form a ridge spontanedfu8lis in this range. In this region a
scratch can act as a ridge and grow even furthbBe dloser the contact angle
approaches the equilibrium contact angle the |diverchance that the triple line breaks
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away from the ridge. 10 is outside the values for the steady state caseridige will
shrink more rapidly the greater the distanj@e)| is. The drag for spreading will
decrease and thus the receding as well as the @dgafiont will move faster. The
probability increases that the triple line break&y from the ridge. A liquid spreading
on a smooth substrate would not form a ridge amatdres would not act as incipient
ridges. The normalized velocitieh®/B are dependent on the contact artybes well as

on the Mullins constant8s, andBg. Equations 2.57 and 2.58 show that the magnitude
of the velocity in the advancing and receding cagssends on the Mullins constant.
This magnitude of velocity determines the pointwatich the velocity curvev

intersects a vertical line at the steady statasduos (= 0) {Saiz, E 1998}.

E. Saiz at al. {Saiz, E 1998} studied the ridgevgto using the assumption that
there is no initial perturbation for a ridge, (likscratches), that the substrate is
completely flat and that the ridge growth is cola by interfacial diffusion. Under
these assumptions there is a condition where & r@mnot grow even though the
contact angle is in the range for stable ridge d¢ino{@aiz, E., 2001, A}. In this case
diffusional fluxes are responsible for a ridge gtlow the ridge height is infinitesimal.
These fluxes are limited by the atomic jump frequyeof the atoms of a substrate. If the
jump frequency becomes too slow compared to theasiimg velocity a ridge, which is
at the initial stage atomic sized, can not formisT$preading velocity is called the

critical velocity. The critical velocity,, can be estimated by
_ 9l (2.60),

where a is the jump distance. Hence, if the spngadelocity is faster than the critical

velocity a ridge can not nucleate.
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3 Literatureoverview

3.1 Comparison of the molecular kinetic model and the fluid flow
model with experimentsin low-temperatur e systems

Both the molecular model and the fluid-flow modalvle been applied in forced as well
as in spontaneous spreading systems for complede partial wetting. However,
traditionally the models work better for systemghamcomplete wetting. This work
concentrates on spontaneous and partial wettingrefére an overview of some
examples of low-temperature wetting experimentsckvinave shown a partial wetting
behavior, and their comparison with the theoreticadels is given. One of the
concerns of comparing these models with experinhelatia is that the models result in
similar types of graphs. Therefore the data cafitteel with either one of the models. In
order to separate the two models one has to anétgz@hysical implications of the
fitting parameters.

Blake {Blake, T.D., 1993} demonstrated the utilidf the theory of the molecular
kinetic model on the spreading kinetics of a 70d®eus solution of glycerol on Mylar
polyester tape, which is forced and partial wetsggtem. The viscosity of the solution
of glycerol was 45.6 mPa*s. The wetting data weseeh from Burley and Kennedy
{Burley, R. 1976, A}, {Burley, R. 1976, B}. The albrs measured the advancing
contact angle as a function of the wetting veloeihd compared those data with the
molecular kinetic model, which described the datall WBlake T.D., 1993}. The
theoretical curve of the molecular model was olgdiby nonlinear regression using

equation (2.29). The calculated distances betwedsarption sitesi(= 0.92 nm) are as
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expected in the order of atomistic distances. Taleutated wetting activityAG,, is

49kJ/mol and the frequenayy, is 8.1*1C s*. These calculated parameters are in good

agreement with adsorption and diffusion data oifdssurfaces {de Boer, J.H., 1953},
{Ehrlich, G. 1980}. They are also in the range bbse reported for low-temperature
liquids {Schneemilch, M., 1998}.

M. de Ruijter et al. {Ruijter, M. de 1998} investited the spontaneous spreading
kinetics of the system squalane (which is a nomipblydrocarbon) as a liquid and
polyethyleneterephthalate (PET) as a substrates $kistem shows partial wetting
behavior. The experiments were performed at diffetemperatures. The authors fitted
their experimental data to the fluid flow model afmdind that the slip lengths is
4.2x10* m, which is smaller than the molecular length. Hagameter obtained is
therefore not physically meaningful and the fluof model does not apply. When M.
de Ruijter et al. {Ruijter, M. de 1998} compareceithexperimental data with the

molecular model, they found that the distances éetwadsorption siteg £ 1.09 nm)

are in the order of atomistic distances. The catedl wetting activityAG,, for the

different temperatures ranges is between 12-1%ntkJand the frequency, is

between 2.7-3.5x1Bs’. There is a weak temperature dependency of théinget
activity observable, which can not be explainechwite molecular kinetic model. The
absolute values calculated by Ruijter et al {Ruifs¢. de et al, 1998} are similar to
published values of Blake T.D. and co-workers, &iar.D,1993}. In summary, the
molecular kinetic model is able to represent theadyic contact angle behavior at
different temperatures. This indicates that forséhesystemgshe dissipation near the
wetting line is more important in comparison to thissipation due to viscous flow in
the liquid.

A general problem in explaining wetting behavioithvthe fluid flow model is the
fact that the flow cannot simply be described bgirbgynamics since such a description
reveals a singularity at the triple line. Thus geféort has been put into determining the
detailed physical mechanism which results in atdinwetting behavior. Before Cox

proved 1986 {Cox, R.G, 1986} theoretically that tmacroscopic contact angle could
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be calculated without specifying a special cutoffamanism and that the macroscopic
behavior of the liquid could be described with theffmann-Voinov and Tanner law,
most studies had focused on the physical mechaatsthe triple line. However, the
macroscopic contact angle in all these investigatwas successfully described by the
Hoffmann-Voinov-Tanner law or, in other words, e tfluid flow model.

For many spontaneous and complete wetting systdraspreading kinetics were
investigated and found to be in good agreement with fluid flow model. Some
examples are given by Tanner {Tanner, L.H., 197@hen {Chen, J.D, 1987} and
Ausserré et al {Ausserré, D, 1986}. Tanner {Tannetl., 1979} investigated the
spreading kinetics of silicone oil, with a viscgsitf 106 Pa*s, on glass. Ausserré et al.
{Ausserré, D, 1986} studied the spreading kineti€silicon fluids on silicone wafers.
The silicon had a 20 thick SiG-layer on top of the silicon substrate. Chan et al.
{Chen, J.D, 1987} investigated the spreading kosetof a silicone liquid with a
viscosity of 0.198 Pa*s on a soda-lime glass. Inoathese examples gravity effects
could be neglected. The agreement of these sppatiop data with the fluid flow
model suggests that for these systems the eneggppdiion during the spreading
process can be explained as due to viscous flateitiquid.

The spreading dynamics in forced wetting system lieeen reported in various
publications. In a forced wetting system an extdyneposed force (hydrodynamic or
mechanical) causes the interfacial area betweehaiie and solid to increase beyond
conditions of static equilibrium {Kistler, S.F. 18P For complete wetting and partial
forced wetting systems one finds a good agreemghitihe hydrodynamic theory (fluid
flow model). Examples of forced, partial wettingeagiven by {Strom, G., 1990},
{Gutoff, E.G., 1982} and {Douglas L.J., 1991}. Theiexperimental data are
summarized by Kistler et al. {Kistler, S.F. 1993} was confirmed that the fluid flow
model captures the dynamic wetting behavior of the awsthselected liquid/solid
systems such as PTFE and untreated polystyrenaebassrates and silicone fluids as
liquids {Kistler, S.F. 1993}. The viscosity of thkquids varied from 2 mPa*s to
4.88 Pa*s. Examples of complete wetting systems gawven by {Hoffmann, R.L.,
1975}, {Fermigier, M., 1988},and {Ngan, C.G.,1982Their experimental data are
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summarized and compared with the fluid flow modglHKistler et al. {Kistler, S.F.
1993}. The systems investigated by the authors vedieon fluids displacing air in
capillary tubes and between glass plates. Thegidter near the universal curve of the
fluid flow model. Especially for the low-speed ran@.01 < Ca < 0.3) the fluid flow
model is able to fit the experimental data well §&r, S.F., 1993}. Thus, in these
systems energy dissipation is expected to be dtheetaiscous flow in the liquid.

The agreement between experiments and theory foedospreading (including
partial and complete wetting systems) and spontanepreading for complete wetting
systems indicate that a similar mechanism occutbese systems. Namely, energy is
dissipated during the spreading due to the visdtmyg of the liquid {Kistler, S.F.
1993}. The same is expected for spontaneous, paréting systems as is shown by
Hocking et al. {Hocking, L.M., 1982}. The authortudied the spreading kinetics of
molten glass (Si@-NaQ~TiO,) on a polished platinum sheet. They compared their
experimental data to a continuous model that censid slip between the fluid and the
solid boundary at the contact line to avoid a faitgularity there. This model is based
on hydrodynamic assumptions which were also usethéofluid flow model. Hocking
et al. showed that their experimentally obtainedadwas consistent with their
theoretical predictions. This, together with thetflnat Cox proved theoretically that the
macroscopic behavior of a liquid can be describét the fluid flow model without a
specific cutoff mechanism leads to the assumptia the fluid flow model is valid for
the system investigated by Hocking et al. Thusthis spontaneous partial-wetting
system the energy seems to be dissipated due tisttwus flow of the liquid.

3.2 Comparison of the molecular kinetic model and the fluid flow
model with experimentsin high-temperature systems

Lopez-Esteban et al. {Lopez-Esteban S., 2004} ingated the spreading kinetics of
SiO—CaO-AbO; on polycrystalline Mo at an oxygen partial pressof > 10" Pa.

Using a drop transfer set up the experiment wafopeed at 1200 °C. No reaction

58



3 Literature Overview

between the glass and the metal was observed aud ral interdiffusion at the
glass/metal interface was detected with an SEMguEIDS analyses. This system is a
model system since the glass does not have antilealamponents and is stable under
a wide range of temperatures and oxygen partiabspres. The analyses of the
spreading kinetics showed that the spreading uglax the glass front is orders of
magnitudes slower than expected for spreading albedr by viscous impedance (fluid
flow model). Lopez-Esteban et al. {Lopez-Esteban 2004} were able to fit their
experimental data to a theoretical model introdungdlake et al. {Blake T.D., 1993}.
In their theory they suggested that both viscoaitd local dissipation at the triple line
play a role in determining the wetting kinetics (gaular kinetic model). The viscous

effect can be included in the molecular kinetic mlodwo contributions to the wetting

activation energyAG,, were defined: one comes from the liquid — sold5,

interaction and the other from the viscous inteéoacin the liquid AG,, {Blake T.D.,
1993}
AG,, =AG, +AG,, (3.2).
Therefore (2.29) transforms to {Blake T.D., 1993}
V= Z(k%j exp — (AGRI:TAG“S)jsim{MV (COS;;_; COS&)] (3.2).

Using adsorption distances on the order of 1 —iéldata of Lopez-Esteban et al.
can be described by equation (3.2). The resultiatimg activities were approximately
230-300 kJ/mol. This is on the order of the viscoflsw for glasses

(AG, =290 kd/mol). The wetting activity for glasses aides with the wetting

activation energy for viscous flow. The glass males around the triple junction are
affected by interactions with the solid and thecwiss interactions between the
molecules themselves {Lopez-Esteban, S., 2004}cdls interactions between the
glass molecules seem to be stronger than the atimna between the liquid molecules
and the substrate. Therefore, the spreading o$ ggasontrolled by the dissipation at the
triple junction but the main contribution to the twiy activation energy is the

activation energy for viscous flow {Lopez-EstebanZ®04}. Similar observations were
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made by Cherry and Holmes (Cherry, 1983) who ingattd polymers with large
viscosities (1&Pa*s).

Saiz et al. {Saiz E.,2003jtudied the kinetics of high-temperature spreadintpe
system of liquid Sn-3Ag-xBi on Fe-42Ni. Sn3AgxBiused as a lead free solder. The
experiments were performed using a drop-transfstegy at 450 °C and 250 °C under
Ar+5 %H, gas flow. Spreading velocities between 0.5 and s were observed.
Even though this system is a reactive spreadintesysn which the liquid spreads
while a chemical reaction occurs at the liquid-gatiterface during the spreading, the
observed velocities are so fast that they are stargiwith spreading on a flat substrate.
Saiz et al. showed that the estimated critical acigidor ridge growth is several orders
of magnitude lower than the observed spreadingciteds for this system. This supports
the idea of spreading on a flat surface withougeidormation. The high velocities
reported also preclude simultaneous spreading emwltlg of a reaction layer which is
thicker than a few nanometers. Since the grairte@feaction layer do not grow in the
direction of the triple line movement Saiz et asamed that spreading occurs on an
unreacted surface. The spreading kinetics were amedpwith the fluid flow model and
the molecular kinetic modeBoth models were able to describe the experimetatd
but the fitting parameters from the hydrodynamicdelowere not reasonablés
resulted in zero which is not consistent with thidfflow model. The parameters which
resulted from the molecular kinetic model are maigysically reasonable. The
calculated adsorption sites are on the order ahistac distances (0.1-1.0 nm). The
calculated wetting energies are slightly highentkize activation energies for viscous
flow and the reported molecular displacement fregies are in the upper range of
those reported for low-temperature wetting. All tfis suggests that the rate-
determining step is the movement of an atom froenlitjuid onto an adsorption site on
a solid surface {Saiz E.,2003}.
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3.3 Triplellineridging in high-temperatur e wetting systems

Saiz et al. {Saiz, E., 1998} investigated tripladiridging in high-temperature
systems, such as liquid metals (Al, Cu, and NiAbs©O3 and also liquid silicates (Si-Y-
Al-O) on metals (Co, Mo, W). The experiments weezfgrmed with a sessile drop
method in vacuum (1.3*1DPa) as well as in gettered Ar. It could be shomat triple
line ridging took place in the system of the liquigtals on AlOzand liquid silicates on
metals and the ridge size was between 5 nm anar88gpending on the system {Saiz,
E., 1998}. Triple line ridges of ~ 20 nm height weaybserved in the system %i0aO-
Al,0O5-TiO; on polycrystalline Mo {Lopez-Esteban S., 2004}

3.3.1 PureMetals(Al, Cu, Ni) on Al,O3

Saiz and coworkers {Saiz, E 1998} performed experita with pure metals (Al, Cu,
Ni) on polycrystalline AlO3 substrates. In the experiment Cu on@| performed at
1150°C in gettered Ar , it was observed that tleedeng and advancing angles reach a
common final angle of ~114° after 20—30 minutesxifS E 1998}. Atomic force
microscopy measurements were performed after rergatie Cu drop from the AD;
substrate and ridges of 10-40 nm size were dete€tezl height h of the ridge is small
compared to the radius of the droplatR'< 10%). Due to this and the fact that the
receding and advancing angles reach a common viaas suggested by Saiz et al.
that triple line ridging took place in the secoedime. Therefore, the measured contact
angle reached in Ar atmosphere is close to the ¥swqguilibrium angle. However, the
experiments performed in vacuum showed a decreatieeifinal angle which can be
explained as due to evaporation of the liquid copptidges of 10-80 nm were
observed. Even though the contact angle decredmedrop stayed attached to the ridge
since the angles still remained within the attaahtnnange of equation (2.45) {Saiz, E.,
2001}. Saiz et al. {Saiz, E., 1998} found undermgtclose to the ridges, which was
produced by liquid metals. This is a hint that tlilge was formed by local diffusion
rather than by solution-precipitation. In the swystéNi on polycrystalline AlO;
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performed at 1500 °C in gettered Ar ridges at tipget line of the size of 0.2 um were
found. Like in the system Cu on &) grain boundary grooving under the liquid drop
was stronger than on the plain substrate. It wggested that diffusion was the limiting
transport mechanism {Saiz, E., 1998}.

