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Kurzfassung

Das Ziel dieser Dissertation war das Benetzungsverhalten in Kupfer - Kohlenstoff
Systemen zu untersuchen. Hauptziel dabei war die Konstruktion einer Hochtem-
peraturkontaktwinkelanlage um geschmolzene Metalltropfen auf festen Substraten
zu studieren. Die verwendete Methode war die des liegenden Tropfens (engl. ses-
sile drop method). Dabei wird das Metall aufgeschmolzen und der so entstandene
Tropfen im fliissigen Zustand abfotographiert. Die daraus ableitbaren Informationen
sind der Kontaktwinkel der Fliissigkeit mit dem Festkorper, die Oberflichenenergie
im fliissigen Zustand und die Identifizierung des Benetzungsregimes. Der Kontakt-
winkel eines fliissig/fest Systems ist das Hauptkriterium fiir die Beschreibung des
Benetzungsverhaltens eines solchen Systems.

Nach einer breit angelegten vergleichenden Literatursuche tiber Hochtemperaturkon-
taktwinkelanlagen, wurde eine solche selbst konstruiert und gebaut; der Einsatzbe-
reich ist bis zu einer Temperatur von ca. 1100°C unter Hochvakuum. Die Einzigar-
tigkeit unserer Anlage ist der speziell konstruierte widerstandsbeheizte Substrathal-
ter, der auch als Substrathalter in einer Physical Vapour Deposition (PVD) Anlage
genutzt werden kann. Die in-situ Aufnahme des Tropfens erfolgt mittels Webcam,
der eine Optik vorgesetzt wurde. Fiir die Auswertung des Kontaktwinkels zwischen
Fliissigkeit und Substrat ist eine eigene Software verfiigbar.

Mit der fertiggestellten Hochtemperaturkontaktwinkelanlage wurden Benetzungsex-
perimente mit Kupfer und kupferbasierten Loten (engl. active brazing alloys) auf
Zwischenschichten aus TiN und Mo durchgefiihrt. Im Fall von TiN wurden ebenfalls
substochiometrische Schichten untersucht und im Fall von Mo wurde die Karbidbil-
dung in der Mo Schicht bei Temperaturbehandlung charakterisiert sowie mit einem
Modell verglichen. Die Identifizierung des Benetzungsregimes geschieht mit Hilfe
der zeitlichen Entwicklung des Tropfens wihrend des Benetzungsexperiments.
Diese Dissertation gliedert sich folgendermafien:

Im Kapitel "Introduction” werden die Griinde fiir die Materialwahl Kupfer - Kohlen-
stoff beschrieben, sowie die Anwendung von benetzungssteigernden Zwischenschichten
in der Herstellung von Wandauskleidungen in zukiinftigen Fusionsreaktoren.

Das Kapitel "High Temperature Sessile Drop Device” beschéftigt sich mit der Pla-
nung und der Konstruktion der Bestandteile der Hochtemperaturbenetzungsanlage.

Die einzelnen Teile (Substrathalter, Metallzuliefersystem, Thermoelement) werden
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hier beschrieben.

Das néchste Kapitel "Information from the liquid drop” zeigt, welche Informa-
tionen aus der Tropfengeometrie abgeleitet werden kénnen (wie zum Beispiel der
Kontaktwinkel und die Berechnung der Oberflichenenergie im fliissigen Zustand).
Der Massenverlust durch das Abdampfen wahrend der Experimente wurde bestimmt
und mit theoretischen Vorhersagen (Knudsen Formel) verglichen.

Im Kapitel "Physical vapor deposition” werden die Grundprinzipien des Sputter-
prozesses beschrieben, sowie die Herstellung von substéchiometrischen TiN mittels
reaktivem Sputtern. Diese wurden mit theoretischen Modellen fiir reaktives Sput-
tern verglichen.

Das Kapitel "Carbon with interlayers” beschreibt die Oberflichenenergiemessung
an glasartigem Kohlenstoff und stellt die ersten Benetzungexperimente mit unter-
schiedlichen Zwischenschichten auf Kohlenstoff vor.

Das folgende Kapitel "Substoichiometric TiN as wetting promoter” beschaftigt sich
mit den Ergebnissen der Benetzungexperimente an stochiometrischen und substo-
chiomtrischen TiN Schichten. Das Konzept des reaktiven Benetzens wird vorgestellt,
sowie auf die beiden Unterarten, die diffusionskontrollierte reaktive Benetzung und
die reaktionskontrollierte reaktive Benetzung, eingegangen. Aufserdem werden die
Ergebnisse der Lotexperimente mit TiN und substochiometrischem TiN auf Graphit
und CFC (Carbon Fiber reinforced Carbon - Kohlenstofffaser verstirkter Kohlen-
stoff) dargestellt.

Im Kapitel "Molybdenum as wetting promoter” werden Benetzungsexperimente auf
Mo und auf Mo-Schichten gezeigt. Aufserdem beschéftigt es sich mit dem Kar-
bidisierungsprozeft einer diinnen Mo Schicht wihrend der Temperaturbehandlung.
Hier werden die experimentellen Ergebnisse der Bildung der Karbidschicht mit einem
theoretischen Modell (Zellularautomat - Cellular Automaton) verglichen.

Im letzten Kapitel "Conclusion” werden die Ergebnisse dieser Dissertation nochmals

kurz zusammengefasst und ein Ausblick auf zukiinftige Arbeiten gegeben.
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Abstract

The objectives of this thesis were wettability studies in the Carbon - Copper system.
Therefore the overall aim was the construction of a High Temperature Sessile Drop
Device (HT'SDD) to study the wettability of a liquid metal on a solid substrate.
Sessile drop means to melt a metal on a plane substrate and to image the curvature
of the droplet, gaining informations on the contact angle, liquid surface energy and
identifying the wetting regime. The contact angle in a liquid/solid system is the
main property to describe the wetting behavior in the system.

After a comparative literature survey about high temperature wetting we planned
and constructed a sessile drop device with the ability of melting metals up to approx.
1100°C under high vacuum and the capability of in-situ imaging of the liquid drop.
A novelty of this custom-built device is the resistance heated substrate holder, which
is also suitable for sputter deposition in a physical vapor deposition (PVD) plant.
The imaging of the liquid drop is done by a webcam with an additional optic and
for the determination of the contact angle a self-written software is available.

With the HTSDD wetting experiments of Cu and a Cu-based active brazing alloy
(CuABA) were performed on TiN and Mo coatings. In the case of TiN also sub-
stoichiometric films were investigated and in the case of Mo the carbide formation
in the Mo-film during heat treatment was investigated and compared with a model.
The identification of the reactive wetting regime in the C/CuABA system can be
deduced from the time evolution of the droplet.

The structure of this thesis is as follows:

In the chapter "Introduction” the reasons for the choice of C/Cu are described,
also the application of wetting promoting thin films in the joining of plasma facing
components in future fusion reactors is presented.

The chapter "High Temperature Sessile Drop Device” deals with the planning and
construction of the sessile drop device. The individual parts of the device (substrate
holder, manipulator, thermocouple) are described here.

The next chapter "Information from the liquid drop” deals with some information
gained from the curvature of the droplet: the contact angle and the liquid surface
energy can be calculated. The mass loss of the molten metal during the experiments
was compared with theoretical predictions (Knudsen model).

In the chapter "Physical vapor deposition” the basics of sputtering are explained
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and the deposition of substoichiometric TiN films is described. A comparison with
a theoretical model for reactive sputtering from literature is given.

The chapter "Carbon with interlayers” describes surface energy measurements of
the glassy carbon and gives the first wetting experiments with different interlayers
deposited onto the carbon substrate.

The following chapter "Substoichiometric TiN as wetting promoters” deals with the
results of the wetting experiments of stoichiometric and substoichiometric TiN films.
The concept of reactive wetting is presented with the distinction between diffusion
limited and reaction limited reactive wetting. The brazing results of the sputter
deposited films on graphite and CFC (Carbon Fiber reinforced Carbon) are shown
as well.

In the chapter "Molybdenum as wetting promoter” wetting experiments on pure Mo
and on Mo coatings are presented. Also the carbidization process during the heat
treatment of thin Mo films was studied. Experimental results of the carbide layer
formation are compared with a mathematical model using a Cellular Automaton.
In the last chapter "Conclusion” the results of this thesis are shortly summarized

and an outlook on further work is given.



Chapter 1
Introduction

The material combination of Copper and Carbon, which both have remarkable phys-
ical properties, offers a wide range of possible applications. Some material parame-
ters of pure copper and two allotropes of Carbon (graphite and diamond) are shown

in Table 1.1.

Density[g/cm?] | Crystal structure | Ty [°C] | Therm.Cond. [W/mK]
Copper 8,92 fcc Fm-3m 1084 400
Graphite 2,267 hep P63/mmce 3527 U 140
Diamond 3,513 fcc Fd3m 800 2 | 1000 ® /2000-2500 ¥

D no actual melting point at atmosphere, sublimates over 3500°C
2) flashpoint at 800°C
3) diamond impure

4) purified synthetic diamond
Table 1.1: Material parameters for Carbon and Copper [1, 2/.

One application of the above mentioned Cu/C system is in heat sinks. Heat sinks of
C-fibers embedded in a copper matrix (MMCs - metal matrix composites) are also
of great technological interest in the semiconductor industry because of the tunable
properties of these composites. Copper has a very high thermal conductivity, and by
mixing a suitable amount of C-fibers the Coefficient of Thermal Expansion (CTE)
can be varied in the range of 4 —8 x 107K ™!, which is the required range for match-

ing the CTE of electronic components (ag; = 4,1 x 107K, agaas = 5,8 x 107K,

-8 —



CHAPTER 1. INTRODUCTION

acy = 16 x 107K~ [3, 4]). The poor adhesion of these two elements is due to their
low wettability which is characterized by a contact angle of approx 140° of liquid Cu
on solid C which is far above 90°. Generally wetting is defined by a contact angle
less then 90°.

The characterization of the wetting behavior of two different elements can be done
by measuring the contact angle of a liquid drop on a solid substrate by means of
the sessile drop method. The sessile drop technique is the configuration where one
material will be molten (by various methods) and the molten droplet is optically
imaged. The recorded contact angle and the shape of the droplet gives evidence of
the wetting behavior of the melt with the solid substrate. Also the liquid surface
energy can be estimated. This knowledge is of great technological interest because
metallic spreading is intrinsic to many industrial processes such as brazing, soldering
and thin film processing.

Additionally, wetting properties are needed to describe the liquid-state processing
of composites, for example the infiltration of ceramic fiber preforms by liquid met-
als. In case of MMCs consisting of Carbon fibers with metals the most satisfactory
route is the infiltration of the reinforcing network by the metal in the liquid state.
As liquid metals usually do not wet the fibers, it is necessary to force infiltration
by applying an external pressure. Many methods are available: vacuum infiltration,
squeeze casting, liquid metal infiltration and pressure assisted network infiltration
[5, 6, 7, 8,9, 10]. But due to poor wettability and small diameters of modern
fibers, applying pressure often does not assure an optimum contact between fiber
and matrix. Therefore research has been directed towards wettability enhancing
procedures. These consist either in depositing a suitable overlayer/interlayer on the
surface of the reinforcing network or in adding surface active alloying elements to

the metal.

Another application of the C/Cu system is as plasma facing component (PFC) in
future nuclear fusion reactors of the Tokamak type (" TOPOMNIAJILHA KAM-
EPA C MATHUTHBLIMU KATYIIKAMMN” - "toroidal chamber in magnetic
coils" and the first syllable of the abbreviation ” TOK” - "current"), like the planned

ITER (International Thermonuclear Experimental Reactor) in Cadarache, France.

-9 —



CHAPTER 1. INTRODUCTION

The construction of ITER has one overall objective: "to demonstrate the scientific
and technological feasibility of fusion energy for peaceful purposes" [11]. The de-
sign of ITER is a Tokamak plasma confinement, with superconducting toroidal and
poloidal field coils around the toroidal vacuum vessel. A cross section through one

side of this toroidal vacuum vessel is given in Figure 1.1.

5 f N y

Di | . !
vertor \»\C W

RN w /
N C,

\—-/

Figure 1.1: Cross section of the toroidal ITER plasma vessel.

The vacuum vessel is roughly divided into two parts: the first wall and the divertor!.
The first wall consists of 1 cm thick beryllium armor protection, 1 cm thick copper to
diffuse the heat load as much as possible, and approx. 10 cm of steel structure. The
advantages of beryllium are: low Z material, oxygen gettering capability, absence of
chemical sputtering and high thermal conductivity.

The divertor materials are tungsten (lowest sputtering, highest melting point, high
thermal conductivity and no concern about tritium inventory) and CFC (longest

lifetime, absence of melting, thermal shock resistance, high thermal conductivity

IThe divertor is part of a fusion reactor. Its purpose is the removal of the He-4 and the impurities
from the wall materials. With additional magnetic fields these ions are deflected to the divertor

plates, where they can recombine with electrons and then be pumped off the vacuum chamber.

~ 10 -



CHAPTER 1. INTRODUCTION

and low atomic number). They are used depending on the heat flux from the
plasma. In Figure 1.2 an image of the divertor is shown, where the different heat

fluxes are indicated.

up to 20 MW/m’

Figure 1.2: Image of the ITER divertor, with the maximal heat flures expected.

The divertor itself consists of 54 separate divertor cassettes for the better mainte-
nance of the device, a prototype of such a divertor cassette is shown in Figure 1.3.
These PFC have to withstand the intense neutron irradiation and a suddenly chang-
ing high heat flux. The thermal shock creates critical localized stresses in the ma-
terial and in the joints between different materials.

The PFCs are composed of a thick stainless steel back. This carries an array of
heat sinks, cooled by water flowing in cooling channels. The heat sink is covered by
a protective material, carbon based or tungsten based, depending on the position
in the divertor. The state of the art material for the application with carbon is
a 3D Carbon Fiber reinforced Carbon (CFC) as protective material and a CuCrZr
precipitation hardened copper alloy (0,3 - 1,2 wt% Cr, 0,03 - 0,3 wt% Zr, Cu balance)
as heat sink material. For the joining of CFC to CuCrZr a pure copper interlayer
is used. This interlayer is produced by casting pure Cu onto the CFC, whereas the
CFC is previously activated with Ti (Active Metal Casting). Then the Cu interlayer
is joined to CuCrZr by Hot Isostatic Pressing (HIPing). Brazing with commercial

CuTi brazing alloys instead of the Active Metal Casting is taken into consideration.

- 11 =



CHAPTER 1. INTRODUCTION

Figure 1.3: Image of the ITER divertor cassette. The two plasma facing materials tungsten

and carbon are vistble in the image.

The CTE of the protective material is usually low (1 - 4 x107°K™!), whereas the
CTE of the CuCrZr heat sink is about 15,7 x 107SK~!. The thermal conductivity
should be as high as possible, > 320 Wm 'K~ for the heat sink and > 330 Wm'K~!
at 20°C and > 150 Wm~!K~! at 800°C for the C-based protective material. Because
of the high heat flux the PFCs have to be actively cooled. As a consequence the
protective material needs a thermal conductivity as high as possible, which reduces
the thermally induced mechanical stress.

Some additional requirements for the materials are:

e Both protective materials and materials used in joints and interlayers have to
be free of low melting point and high vapor pressure elements (pollution of the

plasma with atoms).

e All the material used for PFCs have to be as free as possible of high activation
elements (environmental safety - all PFCs have to be removed every four years,
in the case of ITER).