Using equation (2.59) Saiz et al. {Saiz, E., 19@8}imated the ridge height. The
resulting height of 90 nm for Cu on A&); and 300 nm for Ni on ADs is in the right
order of magnitude considering that the fronts weoe attached to a stationary ridge
during the entire time.

As remarked earlier (see chapter 2.3.2) Saiz aibalerved that in the case of the
spreading of liquid aluminum on sapphire at 1100iACvacuum the final angle
oscillated periodically between 80° and 60°. Thiscilbation was attributed to
evaporation of the aluminum which results in a dase of the final angle. The contact
angle is not within its attachment range (2.45) dredtriple line will break away from
the ridge. Levi et al {Levi G., 2003} investigatélde morphology of micron-sized Al
drops on sapphire substrates by dewetting a thiiiirAlfrom a sapphire surface at both
900 °C and 600 °C in an ultra high vacuum furnateaicontrolled atmosphere. At
900°C they observed ridging as was also seen lzy{Saiz, E. 2001}. Levi et al. {Levi
G., 2003} also showed that evaporation of the sep@ubstrate atoms diffusing at the

interface has an important role in the evolutiomhef Al-Al,Osinterface.

3.3.2 Liquid glasses on metals

Saiz et al. {Saiz, E 1998} observed ridges of 7080 height at the triple junction of
silicate glass on Co substrates at 1440 °C. Estenatade by Saiz {Saiz, E., 1998}
showed that the ridge should be in the range ofmlifuthe ridge formation were
attributed only to surface diffusion. Since the pemature used for the experiments was
~0.9T, the yield stress in the metals is very low andepreffects can occur.
Therefore, the huge ridge can most likely be exigldias due to plastic deformation
{Saiz, E 1998}. In the case of substrates with Rigimelting points (Mo, W) the
observed ridges were much smaller given the samperenental conditions.
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Triple line ridges of ~ 20 nm height were obserirethe system Si@CaO-ALOs-
TiO, on polycrystalline Mo {Lopez-Esteban S., 2004}dPop-transfer experiment was
performed at 1200 °C at an oxygen partial pressut@'* Pa. At this pressure there
will be a chemical reaction between the glass haditolybdenum

3Mo+SiG—Mo3Si+0,(g)1 (3.3)
Lopez-Esteban et al. {Lopez-Esteban S., 2004} slkiowat the triple line ridging
occurred due to interfacial diffusion, which wasftoned by the shape of the ridge
which showed a hump on one side. The authors askthmeé the liquid was spreading
over a flat surface without any reaction. At slovepreading velocity a ridge forms
either due to nucleation on defects in the sulestvabecause the critical range for ridge
formation has been reached. When the ridge reachegyht of about 10 nm its speed is
so slow that spreading of the liquid is stopped! tiné liquid can break away from the
ridge. This behavior was confirmed by a charadieristick-slip motion {Lopez-
Esteban S., 2004}. The fact that the calculateadstestate velocityssfor a 20 nm ridge
is much slower than the observed spreading velgeiyes the fact that the liquid front
is not attached to the ridge and does not move thighvelocity of the ridge {Lopez-
Esteban S., 2004}. Thus the speed of the liquidoiscontrolled by ridge movement.
When the spreading slows down or stops reactiodymts will nucleate at the triple
junction. Islands of the reaction product 380 (tens of microns wide and less than
1 um thick) were observed in a narrow band (~ 1®0wide) around the triple junction.

So far the common understanding of reactive spngadn high temperature
systems was that the reaction product and the digwont advance together
{Eustathopoulos N., 1998}. Eustathopoulos et alnid that reaction-limiting spreading
occurred with pure Al on vitreous carbon under higacuum conditions at a
temperature of 1100 K performed with a sessile dropfiguration. In this system,
wetting is promoted by the formation of a continsowaction layer of aluminum
carbide {Eustathopoulos N., 1998}. The rate of adieg is limited by the lateral
growth of the reaction layer. Reaction limiting epding was observed for different
kind of reactions in different systems such as Caiftlys on oxidized SiC ,CuAg-
Ti/Al,03 or CuSi on vitreous carbon {Eustathopoulos N., 39%8owever, Lopez-
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Esteban et al. and Gremillard et al. showed thatd¢laction product and the liquid front
do not always advance together. A theory abouttikeaevetting should start dividing
the wetting process into its different steps aslfflow, adsorption, ridge formation, and
reaction processes {Saiz, E., 2000}. The kineticearh step need to be determined in
order to be able to decide which step is crucialthe spreading kinetics {Saiz, E.,
2000}. In most glass/metal systems the reactioncgs® does not determine the
spreading process but instead the mechanisms vaoiotiol the kinetics in the non-

reactive case are important {Lopez-Esteban S., 2004

3.3.3 Liquid metal alloyson ceramics

Gremillard et al. {Gremillard L., 2004} investigatehe wetting of Sn—Ag based alloys
on AlL,Os. Sessile drop experiments were performed at testyorers between 600 °C -
1000 °C under vacuum at pressures which ranged f6fto 10° Pa. Due to the
addition of small amounts of Ti (1 wt.%) a decre@ssthe final contact angle from 150°
to 25° was observed {Gremillard, L., 2004}. Eustgibulos et al. {Eustathopoulos, N.,
1998} suggested that the addition of reactive el@mesuch as Ti and Cr to the liquid
alloy improve the wetting on ceramics due to aeriiaicial reaction layer. However, the
improvement in the wetting behavior of the tin-silvbased alloys on ADs is not
attributed to a formation of a continuous reactiayer at the metal-ceramic interface
{Gremillard L., 2004}. At temperatures below 800 $thall angles were observed but
no reaction occured. At temperatures higher thah°80no continuous reaction layer
formed but islands of the reaction product closethe triple line were detected.
Therefore, Gremillard et al. {Gremillard L., 2004uggested that there is a finite
nucleation barrier for the reaction phase formatiod the liquid front and the reaction
product do not extend together. This supports hieerly of Saiz et al. {Saiz, E., 2000}
which focuses on the adsorption of the reactivenel@ at the solid—liquid interface
before the reaction can take place. The rate detergnprocess for wetting would then
not be the formation of a reaction layer. Furtheendhe decrease in contact angle

could be explained by these adsorption effectsbpet al. {Derby B., 2001} have
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shown that Ti segregates at the metal-ceramicfaterin the system Sn—Ti/ADs.
They did not observe any reaction product at therfiace.

The spreading kinetics of the Sn—Ag based alloy#\b®; can not be explained
with the fluid flow model nor with the moleculamgtic model {Gremillard, L., 2004}.
The observed slow spreading kinetics as well adatge variability in contact angles
were attributed to the kinetics of dissolution itibe@ liquid and the formation of triple
line ridges. The starting alloy consists of a hosrepus distribution of Shig pallets
that dissolve into the liquid. The difference i thbserved contact angles was attributed
to the different amounts of Ti dissolved into thquid. Triple line ridges which
nucleated due to local diffusion processes or gwluprecipitation stopped the liquid
and contributed to the wide variability of the cacttangles {Gremillard, L., 2004}.

3.4 Wetting behavior of liquid metals on metals for systems with
negligible mutual solubility

Several authors have investigated the wettinggpfidi metals on metal substrates for
systems with negligible mutual solubility {Tomsi#.P.,1982}{Pique, D., 1981}
{Sugita, T., 1970},{Yupko, V.L., 1991Yupko, V.L.,1986} as the system (liquid Ag
on Mo) used in this work. The works did not esplcieoncentrate on the investigation
of ridge formation or on the spreading kineticshose systems. Thus those experiments
are of minor importance for this work. Tomsia et{dlomsia, A.P., 1982} investigated
sessile drop experiments of Ag on Fe at 1000 °Cayden partial pressures of 10
and 10" Pa. They showed that the contact angles and thieréfe surface energies of
Fe are sensitive to the degree of saturation witideo and to the degree of
chemisorption of oxygen. The chemisorption of oxygepends on the activity of oxide
in Fe and the p(® in the ambient atmosphere. Pique et al. {Piqug,1981} also
investigated the system liquid Ag on Fe in a redgcAr/5 %H atmosphere. They
found that the contact angle decreased with inorgaemperature and explained this

temperature dependence by the adsorption of Agsatmmower temperatures which
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will be desorbed with increasing temperature. Thhbs,ys, will increase andg will
decrease with increasing temperature.

Sugita et al. {Sugita, T., 1970} performed sesslitep experiments of liquid Ag on W
at 960 °C and 1200 °C and of liquid Au on W at 1063under a total pressure in the
system of 1x18’Pa. With the given surface energies of the liquid ¢he measured
contact angles the authors calculated with equdfidtb) interfacial energies of about
2500 erg/crhfor Au/W and 2700 erg/chfor Ag/W.

Yupko et al. {Yupko, V.L., 1986} investigated theetting of liquid Cu on Mo at
temperatures between 1370 °C and 1670 °C. The iexgats were performed with a
drop transfer system in a He and a He+18,%itrhosphere. The time dependence of the
contact angledshows that the stable values 8f are established within seconds for
both atmospheres. However in a He atmosphere wgatinonsiderably poorer than in
He+18 %H atmosphere. This is due to the higher oxygen comethe He atmosphere.
Oxidation of the substrate surface results in higlantact angles in the experiments

performed under He.
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4 Experimental details

4.1 Wetting experiments

4.1.1 Wetting furnace

The drop transfer experiments are performed inda-kiading vacuum furnace (series
15, CENTORR Vacuum Industries, Nashua, NH, USAe €uipment consists of five
separate parts (Figure 4.1): tahe furnace chamber, (b) a gas manifold, (c) agex
analyzer, (d) the control unit (temperature anduvat regulation) and (e) the vacuum
system.

The furnace chamber (al) is cylindrical, doublelehland made of stainless steel.
The heat is provided by a cylindrical tungsten imgatlement (a2). The chamber is
shielded from the heat of the heating element bsetaof cylindrical molybdenum
shields (a3). In addition, the rear (a4) and tdp) (@anels of the chamber are water
cooled. The work platform (a6), which is made afgsten, is placed in the center of the
heating elemenfThe Mo sample holder (a7) can be lowered duriregetkperiment due
to a vacuum-proof adjustable manipulator (a8).ahsparent quartz window (a9) in the
front panel of the furnace allows for the obsewsatand recording of the wetting
experiments. The temperature inside the chambee&sured with a W5%Re/W26%Re

thermocouple sheathed with molybdenum (a10). Tharibcouple is placed below the

! symbols (a1)-(a10), (b)-(e) refer to figure 4.1
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working platform. The maximal working temperaturetioe furnace is 2000°C. The
furnace can be operated under vacuum as well a& tiogving gases.

An important feature of the furnace is the gas adohi(b) which allows the use of
up tothree different reaction gases in different mixttagos. Hence, one can adjust the
O, partial pressure by adjusting the gas proportidie measurement of the oxygen
concentration of the gas leaving the furnace isedatth a yttrium stabilized ZrO
oxygen analyzer (Centorr 2D/220) (c). The tempeeatontrol is performed with a
digital controller (UDC 3000, Honeywell, PhoenixZ AUSA) (d).

The vacuum pump system (e) is connected to theadgrchamber. The primary
vacuum is ensured by a mechanical pump (Leybold)D8Bturbo molecular pump
(Leybold TMP-50) enables a vacuum pressure as $818° Pa to be reached.

power supply, electronical
regulation of the vacuum

© pumps and valves,
oxygen vacuum pumps temperature measurement
analyser e
(e) a8 )

@ _—

T

a9 ‘ |
a2

[ ab o a4

gas manifold

(b)

a3

Figure 4.1: Schematic drawing of the vacuum furnace
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4.1.2 Parameters of the wetting experiment

The spreading of liquid Ag on polycrystalline Mobstrates was investigated using a
drop-transfer setup inside the induction furnacescdbed in section 4.1.1. The
experiments were performed in Ar + 1% BEnd Ar +5% H flowing at ~Z10° m®/s
[p(Ar) = 10’ Pa). For all the experiments using Ar + 1% Hhe oxygen content in the
gas was kept below 0 ppm [p(O.) < 10%° atm]. For all the experiments using Ar +
5% H,, the oxygen content in the gas was kept below’ ppm [p(O,) < 10% atm]. The
drop-transfer spreading experiments were perforaoseag the following procedure: A
small piece of Ag (~0.01-0.02 g) was placed onpplise single crystal surface inside
the furnaceThere is no reaction between the sapphire and theluking the heating
phase. Ag does not wet sapphire and exhibits amselatontact angle with the sapphire
substrate The Mo substrate was placed on a Mo holder ~1@xh5above the molten
Ag drop. Subsequently, the furnace was evacuated ato pressure of
~6010* Pa and refilled with gas (Ar + 1%tbr Ar + 5% H). The gas was allowed to
flow for ~2 h before heating in order to assurd tha requireg(O,) was reached. The
gas flow used was 2xf0m%s. The assembly was heated at 15 °C/min to theinesi)
wetting temperature (970 °C, 1070 °C, 1150°C, 1290 When the wetting
temperature was reached the Mo substrate was Idvitena the top and placed in close
proximity to the liquid surface (~1 mm or less). the case of the equilibrated
experiment the assembly was maintained at thisarmist and temperature for 1 h.
Afterwards, the substrate was lowered slowly unfilist touched the drop surface and
the liquid spread on it, transferring from the dapp plate to the Mo. In the case of the
non-equilibrated experiments the wetting experime&ats performed as soon as the
wetting temperature was reached.

The drop transfer experiments of Ag on single eljise Mo(110) and (100) were
performed at 970 °C, 1070 °C, 1150 °C, and 129@sidg Ag/5% H. In both cases
only equilibrated experiments were performed.

The spreading of receding liquid fronts was analylag placing a thin foil of the
alloy on top of the Mo substrate. The assembly kested to the test temperature under
the same conditions described above.
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4.1.3 Recording and analysis of the dynamic contact angle

The dynamic contact angles were recordadsitu by observations through the
transparent quartz window ([a9] in Figure 4.1). Tpreading was recorded using a
high-speed motion analysis system (Kodak, series V@R a digital camera able to
acquire up to 2000 frames per seconds for a pefi@dseconds. The final angle as well
as the long-time behavior of the drop was reconditd a CCD camera (Sony XC-73)
controlled by the software Droplmage (Rame Hart,Ihountain Lakes, NJ, USA),
which is able to take 1 frame per second for séverars.

The Droplmage software includes a module for autmm@etermination of the
contact angles and surface energies. Howeverfdhisre necessitates very sharp and
clear pictures which can only be obtained with sraitted light. Because of the
configuration of the furnace (only 1 quartz windowgflected light had to be used
leading to less clear images. In order to measheeahgle with more precision a new
program was developed ly Gremillard {Gremillard, L., 2004} in the group &&.P.
Tomsia, Berkeley, CA, USA.

The advantage of this program is that all imageghviare recorded during an
experiment are readily accessible. They can be expemith an automatic image
treatment software (for contrast, brightness, amamma enhancement). The
measurement of the contact angles is fast andsgrerid the storage of the data is easy.
The time required to measure one angle is less1Banon average. Figure 4.2 shows
the typical program interface, including an imadge diquid drop on a substrate as it is
recorded with the low-speed camera.

The measurement is based on placing several chasdict points on the image,
which depend on the chosen fitting methods. In thesk the so-called Photoshop
fitting method was used. Three different points aaguired, which are points 1-3 in
Figure 4.3; these points are chosen to determimm&gle of which the base is the
length of the drop-substrate interface, and theedxdis a tangent to the drop. Using
these points the software calculates the contagieapplying equation (4.1). The angle
6 results to:
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2 2 2
0= g— arcsir(mJ (4.1)

List of all the
imagesin the
specified folder

Figure 4.2: Computer interface of the drop imagegpam. The liquid drop is placed on
the solid substrate. D1 is the base raditbe contact angle {Gremillard, L., 2004}.

Figure 4.3: Determination of the contact angle withe “Photoshop method”
{Gremillard, L., 2004}
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4.2 lvestigations of the microstructure

4.2.1 Scanning Probe Microscopy (SPM)

Scanning probe microscopy is based on the follovangciple: a sharp tip is brought
into close contact with the surface of a sample andinteraction (force tunneling
current etc.) between the tip and the surface efskimple, which strongly depends on
the distance between them, is measured {WiesendaRgel 994}.

The interaction is measured while the tip scansstivéace line by line. One mode
to operate the SPM is to keep the interaction betwle tip and the surface constant
and recording the reaction of the tip due to charggeopography of the surface.

The most frequently used scanning probe microscapeshe scanning tunneling
microscope (STM) and the atomic force microscopEMA The interaction of the tip
and the surface in STM is related to tunneling @ffelf a voltage is applied between
the tip and the surface, electrons can tunnel reftioen the tip into the sample or vice
versa. STM is used wittonductive materials. In the AFM case the intetacbetween
the tip and the surface arises from intermolecfderes. These can be Van der Waals,
magnetic, electrostatic, friction and capillarydes. Depending on the distance between
tip and sample the forces can be attractive orlsemuforces. The AFM can be used
also for non-conductive samples.

The topography of a surface can be determined byAflRM due to the strong
distance dependence of these forces. A tip is neodunh a cantilever. If the tip is
brought into close contact with the surface ofsample, the cantilever will bend by an

amount dependent on the strength of the force fdroe results in:

3
F= %V‘f—sAz (4.2)

whereE is the Young’'s modulus, L the length of the cavir, w is the width and t is
the thickness of the cantilever and the distance between the tip and the saniite
bending of the cantilever can be measured wittserlaeam, which is reflected on the

top of the cantilever and is collected by a 4-qaatiphotodiode array (Figure 4.4).
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amplifier feedback loop output

laser
mirror

photo detector

piezo element X,y scanner

cantilever

tip

sample

Figure 4.4: Measuring principle of Atomic Force kiscopy, taken from {Richter, G.
2000}

Depending on the force and thus the distance betwge and surface one
differentiates between different working modes: tien contact mode, the tapping
mode and the contact mode. Figure 4.5 shows thendepce of the intermolecular
forces on the distance between tip and surfaceeosample. In the case of the contact
mode the tip touches the surface and repulsiveefodominate, as shown in Figure 4.5.
The mean repulsive force is about 1 nN. In the canmact mode and the tapping mode,
attractive forces are present. Independent of tbdenthe measurement is performed
either by a constant force or constant height.

In the case of applying a constant force, the bendif the cantilever is kept
constant. The voltage of the z-piezo is regulated keedback loop in order to maintain
the bending constant. The voltage of the piezoelated to the topography of the
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surface. In the case of applying a variable fotice voltage of the piezo is kept constant

and the bending of the cantilever is measuredhé@ghotodetector.

repulsive force

tapping mode | distance

/ >

<
<4

contact non-contact
mode mode

attractive force

Figure 4.5: Dependence of the intermolecular formeghe distance between tip and
surface, courtesy of {Schollhammer J.1998}

In the present work AFM measurements were perforwidda Tribolndenter with
AFM option (Hysitron Corp) in Berkeley and a ScarqmProbe Microscope TMX 2000
(Topometrix) in Stuttgart. The Tribolndenter withF® runs with software from
Quesant. The X-Y scan range of the AFM is 40 un@ xu#, the X-Y resolution of this
system is 7 A, and the resolution in Z-direction0ig A. The TMX 2000 runs with
software from Thermomicroscopes. The X-Y scan raofy¢ghe AFM is 100 pm x
100 pm, the resolution in Z-direction is 0.7 A {TMX000, Users Manual}. The
measurements were performed in the contact modarigéhe force constant. The tip

is a small pyramid made of silicon nitride.
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4.2.2 Scanning Electron Microscopy (SEM)

The SEM investigations were performed witthigh-resolution field emission SEM
(JEOL 6300F), which is equipped with a Schottkytéeni The electrons are accelerated
by an electric potential in the range of 1-40 kVcéndenser lens projects the image of
the source onto the condenser aperture (Figure Tt®) beam is then focused by the
objective lens onto the surface and scanned at¢hessurface using scanning coils.
When the primary electrons hit the sample surfttoey transfer a part of their energy
through inelastic scattering to the electrons | siample resulting in the emission of
secondary electrons. These secondary electandave energies up to 100 or 200 eV
but typically are in the range of 10-50 eV. Thewlkinetic energy restricts their mean
free path in the sample, so that secondary elestestaping from the sample are
generated close to the surface, typically withi dm. This leads to the possibility of
probing the sample surface. The secondary elecmom<ollected by a detector and
their intensity is displayed versus the positiontleé primary beam on the sample.
Besides the secondary electrons, there are alsksdmttered primary electrons. The
average energy of the backscattered electronsssian the primary incident beam but
of the same order of magnitude. This imaging maddesggood material contrast but is
less surface sensitive since the penetration defptie backscattered electrons is in the
range of some 100 nm. More detailed informatiogiven in {Schmidt, P.F., 1994} and
{Brandon, D., 1999}

Electron gun

Primary electron beam

l . Condensor

Scanning coils

I Objective
Detector for
secondary electrc@ e§econdary electrons

e

Figure 4.6: Schematic drawing of a scanning electricroscope (SEM), taken from
{Butt, H.J., 2003}
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4.2.3 Transmission Electron Microscopy (TEM)

Conventional Transmission Electron Microscopy wasfgrmed with JEOL 2000 FX
and JEOL 4000 EX microscopes. In contrast to ththaus described above, TEM is
not surface-sensitive. It was used in this workonder to investigate the interface
between the Ag and the Mo substrate. A short summily of the fundamentals of the
TEM is given here.More detailed information on the design of a TEMd aits
applications is given in {Heimendahl, M. 1970}, {WWams, D, Carter, C., 1996} and
{Brandon, D., Kaplan W., 1999}.

A heated W-filament, LaBcathode, or a field emission cathode is used teigte
an electron beam. The electrons are accelerateoh lfectric potential in the range of
typically 100-400 kV. A Wehnelt-cylinder and a cemder lens system focus the
electron beam onto the sample. Interaction prosebstween the electrons of the
electron beam and the sample occur which are wsathfiging. The scattered electrons
which are transmitted through the electron trarespaspecimen pass through the
objective lens and form an image in the image pléndiffraction pattern is generated
in the back focal plane of the objective lens, whan objective aperture can be
inserted. Depending whether the transmitted orflaadted beam passes through the

objective aperture either a bright field image ataak field image is generated. This is

: Specimen 1
I Objective lens I
, Objective ‘

[ I
aperture

SAD
aperture

illustrated in Figure 4.7.

Intermediate lens

Projector lens

Screen
Diffraction pattern Image

Figure 4.7: Schematic drawing of a TEM illustratimgw diffraction pattern and bright
field images are generated, taken from {Heimenddh| 1970}
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4.2.4 Auger Electron Spectroscopy (AES)

The Auger investigations were performed with a JEBIMP-7830 F Auger Electron
Spectrometer. In Auger electron spectroscopy (AtB8)sample of interest is irradiated
with an electron beam. These electrons typicadlyehan energy of about 1-5 keV. The
incident electron ejects an electron from the inglectron shells of the atoms of the
sample, and an empty state is created. An eleatrarhigher shell then fills the empty
state and energy is released, either as a chastictex-ray photon or a secondary
electron. The secondary electron, which is ejedtech a higher shell, is called an
Auger electron (Figure 4.8). Its kinetic energydependent only on the energies of the
electron levels involved and is therefore discratel characteristic of the elements
present at the surface of the sample. When analgzeal function of energy, the peak
positions are used to identify the elements. UguAllger data are presented as a
differentiated signal to enhance the visibilitytoé peaks present. The depth of analysis
is about 3-5 nm. More detailed information abougdilon Spectroscopy is given in
{Seah, M.P., 1988}.

[
Auger-Electron

or: photon
. L2,3
Primary electron L
beam ® 1
® K

Figure 4.8: A primary electron beam ejects an sd&cof an inner electron shell of an
atom to an unoccupied state or above the ionisétiel. An electron in a higher shell
fills the unoccupied state and energy is releafkd.energy can be released by emitting
a photon or an Auger electron
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5 Sample preparation

5.1 Sample preparation of the samples used for the wetting

experiment

5.1.1 Polycrystallineand single crystallineMo

In order to ensure minimum roughness of the Mo sates in the wetting experiments,
they were annealed and polished according to tleenximg procedure:

Prior to the wetting experiments, the polycrystedliMo substrates (99.9 %, Aldrich,
USA,~10 x 12 mm, 1 mm thick) were annealed at 1350for 15min in order to
recrystallize the Mo. The polycrystalline and sengtystalline Mo (1cm diameter) were
ground with 45Qm SiC paper in order to remove the grain boundanves that
formed during the heat treatment in the case optigcrystalline Mo. Afterwards they
were electrolytically polished. The electrolyte diseas a mixture of 875ml of methanol
(99.8%) and 125ml SO, ( 95-97%). The KSO, had to be added to the methanol
carefully in drops. For the electrolytical polisgira polishing machine from the
company Struers LektroPlol 5 was used. The polistkkesh was a circle of 0.9 cm
diameter. The polishing temperature was 20-22 °@oltage of 18 V and a flow rate of
7, in the case of the polycrystalline Mo substratesl between 4 and 5 for the Mo
single crystals were applied. The polishing timesv@®s. For each polishing cycle
600ml of the electrolyte was used. It was importhat the contact arm was kept clean

and the polishing mask was in proper contact withdample. The electrolyte had to be
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prepared fresh for each polishing cycle. In eaclslpiog cycle 10 samples could be
polished.
Ag as well as Mo substrates were cleaned with aeedmd ethanol in an ultrasonic

bath and dried with an air gun.

5.2 Propertiesof the materials used for the wetting experiment

5.2.1 Optical emission spectrometry (ICP-OES) investigations

The compositions of the Mo substrates were detarthby ICP-OES investigations and
they are listed in Table 5.Those of the Ag used in the wetting experimentsliated
in Table 5.2.

Table 5.1: Comparison of the composition of theypioistalline Mo and single
crystalline Mo(110) substrates determined with ICES.

Cr Ca Fe Cu Mg Ni Zn Zr
Single
<0.001| ~0.006| ~0.005| ~0.015| <0.0001| ~0.005| ~0.002 | ~0.007
crystal
Poly
al <0.001| <0.002| <0.001| <0.001| <0.0001| <0.001| <0.0005| <0.001
crysta

Table 5.2: Determination of the Ag composition BPFOES
Sample Cu Cd Ni Pb Pd
Ag ~0.03 <0.0002 <0.0005 <0.002 <0.002

5.2.2 Orientated Imaging (OIM) investigations

In order to get more detailed information about ploéy/crystalline Mo surface such as
grain size and orientation, OIM measurements werpned The average grain size
is between 21-43um. Table 5.3 shows the quanianalyses of the orientations of the
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grains with an error of 15°. About 50 % of all theins have a (311) orientation with
an error of 15°. There are only few grains witHLaQ) orientation for the different Mo

substrates.

Table 5.3: Distribution of Mo grains of differentientations on the polished Mo surface

Sample (111), (100) (110)(311)
Mo (after annealing for 1h at 1070 °C27,9%| 19,4%| 3,0% | 55.9%
Mo, (after annealing for 1h at 1070°C})8,1%| 22,8%| 2,4% | 53,7%

5.3 Sample preparation for microstructureinvestigations

5.3.1 Scanning Electron Microscopy

In order to prepare cross-sections of the Ag-Moparfor the SEM investigations, the
sample was coated with Cr to protect it againsthaeical abrasion and also to protect
the triple line. The samples were first cleaneétimanol and dried with argon gas. The
Cr was sputtered under an argon partial pressute @10° mbar and a power of 150W
for 30 minutes. A 1um thick chromium layer was gnowhe Ag-Mo sample was cut
with a (precision) diamond wire saw in a 700 pntkhslice and glued (G1 glue and
graphite in order to make the glue harder) in ames tube used for TEM preparation.
Afterwards the tube was cut with a (precision) dvaoch wire saw in 400 pum thick
slices. The slices were glued on a glass platepaihdh a holder in order to grind and
polish the sample. The cross-section was groundtl wilicon carbide paper up to
2000 pm and afterwards polished with 3 pum diamamspension. The final polishing
was performed with a 0.5 pm silicon dioxide suspandor one hour. The samples
were then investigated by a field emission SEM oscope (JEOL6300F) with an
operating voltage of 3 kV. The first attempts ofligling a cross-section failed. As

shown in Figure 5.1 the triple line is completelgsttoyed. It seems that Mo grains
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broke off and covered the triple line. Ag is vewftsand it smeared out during the
polishing. It seems that for the mechanical pofighthe Cr coating layer is problematic
since Cr broke off during grinding. Since the cresstion prepared in such a way was
insufficient the samples were re-polished agaimdyng with 2000 um, then polishing
with 3 pm diamond suspension, and finally polishimgh 0.5 pm silicon dioxide.
Figure 5.2 shows the re-polished cross-sectionedtigations of the polished surface

now allow detection of the triple line.

Figure 5.1: Cross-section of Ag on polycrystallMe, wetting experiment performed at
1070°C annealed for one hour and quenched afteswardlear interface between the
Mo and the Ag is not visible. Mo grains broke dfidacovered the triple line.

Figure 5.2: Improved cross-section of Ag on polgtajline Mo The experiment was
done at 1070°C, kept at this temperature for on&r lamd quenched afterwards. The
cross-section still shows inhomogeneties whichdareto the sample preparation.
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5.3.2 Transmission Electron Microscopy

TEM samples were prepared at a focused ion beark station 200 from the company
FEI. The surface of the Ag-Mo sample was sputteviéd a chromium layer in order to
protect the triple line of the sample. Thus, thengle was protected against shadow
effects in the FIB and diffusion of the Gallium gfrom the ion beam. Due to the Cr-
coating it was not necessary to coat the sample twitgsten or platinum as is usually
done for FIB investigations. For the cross-secéionarea of 173ufiwas cut with an
acceleration voltage of 30kV and an ion beam caroér2.7nA. The cleaning cut was
done with an acceleration voltage of 6kV and ankbheam current of 12pA. The cross-
section in Figure 5.3A of the Ag-Mo sample showslear interface between Ag and
Mo. A TEM lamella Figure 5.3B was cut out of themgde using the focussed ion beam
and put with a micro tweezers on a copper net, showrigure 5.4. The TEM lamella
can easily be destroyed by removing the sample tivéhmicro tweezers. An example is

visible in Figure 5.5.

Figure 5.3: lllustration of a FIB cross-section ttubugh a Ag-Mo sample (A). The
interface between Ag and Mo is clearly visible.pfotect the sample against Ga ion
diffusion the sample was coated with Cr. In B) a\flamella is cut with the focus ion
beam work station
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S

Figure 5.5: Due to the lifting with the micro tweeg the TEM lamella, which was cut
in the FIB was destroyed
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6 Experimental results

This chapter describes the spreading kineticsgoidi Ag on polycrystalline and single
crystalline Mo at four different temperatures. Rermore, the influences of
equilibration of the system, roughness of the Mbssate and ridge formation on the

kinetics of spreading were investigated.