- 12 —



CHAPTER 1. INTRODUCTION

e All the material used for PFCs have to be free of Ag, Au and any other element
prone to nuclear transmutation to high vapor pressure elements under neutron

irradiation (Au, e.g., transmutes to Cd)

The advantages of CFC as the protective material are: longer lifetime (in compari-
son to tungsten), absence of melting, excellent thermal shock resistance, very high
thermal conductivity (e.g. NB31' CFC x-direction: 323 Wm'K™!, y-direction:
117 Wm 'K~ z-direction: 115 Wm'K™!) and low atomic number. Low-Z ele-
ments are one preferred material class because they are less prone to "pollute" the
plasma. W-based protective materials, on the other hand, have high erosion resis-
tance and very low sputtering yield. The heat flux in normal operation mode is
about 10 MWm~2 on PFCs with C-based materials and 0,1 - 5 MWm~2 on PFCs
with W-based protective materials for a time < 450 s. The neutron irradiation dose
is 0,7 dpa (displacements per atom) for the protective material and 2 dpa in the heat
sink. The aim within this work is to find a wetting promoting layer between CFC
and the Cu layer to enhance the wettability of these two elements for an improved

joint.

For the PFC (tungsten as well as carbon) there are two possible configurations:
the flat tile geometry and the monoblock geometry. Both of them are used in the
divertor design. Images of already produced mock-ups of these geometries are shown

in Figure 1.4 (flat tile geometry) and Figure 1.5 (monoblock geometry).

Figure 1.4: Image of the flat tile mock-up Figure 1.5: Image of the monoblock

design. mock-up design.

This mock-up design is used for simulating the thermal load in high heat flux tests.

The manufacturing of the flat tile geometry is much easier than of monoblocks, but

'Material parameters see Appendix F

~ 13 -



CHAPTER 1. INTRODUCTION

the thermal fatigue performance of monoblock components is much better than of
flat tiles. Nevertheless, both of them are foreseen in the ITER design.
A detailed state of the art manufacturing scheme of the flat tile geometry is given

in Figure 1.6, and of the monoblock design in Figure 1.7.

CFC

¢ Cu casting

CFC Brazing
Cu casting
¢ Brazing
l . Pure copper
Pure copper interlayer l interlayer
\
l HIP’ing
44— Brazing . HIP ing
EB welding 44— Brazing
Hot radial pressing
CuCrZr
Figure 1.6: Scheme of the flat tile geome- Figure 1.7: Scheme of the monoblock ge-
try. ometry.

The joining of the CFC to the CuCrZr heatsink in the monoblock design is realized
by a pure copper interlayer, which is joint to the CFC by brazing or Cu casting.
The joining to the CuCrZr heat sink is done by HIPing, brazing or electron beam
(EB) welding.

The manufacturing of the monoblock design is also realized by a pure copper inter-
layer, but in this design all components have to be adapted to a cylindrical shape.
Instead of EB-welding, hot radial pressing of the CuCrZr heat sink tube is possible
[12].

Improvements to the flat tile geometry are mainly concerning the interface CFC-
pure copper interlayer. Wetting promoting thin films deposited on the CFC are a
promising method for a better joining of the compound as it will be shown in this

work.

— 14 —



Chapter 2

Fundamentals of Contact Angle and
Wettability

2.1 Contact Angle

On a flat, perfectly smooth and homogeneous solid surface a liquid drop intersects
with the solid surface under a "contact angle", . This angle is used to define the
wettability of liquids on solids and is related with the surface and interface energies
by Young’s equation [13]:

Osv — O0sL

cosf = (2.1)

oLv
where gy, s, and oy are the solid-vapor, solid-liquid and liquid-vapor interface

energies, respectively. Figure 2.1 shows a schematic of the sessile drop profile, where
the interfacial energies are drawn. The line where the different phases meet is called

triple line.

vapour

solid Ost

Figure 2.1: Interfacial energies of a sessile drop.

~ 15 —



CHAPTER 2. FUNDAMENTALS OF CONTACT ANGLE AND WETTABILITY

A contact angle smaller than 90° defines wetting behavior, an angle greater than 90°
defines non wetting and an angle of 0° identifies perfect wetting of the liquid. The

different wetting regimes depending on the contact angle are sketched in Figure 2.2.

Y O

6=0° 6 <90° 6>90° 6 =180°
perfect wetting wetting non-wetting de-wetting

Figure 2.2: Different wetting regimes depending on the contact angle.

Equation 2.1 can be derived from the variation of the surface free energy Fs of the
system caused by a small displacement 0z of the triple line on the solid surface
(Figure 2.3).

Figure 2.3: Triple line displacement for the derivation of the Young equation.

0Fs = Fs(z+0z) — Fs(2) = (051, —0sv) 0z + cosfopydz (2.2)

The equilibrium condition
d(3Fs)
d(02)

leads to Equation 2.1. For this derivation only a small region around the triple line is

=0 (2.3)

taken into account to neglect the curvature of the real droplet. A second derivation
of Young’s equation is given in Appendix D, where the whole spherical cap of the
droplet was used for the derivation.

The interfacial adhesion is usually measured by the thermodynamic work of adhesion

W4, which is related to the surface and interface energies of the system by:

— 16 —
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WA:ULV+USV_USL (2.4)

Combining Equation 2.1 and Equation 2.4 leads to the Young-Dupré equation [14,
15],

WA =0Lv (1 —+ cos 9) (25>

which relates W4 to 6. By measuring the contact angle and the surface energy of

the liquid /vapor interface the work of adhesion can by calculated.

2.2 Influences on the contact angle

2.2.1 Drop size

When the sessile drop size reaches the order of the range of atomic interactions, the
contact angle geometry changes. In this case the interfacial free energy by increasing
the length of the triple line of the droplet has to be taken into account. The variation
of the energy is

0Fs =2nR (0g, — 0sv) 0R+ 2mRcos oy 0 R + 2n76 R (2.6)

with 7 as excess free energy of the triple line, R as droplet radius and dR as the

variation of the drop radius.
Again the equilibrium condition d (§Fs) /d (§R) leads to:

T

(2.7)

oS 0q = cost) —
oLv

The importance of this second term 7 (R aLv)fl decreases with increasing drop size
and can be neglected for R > 100 nm. No significant differences in contact angles
of millimeter and micrometer size droplets have been found in [16]. This correction
is only important for very small droplets in the nm-range, e.g. those which nucleate

by condensation on solid surfaces.

— 17 -



CHAPTER 2. FUNDAMENTALS OF CONTACT ANGLE AND WETTABILITY

2.2.2 Surface Roughness

The wetting of rough surfaces is affected by the increase of the actual surface area
compared to the ideally smooth surface. According to Equation 2.2 again the vari-
ation of the interfacial free energy F resulting from a small displacement §z is

calculated.

0Fs = (05, — 0sv) 8,02 + opy cos 0z (2.8)

Here s, is the ratio between the actual surface to the planar surface and s,>1. The

equilibrium condition d (6Fs) /d (§z) = 0 leads to the Wenzel equation [17]:

cos Oy = s, cosf (2.9)

This equation indicates that with increasing surface roughness, the actual contact
angle decreases for hydrophilic materials (# < 90°) and increases for hydrophobic
materials (f > 90°). So the surface roughness, which is always bigger than one,
enhances both the hydrophilicity of hydrophilic surfaces and the hydrophobility of
hydrophobic surfaces. In this equation, the solid surface is assumed to contact com-

pletely with the liquid between their interfaces.

2.2.3 Heterogeneous Materials

When we assume that the solid surface is composed of two materials (1 and 2),
mixed microscopically, then the contact angle 0z of a liquid on this surface can be

expressed as

cosr = ficosty + focosby (2.10)

with f; and f5 as the surface fractions of the materials 1 and 2, and 6, and 05 as the
contact angles of the pure materials 1 and 2, respectively [18, 19, 20]. Assuming one
of the two materials to be air leads to the concept of superhydrophobicity. In general
superhydrophobicity means a contact angle of the liquid bigger than 150°. This is of
great interest for repelling water from surfaces (Lotus - effect). Equation 2.10 then

assumes the form

18 —
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cosfr = ficosb; — fo (2.11)

with fy as the surface fraction of air and f; + fo = 1. The contact angle 65 on air is
180°. Increasing the surface fraction of air on the solid (structured surfaces, porous
surfaces) leads to increasing contact angles of the liquid (above the value of 150° for

superhydrophobicity). Equation 2.11 can also be written as

cosOr = f(cosf+1)—1 (2.12)

with f as surface fraction of the material and 0 as contact angle on the flat material.
In this equation the strong influence of small f is visible, reducing the right hand
side of the equation to values near -1, which means contact angles in the region near
180°.

2.2.4 Gravitational field

In the case of millimeter size droplets the gravitational field is responsible for the
modification of the liquid shape of the drop through its own weight. It has been
discussed if the classical Young equation is also valid in this case. A clean proof of
the validity of the Young’s equation is given in [21], achieved by minimization of

the free energy of the system including a gravitational term.

2.3 Laplace equation

The sessile drop method is based on the measurement of the drop shape built by
the equilibrium between the action of the gravitational field, which tends to flatten
the drop, and the surface tension which requires the smallest surface area. This

curvature is described by Laplace’s equation [14, 22|:

1 1
AP = —_— 4+ — 2.13
oLv (R1 + Rg) ( )

with AP as excess pressure at a given point of the drop surface and R;, Ry the
principal radii in this point (see Fig. 2.4). This equation can be rewritten in the
form of Bashforth and Adams [23|
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b b sing z
— =2 — 2.14
R, + 67 (2.14)
with
b2
g="2P (2.15)
oLv

where b is the radius of curvature at the drop apex, g is the acceleration of gravity,
p is the density of the liquid, which is used instead of the more rigorously correct
difference between it and the density of the vapor (or vacuum) and ¢ the angle from
the apex to a point of the surface of the droplet. The radius of curvature R; and sing
can be expressed in terms of the first and second derivatives of z with respect to x.
Substituting them into Equation 2.13 leads to a differential equation with no analyt-
ical solutions. Two ways of handling this equation are possible, numerical solution
by curve fitting into the experimental drop shape or by empirical relationships.

For droplets larger than the capillary length (20.y/ (pg))*/? the relationship sug-

gested by Dorsey [24] is the most accurate one:

0,052
oLy = pgr, (T —0,1227 40, 04881f1) (2.16)
with the factor
H.
fi="2_0,04142 (2.17)
T9o

and the distances Hys and g9, which are given in Figure 2.4. By measuring the two
distances from the drop profile it is possible to calculate the liquid surface energy of
the drop.

The radius R; is in the plane of paper and Ry = x/sin ¢ is in a plane perpendicular
to the paper. Also the contact angle # and the angle ¢ are drawn in Figure 2.4.
For drops smaller than 1 cm another relationship is proposed, due to the lower

influence of gravitation [25],

oy = Dd? pg (2.18)

with d,,, as the maximal drop diameter and D as a geometrical factor which is related
to d,,/2H, where H is the height from the maximal diameter to the drop apex. A

schematic is shown in Figure 2.5.
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45°

Figure 2.4: Profile of the sessile drop with the parameters.

Figure 2.5: Schematic view showing the geometry for small drops.
A plot of values of D versus d,,/2H can be found in [26, 27|, so after measur-

ing the two distances the surface energy of the liquid drop can be determined by

Equation 2.18.
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Chapter 3

High Temperature Sessile Drop

Device

3.1 Common sessile drop instruments

A big variety of different types of sessile drop devices can be found in literature
[28, 29, 30, 31, 32, 33|, but they all have the same goal: to image the molten drop
from the side to see the curvature of the liquid.

For the measurement of liquid metals a vacuum chamber with a high vacuum or
an inert gas (Ar) is necessary to prevent the liquid from oxidation. The heating is
realized by different furnaces (graphite heating, radiation heating, tantalum heater,
cartridge heater) and temperatures up to 2000 K can be achieved. Digital or optical
cameras are used to image the drop and a bright background illumination for a
better contrast of the images is necessary.

The usual way of melting is as follows: cleaning the sample, then putting the sample
into the furnace, evacuating the chamber and heating up to the melting point and
above. The other way reported is first to melt the metal and then drop the liquid
down to the surface. Each group has its own equipment, so much attention has to

be paid when comparing the different results.
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3.2 Construction of the device

For the construction of the high temperature sessile drop device (HTSDD) one
demand was crucial: a common application with several PVD sputter plants. The
solution was a resistance heated substrate holder, which is suitable for the sputter
plant as well as for the HT'SDD. This led to a geometric limitation of the substrate
holder, because the connection port of the PVD plant is realized by an ISO 40 KF
flange. So the heating of the metal sample had to be done by a resistance heated
0,5 mm thick Ta-foil onto which the substrates for the wettability measurements are

clamped. Figure 3.1 gives a schematic overview of the HT'SDD.

—l 1
/ |
[
g 4|/d|:/L: —
[

Figure 3.1: Schematic of the high temperature sessile drop device:
1) Vacuum chamber
2) Heatable substrate holder
3) Manipulator or thermocouple
4) Water cooled current counterparts
5) Webcam with optic
6) PC with measurement software
7) Vacuum pumps (turbomolecular- and forepump)

An image of the high temperature sessile drop device with all necessary parts is
given in Figure 3.2.
The whole device is operated under vacuum, which is generated by a turbomolecular

pump and a rotary forepump. The base pressure of approx. 107° Pa is reached in
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5) 6) 7) 8)

Figure 3.2: Image of the high temperature sessile drop device:
1) PC with measurement software
2) load lock for manipulator or thermocouple
3) vacuum gauges
4) high current supply
5) optic with an additional protection foil *
6) load lock for the heatable substrate holder
7) background illumination
8) rotary fore pumps

less than one hour after inserting the substrate holder. For measuring the drop
profile a commercial webcam with an additional optic! is used, in connection with
a PC and a custom-written software [34].

The heating of the substrate is done by a Ta resistance heater: A high current

!Technical details see Appendix C
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supply (up to 400 A) is connected to water cooled Cu blocks, which have contrary
wedges to the substrate holder for catching it. The sample delivery for the droplet
formation is done by a manipulator from above; the same feedthrough can also be
used for inserting a thermocouple into the device for temperature measurement.

All removable components of the HT'SDD (the substrate holder, the manipulator and
the thermocouple) can be inserted into the device via load-locks without breaking
the vacuum of the chamber. This is a significant advantage to all other devices
consisting of a vacuum furnace, where the whole furnace has to be opened for sample

delivery and change.

3.2.1 Substrate holder

An image of the heatable substrate holder in given in Figure 3.3. The two copper
parts with the catching wedges are electrically insulated by a ceramic (Macor®)

spacer and the system is mounted together by a thread rod.

Figure 3.3: Heatable substrate holder.

The sample is clamped with stainless steel screws onto the Ta foil. With this con-
struction measurements up to the melting point of Cu (1083°C) were successfully
performed. The current for the measurements was supplied by a high current de-
vice, which can generate an output current up to 400 A (Input: 220 V, Output:
400 A/5 V or 200 A/10 V or 100 A/20 V). For a good electrical contact between
the copper parts and the Ta foil, the foil has to be very flat to ensure a big enough
contact area for the current.

For using this substrate holder in the PVD chamber the ceramic spacer has to be
removed and replaced by another spacer including a shielding against the sputter

deposition. This newly designed spacer is shown in Figure 3.4. Here the electrical
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insulation is realized by two Macor spacers near the Cu blocks, with a steel tube

between them.

Figure 3.4: Heatable substrate holder with Ta shielding.

It has to be guaranteed that no alternative current path is produced in the system.
This is achieved by two round Ta foils, which are assembled to form an undercut to
prevent sputtered atoms to reach this part during the deposition process.

In Figure 3.5 the whole situation during the sputter process is visible. The sputtered
atoms have a mean free path which is longer than the undercut of the substrate

holder and can therefore not build a continuous coating on the substrate holder.

R =] =

Tt

| P/ =4 | —
T . Yo

Figure 3.5: Schematic of the heatable substrate holder with Ta shielding during the sputter

deposition.
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3.2.2 Manipulator

For the delivery of the metal pieces to the sample where the droplet is formed, a
special designed supply system called "manipulator" was planned and constructed

(see Figure 3.6 and Figure 3.7).