6.1 Spreading kinetics

6.1.1 Spreading kinetics of liquid Ag on polycrystallineMo

The change of contact angles and droplet radii Agr on polycrystalline Mo in
Ar/5 %H, atmosphere were measured as a function of time tifle dependence of the
wetting angle (Figure 6.1A) shows a strong decrdasé¢he contact angle at the
beginning of the wetting experiments up to abou?0B.s. Spreading velocities
v=[dR(t)/dt] between 0.1 and 0.6 m/s were recorded. Whendhtact angle is close to
its final value, oscillations in the contact angkn be seen (Figure 6.1 A and 6.1.B).
Figure 6.1C showing successive images taken whilylaspeed camera of a Ag drop on
a Mo substrate, reveals the oscillations aroundetipglibrium angle and radius. The
same effect has been observed by other authors snegarded as being due to inertia
{Eustathopopoulos, N., 1999}

The final angle decreases with increasing temperdir the case of Ar/5 %H
atmosphere (Figure 6.2) and increasingbhtent in the atmosphere (Figure 6.3). In the
following only experiments which were performed andAr/ 5%H gas flow are

presented.
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The dimensionless spreading raBa(t) = #[dR(t)/dt] yy was calculated using
n ~0.004 Nsnf and yv ~ 0.9 In? {Smithells, C.J., 1976}. The contact angle wasthe

plotted as a function of Ca and the results aravehim Figures 6.4-6.7. With the

dimensionless and normalized value of Ca the sprgachtes of different material

systems with different values of viscosity and acef energy can be compared. Figures

6.4-6.7 show that the capillary numbers-angle deeeay is similar for the different

temperatures. The capillary number decreases weithedsing dynamic contact angle.

As the dynamic contact angle approaches the fingleathe velocity of the drop and

thus the capillary number is reduced. If the cantagle reaches its equilibrium, the

velocity of the drop and therefore the capillaryntner become zero. The oscillations in

the final angle at low velocities can

be seen tedpecially pronounced in Figure 6.5.
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Figure 6.1A: Evolution of the advancing contactlangith time during the spreading of
Ag drops on polycrystalline— Mo substrates at défé temperatures. Two experiments
at each temperature were performed which are peg@s open and solid symbols.
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Figure 6.1.B: The dependence of the base radius amgle for liquid Ag on

polycrystalline Mo at 1070°C shown. Oscillations the base radius as well as the
contact angle can be seen when they are closeitcetijuilibrium values.
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Figure 6.1.C: Successive images taken with a hpggled camera of an Ag drop on a
polycrystalline Mo substrate at 1070°C. Oscillationthe base radius as well as the
contact angle can be seen when they are closeitcetuilibrium values.
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Figure 6.2: Final advancing contact angle of Agrotycrystalline— Mo, reached at
different temperatures.
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Figure 6.3: The advancing final angle of Ag on poygtalline— Mo showing influence
of H, content in the surrounding atmosphere.
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Figure 6.4: Evolution of the contact angle of thg drop on polycrystalline — Mo as a
function of Capillary number at 970 °C.
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Figure 6.5: The contact angle of the Ag drop onyguoistalline— Mo shown as a
function of the Capillary number at 1070 °C. At lowlocities an oscillation of the

angle is visible. The lines represent a guide ®die for the general behavior of the
data.
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Figure 6.6: Evolution of the contact angle of thge @&op on polycrystalline— Mo as a
function of Capillary number at 1150 °C.
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Figure 6.7: The contact angle of the Ag drop onypgistalline— Mo plotted as a
function of the Capillary number at 1290 °C.
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6.1.2 Spreading kinetics of liquid Ag on single-crystalihe Mo

The time dependence of the wetting angle, as plattd-igures 6.8A and 6.8B for the
cases of single crystalline Mo(110) and Mo(100vet a sharp decrease in the angle
during the intial 0.002 s of the experiment. Whiee tontact angle is very close to its
final value, oscillations in the contact angle daenertia can be seen as was reported
for Ag on polycrystalline Mo. Spreading velocities about 0.3 m/s can be observed.
Accordingly, the spreading kinetics and velocitee similar to those seen with Ag on
polycrystalline— Mo. The advancing final angle dsges with increasing temperature
for Mo(110) and Mo(100) as shown in Figure 6.9. ldwer, this decrease is not as
pronounced as in the system Ag on polycrystalliMe- The final contact angle in the
spreading experiments on single-crystalline Mo(1iO)lower than in the case of
polycrystalline— Mo for temperatures up to 1150 FOr higher temperatures the final
angle is similar within the error bars. For temperas lower than 1050 °C the final
angle of Ag on Mo(100) is in between the values fsg on Mo(110) and
polycrystalline— Mo. As shown in Figure 6.9 and(@\1B the final angle depends on
the temperature while the spreading kinetics (eelato the capillary number) is

temperature-independent.
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Figure 6.8 A: The contact angle is plotted as afion of time for the spreading of Ag
drops on single crystalline Mo(110) substrates iffer@nt temperatures. A strong
decrease of the angle up to 0.002 s is observeénWhe contact angle is very close to
its final value, oscillations in the contact andiee to inertia can be seen.
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Figure 6.8B: lllustration of the contact angle iguid Ag on single crystalline Mo(100)
substrates as a function of the time.
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Figure 6.9: Comparison of the advancing final contagle of Ag on polycrystalline—
Mo and on single crystalline Mo(110) and (100aateed at different temperatures. The
final angle in case of polycrystalline— Mo and MbQ) was measured after 0.5 h, the
final angle of Mo(100) was measured after 2 s.
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Figure 6.10 A: The contact angle of the Ag dropsongle crystalline Mo(110) is shown
as a function of the Capillary number for differégrnperatures.
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Figure 6.10B: The contact angle of the Ag drop ingls crystalline Mo(100) is plotted
versus the Capillary number for different temperesu
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6.2 Determination of advancing and receding angles

The influence of the surface roughness of the Mossates on the spreading was
investigated by measuring advancing and recedinglean The roughness was
determined by AFM. The receding angle was measwteeh Ag melted. Figure 6.11

shows that Ag receded at its melting point to godsith a larger contact angle than at
the temperature used for the experiment describetiapter 6.1. When the temperature
was raised to the temperature used for the wedkmgriment, the Ag drop advanced

again.

T<T,

T, (AQ)

T1 (increasing)

experimental

Figure 6.11: Images of the receding Ag drop on lggogstalline— Mo substrate when
the temperature was raised to the desired temperatsed for the experiments
described in chapter 6.1.
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Figure 6.12: Evolution of the receding contact anghile heating to the temperature
used for the wetting experiments. The open symisgisesent the angles reached at the
temperatures used for the wetting experiments {€7A 150 °C, and 1290 °C)

The contact angle increases while the temperatuiacreased, reaches a maximum
value and then decreases with increasing temperasirshown in (Figure 6.12). The
final angle is measured after holding the wettiagnperature constant for 0.5 h. Since
the Ag drop recedes and then advances, the firgdé aneasured here is the same as an
advancing angle obtained with the sessile drop aaketihe final angles obtained with

the different methods are shown in Table 6.1A.

Table 6.1 A: Comparison of advancing angles meashyedrop-transfer and sessile
drop method.

Temperature Final advancing angleFinal advancing angl|

[1%)

[°C] (drop transfer) [°] (sessile drop) [°]

970 83.5 63.6
1150 13.5 15.6
1290 10.8 14.2
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No hysteresis between advancing and receding angldse system Ag-Mo has
been observed. Additionally advancing experimengsewperformed on a variety of
polished substrates in order to investigate thecefff roughness on the final angle. The
results which are presented in Table 6.1.B reveal the different surface roughness

resulted in similar final angles.

Table 6.1.B The final advancing angles of diffeheiieated Mo substrates are
compared

Temperature Roughness Final advancing
Treatment of the Mo substrate
[°C] [nm] angle [°]
mechanically polished 1070 ~100 29
electrolytically polished 1070 ~300 26

6.3 Effect of equilibration on the final contact angle

In theequilibrated experiments the Mo substrate is placed 1-2 mmeabiow silver drop
and kept there at the test temperature for 1 hefwré the spreading experiment is
performed In the non-equilibrated case the furnace is heated up to the wetting
temperature and the wetting experiment is perforagedoon as the furnace reaches the
wetting temperature. It could be observed thatfth@ angle in the equilibrium case
was lower than the final angle in the non-equiliedacase (Figure 6.13). However, the
equilibration did not affect the spreading kineti€sis is illustrated in Figures 6.14 to
6.17, which indicate that the angle-capillary numbependency is similar for all
wetting temperatures used in this work.

In order to investigate whether Ag is adsorbed lo@ Mo surface during the
heating process prior to the wetting experimenpeexnents (equilibrated and non-
equilibrated) were performed which were stopped hefore the actual wetting had
been initiated. In this way one could investigdie Mo surfaces as they were at the
actual wetting. Figure 6.18 shows SEM micrograptith® Mo substrate. To remind the

reader the Mo was annealed under Ar/5 %&bk flowwith Ag vapor in the atmosphere.
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In the equilibrium case (Figure 6.18 A, C) the Mibstrate was in close proximity to
the Ag droplet (1-2 mm) and annealed at the tespé&zature for 1 hour. In the non-
equilibrium case (Figure 6.18 B, D) the Mo was hkdatwith Ag vapor in the
atmosphere to the test temperature and quenchedoasas the test temperature was
reached. The Mo substrate was not kept in close&impity to the Ag droplet. The
distance between the liquid Ag drop and the Mo satesswas about 1-2 cm. As one can
see in the scanning electron microscope imagegrégs cover the Mo substrate prior
to the wetting experiment when equilibrated for dmeur. There is no preferred
nucleation site of the Ag droplets on Mo. It shob&noted that the individual Ag drops
can not be seen in the low magnification images Agalroplets were observed in the
non-equilibrated case. The higher the annealingégature the greater the area covered
by Ag droplets and the greater the size of the ldtep The determination of the
coverage of Mo with Ag was performed while thide&am was scanned over an area of
about 100x100 um. The results are summarized iteT&aB.

Table 6.2: Comparison of the coverage of Ag drapbet the Mo substrate as a function
the temperature, for the equilibrated case.

Coverage of Ag [ area %] | Coverage of Ag [area %]
(Mo equilibrated at 1070 °Q)(Mo equilibrated at 1290 °Q)

0.94 23.14
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Figure 6.15: Contact angle — Capillary number ddpene of the Ag drop on a
polycrystalline—-Mo substrate for the equilibratgétem and non-equilibrated case at
1070 °C. Oscillations in the contact angle at l@loeities are visible.
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Figure 6.16: The contact angle of the Ag drop olyggstalline— Mo in an equilibrated
system and non-equilibrated system is plotted &ettsel Capillary number at 1150 °C.
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Figure 6.17: Contact angle-Capillary number depeodeof the Ag drop on
polycrystalline— Mo in an equilibrated and a non+égrated system at 1290 °C

Figure 6.18 (A) and (C) show the SEM images of Me substrate annealed in
Ar/5%H, gas flow and Ag vapor in the atmosphere at 107@AG 1290 °C under
equilibrated conditions, (B) and (D) show the Mdswmate annealed with Ag vapor in
the atmosphere at 1070 °C and 1290 °C under noilteegted conditions.
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Auger analyses were performed of the Mo substrateealed under Ag vapor at
equilibrated and non equilibrated conditions assai@vn in Figure 6.18 C and D.

In summary, the final equilibrium angle of liquidgAon Mo depends on
temperature, equilibration state and Mo orientatjeolycrystalline—-Mo, Mo(110) and
Mo(100)). The final contact angle decreases witlraasing temperature. The contact
angle is always higher for the non-equilibratedecesmpared to the equilibrated case.
However, the spreading kinetics are the same faealperatures, equilibration states

and orientations of the Mo substrate.

6.4 Grooving experiments of Mo

Grooving experiments were performed in order tewake the surface diffusivities that
control ridge evolution. The diffusion constant wdstermined on electrolytically
polished samples which were annealed for 0.5 h, dntd 1.5 h at 1070 °C, 1150 °C,
and 1290 °C in flowing Ar/5 %}and Ag vapor present in the furnace atmosphere. Th
Mo substrate was kept in close proximity (1-2mm)the liquid Ag drop during the
annealing process. The groove width for the difiereamples was investigated by
AFM. The Mullins constant as well as the diffusiocoefficient were determined and
compared with values from the literature, as désdrilater in chapter 7. Figure 6.19
shows the Mo surface after different annealing temaures and times. The higher the
temperature the greater is the size of the Ag étspdn the Mo substrate. Figure 6.20
displays the dependence of the groove width on ¢eatpre and time. Diffusion
coefficients are obtained by fitting Mullins equmatito the measured data. The lines in
Figure 6.20 represent these fittings and the symi@present the data points. In Figure
6.21 the dependence of the groove height on termyserand time is shown. The groove
height increases with increasing temperature. Tre én measuring the groove height
is greater than in measuring the groove width du¢he diameter of the AFM tip.
Therefore the time dependence of the groove widih used to determine the Mullins
constant and the diffusion coefficient. Figure 6r2presents the ratio of the groove

height to the groove width for the different anmagitimes. The ratio is constant within
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the error bars. This is in accordance with Mullgmsoving theory. From the Arrhenius
plot in Figure 6.23 one can determine the diffusenthalpyAG for Mo under the
experimental conditions used in this work. Usinqu&ipn 6.1, the calculated diffusion
enthalpy is 1.8 £ 0.9 eV.

AG

D = Dek" (6.1)
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Figure 6.19: AFM images of Mo substrates anneahetuAr/5%H gas flow and Ag
vapor in the atmosphere at different temperatundgianes. It can be seen that the
amount and size of the Ag droplets increase withemsing temperature. Note that the
AFM images taken for the samples at 1150°C (atrailealing times) and the AFM
image at 1070°C annealed for 1.5h are taken &rdiit magnifications than the other
images.
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Figure 6.20: Time and temperature dependence afrtiwv/e width.

60
¢107CC
50 - W1150C
A1290°C
40 -
E‘
=
(@)
<30 = :
g
S)
o
O 20 A T [
[
0 T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Time [h]

Figure 6.21: The dependence of groove height ore tand temperature (1070 °C,
1150 °C and 1290 °C) are shown.
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Figure 6.22 Dependence of the ratio of groove h#&igbove width on time and
temperature. The ratio of groove height/width stegastant within the error bars for
each temperature.
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6.5 Investigations of the microstructure

In order to investigate whether effects like ridgirdiffusion, adsorption and grain
orientation of the polycrystalline— Mo influencestBpreading kinetics of liquid Ag on
Mo, microstructure investigations were performeke Dbjective of these studies was to
determine the structure of the Mo surface, the AgiiMerface, and the triple line of the

samples after cooling.

6.5.1 Scanning electron microscopy

The microstructure of the Mo and Ag surfaces angadished cross sections after the
spreading experiment was analyzed by SEM usingld é&mission microscope (JEOL
6300F).

Figures 6.24A-C show high-resolution SEM microgmth the Ag drop on the
polycrystalline— Mo substrate after the wettingenxment at 1070 °C. Grain boundaries
are clearly visible on the Mo substrate. The vidgibof the Mo grains on the surface
indicates that thermal etching took place during é&xperiment. The grain size and
texture were further investigated by OIM experinsent

Small droplets are visible approximately 2-6 pumaahef the silver drop (Figure
6.24 C), (Figure 6.29). These droplets surroundAbedroplet and have a height of
about 100 nm. The droplets contain Si and Ca a&ctdet by EDS analyses in the SEM.
Additional element identifications were done by Augneasurements (see chapter:
6.5.5) The area on the Mo substrate between theofawoplets and the silver drop is
clean, the rest of the Mo surface is covered bytitie droplets (nano-dropletsht is
suggested that due to a thermal shrinkage of thdr8g that a ridge could be present in
the between the Ag drop and the row of small ditspédter cooling (chapter 7.8). This
possibility was studied by AFM measurements arsimmarized in chapter 6.5.2.

A higher magnification image of the triple line kigure 6.24 B indicates that the

Mo grains do not influence the movement of the At a microscopic point of view.
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High-resolution SEM micrographs of the Ag drop & tsingle crystalline Mo
substrate after the wetting experiments at 9701070 °C, 1150 °C and, 1290 °C are
displayed in Figure 6.25. No facets on the Ag dsogace were observed.

The results of the spreading kinetics and groowergeriments indicate that the
probability of ridge formation would be the highest for longer exments where
samples were annealed for one hour at the maxineamperature after spreadirfgor
this reason this system was chosen for more détailestigations. In order to protect
the sample against mechanical abrasion and alpootect the triple line, the Ag-Mo
sample was coated with Cr, as described in ch&pteéfithin the detection limit of the
SEM, which is 5-10 nm, no ridge was detected. ED&8y&ses in the SEM showed that
after spreading no appreciable diffusion of Mo ittie liquid Ag occurred at 1000 °C
within the resolution limit of the EDS investigat® Figure 6.27. For further TEM
investigations (chapter 6.5.3) the sample, showRigure 6.26 was ion-milled and the
interface as well as the surface around the triple were investigated in order to

determine whether a ridge had formed.
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Figure 6.24: SEM micrographs of the Ag droplet atyprystalline— Mo substrate after
guenching from 1070 °C taken with different magrafions.

T=1050°

Figure 6.25 A-D: Top view image of Ag on single siglline Mo. The wetting
experiments were performed at A) 970 °C, B) 10701150 °C and D) 1290 °C and the
samples quenched afterwards to room temperature.
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Figure 6.26: Cross-section of an Ag drop on a pgktalline— Mo substrate. The
experiment was performed at 1070 °C, kept at thmsperature for one hour and the
specimen quenched afterwards. The cross-sectiomssémme inhomogeneties which is

due to the sample preparation.

Figure 6.27: EDS line analyses in the SEM of thaessfsection of the Ag droplet on
polycrystalline— Mo. The temperature of the wettexgperiment was 1070 °C. After the
wetting experiment was performed this temperatuas Wweld constant for one hour.

Afterwards the sample was quenched.
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6.5.2 Atomic Force Microscopy

AFM measurements of the Ag-Mo samples produced uadgs flow of Ar/5 %k at
1070 °C annealed for one hour and quenched aftdsywdrd not show any ridges in the
smooth area between the silver droplet and theletop/hich surround the silver drop
(Figure 6.28). In Figure 6.29 an SEM micrographtled quenched wetting sample is
shown. The Ag drop is surrounded by smaller drepletrther away from these droplets
nano-droplets are visible. The heights of the ndiraplets were measured with the
AFM and ranged between 15 and 30 nm (Figure 6:8®se nano-droplets can not be
analyzed by EDS in the SEM. AFM-measurements shaivthe heights of the droplets
which surround the Ag drop are about 100 nm. Augeasurements were performed in
order to identify these particles (chapter 6.5.5).

For the experiments where a Mo single crystal weedlas a substrate, a similar
microstructure was found (Figure 6.31) as for tlodygrystalline substrate. Nano-
droplets and droplets surrounding the Ag drop vedserved.

1510nm

493nm

246.5nm/M,_A’_—_/

Onm Oonm

Figure 6.28 A and B: AFM images of a Ag drop onypo}stalline— Mo substrate.

The wetting experiment had been performed at 107@f@r maintaining this
temperature for 1h, the sample was quenched to temperature. (A) Shows an area
where small Ag droplets occur. (B) is an enlargaedge of the area indicated in A.

No ridge was detected within the resolution linaitshe AFM.
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6 Experimental results

Figure 6.29: SEM micrograph of the surface strieirthe Mo ahead of the Ag drop.
Small droplets which surround the Ag drop and ndraplets further away from those
droplets are visible.
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Figure 6.30: AFM image showing nano-droplets on hhe surface at a distance of
7 um ahead of the Ag drop.
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6 Experimental results

Figure 6.31: AFM images of the surface structurégfon single-crystalline Mo. The
wetting temperature was 1070 °C. Droplets surraumnde Ag drop are visible on the
surface.

6.5.3 Transmission Electron Microscopy

In order to investigate the interface between Ad Bo, TEM samples were prepared
from the Ag-Mo (polycrystalline) wetting samplesoguced at 1070 °C. According to
the studies of the spreading kinetics, which wdldxplained in more detail in chapter
7.7 and 7.8, ridge formation could take place ie fbng term Ag-Mo studies.
Therefore, the investigation of ridge formationtbose Ag-Mo samples was performed.
A JEOL 2000 FX was used to investigate the specirdegh-resolution TEM images at
the Ag-Mo interface were acquired with a JEOL 40R0EEM samples were prepared
using a FIB (see chapter 5.3.2).

Conventional TEM was done with the JEOL 4000 EX #mal Zeiss 912 Omega.
The aim was to (i) determine whether ridges hathé&at at the triple line and (ii) to
determine the orientation relationship betweenAgeand the Mo at the triple line. In
Figure 6.32 a bright field TEM image of the Mo swd which is covered by a Cr

protection layer ahead of the Ag drop is shown. Wesurface looks wavy as it was
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observed by AFM measurements. Figure 6.33 showghtliield image of the Ag-Mo
interface. No ridge could be detected at the AgiMerface and the Mo surface within
the resolution limits of the TEM.

Figure 6.34 shows four diffraction patterns takenddferent positions of the
sample as are indicated in the bright field TEM nogeaph. Position 1 was in the bulk
Mo and position 2 was in the bulk Ag region. Clogethe triple line, neither the Ag
nor the Mo diffraction patterns changed. Hencesdume grain of Ag and Mo exists at
the triple line as at positions 1 and 2. The diffian patterns 3 and 4 were taken at the
interface of Ag and Mo. They consist of the diftian pattern of pure Ag and pure Mo.
The tilt angle between the Ag grain and the Mo mgiithe interface is 39.88° and the
tilt axis is [322].

EDS measurements at the Ag-Mo interface were choig in a VG HB 501 UX.
The goal was to measure a concentration profilesscthe Ag-Mo interface for the
wetting sample prepared at 1070 °C in order tostigate possible Mo diffusion into
the Ag drop. To perform the EDS measurements, &d $ample prepared by FIB was
used. As mentioned earlier the TEM lamella wasgoua copper grid. The line analysis
of the EDS measurements in Figure 6.35 showed Mikgpat each position of the
sample, e.g. in the silver drop and the Cr laydre Tontent of Mo was more than
0.5 at% (which is the solubility limit of Mo in ligd silver at 1070 °C.

The reasons for such a large Mo content in thessiirop as well as in the Cr
layers are:

» The TEM sample was not well oriented to the detestwh that one has a
fluorescence effect in the Mo.
* The whole sample was contaminated with Mo due ¢oTtEM preparation
with the FIB.
To determine whether fluorescence occurs in the til®, TEM sample was turned by
180°. The EDS profiles in Figure 6.36 show that Mas still detected all over the
surface. Hence it can be excluded that fluorescen@sponsible. Since the effect is the
result of the sample preparation, the TEM prepanatias to be further improved. For
additional investigations the TEM sample would hewée fixed with tungsten onto the

114
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copper grid and ion milling has to be performedider to remove the surface layer
damaged by the ion beam. The ion milling shoulgp&dormed from both sides of the
sample with a low energy in order to clean theamef The EDS measurements showed
in all spectra C, Si, Cu, Ga, O, and Fe. Fe haseritgn from the polepiece in the VG
microscope. Si, C, Cu, O have their origin from tmgper grid. Ga arises from the
cutting process in the FIB. In addition Ga and @gregate at the interface as
schematically shown in Figure 6.37 A). The conaaian of Ga and Cr was determined
at the Ag/Mo interface in a thick and a thin aréshe sample. Table 6.3 reveals that a
higher content of Ga and Cr was detected in then#riarea at the interface than at the
thicker area. This and the fact that the interi@geeared bright in the Z-contrast image
(bright means either higher atomic number or thickea of the sample) is a hint for
segregation of Ga and Cr at the interface as ihdscated in Figure 3.37 A). No
diffusion of Ga and Cr into the interface occurgufe 3.37 B). If diffusion into the
interface has occurred, one would not detect lessa@ Cr in the thicker area of the

specimen.

Table 6.3: Concentration of Ga and Cr on the sertdan Ag-Mo cross-section
Ga [at%]| Cr [at%]

Interface in a thin area of the sample 3 104

Interface in a thick area of the sample 1.3 4.3

To conclude, TEM preparation has to be further oupd in order to perform detailed

EDS analyses.
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Figure 6.32: Bright field TEM image of the crossten of the Mo surface protected by
a Cr layer. The Mo surface is ahead of the Ag drbpe surface appears rough.

Figure 6.33: TEM bright field image of (A) the Agavinterface and the triple line, B)
higher magnification image of the triple line regidNo ridges were observable within
the detection limits of the TEM
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Figure 6.34: (A): SAD pattern 1-4 , which were aced at the positions marked in the
conventional TEM image (B). The SAD pattern 1 waken in the pure Mo matrix,

pattern 2, was acquired in the pure Ag, patternd & taken from the interface Ag-
Mo. The tilt angle between the Ag grain and the dgulain at the triple line is 39.88° and

the tilt axis is [322].
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Figure 6.35: EDS measurements along the Ag-Mo faxter On the left side from the
interface is the Mo matrix, the right side is the drop.
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Figure 6.36: EDS measurements along the Ag-Mofexter the sample was turned by

180° compared to Figure 6.35. The left side ofitlierface represents the Mo matrix,
the right side the Ag drop.
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A)

Cr, Ga

B) Cr, Ga

Figure 6.37: Schematic lllustration of a segregatd Ga and Cr on the surface of the
Ag-Mo cross-section (A), Segregation and diffusminGa and Cr into the Ag_Mo
interface

6.5.4 Focussed lon Beam

The Focussed lon Beam (FIB) investigations wereedaina focused ion beam work
station 200 of the company FEI. In order to depexdsible ridges in the droplets ahead
of the Ag drop which are visible in Figure 6.29 ssesections through these droplets
were performed (Figure 6.38). Within the resolutionit of the FIB no ridges can be

detected close to or under the droplets.
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Beam | pA 12/10/03 Tilt | SRot 500 nm

30.0kV| 11.0| 80.0 kX| 11:51:37 | 3.80 pm | 45.0° | 0.0° 081902e

Figure 6.38: Cross-section through the Ag dropletsch are detected ahead of the Ag
drop. No ridge was found within the resolution kirof the FIB.

6.5.5 Auger Spectroscopy

The Auger investigations were performed with an &udEOL: JAMP-7830 F on
differently treated Mo substrates. In order to detee which impurities are introduced
due to the annealing in the wetting furnace, Augealyses were performed from
electrolytically polished Mo substrates before aftdr annealing at 1070 °C for 1.5h in
Ar/5%H, atmosphere. The results were compared with eduoér.oAs can be seen in
Table 6.4.A, only S and Ca might be additionallyraduced during the wetting
experiment, C, N and O can result from the stomafgéhe samples prior to the Auger
measurements. However independent from their ptreatment, the impurities

disappeared after removing 14nm from the Mo surfacsputtering.
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To determine whether Ag adsorbed on the Mo sulestlating the heating and
equilibration process but prior to the wetting expents, Auger analyses were
performed from Mo substrates annealed under eqaiéd and non—equilibrated
conditions (Table 6.4.B). In order to investigate tMo surface directly before the
wetting experiment was performed, the polished Mibssrate was kept for 1h at
1290 °C in close proximity (1-2mm) to the liquid Algop and quenched afterwards for
the equilibrated case. In the non—equilibrated taseolished Mo substrate was heated
to 1290 °C, while the distance between the Ag dang Mo substrate was 1-2cm. As
soon as 1290 °C was reached the sample was quendieduger analyses reveal that
besides the impurities resulting from the storag#/@ furnace atmosphere (C, O, N, S,
Ca), no Ag adsorbate was found on the annealedudstimte either under equilibrated
or non—equilibrated conditions (Table 6.4.B). Thegurities vanished after sputtering
the surface with Ar (500 eV) ions.

The Auger analyses of the Ag-Mo samples after tleeddmple was wetted with
Ag are presented in Table 6.4.C. These wetting raxigats were performed at 1070 °C
under equilibrated and non—equilibrated conditi(see chapter 6.3). Figure 6.29 shows
an SEM micrograph of the different areas studiethenAg-Mo sample. As can be seen
the Ag drop is surrounded by small droplets andodewplets. After removing the
impurities resulting from the storage and/or fueaatmosphere by sputtering, the
Auger analyses reveals that the small dropletswbiscround the main Ag drop are Ag
droplets and the nanodroplets contain Ag as welllasin contrast to the Mo substrate
which was annealed in Ag vapor simulating the sitimabefore the wetting experiment
was performed, Ag adsorbate layer was found orfreeMo surface after it was wetted
by Ag ahead of the Ag drop. On some of the samiplesadditional elements as Sb and

Si were found.
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Table 6.4 A: Comparison of surface investigatiomiffierently treated Mo substrates
before sputtering and after sputtering. A 14nmkéyer was sputtered from the Mo

surface.

Treatment of the Mo substrate

Before sputtering

terddputtering (14nm

electrolytically polished

Mo,(C, O)

Mo

Annealing Tempertature:1070°C, Mo,(C, O, Ca, N, S
Annealing time : 1.5h
Gas flow : Ar/5%H

Mo

Table 6.4 B: Auger investigations of the Mo sulistsaannealed under equilibrated and

non equilibrated conditions. A 14nm thick layer vgasittered from the Mo surface.

Treatment of the Mo substrate Before sputtering terA$puttering
(14nm)
Annealing Tempertature:1290 °CMo, (C, O, Ca, N, S) Mo

Annealing time :  2s
Gas flow : Ar/5% H
+ Ag vapor

non equilibrated

Annealing Tempertature:1290 °CMo-substrate: Mo, (C, O, N)| Mo substrate:Mo,

Annealing time : 1h
Gas flow : Ar/5% H
+ Ag vapor
equilibrated

Ag-droplet: Ag,(S)

Ag droplets: Ag
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Table 6.4C: Comparison of surface investigatioAgfMo spreading experiments
performed at 1070°C under different equilibratiamditions. In all cases a gas flow of
Ar/5%H, was used. An 8nm thick layer was sputtered froenMio surface.

Conditions of the Ag-
Mo spreading

experiment

Before sputtering

After sputtering

non equilibrated

Ag-drop: Ag, Mo, (S, O)

Ag-droplets Ag, Mo Si, (O,

Ag-droplets Ag, Mo, (Si),

equilibrated

Ca, C) (O)

Mo substrate (smooth area)Mo substrate (smooth
Mo, Ag, (O, C) area)Ag, Mo

Mo substrate (rough area)

Mo, Ag, (O, C)

Nano-droplets:Ag, Si (O, C,

Ca),

Ag-drop Ag, Sb (S, C) Ag-drop:Ag

Ag-droplets Ag, Mo, Sb Si,
(O,Ca, C,S)

Mo substrate (smooth area)Mo substrate (smooth areg

Ag-droplets Ag, Mo, Si, O.
Ca

Mo Ag, Sb (O, C, N), Mo, Ag
Mo substrate (rough ared)Mo substrate (rough aresa
Ma Ag; Sb1 (O! C1 N)! MO! Ag

Nano-droplets Ag, Mo, Sb,
(O, C,N)

Nano-dropletsMo, Ag

)

)

The Auger analyses of the Ag- single-crystal Mo(l1Metting experiment

performed at 1070 °C before sputtering are showrainie 6.5.
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Table 6.5: Auger analyses of the Ag- Mo(110) wettxperiment performed at
1070 °C before sputtering are presented

area Elements

Ag drop Ag, O, Sh, S

Mo (smooth area) Mo, O, Sb, N, C
Mo (rough area) | Mo, O, Sb, N, C
droplets Mo, O, Sb, N, C, Si,, Ca
Nano-droplets Mo, O, Sb, N, C Si,, Ga
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7 Interpretation and discussion

7.1 Spreading kinetics

In this section the Ag-Mo high-temperature wettdgja are compared to the equations
of the fluid flow model and the molecular-kinetiodel. The goal is to show whether
high temperature spreading can be understoodrmstef one of these models.