)
\{

L

;:H
—|

NN

Figure 3.6: Schematic of the whole manip-  Figure 3.7: Image of the lower supply sys-

ulator. tem.

The aim of this device is the positioning of the metal onto the sample surface after
the substrate holder is inserted into the HT'SDD. Therefore the manipulator is moved
via a linear /rotary feedthrough above the sample surface, then a small shutter opens
a funnel and the metal for the wetting experiment slips to the surface through a bent
tube. The big advantage of this procedure is the delivery of the drop forming metal
under vacuum after the substrate holder was inserted into the chamber. So in case
of PVD experiments, the surface of the coating will never come in contact with the
ambient air. This leads to the possibility of studying wettability effects of surface

contamination through the air compared to vacuum-transported samples.
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3.2.3 Thermocouple

For the temperature measurement during the sessile drop experiments a Ni-CrNi
thermocouple is placed onto the sample surface near the molten droplet. This con-
figuration guarantees an accurate temperature measurement during the experiment.
The same flange is used for the manipulator as well as for the thermocouple, so they
have to be used one after another.

An image of the custom built Ni-CrNi thermocouple is given in Figure 3.8. The two
metal wires are welded together in one point which is put as a measuring point onto

the surface.

Thermocouple

Figure 3.8: Thermocouple for temperature measurements.

The thermocouple is inserted into an Al,O3 tube. The tube is clamped into two
aluminum blocks, which provide the mechanical stability and which are also respon-
sible for the correct positioning of the thermocouple on the sample surface. A small

but constant force of the thermocouple to the sample is realized by the difference
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of two contrarily directed forces. The pressure difference between the outside and
the inside of the plant tries to pull the thermocouple (mounted in a linear/rotary
feedthrough) into the chamber. A spring mounted outside the feedthrough is hold-
ing against this force. By adjusting this spring a small definite force presses the

thermocouple to the surface.

The calibration of the thermocouple was done by measuring the thermovoltage at
the melting point of different elements and then fitting a curve into these values. In
the lower temperature range of the calibration (up to 200°C) a hot stage was used,
and in the upper range the melting points of the following elements (Table 3.1) were

used for the calibration of the thermocouple:

Element | Melting point [°C]|
tin 232
lead 327
silver 962
copper 1085

Table 3.1: Melting points of the four elements used for the temperature calibration of the

thermocouple.

In Figure 3.9 the measured thermovoltage is drawn at the ordinate and the temper-
ature is at the abscissa. A linear fit was put through these values and is also drawn

in Figure 3.9. The equation of this linear fit is:

Utherm|[mV] = 0,0319 T[°C] — 0, 9683 (3.1)

A table generated from Equation 3.1 was then used for the following wetting exper-
iments (see Appendix, Table B.1).

For the temperature dependent evaluation of samples in the HT'SDD a tempera-
ture regulation at different given thermovoltages was done. The temperature was
increased very fast to the given value and then the temperature was held at this
point for a certain time. The results of this investigation are shown in Figure 3.10.
The experimental curve can be divided into two regions: the first one is a very

fast increase in temperature, which is nearly linear and the set temperatures can
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Figure 3.9: Calibration of the thermocouple using the melting point of four metals and a

hot stage.
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Figure 3.10: Temperature requlation for two different thermovoltages (dots - 700° C, squares
- 800°C).
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be reached in about 50 sec. The second region is a constant temperature plateau
at the set temperature and this can be held for several minutes (the estimated
time/temperature maximum is about 3 minutes/1100°C, already performed, higher
values were not necessary). This division into two parts was very satisfying, because
for later calculations (reaction rate of molybdenum carbide, see Chapter 8) it was

easy to simulate the temperature profile in these two regions by two straight lines.

3.3 Contact angle measurements

In the previous sections the parts of the HTSDD were described. Now the most
general application is shown: in situ imaging of the contact angle of molten droplets
during the wetting experiments. The output of the webcam are images with a
resolution of 640x480 pixel, recorded in a time step of one second.

In Figure 3.11 the image of a molten Cu droplet on a glassy carbon substrate is

shown.

1 mm

Figure 3.11: Image of a molten Cu droplet on a glassy carbon substrate. The final contact
angle (0 = 144°) in this non-reactive and immiscible system is reached in the first second

after the melting.

This non-reactive and immiscible system has a contact angle 6 = 144°, which is
reached during the first second of the wetting experiment. This angle is already the
final contact angle and does not change with time. With the HT'SDD experiments
up to 180 seconds at a temperature of approx. 1100°C can be performed, before the

parts of the device become too hot (temperatures up to 80 - 90 °C are reached at
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the current feedthroughs). This big contact angle is clearly a non-wetting behavior,

responsible for the bad mechanical adhesion of the Cu/C system in e.g. MMCs

(metal matrix composites: copper matrix, carbon fibers).

A different situation is created by the usage

of alloying elements in the copper. In

the Figures 3.12 to 3.17 the commercially available brazing alloy CuABA! is used as

drop material on the glassy carbon substrates. This is a typical example of reactive

wetting (see Chapter 7.3 for a detailed descri

1 mm

Figure 8.12: Image of the CuABA piece
shortly before melting.

1 mm

Figure 3.14: Droplet evolution in time due

to reactive wetting, 8 = 82°.

These figures show the time dependence of t

ption).

Figure 8.13: Image of the CuABA drop
after melting, 0 = 125°.

1 mm

Figure 3.15: Droplet evolution in time due

to reactive wetting, 0 = 59°.

he contact angle during a wetting ex-

periment. In Figure 3.12 the unmolten CuABA piece is resting on the substrate.

The begin of melting can be observed when

the surface of the cylinder begins to

deform. Then complete melting happens very fast (a few seconds) and a droplet like

in Figure 3.13 is formed. With the automati

¢ image acquisition the whole wetting

experiment is documented and the contact angle can be measured at any time step.

LComposition see Appendix F
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PR N . .
1 mm 1 mm
Figure 3.16: Droplet evolution in time due Figure 3.17: Droplet evolution in time due
to reactive wetting, 0 = 43°. to reactive wetting, 0 = 31°.

The images in Figure 3.12 to Figure 3.17 are arbitrarily chosen for the description of
the contact angle time evolution. The final contact angle in the CuABA /C system

was found to be approx. 10°.
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Chapter 4
Information from the liquid drop

Sessile drop experiments are a commonly used technique to derive characteristics of
spreading and penetration phenomena. By making one single sessile drop experiment
the following informations can be gained: contact angle, liquid surface energy and

density of the liquid. These points will be discussed in detail in the next sections:

4.1 Contact Angle 6

The contact angle of the sessile drop is measured either by a software which recog-
nizes the shape of the droplet, or by "hand". Additionally in the case of a spherical

drop the contact angle can be calculated by the following expression:

ecalc o H
tan( 5 )— I (4.1)

where H is the height of the drop and R is the radius of the substrate contact

area. The contact angle of Cu on vitreous (glassy) carbon can be found in literature
with 139° to 145° [14]. The measurement in our HTSDD gave a value of 144° and
calculating the contact angle from the height and the radius according Equation 4.1

leads to 147°, which is close to the values measured by other authors.

4.2 Liquid surface energy oy

The liquid surface energy of four different metals in a wide temperature range (Melt-
ing points: In = 159°C, Pb = 327°C, Al = 660°C, Cu = 1083°C) was measured in
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the HTSDD. The melting point of copper is the upper temperature limit of the
HTSDD due to the stability of the ceramic distance spacer by now. The Macor®
glass ceramic which was used has a continuous usage temperature of 800°C and a
peak usage temperature of 1000°C [35].

An example of all relevant distances for determining the liquid surface energy of the

sessile drop is shown in Figure 4.1.

1 mm

Figure 4.1: Image of the sessile drop, with all relevant parameters.

The exact horizontal line can easily be found by the reflection of the drop on the
substrate surface. For the calibration of the scale the unmolten diameter of the
metal disc was measured. By correlation of the measured diameters with the size of
the image (640x480 pixel) it is possible to derive a mm/px relation for the following
distance measurement in the droplet image.

A calibration of the different magnifications of the optic was done and the derived
curve is shown in Figure 4.2.

Here the conversion factor in mm/px (y-axis) is given for the different magnifica-
tions (x-axis). The distance between the sample and the optic is 175 mm. The
measurement of the geometric distances in pixel can be done by any software. The
multiplication with the conversion factor leads to the real distances in mm. For the

error estimation a uncertainty in the measurement of two pixels was assumed and
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Figure 4.2: Magnification curve of the optic. The x-axis shows the magnification and the

y-azxis gives the mm/px for the image.

error bars are drawn in Figure 4.2. They can just be seen for the first two dots, the
other ones are too close to the dots to be visible in the image.

The fitting curve was found to be a power law of the form:

y =0,0118 x~ 10112 (4.2)

As it can be seen in Figure 4.2, this power law curve fits very well to the experimen-
tal values. The coefficient of determination®, R?, which is a factor for the correlation

between measured points and fitted curve, has the numerical value of 0,9998.

The measurements were performed with big drops (several mm) to get flattened
drops due to the gravitational force. Images of the drops were taken right after
melting and the drop geometry was carefully measured. The surface energy was
calculated with both models described in Chapter 2.3. The uncertainty Aoy was
taken into consideration for an error of distance measurement of one pixel in the
image (640x480 px). If y is a function depending on n uncorrelated variables,
y=1y(xy...x,), then the uncertainty Ay of the function can be calculated from the

uncertainties Ax; of the variables, via Gauss law of error propagation

IDefinition of the coefficient of determination see Appendix G
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Ay =

Zn: ( % )2 Az (4.3)
= \0zi Z

where 0y/0x; is the partial derivative of y for the i-th variable.
In the present case the liquid surface energy depends on two variables, op, =
orv (Too, Hys) or oy = oy (d, H), according to the two different models. The
calculated values for the surface energy as well as the literature values are presented

in Table 4.1. The uncertainty Ay of the different models is also given in this table.

0°] | opy [mJ/m? Y opy [mJ/m?| Y ory [mJ/m?] 3
Cu || 144 1355 1028 + 211 1342 + 106
Pb || 128 462 541 4+ 113 413 £ 23
In || 154 555 646 £+ 91 523 £ 39
Al || 147 867 693 £+ 94 654 £+ 68

U Literature values [14]
2) model according to [14, 24]
3) model according to [26, 27]

Table 4.1: Measured contact angles and calculated liquid surface energies of different metals

on glassy carbon. The uncertainty Ay of the models is given in the appropriate column.

One can see that the model of Koshevnik [26, 27| provides a better agreement with
literature due to the assumption of small droplets (Chapter 2.3). For aluminum
both liquid surface energy values are quite far away from literature, but this can be
explained by oxidation effects of Al, since the surface energy oy of liquid oxides
is less than the surface energy of the pure metal. Many values of pure oxides and
pure metals can be found in [14] and in all cases the oy values for the oxides are
significantly lower than the values for the pure metal. In Table 4.2 some values are
summarized.

One can see that the literature value for Al,O3 is much closer to our measured value
of the Al drop in our HTSDD. This leads to the conclusion that oxidation during
the wetting experiments happens and therefore the measurement was done actually
on an oxide layer on the pure Al. In addition it can be said that measuring the

appropriate surface energy of a pure metal indicates that this metal oxidizes very
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metal | oy [mJ/m?] || oxide | ory [mJ/m?]
Al 867 Al,O4 630
Pb 462 PbO 132
Fe 1855 FeO 545
Co 1884 CoO 550
Cr 1628 Cry03 812

Table 4.2: Surface energies of liquid metals and ozides at their melting point. The surface

energy of the ozide is always lower than the surface energy of the pure metal [14].

slow, because of the same vacuum conditions during all different experiments in the

HTSDD.

4.3 Density of the liquid drop

The density of the liquid is also a value which can be derived by profile measurement
of a symmetrical sessile drop. The volume of the drop is calculated from the droplet
profile and by knowing the original mass, the density is derived. There has to be no
significant loss of mass due to evaporation for an accurate measurement.

Similar to the measurement of oy there are two ways for the estimation of the
volume: measuring the drop profile coordinates and numerical integration by using
image analysis techniques or, alternatively, by an estimation according the following

Equation 4.4:

2b  2b%sinf
=rir = - H 4.4
V=rm (5 Tgo 3 * ) ( )

where H is drop height and b, zgg, 3 are the same variables as in Chapter 2.3 (see

also Figure 2.4).
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4.4 Mass loss of the liquid

The assumption of the previous section, no mass loss due to evaporation, is not
fully satisfied in real experiments. During the wetting experiments the temperature
reaches about 1100°C. Under the high vacuum condition of the system this temper-
ature leads to evaporation already. For the most wetting experiments in this thesis
the CuABA active brazing alloy was used, which is an alloy composed of 92,77wt%
Cu, 3wt% Si, 2wt% Al and 2,25wt% Ti. In this case it is important to take care of
the vapor pressure of the individual elements.

The theoretical mass loss was calculated with two different models: an evaporation
table [36] and the formula after Knudsen [37|. The time for the wetting experiments
is about 60 seconds and the droplet is assumed to be a sphere with a radius of 1 mm

(leading to an evaporation surface of about 12,6 mm?).

4.4.1 Evaporation rate

The evaporation rate for the mass loss calculation is given in Appendix E, and was
taken from [36, 38]. In this graph the evaporation rate in [g cm™2s7!] is plotted
for several elements depending on the temperature. In our case the evaporation of
pure copper was calculated due to the high copper content in the brazing alloy. The
evaporation temperature was approximated to be 1100°C, which is a little bit higher
than the melting point of copper (T); = 1084°C).

With these parameters the evaporation table gives an evaporation rate of 5,48 X

1075 % or 5,48 x 107° 24— By multiplying this value with the surface of the

cm=s mm=s

droplet and the time for the experiment, one gets the total amount of mass loss,
0,04 mg.

4.4.2 Knudsen formula

For the evaporation of liquids into the gas phase the formula according to Hertz and
Knudsen is valid [37, 38|, which describes the amount of particles evaporating from

the liquid or solid.

Aanv —j= _po(T) (4.5)
Adt V2rmkgT ’
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With:

A = droplet surface

j = particle m=2s7!

pp = vapor pressure [Pa| depending on temperature T
m = particle mass (for copper = 1,0552 x 107% kg)
kp = Boltzmann constant = 1,38 x 10723<

T = Temperature in [K|

With this calculated particle flow j, again the mass loss during the evaporation ex-
periment is derived. The diagram for the vapor pressure of Cu (and other elements)

is given in Appendix E. At 1100°C the vapor pressure for copper is 4,61 x 10~2 Pa.
1

m2s”

By inserting the proper values into Equation 4.5 the particle flow j = 4,11 x 10%°

which is equal to 4,34 x 107° —4—. This corresponds to a total mass loss of 0,03

mg of the droplet.

In the last two subsections the mass of the evaporated element was estimated on the
one hand with an evaporation table and on the other hand with kinetic gas theory
equations. Both approaches lead to an evaporation rate in the range of 10_5%,
leading to a total amount of mass loss for the droplet of 0,03 - 0,04 mg in 60 seconds.
The actual mass loss during the wetting experiments was calculated from the mass
difference before the wetting test (mass of the brazing alloy and the substrate sep-
arately) and after the wetting test (mass of the substrate with the molten alloy
together). This led to a weight loss of about 2 mg, which is about 50 times higher
than the calculated one. Since the evaporation rate is strongly (exponentially) de-
pendent on the temperature of the source, a small change in the temperature leads
to a strong increase in the mass flow. In our calculation a temperature enhancement
of 50°C leads to an increase of the evaporated mass to 0,08 mg, decreasing the differ-

ence to the real experiment to a factor of 20. A temperature difference of 240°C to

the temperature of 1100°C would evaporate the complete mass of 2 mg in 60 seconds.
The composition of the CuABA wire was checked by EDX before and after the

wetting experiment, and the result is presented in Table 4.3. Here the composition

in at% of the CuABA wire before and the CuABA droplet after melting is shown.
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Al [at%] | Si [at%] | Ti [at%] | Cu [at%)]
CuABA wire 10,0 7.9 2,5 79,6
CuABA droplet 5,1 10,7 10,4 73,8

Table 4.3: EDX measurement of the CuA BA wire before and the CuABA droplet after the

wetting experiment.

The pressure in the chamber during the wetting experiment was in the region of
2 -5 x 1073 Pa. At the temperature of about 1100°C the vapor pressure of the
components of the CuABA brazing alloy is: 2 x 107> Pa for Ti, 6 x 10~* Pa for
Si and 5 x 107! Pa for Al. This means that at the temperature and the pressure
in the experiment Al is far below its vapor pressure and evaporates already. Ti and
Si are still above their vapor pressure and in the solid phase. This is in agreement
with Table 4.3, where Al shows a mass loss of the half of the original mass but Si

and Ti have higher concentrations (due to the loss of the other components).

For the calculation of the real masses of the CuABA elements in the alloy the at%

values from Table 4.3 were converted into wt% and are shown in Table 4.4.

Al [wt%/mg] | Si [wt%/mg] | Ti [wt%/mg] | Cu [wt%/mg]
CuABA wire | 48 /1,68 | 3.9/137 | 21/074 | 89,2/ 31,33
CuABA droplet | 24 /079 | 54 /1,78 | 89 /294 | 83,3/ 27,49

Table 4.4: The same EDX measurement of the CuABA as in Table 4.3, but this time

converted to wt% and masses of the droplet.

For the CuABA wire the original mass of about 35 mg was used and for the CuABA
droplet after the wetting experiment the mass of about 33 mg (evaporation of about
2 mg, see above) was used for the calculation of the individual masses of the CuABA
components Al, Si, Ti and Cu (see again Table 4.4). This is also an indication for
the evaporation of Al and Cu during the wetting experiments in the HT'SDD cham-
ber, although some uncertainties from the EDX measurements have to be taken into

consideration (accuracy, uniformity of the sample).
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The stability of the Sigradur substrate during the wetting experiments was tested
by a heat treatment of the carbon substrate alone in the HTSDD (with the same pa-
rameters as the wetting experiments: about 1100°C and 60 seconds). The weight of
the Sigradur substrate was measured before and after the annealing, with the result
of no significant mass loss. The evaporated mass during the wetting experiments
therefore results just from the molten CuABA droplet, and is hardly affected by the

Sigradur substrate.
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Chapter 5

Physical Vapour Deposition -
Sputtering

The applications of thin films in industry and science are manifold. Thin films
are used in optics for transmission and reflexion changes of glasses, semiconductor
industry and materials science for tribology, hardness, corrosion and wear resistance.
A big application is the usage of thin magnetic films for information storage, e.g.
as harddisks in personal computers. In general, thin films are always used when
different material properties between the surface and the bulk of a component are
required. Also for the joining of different materials in a compound, thin films (then
they are called interlayers) are of great technological interest.

In the present case, more precisely, the application of thin films as wetting promoters
during brazing is of interest. Here the thin film should increase the wetting behavior

of the liquid braze, resulting in a better joined compound.

5.1 Basics of the Sputtering process

Physical Vapour Deposition (PVD) means the deposition of a coating from the gas
phase, including evaporation and sputtering. In the following we always refer to
sputter deposition.

Atoms from a solid target (which is the coating material) are ejected into the gas
phase by bombardment with energetic ions. Sputtering is driven by momentum

transfer from these ions to the atoms in the target material. This non thermal
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transfer to the gas phase is the big advantage of sputtering, because almost every
material is suitable as target.

The ions for the sputtering process are supplied by a gas discharge in the vacuum
chamber. The easiest way is to put a voltage between the target as cathode and the

substrate as anode, with Ar as working gas, see Figure 5.1.

_'A;: | | Target
o / ooo
+ 000 0% o M

Ar o OOOOOOO ° o%

/o
ecoccoccocsesed Film growth

‘ | Substrate
+

Figure 5.1: Schematic of the sputter process, M are the ejected target atoms.

Advantages of sputtering are:
e many substrate materials (metals, ceramics, glass)
e big variety of coating materials (metals, alloys, oxides, carbides, nitrides)
e good adhesion
e free choice of substrate temperature
Disadvantages of the sputtering process are:
e low deposition rate and film thicknesses
e high technical effort for achieving and maintaining the vacuum
e not suitable for complex geometries

The described advantages made sputtering a commonly used deposition technique.

In the practical use a magnetron sputter system is favored, leading to a lower sputter
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pressure (0,1 Pa instead of several Pa) by trapping the electrons from the plasma
near the target with a B-field generated by permanent magnets. By using a RF
(radio frequency) power supply, the sign of the anode-cathode voltage is changed at
a high rate (13,56 MHz) which is necessary for semi-conductor and insulator targets
to suppress charging. Sometimes for cleaning purposes an additional negative bias
(up to - 200 V) on the substrate is used.

The PVD plant used in this work for the deposition of films was an ALCATEL
SCM 451 with two magnetron sputter targets, DC and RF power supply and two
gas inlets for reactive deposition of nitrides. A base pressure of approx. 107° Pa

was achieved.

5.2 Reactive sputtering of stoichiometric and sub-

stoichiometric TiN films

TiN coatings are a candidate for wetting promoting thin films in the system C (in
the modifications: graphite, CFC, ...)/Cu(Cu-alloy). Literature gives evidence that
the contact angle of Cu on TiN films depends on the nitrogen concentration in the
coating, resulting in decreasing contact angles with decreasing nitrogen content. Al-
most complete wetting is reported for TiNg 5 [14, 39]. Therefore stoichiometric and
substoichiometric TiN films were deposited onto glassy carbon for wetting experi-
ments. For reactive deposition of films two gas flow controllers are necessary: one
for maintaining a constant Ar flow and one for a variable N flow. The Ar pressure
was 0,23 Pa and the total pressure was recorded during the increase of the N flow.
The pressure vs. nitrogen flow graph is shown in Figure 5.2.

One can recognize a significant increase in the total pressure at a certain nitrogen
flow point. This point is the switch point of TiN sputtering. Below the switch
point the growing TiN film absorbs all nitrogen atoms from the gas phase and the
pressure stays constant. After the switch point there are too many nitrogen atoms
to be absorbed by the film, hence the pressure is increased in the chamber. The
nitrogen flow at this significant point is just enough to lead to a stoichiometric TiN
coating. Nitrogen flows below the switch point are suitable for the deposition of

substoichiometric TiN,.; films.
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Figure 5.2: Total pressure vs. nitrogen gas flow.

In Figure 5.3 a golden TiN coating is shown, which gives indication that the coating

is near the stoichiometric ratio. In contrast Figure 5.4 shows a gray substoichiometric

TiN film.

Figure 5.3: Stoichiometric TiN. Figure 5.4: Substoichiometric TiNg3.

For the determination of the N and Ti content of the coatings Rutherford Backscat-

tering (RBS) measurements were performed at the Max Planck Institute for Plasma

Physics (IPP) in Garching. The results of these measurements are presented in
Table 5.1 and Figure 5.5.

Five samples with the same Ar flow in standard cubic centimeters (scem) but dif-

ferent Ny flows were analyzed. The golden sample had a N/Ti ratio of 0,93 which

proved the approximate stoichiometry of the TiN coating. By plotting the at% of

Ti and N against the Ny flow one can recognize the linear dependence of the atomic
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TiN22 | TiN24 | TiN25 | TiN27 | TiN30

Ar [scem] 8,1 8,1 8,1 8,1 8,1

Niscem| | 1,3 | 1.1 | 09 | 07 | 05
N/Ti 093 | 054 | 030 | 015 | 0,08

Table 5.1: Flow parameters and N/Ti-ratio for different TiN, coating.
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Figure 5.5: Ti and N at% against the Ny flow.

percentage on the nitrogen flow. This proved the possibility of sputter deposition of

each desired TiN, stoichiometry in our PVD plant.

5.3 Comparison of reactively sputtered TiN with

literature data

Reactive magnetron sputtering is a widely used technique to produce nitride- or
oxide- coatings. A lot of literature can be found dealing with the different production
routes for TiN coatings [40, 41, 42, 43, 44, 45, 46, 47, 48, 49]. Most of them report of
sputtering in a mixed atmosphere of Argon and Nitrogen gas, with a fixed relation
between the two amounts of gas. In many cases the measurement is done with a gas

flow controller and the two gas flows are given in sccm.
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Two papers found in literature are dealing with a model of reactive sputtering of
TiN [50, 51], and give curves for the nitrogen partial pressure in the chamber in de-
pendence of the nitrogen flow. This graph was extracted from the literature and in-

serted into Figure 5.6, where the comparison with the experimental results is shown.

Comparison TiN sputtering with Literature

0,02 X /
/ —e— Nincr. (Exp.)
0,015 q/x // —o— Ndecr.(Exp.)
001 A —&— Nincr. (Lit.)
// / / —»— Ndecr. (Lit.)
0,005
z " ’ﬁi’f%
0

0 0,5 D A1 1,5 2

0,025

partial pressure [Pa]

N Flow [sccm]

Figure 5.6: Nitrogen partial pressure over nitrogen flow. The reactive sputtering parameters

in our PVD plant is compared with values found in [50, 51].

In Figure 5.6 the experimental and the literature partial nitrogen pressures are
given for increasing (incr.) and decreasing (decr.) nitrogen flow. In each of the two
data sets a hysteresis between increasing and decreasing the nitrogen flow is visible.
According to [50, 51| the following processes are involved:

Increasing the nitrogen flow over point A results in a nonlinear increase of the
formation of nitride at the target. When the target gets partially nitrided, the
nitrogen consumption decreases. Thus, less nitrogen is gettered and the nitrogen
partial pressure is increased. This increase in nitrogen partial pressure will cause a
further increase of the nitride formation at the target. Then even less nitrogen is
gettered and the nitrogen partial pressure increases further, and so on. A runaway
situation emerges that shifts the operating point from A to B. An analogous situation
appears if the nitrogen flow is decreased. Reaching point C (coming from higher
flow values) will cause a similar runaway situation that shifts the operating point
from C to D.
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In [50, 51| the following equipment and parameters were used: a MRC rf-diode
sputtering system SEM-8620, the Ti target had a diameter of 127 mm and the
TiN was sputtered in a mixture of argon and nitrogen. The ratio between them
was controlled by mass flow controllers and the total sputtering pressure was kept
constant at 1,33 Pa. These parameters differ from those used in our experiments
(see above). Nevertheless, the match between our results and the literature results is
clearly visible in Figure 5.6, which shows the hysteresis in both data sets, although

absolute values are slightly shifted against each other.
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Carbon with Interlayers

6.1 Surface energy of carbon modifications

The surface energy of carbon is strongly dependent on the modification which is
used. There is a big difference between graphite, vitreous carbon, diamond and
pyrolytic graphite. In the literature the following values for the surface energy ogy
were found: The graphite basal plane has a ogy of about 150 mJ/m?, whereas the
planes perpendicular to the basal plane has values of about 500 mJ/m? [14, 52|. For
vitreous carbon ogy was found to be 32 mJ/m? and for diamond values of about
4000 mJ/m? are reported [14]. Also for the basal plane of pyrolytic graphite a high
value is reported, 1139 mJ/m? in [53].

The surface energy of the Sigradur®G glassy carbon substrates was measured by
ourselves, values between 37 - 54 mJ /m? were obtained [54]. A sessile drop technique
was used and the calculation method after Owens et al. [55] was applied. Here the
contact angle of at least two different liquids with known surface energies o, on
the unknown solid substrate is measured.

According to [55] the work of adhesion can be written as:

W, =2y/ogy? oy 4+ 24/ og,” 017 (6.1)

where d and p means the dispersive and polar part of the surface energy, respectively.

Inserting Equation 6.1 into Equation 2.5 leads to

oy (14 cosl) =24/og,? 017 + 24/ 05" 07" (6.2)

— 50 —



CHAPTER 6. CARBON WITH INTERLAYERS

with some rearrangement this leads to the following expression:

L+cost oy o o p
5 ot \V Tsv P T4/ 0sv (6.3)
which can be considered as a linear equation of the form
y=k-x+d (6.4)
with
14cosl oy oy
Y= > o k=1\og' x= 7, and d=/og,%  (6.5)

By knowing the polar and dispersive part of the liquid surface energy oy, one can
calculate o4,” from the slope of the straight line and o4, from the intersection of
the straight line with the y-axis. The measurement was done with three test liquids,

the values of their surface energies are given in Table 6.1.

liquid ot [mJ/m?] | ot ImJ/m?] | opy [md/m?]
distilled water 51,0 21,8 72,8
ethylene glycol (EG) 16,8 30,9 477
EG:water=>50:50 41,1 20,51 61,6

Table 6.1: The three test liquids with known O'va and O'Lvd values for the measurement

of the surface energy ogy of a substrate [56].

The result of the measurement on Sigradur®G is shown in Figure 6.1.
The three test liquids give three points in the graph (squares in Figure 6.1) which are
on one straight line, representing Equation 6.3. A good accuracy is given because

the points are close to the straight line.

Our measurements are close to the measurements of vitreous carbon [14]. This is
sound due to the fact that these two names (glassy, vitreous) are used for the same
carbon modification. They have a highly disordered structure, consisting of curved

carbon planes showing a fullerene-related structure [57]. An image of glassy carbon
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Figure 6.1: Owens-Wendt plot for the determination of the liquid surface energy.

Figure 6.2: TEM image of the structure Figure 6.3: Proposed structure of glassy
of the glassy carbon - Sigradur [57]. carbon [58, 59].

from the manufacturer is given in Figure 6.2 and the proposed microstructure is
shown in Figure 6.3.

This microstructure from the manufacturer and from literature was confirmed in
former work [60] and a TEM image is given in Figure 6.4.

The low surface energy of the glassy carbon is one reason for the bad wetting of Cu

on this material.
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Figure 6.4: TEM image of the structure of glassy carbon - Sigradur® G. In contrast to

Figure 6.2 this image was taken from a thicker part of the sample.

6.2 Wetting experiments

On a glassy carbon substrate wetting experiments with pure Cu and with the
CuABA brazing alloy were performed. In the case of pure Cu a complete non-
wetting behavior was obtained, with a contact angle of approx. 144°. The equilib-
rium contact angle in the case of CHABA was approx. 10°. The time evolution of the
contact angle in the CuABA /C system and the mechanism of it (reactive wetting)
will be explained in detail in Chapter 7.3.

In Figures 6.5 and 6.6 the images obtained by the HT'SDD are given, showing the
contact angle of Cu on C and the contact angle of CuABA on C, respectively.

The completely different wetting regimes (non-wetting and wetting - by reactive
wetting) can be seen in these two images. The CuABA/C sample was prepared
in cross section and investigated by means of Scanning Electron Microscopy with
Energy Disperive X-Ray Detection (SEM/EDX). Two SEM images of the interfacial
region between CuABA and glassy carbon are given in the Figures 6.7 and 6.8.
Both images were taken from the same sample. At first sight the different thicknesses
of the reaction layer is visible, in Figure 6.7 the thickness is approx. 4 pm, in

Figure 6.8 the thickness is approx. 2 um. Despite this difference the images in both
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Figure 6.5: HT'SDD image of liquid Cu on
glassy carbon. The contact angle in this

144° and is

reached in less than one second.

non-wetting case 1S approx.

r

CuABA

Reaction layer 1

- : : -

Reaction layer 2

Figure 6.7: SEM image of the interface
CuABA/C. The formation of two reaction

layers and a detachment in the joint is vis-

ible.