In the Figures 7.1-7.10 the dynamic contact anglplotted against the capillary
number for the experiments with liquid Ag on polystalline- Mo, single crystalline
Mo(110), and Mo(100), performed at a variety of pematures Also plotted are the
calculated curves using the molecular kinetic madel the fluid flow model. All the
experimental curves show a similar kinetic behawabrdifferent temperatures. The
contact angle decreases strongly with decreasimijlaog number. The spreading
velocitiesv=[dR(t)/dt] are between 0.1 and 0.6 m/s. Similar spreadirigcitees have
been observed for low-viscosity liquids like metatshigh temperatures as for example
molten Sn on a Mo or Ge substrate using a dropsfieanset up {Naidich, Y.,
1972},{Naidich, Y., 1992}.

The velocities expected with the fluid flow modeé astimated in the following
way: It is known that the radius of the drop igteé order of Lmm. The capillary length
(L) in equation (2.31) has to be of the order of #aikie. The slip lengths is estimated
as not being smaller than the interatomic distgrdel), or greater than the radius of
the drop itself, leading to 1 Aks<l mm. Under these conditions the data points f th
measured velocities should be between the linethéoFluid Flow Model fit in Figures

7.1-7.10. This was not observed in the experiméuits;, would have to be much lower
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than 10'° for the data points to fit into this band. Thisane thal_s has to be smaller
than 1 A, which is physically not reasonable. TFan it is concluded that the fluid
flow model does not describe the Ag—Mo wetting d#da the fastest spreading
velocities and that viscous impedance is not thénmsaurce of energy dissipation
during the spreading of liquid silver. The molecutaodel, on the other hand, does
describe the fastest velocity data well. This issistent with a spreading kinetics
controlled by the friction of the moving triple jation. The activation free energyG is
between 95-145 kJ/mol. The frequendigsare around 10s®. The reported value for
the surface diffusion energy {Seebauer, E.G., 199%} the one calculated in this work
(chapter 6.4) are comparable and on the order @klfmol. The activation energy for
surface desorption in metal-metal systems is ofditer of 1000 kJ/mol {Seebauer,
E.G. 1995}. The calculated wetting activation freleergy for the Ag-Mo system is
lower than the activation free energy for surfaesadption but of the same order of
activation energies for surface diffusion reportadthe literature. Hence, the rate-
determining step for wetting seems to be surfaffesion rather than adsorption and
desorption. Ruijter et al. {de Ruijter, M.J.,2008oposed a theory which combines the
fluid flow model and the molecular kinetic modelc@rding to this model, for systems
far away from equilibrium the molecular kinetic nebdhould fit the spreading data and
for systems which are close to the equilibriumtorexy long time the fluid-flow model
should apply. Figures 7.1 - 7.10 show that at @selst spreading velocities and at
contact angles which are far away from equilibritii@ molecular model describes the
experimental data.

It should be noted that at the reported velocitigscally inertia effects become
relevant which, for example, leads to overshoofisgshown in Figure 6.1.B. However,
these inertia effects do not influence the kinetios change the conclusions presented
in this work since experiments with different massesizes of Ag drops showed

identical results within the accuracy.

126



7 Interpretation and discussion
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Figure 7.1: The data points representing the elrudf the contact angle of the Ag
drop on polycrystalline- Mo plotted against the itayy number at 970 °C are
compared with the fluid flow (dotted line) and thmlecular kinetic model (line). The
molecular kinetic model describes the experimentditéy
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160 1 T=1070 °C ;
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0.00001 0.0001 0.001 0.01 0.1 1

Capillary number (Ca)

Figure 7.2: Comparison of the angle - capillary bemdependency of the liquid Ag
drop on polycrystalline- Mo at 1070 °C to the cuwwalculated using the molecular

kinetic and the fluid flow model.
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Figure 7.3: The contact angle of the Ag drop orypuistalline- Mo is plotted as a
function of the capillary number. The experimensverformed at 1150 °C. The data
points are compared to the molecular kinetic madel the fluid flow model.
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Figure 7.4: Evolution of the contact angle of thg é&op on polycrystalline- Mo as a
function of the capillary number at 1290 °C. Thestfapreading velocities of the
experiment can be described with the molecular tiinmodel while for the lower

velocities the fluid flow model applies.
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Figure 7.5: Contact angle - capillary number depecg of the Ag drop on single

crystalline Mo (110) at 970 °C. The data can becdlesd with the molecular kinetic
model.
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Figure 7.6: The contact angle of the Ag drop omlsirtrystalline Mo(110) is shown as

a function of the capillary number at 1150 °C anchpared with the molecular kinetic
model and the fluid flow model.
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Figure 7.7: Evolution of the contact angle of thg drop on single crystalline Mo(110)

as a function of the capillary number at 1290 °@ aomparison to the calculated
curves predicted by the molecular kinetic and thiel flow model.
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Figure 7.8: The contact angle of the Ag drop omylgitrystalline Mo(100) is plotted as
a function of the capillary number. The experimenperformed at 970 °C. The data

points are compared with curves predicted by thieeoutar kinetic model and the fluid
flow model.
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Figure 7.9: Comparison of the angle - capillary bemdependency of the liquid Ag
drop on single crystalline Mo (100) at 1070 °C withlculated curves using the
molecular kinetic and the fluid flow model.
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Figure 7.10: The contact angle of liquid Ag on MaQ@) is plotted versus the

dimensionless capillary number and compared with thodels valid for low-
temperature wetting.
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7.2 Effect of roughnesson the spreading kinetics

Eick et al. and Neumann at al. showed that a cbr#agle hysteresis is in general
attributed to surface roughness or chemical inhaniigs (A.W. Neumann, R.J. Good,
1972), (J. D. Eick, 1975). To study the effect ofighness, receding and advancing
angles were measured for Ag on Mo substrates fareift temperatures. As described
in chapter 6.2 the receding angle overshot durggheating process and became an
advancing angle. This, and the fact that similaalfangles were reached with different
polishing procedures and therefore different s@famughness (Table 6.1.B),
demonstrates that the surface roughness of the uistrates does not influence the

final contact angle or the spreading kinetics melperiments performed.

7.3 Effect of equilibration on spreading and thefinal contact angle

As is shown in Figure 6.13 the non-equilibratedaffirangle for liquid Ag on
polycrystalline Mo is greater than the equilibratedgle at each temperature. The
difference between equilibrated and non—equililsrdieal angles in the case of the
polycrystalline substrate is about 10° for all temgiures with the exception of a
difference of 50° at 1150 °C. However, the spregdimetics are similar in all cases
(Figures 6.14.-17), and can be described usingithlecular kinetic model. This implies
that friction at the triple junction is the mainusoe of energy dissipation during
spreading. The slightly faster spreading kinetids haggher temperatures in the
equilibrated experiments compared to the non—dajatied ones can be explained by the
presence of small Ag drops on the Mo surface aftprilibration and prior to the
wetting experiment (Figure 6.18). The area coveraigthe Ag drops increases with
increasing temperature in the equilibrated expamisieThis is shown in Table 6.2.
While the liquid Ag front spreads over the surfateweeps the Ag drops which are on
the substrate reducing the friction of the tripheel This effect will be more obvious the
more Ag drops are on the Mo substrate. Since @x&@®o Ag drops on the Mo substrate
in the non-equilibrated case (Figure 6.18), theagping kinetic is slower than that for
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7 Interpretation and discussion

the equilibrated case. A comparison of Figures 6.1 shows that the difference in
the spreading kinetics is more distinct at higleengeratures due to the larger number
of drops at higher temperatures.

The effect of ‘dry’ wetting (dry “spreading”) (seshapter 2.3.1.) {Cannon, R.M.
1995}, where an equilibrium Ag adsorbate layer e Mo substrate prior to the
spreading would result in a higher contact anglmmared to spreading on a clean
substrate, cannot explain the higher final angléhm equilibrated experiments. The
adsorbate would be expected in the equilibrated bas the higher contact angle was
found in the non equilibrated experiments. Addiéithyy an Auger analysis revealed that
no Ag adsorbate is present on the Mo substrates Table 6.4B) prior to spreading.
After the wetting experiment however Ag adsorbatese found (see Table 6.4C).

In order to explain the higher final angle afteuiération either the energiesy
and / orys. would have to be larger or the surface eneggywould have to be lower
when compared to the non—equilibrated situation.

Impurities on the Ag surface could reduce the sarfanergyy.y. An Auger
analysis showed that the substrates before spiggadithe Ag drops after spreading had
S impurities at the surface (see Table 6.4B andl@gse impurities originate from the
furnace since an OIM study of the Ag and the Mowvatm no S impurities in these
materials prior to their treatment in the furnadalle 5.1-5.2). The difference in the
final angles however cannot be explained by thenfurities since they are found in
both equilibrated and non equilibrated experiments.

An adsorbate on the Mo substrate would decreassutiace energysy. In order
to explain the higher contact angle in the non ldzyaied case such an adsorbate should
be present in the non equilibrated experiment bustrbe reduced in the equilibrated
situation.. After Allen et al. {Allen, B.C., 19724 layer of oxygen on a Mo substrate
will vanish at a total pressure of 1®a only at temperatures above 1000 °C by volatile
oxide formation. Although the reducing atmospher&%H, ensures that the substrate
has no oxide layer it is conceivable that in tha equilibrated experiments oxygen on
the Mo surface present prior to the experiment migh be fully desorbed. This would

lead to a decrease jay and a higher final angle in the non equilibratedesa This
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reasoning is also supported by the fact that thal fcontact angle increases with

decreasing hydrogen content (Figure 6.3).

7.4 Effect of temperatureon thefinal contact angle

Figures 6.9 and 6.13 show that the final anglequiidl Ag on Mo single crystal as well
as on polycrystalline Mo decreases with increasamgperature under all experimental
conditions. The strongest decrease of the finaleaisgobserved on polycrystalline Mo
substrates between 970 °C and 1070 °C, as shokigune 6.13 and Table 7.1.
According to Young's equation (2.1.b) eithey hasto decrease opdy - ys.) has to
increase with temperature in order to explain theeoved effect. After Keene {Keene,
B.J., 1993} the temperature dependence of the sidaergy,y of liquid Ag is
yv = 925 mMN/m - 0.21 mN/KmT(-960 °C) (7.1).
Thus y.y decreases from 922.9 mN/m for 970 °C to 855.7 mdtnil250 °C. This
results in a decrease in the final angle of onb® @nd therefore cannot explain the
observed decreases in the final angle. The chahgeedfinal angle from 970 °C to
1290 °C is, for example, 70° for the polycrystalisubstrate. The data by Chatain et al
suggest that hydrogen adsorption does not affectitfuid silver surface energyyv
{Chatain, D, 1994}. The other surface energies or ys. should also vary with
temperature. In Table 7.1, 7.2 and 7.3, the vafaegysy. ys.) between 970 °C and
1250 °C and for different substrates are summariZeiiferences smaller than
100 mN/m are typical except for the polycrystallisebstrate between 970 °C and
higher temperatures.
According to Allen {Allen, B.C., 1972}he interfacial energys. can be expressed
as
Vo = - RTInX
4A,

whereX is the mole fraction of solid in the liquid phagg; the molar area and R

(7.2),

the gas constant. With {Eustathopopoulos, N., 1999}
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X O Kexp{i} andK = exp{—W(l—lJ/RT} (7.3)
RT T,

where is the regular solution parameter andis the heat of melting, the interfacial

energyys. becomes
p 024+ W[ T (7.4)
4A, AA L T,

The interfacial energys. decreases with increasing solubility and tempeeatu
according to equations (7.2) and (7.3). Liquid AghMo shows only a small increase of
X from 0.3 to 1.2 at% with increasing temperatumsnro70 °C to 1290 °C. According
to Allen et al.{Allen, B.C., 1972}the surface engrgsy of Mo is 1750 mN/m at
1600 °C. Using this value and equations (7.2)-(7A44, results in a decrease of about
40 mN/m which is sufficient to explain the diffecenin the final angle except for the
polycrystalline substrate. One has to keep in mihdt the error in the angle
measurement of £3° results in an uncertainty fey. ¢s.) of about £20 mN/m.

The strong increase df(ysyv- ysi) = 700 mN/m for the polycrystalline substrate
from 970 °C to 1070 °C is neither explained by demof the interfacial energys,
nor by changes of the surface energyof the liquid Ag. In general, the surface energy
ysv Of a solid metal has a negative temperature gnadie\/dT {Allen, B.C., 1972},
{Keene, B.J., 1993}. Nevertheless positive tempertgradients have been reported
and are attributed to the presence of surface eadthpurities or adsorbates {Allen,
B.C., 1972}. Pique et al. {Pique D., 1981} showedlecrease in contact angle in the
system of liquid Ag on Fe from 40° to 12° in a tergture range between 975 °C and
1150 °C. For this system it was argued that at iIdesperatures Ag adsorbs on the Fe
substrate and desorbs with increasing temperaflinerefore, ysy increases with
increasing temperature and Pique et al. {PiquelBB]1} related this increase jgy to
the decreasing final contact angle. Ag and Feraeluble and no reaction is expected.
In the present study of liquid Ag on Mo no Ag adsaie layer was observed on the Mo
prior to the wetting experiment (Table 6.4B) andstlthe decrease of the contact angle

with temperature cannot be explained by adsor@imhdesorption of Ag.
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Allen et al. {Allen, B.C., 1972} reported that attatal pressure of 10Pa an
oxygen layer on the Mo surface is only removed ab®@00 °C by volatile oxide
formation. Although in the experiments of this wdhle reducing atmosphere Ar/5%H
in the furnace ensures that the substrate haside tayer it is conceivable that oxygen
on the Mo polycrystalline substrate, prespnor to theexperiment might not be fully
desorbed at 970 °C. This would lead to a decreasgyviand a higher final angle.
Furthermore it might be conceivable that the freergy of adsorption for oxygen is
larger at the grain boundaries of the polycrystalliMo compared to the surfaces
explaining why the single crystalline substratesadbshow the same effect.

A change of the surface energy; due to the hydrogen in the furnace atmosphere
is ruled out because of the following reasons. Rstraction of the Mo surface was
reported in the temperature range 373 “C<623 °C with hydrogen coverage up to
saturation {Prybyla, J.A., 1991}. Due to the redounstion, a decrease in surface energy
is expected with increasing temperature. The repgontetting experiments however are
all performed at temperatures above 970 °C wherexpect full reconstruction without
any further change with temperature. Mo—H phasesadiserved at high pressures
(>3 GPa) and temperatures up to 500 °C {Fukai YQ320{Antonov, V.E, 2004}. In
this temperature and pressure range}, ande phases exist, with bcc, hcp, and fcc,
structure, respectively. A compound formation o€ tMo-H at the experimental

conditions used in this study is not expected.
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Table 7.1: Final anglé of liquid Ag on polycrystalline Mo (equilibratednd surface
energiesy,y and (ysv- ys1) at 970 °C , 1070 °C, 1150 °C, 1290 °C are showme
surface energy.y was calculated with equation (7.1) after Keene {f@eB.J., 1993}

Temperature[°C] Final angled, [°] | yov [NN/m] | (ysv- yst) [MN/m]
970 83.3 922.9 99
1070 25.6 901.9 813
1150 13.5 885.1 860
1290 10.8 855.7 840

Table 7.2: The final contact angle of Ag on Mo(1&8)well as the surface energjeg
and(ysv- ysL) are listed at 970 °C , 1070 °C, 1150 °C, 1290TFRe surface energyyv
was calculated with equation (7.1) after Keene {#eeB.J., 1993}.