Figure 6.6: HTSDD image of liquid CuABA

on glassy carbon. The equilibrium contact

angle of approx. 10° is reached in about 80

seconds.

CuABA AT AP
] 7 ~_ Reaction layer 1

Reaction layer 2

Figure 6.8: SEM image of the interface
CuABA/C. In contrast to Figure 6.7 the de-
tachment in the joint is between the two re-

action layers.

cases show two different reaction layers, a thinner one near the CuABA brazing

alloy and a thicker one near the carbon side. After the wetting experiments the

solidified droplet adhered well to the glassy carbon substrate, but the microstructural

investigations showed delaminations in the joint. They occur either between the

reaction layers or between reaction layer 2 and the carbon substrate.

EDX measurements of these two reaction layers were performed. The composition
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of the reaction layers is given in Table 6.2.

Reaction layer 1 || Reaction layer 2
Element || wt% at% wt% at%
C 42,1 73,0 63,4 82,1
O 4.1 5,2 10,4 9,9
Si 0,7 0,5 0,2 0,1
Ti 35,8 15,6 14,7 4.9
Cu 17,3 5,7 11,3 3,0

Table 6.2: EDX results of the two different reaction layers. A significantly higher Ti content

can be seen in reaction layer 1.

The EDX results showed a significantly higher Ti content in the reaction layer 1,
which is nearer to the CuABA brazing alloy. Si was detected in the precipitations
visible in both images.

The alloying element Ti in the CuABA brazing alloy is responsible for the significant
wetting transition from non-wetting in the pure Cu case to the excellent wetting in
the CuABA case. The Ti forms a reaction layer on the carbon surface which is much
better wetted by the liquid drop. The addition of elements in the drop material which
form good wettable reaction layers is a well known method to improve the wetting
of the liquid [14].
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6.3 Coatings on Carbon

In a first preliminary experiments different coatings in several thicknesses were sput-
ter deposited and the wetting behavior of a pure Cu droplet was investigated. The
coating materials were: Mo, Ti, TiN, W, Cr, Al and AIN, with each of them in
the thicknesses of 10, 20, 50 and 100 nm. In the case of TiN and AIN it has to be
mentioned that the coatings were sputtered in a pure nitrogen atmosphere and no
stoichiometric analysis was done to check the composition. Due to the non-golden
appearance of the TiN it seems that it is not real stoichiometric TiN but some kind
of mixture. The same is true for the AIN coating. This was done before the nitrogen
gas flow controller was implemented into the PVD plant. An overview with optical

images of all samples described above is given in Table 6.3.

These experiments were done in an evaporation plant by resistive heating, prior
to the finalization of the HTSDD. So no in-situ observation of the experiment was
possible, the optical images were taken afterwards. The images showed in the most
cases (W, Cr, Al and AIN) non-wetting and delamination. In the W case the Cu
droplet wets the coating partially but also leads to the disappearance of the W
coating by solution of W into Cu. The Cr, Al and AIN coatings are not stable
during the experiment.

In this study just the Mo and the Ti films, preferentially the thicker coatings, show
wetting behavior with the Cu droplet leading to contact angles less than 90°, and
very low values for the Mo coatings. Therefore these two elements can be seen as
wetting promoting thin films. The results for the TiN films are not too reliable due
to the above mentioned sputter method but according to literature and the project

partner, TiN films are of great interest and have the property to enhance wetting.
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Chapter 7

Substoichiometric TiN as wetting

promoter

The mechanism of reactive sputtering of TiN coatings has been presented in Sec-
tion 5.2. There it was shown that stoichiometric TiN films can be achieved by using
two mass flow controllers, one for the argon and one for the nitrogen flow. Substo-
ichiometric TiN, films were then generated by reducing the nitrogen flow into the
vacuum chamber. With this procedure the production of stoichiometric TiN and

substoichiometric TiN, coatings for further investigation was carried out.

7.1 Introduction to TiN

The application of TiN as wetting promoting thin films in plasma facing components
has been suggested by the project parter ARI Ansaldo Ricerche S.p.A., Ttaly. They
performed earlier experiments with Chemical Vapor Deposition (CVD) TiN which
seems to improve the wetting of the brazing alloy on CFC, but no detailed study
was done in this case.

In literature [14, 39| some information about Cu and Cu-alloys on TiN, films can be
found. The contact angle of pure copper on TiN is in the non wetting regime (0 =
96° - 110°). Two ways are reported in literature to decrease the contact angle and
improve the wetting: the stoichiometry of the coating is one important factor and
the addition of carbide forming elements into the pure Cu is the other one. By using

substoichiometric TiN, films the contact angle can be decreased to values between
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46° - 60°. The addition of 5 at% Ti to Cu leads to a contact angle on TiN of only
12°. So commercial Cu brazing alloys often have additions of elements like Ti and

Si (the elemental composition of the CuABA brazing alloy is given in Appendix F).

7.2 TiN experiments

The brazing alloy used in the plasma facing components is the commercial CuABA-
alloy!. Therefore all following experiments were done with this brazing alloy.

For the investigation of the influence of the substoichiometry of the TiN, coating a
wettability study of CuUABA on different TiN coatings with several substoichiome-

tries was performed. For this wetting study the samples given in Table 7.1 were

produced:
Sample | Ar [scem| | No [scem]| | thickness | stoichiometry x
Ti 8,1 0 100 nm 0
TiN12 8,1 1,2 100 nm 1
TiN10 8.1 1,0 100 nm 0,6
TiNO8 8.1 0.8 100 nm 0.3
TiN06 8.1 0,6 100 nm 0,15

Table 7.1: Sample parameters of the wettability study of CuABA on different TiN, stoi-

chiometries.

The stoichiometry of the samples was checked by RBS and the values for x are given
in the last column of Table 7.1. Additional one pure carbon sample was tested as
reference material without an interlayer. A piece of CuABA was used as brazing
alloy. Images of the samples after the wetting study are given in Figures 7.1 - 7.6.
There the solidified CuABA drops on the samples are shown.

From these images one common feature is visible: the wetting in the final stage
is very good for all samples, with contact angles of about 10°. But the time for
reaching the final contact angle differs significantly which will be discussed later.

The solidified drop has a highly spherical shape which indicates uniform wetting.

!Composition and material parameter see Appendix F
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Figure 7.1: CuABA on glassy car- Figure 7.2: CuABA on 100 nm Ti

bon. coating.

Figure 7.83: CuABA on TiN12. Figure 7.4: CuABA on TiN10.

Figure 7.5: CuABA on TiNO8. Figure 7.6: CuABA on TiNOG.

In some of the samples the solidified drop detached from the substrate, leading to
a crater in the carbon (see Figure 7.5). This happens in the last stage of cooling
in the HTSDD and may be attributed to stresses in the sample. Repeating the
experiments leads to uncorrelated results, the detachment or the non-detachment
on the same sample happens arbitrarily. The very fast cooling process (from 1100°C
to room temperature in approx. 10 minutes), which seems to be responsible for the

detachment, should be optimized to reduce the stresses.

For the time evolution of the contact angle of the substoichiometric TiN, films the
images during the wetting experiment were analyzed and the value of the contact
angle was plotted vs. the time. This was done for all samples and the results are
shown in Figure 7.7, where the difference in the time evolution is clearly visible.

The slowest wetting of CuABA occurs on the pure carbon sample without any
interlayer. Here the time for reaching the final contact angle is about 80 seconds.
The deposition of any kind of interlayer leads to a strong decrease in the wetting

time. A pure 100 nm Ti interlayer reduces the wetting time to about half the value
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Contact Angle of CUABA on different samples
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Figure 7.7: Contact angle study of CuABA on different samples. The reduction of wetting
time can be seen for all interlayers, also the clear dependence on the stoichiometry of the
TiN, film is visible.

of pure carbon. The usage of TiN or substoichiometric TiN, coatings leads to a
further decrease in wetting time. The stoichiometry of the TiN, coatings also has
a strong influence on the wetting behavior. A reduction of the nitrogen content in
the coating leads to faster wetting of the CuABA brazing alloy, resulting in reaching
the final contact angle after 10 seconds for the TiNg 15030 film. These results are in
agreement with the literature [14, 39], where a correlation between film stoichiometry
and contact angle is reported.

To quantify the dependence of the wetting time on x, the time 790, to reach a
contact angle of 20°, is plotted in Figure 7.8 vs. the stoichiometry of the film.

The x-axis is the stoichiometry of the film and on the y-axis 7990, which is the time
for the contact angle to reach 20°, is drawn. For the TiN, samples a linear depen-

dence of T on the x values is visible.

— 61 —



CHAPTER 7. SUBSTOICHIOMETRIC TIN AS WETTING PROMOTER

30

Bl %
A e
iR yd

Time Tz [s]

0 0,2 0,4 0,6 0,8 1 1,2
Stoichiometry [x] in TiNy

Figure 7.8: Time Toge for reaching a contact angle of 20° vs. the TiN stoichiometry. A

linear dependence between time and stoichiometry is visible.

For brazing trials of CuABA on carbon the following two interlayers were used: the
stoichiometric TiN coating and the substoichiometric TiN, with the fastest wetting
characteristics. The aim is to find a difference of the two coatings and improve the

wetting behavior of the CuABA brazing alloy.

7.3 Reactive Wetting

The previous section (CuABA on TiN) is an example for reactive wetting. This
means the alloying of the drop with elements that form a reaction layer at the
solid /liquid interface. This reaction layer should enhance the wetting behavior. A

more detailed view of this topic is given next.

7.3.1 Introduction to Reactive Wetting

The literature [14] divides reactive wetting into the case of simple dissolution of the
solid in the liquid and the case of the formation of a 3D compound (reaction layer)

at the interface.

Reactive wetting is divided as follows:
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[. Dissolution wetting

1. oy and ogy, values insensitive to dissolution

2. oy and og;, values sensitive to dissolution
II. Formation of 3D compound

1. Reaction product wettability

i. Reaction product more wettable than the substrate

ii. Reaction product less wettable than the substrate
2. Spreading kinetics

i. Reaction limited spreading

ii. Diffusion limited spreading

In the first case (I.1.) the dissolution of the solid into the liquid is assumed not
to change significantly the surface and interface energies, oy and og;,. Here only
the geometry at the triple line is changed. In the second case (I.2.) the interfacial
energies are modified due to dissolution of small quantities of tensio-active species
of the solid, but the solid/liquid interface is assumed to remain nearly flat. These

two cases are shown in Figure 7.9.

L

S

O\

a) b)

>

Figure 7.9: The two cases of dissolutive wetting: a) Dissolution of the solid modifies the

geometry of the triple line. b) Modification of the interfacial energies of the system, while

the S/L interface remains macroscopically planar.

Interfacial reaction causes the formation of a dense 3D layer of solid reaction product.

The thickness of this reaction layer will be assumed to be negligible compared to the
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drop size, so that this layer does not disturb the measurement of the macroscopic
contact angle. From literature results it has been concluded that wetting in reactive
systems is governed by the final interfacial chemistry at the triple line rather than
by the intensity of the reaction.

As given in the above classification two possible cases of wetting the newly formed
reaction layer are possible: the reaction product is more (II.1.i.) or less (IL.1.i.)
wettable than the substrate. In the present work on wetting promoting thin films,
the case of less wettability of the reaction layer is not interesting and therefore omit-
ted. The formation of a reaction layer which promotes the wetting of the alloy is

more relevant.

Two possible configurations can be produced at the triple line when the final contact

angle is reached: a stable and a metastable configuration (see Figure 7.10).

a) b)

Figure 7.10: Possible configurations of the reacting system at the triple line when the
steady-state contact angle is reached. a) stable configuration, b) metastable configuration.

The reaction product is marked with P.

The stable configuration has a layer of reaction product P extending on the free
surface of the substrate (Figure 7.10.a), while in the metastable configuration the
reaction layer does not extend over the edge of the drop (Figure 7.10.b). The
metastable configuration is possible if the extension of the reaction layer outside the
drop edge is blocked by thermodynamic barriers. A critical layer thickness d¢ can be
calculated from the Gibbs energy of the reaction per unit volume of P (Figure 7.10)
and the change of the interfacial energies [14]. This leads to a critical thickness
of about 1 nm. Only for thicknesses less than do the metastable configuration is
possible. Real reaction layers found in literature are orders of magnitude thicker (um

- range). Except for very unrealistic values of Ao and AG, thermodynamic barriers

— 64 —



CHAPTER 7. SUBSTOICHIOMETRIC TIN AS WETTING PROMOTER

to the lateral growth of P on the substrate exist, therefore the final configuration
expected for reactive wetting is the stable one.

For the spreading kinetics of reactive wetting two limiting cases can be defined, by
comparing the rate of the chemical reaction at the triple line to the rate of diffusion
of reactive solute from the drop bulk to the triple line. In the reactive wetting case
it is considered that the liquid metal consists of a solvent A containing a reactive
solute B. The reaction product P is better wetted by the A-B alloy than the initial
substrate.

This leads to the distinction of reaction and diffusion limited spreading [61, 62].

Diffusion limited spreading

When the local reaction rates are comparatively high, the rate of lateral growth of
the reaction product at the triple line is limited by the diffusive supply of reactant
from the drop bulk to the triple line. The contact angle decreases during wetting
and so the reduction of the reactant in the diffusion field will lead to a continuous
decrease in the reaction rate. This results in the decreasing movement of the triple
line, see Figure 7.11. Therefore time-dependent spreading rates are expected in this

case.

A+B

B
2 N

— —>

v = decreasing

Figure 7.11: Diffusion controlled reactive wetting: The limiting factor is the transport of the
reactant from the liquid to the reaction at the triple line. The triple line velocity decreases

during the wetting experiment.

In a liquid the solute is transported by convection and diffusion; the governing
equation is Fick’s second law written in the frame of reference of the moving triple

line with the velocity u,

oC

DA = —
C+uV(C BT

(7.1)
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with C as concentration of reactive species and D as diffusion coefficient in the
liquid. By assuming just diffusion near the triple line, the second term on the left
hand side which represents convection can be neglected. A solution for Equation 7.1
is presented in [63| and [62], with the result:

dR  2DFy
dt — en,

where R is the drop base radius, n, is the number of moles of reactive solute per

(Co—Ce)0 (7.2)

unit volume of the reaction product, e is the reaction product thickness at the triple
line, Cy is the bulk drop concentration, C, is the concentration of reactive solute in
equilibrium with the reaction product (such that C'= C. at the triple line) and Fi
is a function of time, which varies only weakly and can be assumed as a constant
with a numerical value 0,04.

For a spherical cap shaped droplet with the volume V the contact angle can be

approximated by § = 4V/ (7 R3). Inserting this relation into Equation 7.2 yields:

R* = const. V't (7.3)

Here the exponents of R and V are 4 and 1, respectively. A plot of the radius R over
the time t for an arbitrary volume V is given in Figure 7.13. The decrease in the
triple line velocity of the diffusion limited wetting regime can be seen, so plotting R

vs. t gives evidence of the reactive wetting regime.

Reaction limited spreading

In this limiting case the chemical kinetics at the triple line are rate limiting because
diffusion within the droplet is comparatively rapid. In this case the rate of reaction
and hence the triple line velocity are constant with time, see Figure 7.12 (if the reac-
tion does not change the global drop composition significantly, so that the chemical
environment of the triple line is constant with time).

This means:

R' = const V' t (7.4)

where the exponents of R and V are 1 and zero, respectively. By plotting the droplet

radius vs. the time, one gets the straight line in Figure 7.13. The difference in the
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Figure 7.12: Reaction controlled reactive wetting: It is limited by the time for the reaction

at the triple line. The triple line velocity is constant during the wetting experiment.

time evolution of the two curves is evident, so the distinction of these two extreme
cases - pure reaction limited or pure diffusion limited spreading - should be easy to

malke.

Reactive Wetting

-~
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Figure 7.13: Comparison between the two different reactive wetting regimes: diffusion con-

trolled and reaction controlled reactive wetting.

7.3.2 Analysis on different samples

The identification of the type of reactive wetting was done in three different sample
systems: CuABA on pure carbon (glassy carbon), on a Ti thin film and on a stoi-
chiometric TiN thin film, both deposited on carbon. The wetting of the substrates
with the brazing alloy was recorded until a final contact angle was observed (in all
three cases about 10°). The samples just differ in the time for reaching the final
contact angle. With the additional interlayers the time was less than half the time

for the carbon substrate (see the x-axis in Figure 7.14 - Figure 7.16).
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Figure 7.14: Droplet radius vs. time of CuABA on Carbon.
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Figure 7.15: Droplet radius vs. time of CuABA on Ti.
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Figure 7.16: Droplet radius vs. time of CuABA on TiN.
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In Figure 7.14 the wetting behavior of CuABA on pure carbon, in Figure 7.15
CuABA on a Ti interlayer and in Figure 7.16 CuABA on a TiN interlayer is shown.
In these figures the radius of the droplet is plotted vs. the time, and in all three
different cases the experimental values (solid dots) can be fitted with a straight line.
Based on the considerations in the previous section this leads to the identification of
the wetting regime to be reaction limited. The data after reaching the final contact
angle (similar to the largest radius) are not drawn in all figures, so in these cases

the last data value means the largest radius.

In the above examples of reactive wetting the CuABA brazing alloy reacts with
the substrate material (pure or with additional interlayer), forming a reaction layer
which promotes the wetting of the liquid drop. The chemical elements found in
these reaction layers are mainly Ti, Si, Cu, C and even N (see Table 6.2, Table 7.2
and Figure 7.37). So these elements are involved into the formation of the reaction
layers and therefore responsible for the good wetting of the liquid droplet.

The possible phases build from these elements are manifold: SiC, TiC, TiyC, SigNy,
CuN, TiCN and SiCN, several phases of TiCu, TiSi, and CuSi. Some of these phases
are known as wetting promoters for Cu e.g. TiC and SizNy, others e.g. SiC is not
wetted by pure Cu [14], but for the most of them no data is available. Despite no
exact determination of the phases in the reaction layers has been performed, the

improvement of the wetting behavior by them is significant.

7.3.3 Cross sectional investigation

During the wetting experiments the wetting alloy spreads over the surface of the
substrate and reaches the final contact angle. These experiments are performed at
the melting temperatures of the brazing alloy, which is 1024°C in the case of CuABA,
so at high temperatures compared to standard soldering. The cooling down after
the experiment is just done by turning off the current of the resistance heater and
leaving the sample in the water cooled clamps. This results in a cooling rate of
approx. 2 K/s (in approx. 10 min room temperature is reached).

The solidified droplets showed two different adhesion behaviors: either the solidi-
fied droplet adheres well to the substrate (either on the whole substrate or a small

piece which broke out of the substrate) or the solidified droplet detached from the
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substrate. This happened with the CuABA brazing alloy on the same substrates or
interlayers. These two different cases where investigated by cross sectional prepara-
tion of the samples. In Figure 7.17 the cross section of CuABA on a 100 nm TiN film
is shown where the droplet adheres to the glassy carbon substrate. In contrast, in
Figure 7.18 the droplet detaches from the substrate and just the drop was prepared

in cross section.

Figure 7.17: Cross section of CuABA on Figure 7.18: Cross section of CuABA on

TiN with an continuous reaction layer. TN with a non continuous reaction layer.

In Figure 7.17 a reaction layer at the interface CuABA /C is clearly visible. On the
entire interface this reaction layer is continuous. A different behavior is found in
the case of the detached droplet. Here on the interface and also in the bulk drop a
darker phase is found, but not as continuous layer (see Figure 7.18). So in a quick
assumption the adhesion of the CuABA on the carbon substrate can be attributed
to a continuous reaction layer formed at the interface of brazing alloy and substrate,
which is in general the goal of reactive brazing alloys. The difference in adhesion
of equal samples is not yet clear, but some small heating differences in time or
temperature drift during the experiment can be the reason for this.

The mismatch in the Coefficients of Thermal Expansions (CTE) is the reason for
stresses in the materials and therefore responsible for the delaminations. The CTE
of CuABA is 19,5 x107% K=! (from room temperature to 500°C) and 2,6 x1076 K~!
for the glassy carbon (Sigradur G) substrate (from room temperature to 200°C). The
large mismatch leads to stresses which have to be complied by an interlayer to avoid
cracks and delamination in the joint. This is a possible explanation of the above

situation: in the sample with the non continuous reaction layer the CuABA is next
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to the carbon and so the mismatch is too high for bonding, in the other sample
the continuous reaction layer between CuABA and the carbon plays the role as an
intermediate layer for stress reduction.

On these cross sections EDX measurements were done to investigate the two different
phases visible in the images. The spectrum of the brighter, Cu shining phase is shown

in Figure 7.19 and the spectrum of the reaction layer is given in Figure 7.20.

RAVP40'Costin'EDX2007 Kitzmantel200T\AD70260_BTiN09_spot2_02.5pc RAVPA0'Costin'EDX2007 Kitzmantel2007'A0T0259_BTiH09_spot1_02.5pc
Spot 0230zu 66TGesamt LSecs: 1 Spot 0230zu 667Gesamt LSecs: 7
642 1.0 4

Cu

513+ 0.8

385 0.6

Cnt KCnt|

256 04 +

128 0.2
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7 T
Figure 7.19: EDX spectrum of the Figure 7.20: EDX spectrum of the darker
brighter phase in the CuABA alloy. phase/reaction layer in the CuABA alloy.

The concentration of the elements (in at%) of the two phases is given in Table 7.2,
showing the high Cu concentration in the brighter phase compared to the high Ti

and high Si amount in the reaction layer phase.

reaction layer | brighter phase
Cu 8,2 52,0
Ti 254 -
Si 16,5 3,8
Al - 4.9

Table 7.2: EDX results on the cross sectional samples: Elements in at% in the reaction

layer near the interface and in the brighter phase of the sample.

Due to just one EDX measurement e.g. no standard deviation can be given. Despite
the uncertainty of the measurement (few at%) the significant difference between

the two phases is visible. In the reaction layer a high concentration of Ti and
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Si was detected, showing that this elemental distribution is far from the original
CuABA alloy composition. Otherwise the bright phase in the images is mainly
composed of Cu with some percent of Si and Al, which is close to the original CuABA
composition. A high amount of carbon was detected in both phases, which can be
mainly attributed to some contaminations of the surface during handling/transport.

Of course the carbon in the reaction layer has also a part in the formation of TiC.

7.4 TiN on Graphite

Brazing trials were done with several different coatings on graphite. In Table 7.3 the
four samples used for the brazing experiments are listed with the appropriate pa-
rameters (argon and nitrogen flow, thickness, stoichiometry). As substrate material
graphite 1G-43 (from Toyo Tanso)! was used, delivered by ARI Ansaldo Ricerche
S.p.A.

Sample | Ar [sccm| | Ny [scem]| | thickness | x
CTiNO1 8,1 1,0 100 nm 1
CTiNO3 8,1 0,6 100 nm | 0,30
CTiN04 8,1 1,0 1 pm 1
CTiNO05 8,1 0,6 1 pm 0,30

Table 7.3: Sample parameter of TiN, on graphite with © as stoichiometry.

Two different stoichiometries with two different thicknesses of the TiN, films were
used for the brazing experiments. These two coatings were: TiN and TiNj 39, which
showed the fastest wetting behavior.

An image of the 100 nm thick TiN coating sputter deposited onto the graphite is
shown in Figure 7.21.

A sketch of the brazing layout is given in Figure 7.22, where "interlayer" means the
different TiN, coatings from Table 7.3. The brazing was performed under vacuum

at a temperature of 1035°C for 18 min to a 2 mm thick Cu sheet.

'Material parameter see Appendix F
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Figure 7.21: 100 nm TiN sputter deposited onto graphite 1G43.

I — <

e — CyABA foil
— Interlayer

— Graphite

Figure 7.22: Scheme of the brazing layout. Interlayer means the different substoichiometric

TiN, coatings.

The thickness of the CuABA brazing foil was 50 um. After the brazing of the samples
all of them were analyzed by a non-destructive ultrasonic technique. This method
allows the detection of cracks and holes in the interface of the joint. In Figure 7.23
the result of this measurement is presented. The different colours correspond to
different levels of attenuation of the ultrasonic wave (in decibel - dB): a detached
interface would reflect almost all the signal, i.e. zero attenuation. Delaminations in
the sample would appear as large reflection like for the reference sample. The refer-
ence sample is tested parallel to have a reference for the condition of full reflection.
It consists of a copper sheet which is immersed in water and as a consequence the
ultrasonic waves which enter the reference sample are reflected almost completely.
In well brazed samples the ultrasonic waves which enter the copper sheet are able
to pass to the graphite or CFC and they are not reflected.

In Figure 7.23 one can see the ultrasonic images of the four brazed samples (the
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TiN,, TiN TiN,, TiN

Thresholds—
DB

Figure 7.23: Non-destructive ultrasonic testing of the samples after brazing. The number

in the image corresponds to the number in the sample name (see Table 7.3).

numbers in the image correspond to the numbers in the sample name) and of a
pure Cu reference sample. All of the images show a good joint of the samples and
no significant defects were detected. According to this technique the brazing of the
samples was successful.

After the non-destructive ultrasonic testing, destructive metallographic examina-
tions of the samples followed. Therefore the samples were cut and the cross-section
of the joint was analyzed by optical microscopy and analytical scanning electron mi-
croscopy (SEM/EDX). The result of this investigation is presented in the next three
figures; in Figure 7.24 an optical image of the brazed joint is shown, in Figure 7.25
a SEM image at higher magnification and in Figure 7.26 a SEM image with the N
concentration profile is shown.

The cross sectional analysis was done with all four samples from Table 7.3. In
conclusion it can be said, that no differences between the two stoichiometries and
the two thicknesses was found with this analysis. So the images are representative for
all samples. The optical microscopy image (Figure 7.24) shows a sound joint between
the brazing alloy and the graphite. The penetration of the reaction layer into the
graphite porosities is very good and in the brazing alloy intermetallic precipitates
are present which is usual for the brazing alloy. The SEM image in Figure 7.25
shows the same reaction layer in a higher magnification; also here the sound joint is

clearly visible. The reaction layer itself contains a Ti richer zone near the graphite
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k40 um o

Graphite

Figure 7.24: Optical microscopy image of the brazed joint. One can see the good penetration

of the reaction layer into the graphite porosities, indicated by the arrows.

Figure 7.25: SEM image of the brazed joint, a sound connection to the carbon.

and a Si richer zone near the Cu side. EDX maps of the elements C, Si and Ti are
shown in Figures 7.27 - 7.30.

The detection of the TiN layer was not possible, the qualitative N concentration
profile (see SEM image in Figure 7.26) shows no higher concentration of nitrogen
near the graphite side.

Despite the non detectable influence of the different TiN coatings on the brazing

behavior and the microstrutural investigations, it can be concluded that the coatings
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Figure 7.26: SEM image of the brazed joint with a qualitative N concentration profile, no

higher concentration on the graphite side can be detected.

i

10 1im

CKal 2

Figure 7.27: SEM image of the brazed joint.  Figure 7.28: C EDX map of the sample.

TiKal SiKal

Figure 7.29: Ti EDX map of the sample. Figure 7.30: Si EDX map of the sample.

on graphite did not corrupt the final joint. Therefore these coatings were considered

as successful interlayers for the joint.
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7.5 TiN on CFC

In the next step the wetting promoting TiN coatings were sputter deposited onto
CFC NB31!, which is the state of the art protective material for the application in the
PFC. Therefore again four different TiN interlayers were produced (two thicknesses
with two stoichiometries, respectively), the parameters of the samples are given in
Table 7.4.

Sample | Ar [sccm| | Ng [scem]| | thickness
CTiNO7 8,1 0,6 100 nm
CTiNO8 8,1 1,0 100 nm
CTiN09 8,1 0,6 1 pm
CTiN10 8,1 1,0 1 pm

Table 7.4: Sample parameter of TiN on CFC.

An image of such a TiN coating is given in Figure 7.31, where the typical layered

structure of the CFC is still visible through the coating.

Figure 7.831: 1 um thick TiN coating on CFC NB31. The layered structure of the CFC is
still visible through the coating.

In contrast to TiN on graphite (see Section 7.4), the compounds brazed in this in-

vestigation had a different configuration. They were produced in a configuration

'Material parameters see Appendix F
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similar to the final one expected for active cooled PFCs. These consist of an ad-
ditional 2 mm thick Mo sheet (low CTE interlayer) between the CuCrZr heat sink
and the CFC, to reduce the stresses generated by the different expansion coefficients.

The schematic configuration is given in Figure 7.32.

CFC NB31—

CuABA — — TiN film
— Evewee

Gemco alloy—

— CuCrZr block

Figure 7.32: Schematic configuration of the brazing layout. The introduction of a Mo
interlayer shall lower the stress due to CTE mismatch and it is the expected compound

configuration for active cooled PFC.

The brazing was performed in one single vacuum heat treatment at 1035°C for
18 minutes. Then the samples were cut and microstructural investigations were
performed.

The achieved results can be considered as promising for all of the produced com-
pounds, but a clear advantage of the 100 nm thin TiNg 3 film turned out. It showed
a better joint, with less cracks in the CFC and no detachments between CFC and
brazing alloy. These cracks just appeared on the edges of the compound, but this will
be significantly reduced in the active cooled mock-ups, because of the more accurate
alignment of the parts. In the case of the thicker TiN films some delaminations
between the brazed joint and the CFC were visible.

Nevertheless it is difficult to state that the cracks within the CFC have been pro-
duced by the differences between the TiN films. These cracks seem to be more
mechanically caused than due to the chemical interaction of the CuABA with the
TiN-coated CFC. On the other hand, the detachments of the CFC from the brazing
alloy could be influenced by the thickness of the TiN film. So, the following images
and investigations are given for the 100 nm thick TiNg 3 coating.

Optical images of the brazed compound are given in Figure 7.33 and in Figure 7.34,
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showing the sound joint of the different layers. In these figures no cracks and de-

laminations are visible.

Figure 7.33: Optical microscopy image of Figure 7.84: Optical microscopy image of

the brazed compound. The interface is the brazed compound. Additional to Fig-

sound, without delaminations and cracks. ure 7.38 the reaction layer at the CFC side
1s visible.

This sample was also analyzed by means of EDX mapping. A SEM image of the
compound is shown in Figure 7.35 and the elemental maps are given in Figure 7.36,

showing the elements C, Cu, Si and Ti.

20 pm

GOpM Electron Image 1

Figure 7.835: SEM image of the brazed Figure 7.36: Elemental mapping (C, Cu,
compound. Si and Ti) of the brazed CFC compound.
The joint is T1 richer near the CFC side,

whereas a thin Si layer is present near Mo.

The high Cu content in the CuABA foil and the C of the CFC substrate are clearly
visible. The amount of Ti is higher at the CFC side, whereas a thin Si rich layer
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seems to be present at the Mo side.

The reaction layer at the interface CFC/CuABA was investigated by EDX maps
at higher magnification than in Figure 7.36. The thickness of the reaction layer
is 1-2 pum and consists of several elements which are shown in the EDX maps of

Figure 7.37.

Figure 7.37: EDX mapping of the reaction layer at higher magnification. The maps show

the presence of nitrogen and molybdenum in the reaction layer.