Temperature[°C] Final angled, [°] yv [MN/m] (ysv- ys1) [MN/m]
970 21 922.9 861
1070 17 901.9 862
1150 12 885.1 865
1290 9 855.7 844

Table 7.3: The change of the surface energigsand(ysv- ysi) and the final contact
angle at 970 °C , 1010 °C, 1070 °C, are shown oA Mo(100). The surface energy
yLv is determined with equation (7.1) after Keene {Kese®.J., 1993}.

Temperature[°C] Final angled, [°] | yov [NN/m] | (ysv- yst) [MN/m]
970 41.7 922.9 689.07
1010 35.7 914 742.24
1070 30 885.1 766.51

! At 970°C the final angle found in the sessile deaperiment were lower than the finale angle foimd
the drop-transfer experiment. Using the resulhefgessile drop experiments we find
(ysv-yst) =418 mN/m.
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7.5 Effect of Mo surface orientation on thefinal angle

As shown in Figure 6.9. the final contact angleeat&s on the orientation of the Mo
substrate. Naidich et al. {Naidich, Y., 1981} refmat for Ge melt on Ge substrates
contact angles for (111), (110) and (100) plandssé& packed planes have a lower
surface energy leading to higher contact angladtieg in 6111y 61109 61000 MO has a
bcc structure and therefore Mo(110) is the clopasked plane and has the lowest
surface energy. However, the contact angle of thedfp on a single crystalline Mo
(110) is lower than the contact angle on singlestatline Mo(100) for the investigated
temperatures of 970 °C and 1070 °C (Figure 6.%)faB the highest contact angle was
observed in the experiment at 970 °C for wettingagoolycrystalline Mo substrate. At
1070 °C the final angle for Ag on the polycrystadliMo is in between the values for the
single crystals and at the two highest investigéteaperatures of 1150 °C and 1290 °C
the measured final angles for the polycrystalline-&hd single crystalline Mo(110) are
identical within the experimental uncertainty (Hig.9).

Che et al. {Che J.G., 1998} calculated a surfacergn of Mo(100) of 3.34 J/fm
and of Mo(110) of 2.92 J/fmat OK. This difference of 13% in surface energgust
decrease as temperature increases {Staumal, B5}.208vertheless it would result in a
higher contact angle for Ag on Mo(110) in contraidic to the experimental results of
the present work. According to Prybyla et al. restarction of the Mo surface takes
place in a hydrogen atmosphere at temperaturesngafrgm 373 °C  to 623 °C with
hydrogen coverage up to saturation {Prybyla, J1R91}. At the temperatures used for
the wetting experiments one thus expects fully mstroicted surfaces. It might be
conceivable that due to reconstruction the surimmergy reduces more strongly for
surfaces with higher surface energy. Thus the M@ 3Qrface might reduce its surface
energy due to reconstruction below the Mo(110) awef energy explaining the
experimental findings.

Besides the surface energy of the Mo substratemtbdacial energy between the
Mo substrate and the Ag drop might differ for diéfet orientations as well. From the
data one can deduce that the differengeys for Ag on Mo(110) has to be higher than
on Mo(100)( Table(7.1)-(7.2)). Therefore,
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Yy < - e 75)

which leads to:

_ 00 _ — 400 _  A10

Ay =y —yEP> Ay, = Ve - Ve (7.6).

Thus a difference of the interfacial energies far two orientations larger than for the
surface energy could explain the experiments.

Since at temperatures between at 970 °C and 107ABéCsurface energies of
different faces of Mo differ we expect that thefaue energy of the polycrystalline
substrate ranges between the values for the vatames but will be different from any
value for a specific face. Thus different final Besgon the polycrystalline substrates are
expected as seen at 1070 °C. At the higher tempesmt1150 °C and 1290 °C, the final
angles are comparable for the different substrafegossible explanation for the
experiment at 970 °C was proposed in the last@eets being due to the oxygen on the

substrate not being fully desorbed.

7.6 Grooving experimentsof Mo

As mentioned earlier the grooving of polycrystahrvio experiments were performed
in order to calculate the surface diffusivitiesttiall control the ridge formation. The
diffusion coefficients are the result of fitting Muas equation (2.56) to the measured
data in Figure 6.20. The Mullins constant as wsltlee diffusion constant are listed in
Table 7.4 Gjostein et al. {Gjostein, N.A., 1963}telenined the interfacial diffusion
coefficient for Mo as 4*18°m?/s at 1000°C. The determined diffusion coefficieints

this work are in the same range as reported ititdrature {Gjostein, N.A., 1963}
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Table 7.4: The Mullins constant and the Interfacdiffusion coefficient were
determined for different temperatures

Temperature [°C] Mullins constant Interfacial diffusion coefficient
B [m%/s] D[m?s]
1070 2.01*10%7 8.70*10™
1150 2.09*10" 9.76*10"
1250 3.32*10" 1.73*10"

7.7 Influence of ridge formation on the spreading kinetics

Saiz et al. {Saiz, E., 1998} found that especiafiyhigh-temperature wetting systems
like liquid metals on ceramic substrates ridge fation plays an important role. In

systems which are able to form ridges, these carntralothe spreading kinetics

depending on the size of the ridge compared toatris of the drop curvature and the
ridge growth velocity compared to the spreadingpewy {Saiz, E., 1998}. Therefore

the formation of a ridge in the Ag-Mo system wageistigated.

The diffusion coefficient, which was determined nrothe Mo grooving
experiments (see chapter 6.4) was used to detertiméneritical spreading velocity {v
=6Ds/a) beyond which ridge formation cannot take plalteis assumed that the
substrate is completely flat, and that there isimtial perturbation for ridge growth
{Saiz, E., 1998}.

In Figures 7.11-7.13 the contact angle is plottetsws the capillary number. The
plots show the measured angle-velocity dependendyffarent temperatures (1070°C,
1150°C, and 1290°C). The vertical line in each peypresents the critical spreading
velocity beyond which ridge formation is not possildit can be seen that at the fastest
spreading velocities ridge formation can not odoueither of the wetting experiments.

Therefore, ridge formation does not seem to infbgethe spreading kinetics in the case
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where no initial perturbation exists. However,hete is an initial perturbation on the
Mo substrate the question arises of how small geridas to be in order to be able to
move with the liquid front at the reported spregduelocities. Mullins equation (see

chapter 2.4.2) and the boundary conditions propbse8aiz et al. {Saiz, E 1998} can

be used to determine the velocity of a ridge depgndon its height:

v = st[—tan(iﬁ—qas)f. The plots (Figures 7.14-7.16) represent the wgloc
dependence on the ridge height for 1070°C, 1158A@,1290°C. Since no ridge in the
Ag-Mo experiments was observed either by SEM or THENM dihedral angle of the
ridge was estimated from literature valuds.was chosen to be between 90°-140°
(Figure 7.14-16). Using these value®’ was calculated and is plotted in Figures 7.14-
16.
Under these conditions a ridge which moves withligugd front would have to be

much smaller than 1nm for all the temperatures usethe experiments. Thus, the
spreading kinetics at the fastest reported vekxis not influenced by ridge formation

under the chosen experimental conditions.
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Figure 7.11: Evolution of the contact angle of &g drop on polycrystalline- Mo as a
function of the capillary number at 1070°C. Alsotpdd is the critical velocity beyond
which ridge formation is not possible.
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Figure 7.12: The critical velocity, beyond whicdge formation is not possible and the
contact angle of the Ag drop on polycrystalline- fodependence of the capillary
number is plotted for 1150°C.
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Figure 7.13: Evolution of the contact angle of &g drop on polycrystalline- Mo as a
function of the capillary number at 1290°C andicait velocity, beyond which ridge
formation is not possible.
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Figure 7.14: Maximum velocity of a ridge as a fuoctof its height at 1070°C.

143



7 Interpretation and discussion

1.E+02
S maximum spreading veloci

T=1150C

1.E+00

1.E-021

Velocity [m/s]

1.E-04

1.E-06
1.E-10 1.E-09 1.E-08 1.E-07
Height of the ridge [m]

Figure 7.15: The maximum velocity of a ridge in degency of its height is plotted for
®=90° andd=140° at 1150°C.
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Figure 7.16: Maximum velocity of a ridge versushi&sght is shown at 1290°C.
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7.8 Interfacial characterizations

In the last section it was shown that ridge forowatis not possible at the fastest
reported spreading velocities if there is no ihigarturbation acting as a ridge. Where
an initial perturbation exists the ridge would hawde much smaller than 1nm in order
to move with the liquid front at the fastest repdrtvelocities. Nevertheless, ridge
formation might still occur while the system is @ifpating for 0.5h after spreading.
This equilibrating was done in order to determihe final contact angle. AFM, SEM
and TEM investigations were performed on those $esnwhich were equilibrated for
0.5h after the wetting experiment in order to depessible ridge formation.

SEM and Auger investigations showed a ring of smidler droplets surrounding
the main Ag drop approximately 6 pm ahead offigure 6.24 A-C). Auger analyses
showed that these droplets are small Ag droplets ¢hapter 6.5.5). It seems that these
Ag droplets form because the liquid silver frontemshoots during spreading due to
inertia The velocity of the liquid front is very fast andvances with a velocity of about
(0.3-0.5 m/s). As a consequence it can overshao& flew microns and recede again
leaving a ring of small Ag droplets. A hint for $uan overshooting can be seen in the
Figure 6.1.B, which shows an oscillation in theteahangle as in the radius over time.
After the Ag drop receded and reached its finallaige sample was quenched. It is
then expected that the Ag drop receded further tdutnermal shrinkage. If a ridge
formed after the drop reached its final angle tif@et line might have broken off the
ridge during thermal shrinkage. However no ridges watected by AFM (resolution of
1nm) in the area between the small silver dropsthadnain Ag drop. Also no ridges
were detected in the SEM and TEM cross-sectisitBin their detection limits. FIB
investigations performed at the small droplet ahefathe Ag drop also did not show
evidence of a ridge (Figure 6.38). This manifelesfact that ridges did not form either
at the fastest velocities or for 0.5 hours aftex tigquid front stopped. Thus, ridge
formation does not influence the spreading kineticghe final angle of the wetting
experiments performed of Ag on polycrystalline- M the chosen experimental

conditions.
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8 Summary

Because of the great technological importance ghlemperature wetting many
studies have been performed to investigate theadprg of molten metals and oxides
on different substrates. Whereas low-temperaturéingecan be well described using
already established models the theoretical analgbisiigh-temperature systems is
complicated by the fact that the substrate canbeatapproximated as ideally rigid and
insoluble. In addition, the effects of adsorptiom anterfacial reaction have to be taken
into account. Since atmosphere and temperatureat@re required, high-temperature
experiments are challenging.

In this work a drop-transfer system, which allowslgizing isothermal spreading
and avoids complicated effects related to meltind aquilibration, has been used to
study high-temperature spreading ensuring apprepr@@mosphere and temperature
control. The spreading kinetics of a model systkguifd Ag on polycrystalline Mo and
single-crystalline Mo (110) and Mo (100)) was invgated.Ag—Mo is a system with a
simple eutectic phase diagram without intermetgdhasesConsequently no chemical
reactions are expected during spreading.

In order to unveil the basic phenomena controllsgreading in metal-metal
systems, the observed spreading kinetics in theMbgsystem were compared with
current theories of low-temperature spreading. dyramic wetting in low-temperature
systems has been analyzed from the perspectiviegdoddynamics (fluid flow model)
and atomistic mechanisms (molecular kinetic modétjalyses of the spreading data
reveal that the molecular model does describe #dta dell for all the investigated
systems. Therefore, most of the energy dissipatioing spreading is due to friction of
the triple line rather than viscous impedance ie tiguid. A comparison of the

measured free activation energy for wettingA@ ~ 95-145 kJ/mol with literature
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values indicates thahe rate-determining step is the surface diffusodrthe silver
atoms. The observed spreading kinetics was indepericom the equilibration state of
the system, the temperature, and the Mo orientatimwever, the final contact angle
showed a dependency on all these factors. The tigaéisns of the effect of
equilibration on the final contact angle revealttfaa all substrates and temperatures
lower final angles are recorded during experimgoésformed under equilibrated
conditions. It is proposed that this is due to tieed of longer times to eliminate all
oxygen adsorbate from the Mo surface even unddéhrgducing conditions.

The decrease in the final angle with increasingpenature in case of liquid Ag on
single-crystalline Mo substrates is due to an iaseeof solubility of Mo in the liquid
Ag from 0.3 to 1.2 at.% with in the temperaturegarirom 970 °C to 1290 °C. This
results in a change of the interfacial enefgy, of about 40 mN/m, which is sufficient
to explain the difference in the final angle. Howevn case of liquid Ag on
polycrystalline Mo substrates the strong decredsthe final angle at temperatures
around (970 °C-1070 °C) is neither explained bynges of the interfacial energy.
nor by changes of the surface eneygy of the liquid Ag. It is conceivable that at the
temperature of 970 °C oxygen on the polycrystalvh@ substrate, present prior to the
experiment, might not be fully desorbed even urdghly reducing conditions. This
would lead to a decreasejig,and a higher final angle.

The final contact angle for Ag on the Mo(100) senglystal for temperatures up to
1070 °C is always larger than the one observedtlier Mo(110) surface. The
experiments can be explained if they obey the ioglat

— 00 _ 00 _

Ayy =y Ve >Dys, = Vol — Vel . This suggests that eithgr, is different for the

different Mo orientations or that under the expemmtal conditions the surface energy of
Mo(110) has to be higher than the one from Mo(1Q0%. known that in the presence of
hydrogen a reconstruction of the Mo surface oceunh results in a change of the
surface energies. At the experimental temperatonescan expect fully reconstructed
surfaces. Thus the Mo(100) surface might reduce siisface energy due to

reconstruction below the Mo(110) surface energyarmng the experimental findings.
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In order to investigate possible ridge formationg do local atomic diffusion of
atoms of the substrate at the triple line during ®preading process, grooving
experiments of the polycrystalline Mo were perfodnand the surface diffusivities that
will control ridge evolution were determinedRidge formation can influence the
spreading kinetics and was reported for severdi-tegperatures system such as glass
on Mo and Al on AIO; {Saiz, E., 1998}, {Lopez-Esteban S., 2004} experiments of
this work ridge formation at the fastest reporteelttimg velocities was not possible
without initial perturbation for a ridge. If theveas an initial perturbation, the ridge had
to be smaller than 1nm in order to move with tlyeilil front. Therefore ridge formation
does not influence the spreading kinetics in theegeeriments. SEM, AFM, and TEM
investigations of the triple line showed that ridgemation does also not occur at the
end of the wetting experiment when the drop is elts equilibrium and the wetting

velocity is slow. The spreading was recorded fotaipne hour.
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9 Appendix

In this chapter the original data for the baseusdif the liquid Ag drop in dependence
of the time during the spreading experiment aresgmted (Figure 9.1-9.4). The
Capillary numbers@a) shown in chapter 6 (Figures 6.4-6.7, 6.10A-B, &14/) are
determined with

Ca(t) = » [dR(t)/dt] v (9.1)
with R as the base radius of the drgpthe viscosity of the Ag angyy the surface
energy of Ag.
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Figure 9.1: Presentation of the base radius of the liquid Agswe time on

polycrystalline Mo. The Capillary numbers in figaré.4-6.7 are determined out of the
derivation of these radii versus time data
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Figure 9.2: Dependency of the base radius of tigdi Ag versus time on Mo(110) is
illustrated Out of the derivation of these radiirsies time the capillary numbers in
figure 6.10A could be determined.
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Figure 9.3:The base radius of the liquid Ag versus time omlsircrystalline Mo(100)

iIs shown in this figure. The capillary numbers igufe 6.10B were determined out of
the derivative of the radius regarding the time.
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Figure 9.4: Presentation of the base radius of the liquid Agswe time on
polycrystalline Mo in case of the non—equilibrat@ondition. The Capillary number for
the non—equilibrated data in figures 6.14-6.17 datermined out of the derivation of
these base radii versus time data