Besides the two elements, Si and Ti, which were found also in the EDX investigations
of Figure 7.36, additionally the elements Mo and N were detected. The Mo emerges
from the 2 mm thick intermediate brazing layer and diffuses through the brazing
alloy into the reaction layer at the CFC/CuABA interface. The presence of nitrogen
results from the sputter deposited TiN layer onto the CFC. Although the signal is

not very strong, it can be clearly detected in the reaction layer.
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7.5.1 Thermal shock tests

A very simple but significant test for preliminary screening of flat tile PFCs is the
following kind of thermal shock test. Of course this kind of test is not a high heat flux
test, it does not produce the temperature gradient on the PFC, which is expected in
real operation and it can not be used alone in order to assess the performance of a
mock-up. But for the specific geometry, flat tile and C-based protective material, this
test has demonstrated its ability to detect unsuccessful joining concepts, avoiding
longer and more expensive high heat flux tests.

Experiments have shown that:

e (-based flat tiles brazed to CuCrZr with a pure compliant layer, without any

surface tailoring, always failed (complete detachment) before 5 thermal shocks.

e CFC flat tiles brazed to CuCrZr with a pure compliant layer, with surface
texture or composite brazing, showed no failure up to at least 20 thermal

shocks.

e Uncoated CFC tiles brazed to CuCrZr with a 2 mm thick Mo interlayer showed

no failure after 25 thermal cycles.
The thermal shock test can be described as follows:

e A 1,6 mm diameter hole is drilled into the CuCrZr block and a thermocouple
is fitted in it.

e Slow heating up to 450 °C within 3 minutes is performed using a hot air blower.

e Very fast cooling down is done by immersion the sample in ambient tempera-

ture water.

e Visual inspection is performed after each 5 shocks in order to check for cracks

or detachments.

The results of this thermal shock tests are given in Table 7.5.

Here 3 of the 4 compounds survived 30 thermal shock test without failure, just one
sample failed at cycle 18. The CFC tile completely detached from the Mo interlayer,
but a thin CFC layer has been left on the brazed joint, confirming that the joint
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Sample Cycles to failure

CTiN07 | 30 (without failure)
CTiNO8 | 30 (without failure)
CTiNO09 18

CTiN10 | 30 (without failure)

Table 7.5: Results of the thermal shock tests on the brazed compounds.

itself was sound. This detachment is not due to defects in the brazed joint, but it is
due to CTE mismatch between the materials. The detached sample was larger than

the 3 others and therefore the stresses were higher.

The results of the CFC brazing experiments confirm that sputtered TiN coatings
are worth to be tested in actively cooled mock-ups. Future high heat flux tests will
confirm if the simultaneous use of a low CTE interlayer (ay, = 4,8 x 1079K™)
and of wetting promoting TiN films deposited onto the CFC is a route for high

performance plasma facing components.
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Chapter 8

Molybdenum as wetting promoter

8.1 Introduction

The application of molybdenum as interlayer in C/Cu material systems has been
reported in literature |64, 65, 66]. It is known as wetting promoter in C/Cu heat
sinks, due to the good wettability of Cu on the molybdenum interlayer.

In this work the wetting behavior of heat treated pure molybdenum and molybde-
num coatings with Cu and CuABA was investigated. The influence of this thermal
treatment on a Mo interlayer was measured by means of Auger Electron Spec-
troscopy (AES) and Secondary Ion Mass Spectroscopy (SIMS) in order to investi-
gate the diffusion/carbidization process in the Mo layer. A model of the reaction

kinetics at the C/Mo interface was designed for comparison with the experiments.

8.2 Wetting experiments

8.2.1 Pure molybdenum

In the first step wetting experiments with copper on pure molybdenum substrates
were performed. As Mo substrates, 3 mm thick pieces (10 mm x 15 mm) from a
sputter target were used. The contact angle measurements were performed either
on a substrate just polished prior the experiment and on a heat treated substrate
(at 800°C for 1 min). The results of the wetting experiments are given in Figure 8.1

and Figure 8.2, showing the equilibrium contact angle which is reached after approx.
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60 seconds.

Figure 8.1: Image of the liquid Cu Figure 8.2: Image of the liquid Cu

droplet on pure Mo, the contact angle is droplet on pure Mo, previously tempered

approz. 84°. for 1 min at 800° C. The contact angle is
approz. 97°.

The contact angle of Cu on the Mo substrate is approx. 84° and the contact angle
on the tempered Mo substrate is approx. 97°. Images of the solidified droplets after
the wetting experiments are shown in Figure 8.3 and Figure 8.4, where on the latter

one a small movement of the droplet on the Mo substrate is recognizable.

Figure 8.3: Image of the solidified Figure 8.4: Image of the solidified
Cu droplet on the Mo substrate. Cu droplet on the Mo substrate, pre-
wviously tempered for 1 min at 800°C.

Assuming that the liquid-vapor and the solid-liquid interfacial energies are constant
in the two different experiments, a change in the contact angle of the liquid drop is
affected by the change of the surface energy of the solid substrate. In this simple

approach a smaller contact angle means a higher surface energy of the solid, because
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of the minimization of the surface energy. Vice versa, a solid substrate with a very
low surface energy will exhibit a bigger contact angle with the liquid.

The difference in the contact angle of the two samples is approx. 13°, showing
that the difference in the surface energy of the Mo substrate is rather low. This
was proved by the measurement of the surface energy of the Mo substrates by the
method after Owens et al, details see Section 6.1. These investigations gave the
value of 56 mJ/m? for the Mo substrate and the value of 46 mJ/m? for the heat
treated Mo substrate. A comparison with the contact angles for the two different Mo
substrates give the verification of the minimization concept, shown above (6 = 84°
for the Mo substrate and 6 = 97° for the heat treated Mo substrate).

This is in contradiction to the surface energy measurements on 100 nm thick molyb-
denum coatings on glassy carbon (Mo coating as deposited and Mo coating tempered

at 800°C for 1 min). These results are shown in Figure 8.5.
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[ Polar Contribution
50 - [ Disperse Contribution
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20

deposited
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Figure 8.5: Surface energy of Mo coatings on glassy carbon: 100 nm Mo and 100 nm Mo
tempered at 800 °C' for 1 min

Here a significant increase of the surface energy due to heat treatment is clearly
visible. This may be attributed to the formation of molybdenum carbide in the
coating, which is discussed in the Sections 8.3 and 8.4. Therefore Figure 8.5 in fact

shows the surface energy of a 100 nm Mo coating and the surface energy of a 100
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nm Moy C coating.

So the heat treatment of a 100 nm thick molybdenum coating leads to an increase
of the surface energy of the coating. This is, in turn, responsible for a lower contact
angle of a liquid (minimization concept of the surface energy) and therefore for the
better wetting of a liquid on this coating. This wetting improvement by thermal
treatment is of great interest and is investigated in the next subsections in more
detail.

8.2.2 Molybdenum and molybdenum carbide coatings

The wetting experiments were performed on 100 nm thick Mo layers sputter de-
posited onto Sigradur substrates. Pure Cu and CuABA were used as liquid metals.
The contact angle of Cu on Mo and on MoyC is reported to be 30° and 18°, respec-
tively [14]. In the previous section the contact angle of Cu on Mo was found to be
approx. 84° and the formation of Mo,C leads to a higher surface energy (means
lower contact angle). This experimental value of the contact angle is higher than in
literature but the trend, the reduction by the molybdenum carbide, is nevertheless
clearly visible.

The parameters for the heat treatment for the carbidization process were 5 min at
1000°C in the HTSDD under high vacuum. In the case of pure Cu both mounting
conditions were tried: either the transport of the sample via atmosphere between
PVD production and wetting experiment as well as the transport under vacuum in
the transfer chamber.

Images of the Cu wetting experiments are given in the following Figures (Figure 8.6
to Figure 8.9). Here the results for Cu on Mo and MoyC in vacuum and atmosphere

are presented.

Figure 8.6: Image of Cu on 100 nm Mo Figure 8.7: Image of Cu on 100 nm MoyC

(under atmosphere). (under atmosphere).
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Figure 8.8: Image of Cu on 100 nm Mo Figure 8.9: Image of Cu on 100 nm MooC

(under vacuum transport). (under vacuum transport).

All four samples look quite similar, Cu spreads all over the Mo coatings, each of
them is wetted well. From these images no differences between Mo and Mo,C, and
transport under vacuum or atmosphere can be deduced. The wetting happens so fast
that the molten droplet separates into several regions, all of them with contact angles
0 of approx. 15°. Generally it can be said, that all of the above coatings showed a
good wetting with pure Cu, but the spreading of the droplet is not uniform. This
problem may be solved by the usage of smaller Cu pieces for the experiments. (In
all of these experiments Cu cylinders with a diameter of 1,5 mm and a height of 1
mm were used. With the density of Cu (= 8,92 mg/mm3) this leads to a mass of
approx. 16 mg.)

Because of the undetectable influence of the vacuum transport with the transfer
chamber on the wetting behavior, in the next experiments with CuABA, this addi-
tional transport was not performed.

The following two Figures, Figure 8.10 and Figure 8.11, show the wetting results of
CuABA on 100 nm Mo and Mo,C coatings, respectively.

Figure 8.10: Image of CuABA on 100 nm Figure 8.11: Image of CuABA on 100 nm
Mo. Moy C.

The wetting of the CuABA brazing alloy on the two coatings is very similar, both
solidified droplets show approx. a circular spreading. The final contact angle 6 is in
both cases about 10° and the wetting behavior is very fast, meaning that the final

contact angle is reached in about one second. This is even faster than for TiNg ;.
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In some wetting experiments the same phenomenon as observed in the case of TiN
coatings happens, i.e. the detachment of the droplet from the Sigradur®G sub-
strate after the experiment during cooling, producing a crater in the glassy carbon.
Therefore the weak part of this structure is also the glassy carbon itself.

From two wetting experiments cross sections were prepared and optical microscopy
images of them are shown in Figure 8.12 and Figure 8.13, CuABA on Mo and
CuABA on Mo, C, respectively.

CuABA droplet
CuABA droplet

Reaction layer

4

Reaction layer

Figure 8.12: Cross section of CuABA on Figure 8.13: Cross section of CuABA on

Mo with the reaction layer. Moy C with the reaction layer.

Both figures look very similar, showing the carbon substrate, a reaction layer (of
several pum thickness) at the interface and the brazing alloy droplet. The reaction
layer is continuous over the whole sample, no cracks and delaminations are visible,
the whole structure is sound.

EDX measurements of the reaction layers from Figure 8.12 and Figure 8.13 were
performed to investigate the chemical composition of the layers. The result of this
investigation is presented in Table 8.1.

In both reaction layers a high amount of Ti and a low amount of Cu was found, also
Si was detected in the reaction layers. In the solidified droplets precipitations with
a high amount of Ti and Si were detected. The Ti from the CuABA alloy segregates
to the reaction layer and the precipitations, whereas the most of the Si segregates
to the precipitations.

The thickness of these reaction layers was found to be 2-3 yum, which is in agreement

with the images from the optical microscope.
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Reaction layer

Mo Mo, C

Element || wt% | at% | wt% | at%
Ti 30,9 | 13,6 | 59 | 35,7
Cu 14 | 55 | 115 ] 59
Si 21 [ 16 | 91 | 94
Al 0.7 106 ]| - | -

Precipitations

Mo Mo,C
Element || wt% | at% | wt% | at%
Si || 235|255 32,2 [ 381
Ti 59,6 | 37,9 | 60,6 | 42,1
Cu 3,0 | 1,5 - -

Table 8.1: EDX investigation of the reaction layer from the samples with the Mo and the
Moy C interlayers. Additionally the chemical composition of the precipitations in the droplet

was measured.

8.3 Analytical investigations

To further investigate carbide formation, thermal treatment experiments were per-
formed with 100 nm thick Mo layers sputter deposited onto glassy carbon substrates.
The thermal treatment was performed in the HT'SDD with different maximum tem-

peratures. The parameters of the heating procedure are given in Table 8.2.

Sample || treatment time |min| | temperature [°C]

SD13 1 400
SD14 1 600
SD15 1 500

Table 8.2: Temperature parameters for the heat treatment of Mo samples.
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These temperatures were chosen after some trials at higher temperatures, for finding
the temperature range where the diffusion of C into the Mo layer is clearly observ-
able. With AES depth profiles the composition of the samples was checked. AES is
a surface analytical technique with an information depth of a approx. 1 nm. With
an additional ion gun (Ar" ions) the surface of the sample can be removed and
depth information can therefore be obtained.

The depth profiles of the three different samples from Table 8.2 are presented in
Figure 8.14.

100 4 .‘,--._.-'- ................. - ’1’9\.0.“ /,'\.\ o
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Figure 8.14: Auger depth profile of three heat treated Mo coatings (1 minute at 400 °C,
500 °C and 600 °C). The difference in the carbon signal of the samples is visible.

In Figure 8.14 the concentration of C, Mo and O is given for the sample heated
at 500°C. For the two other samples only the C signal is plotted for comparison.
The sample tempered at 400°C shows no C signal in the Mo layer, contrary to the
sample tempered at 600°C, where in the whole Mo layer a constant C signal can
be detected. The sample tempered at 500°C represents the intermediate case; here
the C signal starts to develop from the C/Mo interface towards the Mo layer. This
means that at this time/temperature parameter the diffusion of the C atoms into
Mo starts.

For comparison the same samples were investigated by SIMS. The results of these
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SIMS measurements are given in Figure 8.15.
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Figure 8.15: SIMS depth profile of the carbon signal of the three heat treated Mo coatings.

The onset of the carbon signal in the 500 °C sample is clearly visible.

These graphs are similar to those of the AES measurement (see Figure 8.14), which
is an additional proof of the carbon content in the Mo layer.

The carbon incorporation is either from interdiffusion or from the formation of
molybdenum carbide. In literature different temperatures have been found for the
formation of Mo, C. A temperature between 700°C - 900°C is given in [67], depending
on the oxygen content. A higher content of oxygen resulted in a higher tempera-
ture due to the partial occupation of the interstitial sites by oxygen. In [68] the
formation of carbide is not observed after tempering the samples (200 nm Mo on
polycrystalline diamond films) 1h at 500°C. At 600°C a 20 nm thick carbide layer
was found and complete carbidization of the Mo layer occured at 800°C. In contrast
to these high temperatures needed for carbide formation, [69] reports carbide forma-
tion at a temperature of 400°C of samples composed of a thin carbon film deposited
onto molybdenum. None of these authors mentioned the formation of MoC in their

experiments, because its stability at these temperatures is very low.
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8.4 Cellular Automaton model

The formation of the carbide layer has been modeled by a Cellular Automaton (CA).
A Cellular Automaton describes a system in time and space by the interaction of
neighboring cells defined by transition functions. The growth of this intermediate
phase occurs by a chemical reaction at the interface and the carbon diffusion through
this phase. Chemical reaction equations and Fick’s diffusion equation have been
applied to calculate the concentration of the different species [70].

A simple CA is shown in Figure 8.16, just to give an impression of the geometrical

situation.

> C

b
A
Y
ol B Soy
A

Figure 8.16: Image of a simple Cellular Automaton. The central cell A interacts with the

neighboring cells via transition rules (arrows).

Here the central cell "A" interacts with the neighboring cells "a", "b", "¢" and "d"
via specified transition rules. The typical cell length is in the order of 1 - 10 nm.
One set of transition rules results from the diffusion equation. Fick’s diffusion equa-
tion in one dimension and without any external forces can be written as follows:
2
aact" -D- g;; (8.1)

with ¢; as concentration of species i [particles/m?3| and D as diffusion coefficient

[m?/s]. D is a constant if the concentration is low.
The diffusion coefficient depends strongly on the temperature and has an Arrhenius-

type behavior:

E
D = Dy exp (_R—;) (8.2)
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with Dy as pre-exponential factor [m?/s|, E4 as activation energy |k.J/mol|, R as
gas constant [J/mol K| and T as temperature [K].