153



9 Appendix

154



Bibliography

Bibliography
{Allen, B.C., 1972}
{Antonov, V.E, 2004}
{Ausserré, D, 1986}
{Blake, T.D., 1993}

{Blake, T.D., 1968}
{Borchard-Wyart, F., 1991}

{Brandon D., Kaplan,W. 1999}
{Burley, R. 1976, A}

{Burley, R. 1976, B}

{Butt, H.J., 2003}

{Cannon, R.M., 1995}

{Carnahan, R.D, 1958}

B.C. Allen, J. of the Less-Conom metals, 1972,
29: 263

V.E. Antonov, A.l. Latynin, MTkacz, J. Phys.:
Condens. Matter, 2004, 16: 8387

D. Ausserré, A.M. Picard, L.lekg Physical
Review Letters, 1986, 57, [21]: 2671

J.C.Berg, Wettability, surfaseience series 1993,
49: 251

T.D. Blake, PhD-theses, UnivieggyBristol 1968

F. Borchard-Wyart, J.Me Meglio, D. Quére,
P.G. de Gennes, Langmuir, 1991, 7: 335

D. Brandon and W.D. #fan, Microstructural
Characterisation of Materials, Wiley, 1999

R. Burley and B.S. Kennedy,iBiPolym., 1976,
8: 140

R. Burley and B.S. Kennedy, €h. Eng. Sci.,
1976 31: 901

Physics and chemistry of inteda, Wiley-VHC
Gmbh&Co.KGaA, 2003

R.M. Cannon, E. Saiz, A.P. Tia W.C. Carter,
Mater. Res. Soc. Symp. Proc., 1995, 357: 279

R.D. Carnahan, T.L. Johnst@nH. Li, J.Am.
Ceram. Soc., 41: 343

155



Bibliography

{Carré, A., 1995} A.Carré, M.E.R. Shanahan, Langmuai995, 11:
3572

{Carré, A., 1996} A. Carre, J.C. Gastel, M.E.R. 8ahan, Nature,
1996, 379: 432

{Chatain, D, 1994} D , Chatain, F. Chabert, V. Ghet]l. Am. Ceram.
Soc., 1994, 77 [1]: 197

{Che J.G., 1998} J.G. Che, C.T. Chan, W-E. JianC.TLeung,
Physical Review B, 1998, 57, [3]: 1875

{Chen, J.D, 1987} J.D. Chen, Journal of Colloiddriace Science,
1988, 122, [1]: 60

{Cox, R.G., 1986} R.G. Cox, J. Fluid. Mech., 19868: 169

{Davis, S.H., 1983} Davis, S.H., J.Appl. Mech., B&0: 977

{De Boer, J.H., 1953} J.H. de Boer, The dynamicaha@cter of
adsorption, Clarenden Press, Oxford, 1953

{De Coninck, J. 2001} J. De Coninck, M.J.de Ruijtét. Voué, Journal
of Colloid and Interface Science, 2001, 2: 49

{Derby B., 2001} B. Derby, J.R.P. Webster, Trana&/Rll, 2001, 30:
233

{De Ruijter, M.1988} M. de Ruijter, T.D.Blake, A.@tke, J. De

Coninck, Journal of Petrolium Science and
Engineering 1999, 24: 189

{De Ruijter, M., 1998} M. de Ruijter, P. Kdlsch, Moué, J. De Coninck,
J.P. Rabe, Colloids and Surfaces A, 1998,144: 235

{De Ruijter M.J.,2000} Michel J. De Ruijter, MagalChalot, Michael
Voué, Joél De Coninck, Langmuir 2000, 16: 2363

{Dodge, FT. 1988} FT. Dodge, Journal of Colloid énface Science,
1988, 121: 155

{Douglas L.J., 1991} L.J. Douglas, S.F. Kistler kN Nelson, I1S&T 44

Annual Conference, St. Paul, MN, 1991

156



Bibliography

{Ehrlich, G., 1980}

{Eick et al., 1975}

{Eustathopoulos N., 1998}
{Eustathopopoulos, N., 1999}

{Fermigier, M., 1988}

{Fukai Y., 2003}

{Gennes de, P.G., 1985}

{Gibbs, W., 1928}

{Gjostein, 1963}
{Glasstone, S., 1941}

{Gremillard, L., 2004 A}

{Gremillard L., 2004 B}

{Gutoff, E.G., 1982}

{Hansen, R.J., 1971}

{Heimendahl, M., 1970}

G. Ehrlich, K. Stolt, Ann. Re®hys. Chem., 1980
31: 603

J.D. Eick, R.J.Good, A.W. Neunmga Journal of
Colloid and Interface Science,1975, 53, [2]: 235

N. Eustathopoulos, Actatét., 1998, 46: 2319

N. EustathopopoulosGMNicholas, B. Drevet,
Wettability at High Temperatures, Pergmon
Materials Series, Editor R.W. Cahn, 1999

M. Fermiger, P. Jenffer, Afthysique, 1988, 13:
37
Y. Fukai , M. Mizutani, Mater. Tres., 2003, 44:
1359

P.G. de Gennes, ReviewdMoflern Physics,
1985, (57), [3]: 827

W. Gibbs, The collected works df Willard
Gibbs, Yale University press, New Haven, 1928
N.A. Gjostein, Metal surfaces,1963

S.Glasstone, K.J.Laidler,. HEyring, The theory
of Rate Processes, McGraw-Hill, New York 1941
Gremillard L., DropAngle software, Lawrence
Berkeley National Laboratory, USA

L. Gremillard, E.Saiz, J.h@valier, A.P. Tomsia,
Zeitschrift fur Metallkunde 2004, 95, [4]: 261
E.B. Gutoff , C.E. Kendrick, I&hE J., 1982, 28:
459

R.J. Hansen, T.Y. Toong, Jauraf Colloid
Interface Science, 1971, 37: 196

M. Heimendahl,

Elektronenmikroskopie

Einfihrung in die
Viehweg-Verlag,
Braunschweig, 1970

157



Bibliography

{Hocking, L.M., 1982}

{Hoffmann, R.L., 1975}
{Huh, C., 1971}

{Johnson, R.E., 1993}

{Keene, B.J., 1993}

{Kistler, S.F. 1993}

{Levi G., 2003}

{Loehman, R.E., 1994}

{Lopez-Esteban S., 2004}
{Marmur, A., 1983}

{Massalski, T.B., 1990}

{Mullins, W.W., 1956}

{Naidich, Y., 1972}

{Naidich, Y., 1981}

{Naidich, Y., 1992}

L.M. Hocking, A.D. Rivers, donal of Fluid
Mech., 1982, 121: 425

R.L Hoffmann, J. Coll. InteBci. 1975,50: 228

C. Huh, L.E. Scriven, Journal ofloal Interface
Science, 1971, 35: 85

J.C.Berg, Wettability, sudacscience series,
1993,49: 2

B.J. Keene, International Matsr Reviews,
1993, 38, [2] :157

S.F. Kistler, Wettability, sface science series,
1993,49: 311
G. Levi, W.D. Kaplan, Acta Material 2003, 51:
2793

R.E. Loehman, A.P. Tomsia, Ainer. Ceram.
Soc., 1994, 77:271

to be published in Langmui
A. Marmur, Advanced Colloid Inface Science,
1983, 19: 75

T.B. Massalski (Editor inhief): Binary Alloy
Phase Diagrams, ASM International, Materials
Park, Ohio, 1990
W.W. Mullins, Journal of ap@d physics, 1956,
28, [3]: 333

Y.V. Naidich, V. PerevertailoG. Nevodnik,
Poroshkovaya Metallurgiya, 1972, 7:51

Y.V. Naidich, N.F. Grigorenko, V.M.
Perevertailo, J. of Crystal Growth, 1981,53: 261
Y.V. Naidich, W. Sabuga, V. Refertailo,
Adgeziya Raspl. Pajka Mater., 1992, 27:23

158



Bibliography

{Neumann, A.W., 1971}

{Ngan, C.G.,1982}

{Pique D, 1981}

{Prybyla, J.A., 1991}

{Richter, G., 2000}

{Saiz, E., 2000}

{Saiz, E 1998}

{Saiz, E., 2001,A}

{Saiz, E., 2001}

{Saiz E., 2003}

{Schmidt P.F, 1994}

{Schneemilch, M., 1998}

{Schéllhammer J.,1998}

{Seah, M.P., 1988}

A.W. Neumann, R.J. Good, Jaliof Colloid and
Interface Science, 1971, 38, [2]: 341

C.G. Ngan, E.B. Dussan V, J. &lMech., 1982
118: 27

D. Pique, R. Sangiori, N. Eustathlgs, Ann.
Chim. (Sci. Mater.), 1981, 6: 443

J.A. Prybyla, P.J. Estrup,JYChabal, J. Chem.
Phys. 94 (9), 1991, 6274

G. Richter, PhD thesis, Uniuési Stuttgart,
Stuttgart 2000

E. Saiz, R.M. Cannon, A.P. TomsiActa
materialia, 2000, 48: 4449

E. Saiz, A.P. Tomsia, R.M. Canon,taenater,
1998, 46 [7]: 2349

E.Saiz, R.M. Cannon, A.P.Tomst] Gas Sci.
Technol. 2001, 56: 89

E. Saiz, A.P. Tomsia, R.M. Cann8aripta.mater,
2001, 44: 159

E Saiz, C.-W. Hwang, K. Suganuma® Aomsia,
Acta Materialia, 2003, 51: 3185

P.F. Schmidt et al., Praxis der
Rasterelektronenmikroskopie und
Mikrobereichsanalyse, Expert Verlag, 1994

M. Schneemilch, R.A. HayeG. Petrov, J.
Ralston, Langmuir, 1998, 14: 7047

Jochen Schdéllhammer, Dipldred ,Institut fur
Metallkunde, Universitat Stuttgart, 1998

M.P. Seah and D. Briggs, PrattiSurface
Analysis, JohnWiley&Sons Ltd, Chichester, 1988

159



Bibliography

{Seebauer E.G, 1995} E.G. Seebauer , C.E. Allemgfss in Surface
science, 1995, 49,3)

{Shanahan, M., 1988} M. Shanahan, J. Phys. D: Agphhys., 1988,
21:981

{Sharps, P.R., 1981} P.R. Sharps, A.P. Tomsia, Pa#sk, Acta Metall.,
1981, 29: 855

{Smithells, C.J., 1976} C.J. Smithells, E.A. BrasdeMetal Reference
Book, Butterworth, London, Boston, 1976

{Strém, G., 1990} G. Strom, M. Fredriksson, P.StexiP. Radoev, J.
Coll. Inter. Sci., 1990, 134: 107

{Staumal, B., 2005} B. Staumal, private communioai2005

{Sugita, T., 1970} T. Sugita, S. Ebsiawa, K. KawudsaSurface
Science 1970, 20: 417

{Tanner, L.H., 1979} Tanner, L.H., J.Phys. D:ApgPhys, 1979, 12:
1473

{TMX 2000, Users Manual} TMX 2000, Users Manual, rgmn 3.04,
Topomatrix

{Tomsia, A.P.,1982} A.P. Tomsia, Z.Feipeng, Pask.JAct Metall,
1982, 30: 1203

{Voinov, O.V., 1976} O.V. Voinov, lzv. Akad. Nauk SSR Mekh.
Zhidk. Gaza (USSR), 1976:76

{Wilhelmy L., 1863} Wilhelmy L., Annalen der Physikind Chemie,

1863,119: 177

{Williams D., Carter, C. 1996} D.B. Williams and B. Carter, Transmission
Electron Microscopy, Plenum Press, New York,
1996

{Wiesendanger, R., 1994} Wiesendanger, R, ScanRnadpe Microscopy and
Spectroscopy: Metods and  Applications,
Cambridge University Press ,1994

160



Bibliography

{Yeh, E.K., 1999}

{Young, T., 1805}
{Yupko, V.L., 1991}

{Yupko, V.L., 1986}

E.K. Yeh, J. Newman, C.J. Radke,
Colloids&Surfaces A 1999, 156: 525

T. Young, Phil. Trans., 1805, %%

V.L. Yupko, V.V. Garbuz, N.Il. Kuchkova,
1991, 10: 72

V.L. Yupko, G.V. Levchenko, R.B Luban,
R.I.Kryhanovskaya, Translated from
Poroshkovaya Metallurgiya 1986, 287, [11]: 64

161






Acknowledgement

Acknowledgement

o | gratefully thank Prof. Dr. Dr. h. c. M. Ruhle fgiving me the opportunity to
work in his department and for his constant suppord interest in the
forthcoming of this thesis.

* A special thanks to Prof. Dr. A.P. Tomsia for hiea help and support during
the time of performing the wetting experiments 8NL in Berkeley and also
throughout the rest of my PhD-time.

* Thanks to Prof. Dr. F. Aldinger for taking over thigbericht.

» | specially acknowledge my supervisors Dr. Edua®aa, Dr. Christina Scheu
and Dr. Wilfried Sigle for their continuous guidanand support throughout the
project, many fruitful scientific discussions artkir patience with me and of
proofreading the manuscript.

* | thank Dr. Laurent Gremmillard, Dr. Peter Nalbabhm, Rowland Cannon, and
Dr. Gunther Richter for all the scientific discusss.

* Thanks to : Ulrike Taffner, and Margit Kapp for thgreat help in polishing the
Mo substrates, Ute Salzberger for her patience leatp to prepare the TEM
specimens, Albrecht Meyer for performing the ICR/estigations, Sabine
Kihnemann for the SEM investigations, Thomas Maeisfoe his help in
performing the annealing experiments as well asrR¢bpold, Steffen Schnidt
and Gunther Richter for their help during the TEkperiments, Birgit Heiland
for performing the FIB experiments, Bernhard Siedier the Auger
measurements, Ulrike Taffner for helping me in doihe AFM investigations

and Rolf Henes for cutting the Mo single crystals.

163



Acknowledgement

Dr. Eduardo Saiz is acknowledged for performing khe (100) single crystal
experiments at LBNL in Berkeley.

Thanks to all the colleagues here in Stuttgartasavell in Berkeley especially
to Dr. Elena Tchernychova, and Guillermo Menendsz Sonia Lopez-Esteban,
Dr. Laurent Gremillard for the excellent workingnelitions.

Thanks also to my friend Dr. Pravesh Patel forexing my English.

| would like to especially thank my family and mydband Peter Nalbach for
their strong support.

Last a special thanks to my friend Alexandra Naumé#r her continuous
encouragement and kind words during the last pasetyears.

164



Curriculum Vitae

Curriculum vitae

Name ; Nicole Rauch

Date of birth : 19.03.1972

Place of birth ; Saarbrucken

Nationality : german

Marital status ; married

1978-1982 : Grundschule Bruchwiese Saarbrucken

1982-1988 X Realgymnasium Sulzbach

1988-1991 : Wirtschaftsgymnasium Saarbriicken

1991-1999 X Study of Material Science at the Universitat Saacken

1997-1999 : Diplomarbeit in the group of Prof. Dr. Bremwith the
Title : “Dispersionhardening of copper”

1999 : Diploma (Dipl. Ing.)

2000-2001 : Trainee for R&D (Saarstahl AG, Vdlklingen)

2001-2003 : Research in material science at Lawrenckebey
National Laboratory (LBNL), Berkeley, CASA

2003-2005 ; PhD student at the Max—Planck—Institut fir

Metallforschung in Stuttgart in the groafp
Pro. Dr. Dr. h.c. M. Ruhle

165