Further it is assumed that the carbide layer growth is a diffusion controlled process,
suggested by experiments in [68|, therefore a high value of the chemical reaction
constant which specifies a second transition rule is used for the simulation. The
calculation of the carbide formation with the CA is dependent on the diffusion
coefficient of C through the MosC layer. By calculating the carbide formation with
values for the diffusion coefficient found in literature no carbide layer was obtained
at temperatures up to 600°C - the diffusion constant is too low.

Therefore also the additional influence of grain boundary diffusion has to be incor-
porated into the model.

The size of the Mo grains in the sputter deposited layer has been measured by Atomic
Force Microscopy (AFM) - see Figure 8.17 - and Transmission Electron Microscopy
(TEM) - see Figure 8.18 -, latter giving also information about the orientation of
the grain boundaries, which are perpendicular to the C/Mo interface in the present

case. The grain size was approx. 100 nm.

1316nm

5 Vi .. . : | Grain boundaries / N
g P "‘; ) 04!": % C - Substrate :

Figure 8.17: AFM micrograph of Figure 8.18: Cross sectional TEM micrograph of a
the surface of a 100 nm thick Mo 100 nm thick Mo-layer. The grain boundaries (indi-

layer. In the lower part of the cated by arrows) are clearly visible. The lateral grain
image the grain structure is en- diameter is approz. 100 nm and the grain boundaries
hanced by artificial shadowing. are perpendicular to the substrate.

The diffusion through the grain boundaries is faster than within the grains, increas-

ing the growth rate of the molybdenum carbide in the sample. In order to match the
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experimental results, the value for the activation energy in the grain boundary has
to be decreased, by keeping the literature value of the bulk diffusion coefficient of C
in Mo,C. In general the diffusion constant within the grain boundaries is 4-8 orders
of magnitudes larger than the diffusivity within the grains. Therefore the activation
energy of diffusion is reduced by a factor 0,4 - 0,6 while the pre-exponential factor
is unchanged.

For the calculation of the carbide formation, the data given in Table 8.3 for the

reaction rate constant and the diffusion coefficient were used [70].

chemical reaction equation 2 Mo + C — Mo,C

reaction rate constant k 10% [s71)

diffusion of C in Mo,C 1,1 10722 m?/s (400°C)

7,6 102" m?/s (500°C)

1,876 - 108 exp [—%ﬂmﬂ 2,0 .10 m? /s (600°C)

diffusion of C in the grain boundary | 7,7 -107! m?/s (400°C)

1,3 1071 m?/s (500°C)

1,876 - 108 exp [—%ﬁmﬂ 1,1 -107% m2/s (600°C)

Table 8.3: Parameters for the calculation of the growth of molybdenum carbide [70].

The activation energy E, of 183,3 kJ/mol is equal to a value of 1,9 eV.

With these assumptions the growth of the molybdenum carbide layer was calculated
with the CA and the results are shown in Figure 8.19.

In this figure the concentration of the molybdenum carbide is computed by the CA
after a heat treatment for 1 min at temperatures of 400°C, 500°C and 600°C. An
onset of the carbide formation can be seen at 500°C, which is in good agreement
with the experimental results obtained by AES (see Figure 8.14) and SIMS (see
Figure 8.15).

With this comparison between experiment and CA simulation the influence of grain

boundary diffusion in the growth of molybdenum carbide is highlighted.

The present chapter dealt with Mo coatings as wetting promoters for CuABA on the
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Figure 8.19: Results of the simulation with the cellular automaton, the onset of the carbide
formation at the Mo/C interface is visible. The carbon concentration is normalized to the

value within the C substrate. The substrate should be assumed at a depth of 100 nm.

carbon substrate. The wetting regime of the brazing alloy droplet is reactive wet-
ting, resulting in the formation of a reaction layer at the interface substrate/droplet.
The thermal treatment of the Mo coating during the brazing process leads to the
formation of a Mo,C coating, actually, which was proven by the analytical investiga-
tions methods AES and SIMS. The reactive wetting regime could not be identified,
due to the very fast wetting of the droplet on the coatings. The increase of the
surface energy of the molybdenum coating with the heat treatment was also shown
in this chapter, in contrast to pure Mo substrates where the surface energy (and

contact angle) is nearly unchanged by heating.
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Chapter 9
Conclusion and Outlook

The aim of this thesis was to plan and construct a high temperature sessile drop
device for wettability studies in different liquid/solid systems. For the study of the
wettability of a molten metal on a solid surface the contact angle between these two
phases is relevant. In the present work the sessile drop technique was chosen; this
means the optical imaging of the liquid drop which rests on a solid surface and the
calculation/measurement of the contact angle between the droplet and the surface.
This method can easily be performed for liquids at atmospheric conditions but it is

challenging for liquid metals (vacuum conditions and high melting points).

The work was performed in the framework of the EU EXTREMAT IP project (NMP-
CT-2004-500253), which deals with the development of new materials for extreme
environments. The position of this thesis within the framework of the project is
within the task of identifying and characterizing wetting promoters in fusion ap-
plications. New interlayers for the existing plasma facing components should be
developed. The main interest in this field was the investigation of TiN, films as

wetting promoters in the joining process of Carbon parts to a CuCrZr alloy.

The device constructed within this work is operated in a vacuum chamber under
high vacuum, with a base pressure of about 5 x 107> Pa and maximum tempera-
tures of about 1100°C. The heating of the samples is realized by a resistance heated
substrate holder, which can also be mounted via an ISO KF 40 flange to a PVD

chamber where a deposition of thin films can be performed prior to the wetting
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experiments. This equipment, which allows the vacuum transport from the PVD
chamber to the wetting experiment, is unique to the author “s knowledge. The de-
vice was successfully finalized and both, basic experiments to check the feasibility

of the equipment as well as systematic wetting experiments concerning the above
tasks within EXTREMAT were performed.

Concerning the determination of basic properties of metal melts, the applications of
the high temperature sessile drop device are manifold: measurement of the liquid
drop geometry and determination of the contact angle, measurement of the liquid
surface energy of molten metals and identification of the reactive wetting regime by

the time evolution of the contact angle.

For the measurement of the liquid surface energy two models for the sessile drop
method are proposed in literature [24, 26]. Both of them involve the measurement
of specific geometrical dimensions of bigger metal drops, flattened by gravity. The
present investigations have shown the model of Koshevnik [26, 27| to be more pre-
cise. The calculated liquid surface energies are well matching the values given in
literature [14]|. Therefore a fast and reliable way to measure the liquid surface energy

of metals could be established.

To investigate the properties of wetting promoting thin films, a PVD chamber was
adjusted for sputtering substoichiometric TiN,. With these films of variable com-
position, wettability tests were performed. For the first stage of investigation plane
carbon substrates were used as substrate material and the state of the art brazing
alloy for PFC - CuABA - was used as metal to melt. This study showed a significant
influence of the nitrogen content on the wetting time of the substrate (best results
were obtained with a nitrogen content of x = 0,30). From the above measurements
it was also possible to identify the type of the reactive wetting regime by plotting
the droplet radius vs. the time during the wetting experiment. Reaction controlled
reactive wetting was observed in all cases of CuABA on C and different TiN, based
coatings.

Finally, the interlayers with the optimised nitrogen content were sputter deposited

onto graphite substrates and CFC substrates, supplied by a project partner (ARI
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Ansaldo Ricerche S.p.A.). The CFC is the plasma facing material used in the diver-
tor region of the fusion reactor, ITER. Brazing to a pure copper sheet was performed
under realistic conditions. The microstructural investigation on graphite showed no
significant improvements by introduction of the interlayers. On the other hand,
microstructural investigations and thermal shock tests of the compounds with CFC
showed excellent over-all properties for all samples, however, the 100 nm substoi-

chiometric TiN 3 coating showed a significantly improved joint.

Based on these results the decision has been made to use substoichiometric TiN
coatings in a mock-up which will be exposed to a high heat flux test, simulating
the plasma conditions in the fusion reactor. After this test the decision on using

substoichiometric TiN films as improved wetting promoters in PFC will be made.

The above work concerning wetting promoting TiN films also resulted in a con-
cept for the industrialization and up-scaling of the deposition process within the
framework of ExtreMat (MIC - Material Industrialization Concept). The foreseen
demand of wetting promoting coatings for the ITER design is about 100 m? in the
year 2015. The individual parts have to be removed from time to time, so a contin-
uous demand of coatings is guaranteed. Beside the concepts for TiN also two other
wetting promoting thin films are investigated: TiC by the Max-Planck-Institute for
Plasma Physics - IPP in Garching (Germany) and Si3N4 by Archer Technicoat Ltd.
- ATL in London (England). All of them are very interesting and promising for the

future concepts of the divertor design in fusion power plants.

A second main part of this thesis is constituted by the investigation of the wetting of
Cu and CuABA on molybdenum coatings. It was found that wetting is significantly
influenced by the carbide formation induced by heat treatment of thin molybde-
num films deposited on carbon substrates. The carbide formation in the coating
in dependence on temperature and treatment time was experimentally analyzed by
means of AES and SIMS, and compared to the results of a Cellular Automaton
model. With this model the influence of grain boundary diffusion on the growth of
the molybdenum carbide layer was verified. The wetting of the Mo coatings by the

brazing alloy happened within one second and resulted in a contact angle of approx.
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10° - meaning excellent wettability.

Finally the high temperature sessile drop device is also suitable for other applica-
tions related to the wetting properties of different materials. These range from the
simple usage of the high temperature sessile drop device as oven for thermal treat-
ments via the investigation of selective wetting on patterned wetting promoting thin

films to monitoring the infiltration behavior of liquid metals in fiber-preforms.

There is, however still room for improvement of the device: a main point is the
temperature and temperature uniformity of the heating system with the resistance
heater. As heat is introduced from beneath the sample, the temperature uniformity

is still questionable.

As a final resume it can be said that it was possible to achieve excellent measurement
results with the present high temperature sessile drop device both, in basic research
as well as in experimental studies intimately related to applications in the field of
future fusion materials. As the production of energy with fusion technology is one
way to ensure the future demand of energy for mankind this thesis constitutes a

very small, but nevertheless an important part of this way.
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Appendix A
Technical Drawings

The technical drawings for the HTSDD were done with the CAD-software AutoCAD®
2005. An overview of the inner parts of the HTSDD is given in Fig. A.1. Here the

ground flange of the device is shown with the water and current entry supply from

the lower side and the substrate holder with the catching system inside the chamber.

In the Figs. A.2, A.3 and A.4 the heatable substrate holder, the overview of the

manipulator and the water cooling are shown, respectively. All other necessary

technical drawings for the HTSDD (other flanges, single part drawings, adjustable

optic, ...) are available as AutoCAD®-files but not printed in this thesis.
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APPENDIX A. TECHNICAL DRAWINGS
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Figure A.1: Technical drawing of the whole assembly.
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TECHNICAL DRAWINGS
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Figure A.2: Technical drawing of the substrate holder.
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Figure A.83: Technical drawing of the manipulator.

- 115 —




APPENDIX A. TECHNICAL DRAWINGS

1 2 3 /A
A
M14
13 8
B ™)
7\\ \) N \/
. .
13 % ] ‘M7
| /__/ A V.
I ™
2'0 \ |
C 8
10
D — —
43,88
E
{Verwendungsbereich) {Zul. Abw.) {Oberfl)  [MaBstab 11 (Gewicht}
Werkstoff, Halbzeug)
— Rohteil-Nr
Modell- oder Gesenk-Nr)
Datum Name
Bearb.|00.00.00 | B.Schwarz )
Gepr. [00.00.00 Water Cooling
Norm
Blatt
Bl
Zust| Anderung Datum [Namg {Urspr.) (Ers. f.) [ {Ers. d.)

Figure A.J: Technical drawing of the water cooling.
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Appendix B

Calibration Table

The calibration of the thermocouple was done by measuring the thermovoltages at
different definite temperatures (either hot stage or melting points of metals) in the
HTSDD. The equation for the linear fit through the measured thermovoltages is
given by:

Urherm[mV] = 0,0319 T[°C] — 0, 9683 (B.1)

The table generated from this equation is given in B.1. There the temperatures are
given in the first row and first column of the table, and by the intersection at the

desired temperature (in °C') the corresponding thermovoltage (in mV) can be read

off.
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APPENDIX B. CALIBRATION TABLE
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Appendix C

Navitar Zoom 6000

Factory specifications:
Magnification: 0,7 x - 4,5 X

Zoom -+ adapter: 6,5 x + 1,0 x

Operating distance: 92 mm

Object to image distance: 345 mm

Resolution: small magnification: 7 pum, big magnification: 2 um

Depth of focus: small magnification: 1,83 mm, big magnification: 0,20 mm

Specifications used in the HTSDD:

Auxiliary lens + zoom + adapter: 0,5 x + 6,5 x + 1,0 X
Operating distance: 175 mm (parfocal distance)

Object to image distance: 432 mm

Resolution: small magnification: 14 pm, big magnification: 5 ym

Depth of focus: small magnification: 7,31 mm, big magnification: 0,80 mm

Protection foil
In front of the optic an additional protection foil was mounted to reduce the bright-
ness (glowing metal droplet and background illumination) for the webcam. A com-

mercially available solar eclipse foil was used for this purpose.
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Appendix D
Derivation of Young’s Equation

This derivation is made under the assumptions of a circular drop an a flat solid
surface and the droplet has the shape of a spherical cap. The derivation is done for
the two-dimensional case and the mass of the drop is small, therefore gravitation
can be neglected [71].

The total energy F,,; of the system is given by,

Eiot = 0orvLpy +0syLsy +0srLst (D.1)

where o1y, ogy and ogy, are the interfacial energies and Lyy, Lsy and Lgy, are the

lengths of the interfacials lines.

b
% R S

Figure D.1: Spherical cap with the relevant parameters.

In Figure D.1 the spherical cap with all relevant parameters for the derivation of

the Young’s equation are given.
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APPENDIX D. DERIVATION OF YOUNG’S EQUATION

b = ra (D.2)
R
ro= - (D.3)
i (3)
The total energy can therefore be written as:
2RO
Eiot = orv g ISV (S —2R) + 0s12R (D.4)

with S as the length of the substrate.
Here R = R () which can be calculated from the profile area A of the spherical cap.
The area of the cap is given by

o 1

A= 57“2 — 57"2 sin « (D.5)
with a = 20 Equation D.5 leads to
R? 1 R?
A=40 — = in (26 D.6
sin?f  2sin’46 sin (20) ( )
A= i 0 — 1sin (26) (D.7)
~ sin%6 2 '

Inserting sin (26) = 2sin 6 cos # into Equation D.7 and solving for R leads to

R sin 0
VA (0 — sin 6 cos 0)

Since the liquid is incompressible and the mass should stay constant, also the profile

(D.8)

area A stays constant.

The equilibrium condition of the total energy E. is

aEtot (R (0) ) 0)

= D.9
0 2R0
% |:0'LV sind + osv (S — 2R> + O'SLQR:| =0 (DlO)
0 0 0 sin 6
- + — = =0 D.11
7LV 90 [ 0 — sin 0 cos 9} (051 = 0sv) 00 [ 0 — sin 0 cos 9} ( )
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APPENDIX D. DERIVATION OF YOUNG’S EQUATION

oLy (\i/ + 9% [\—1/ ) + (05 — osv) <\—1/ cos f + sin 6% [\—1/]> =0 (D.12)

with the abbreviation V= V0 —sinf cos .

0 |1 1 (11—cos®0+sin6
P e

i_ 0 ll—COSQH—f-SinQH
oLV v 0 —sinf@cosf 2 v

cos 6 sin 6 11— cos?6 —sin%0

+ (osr — osv) ( —

v 0 —sinfcosh 2 v ) =0(D.14)

1 0 sin® 0
o _
A\ VB —sinfcosd (6 — sin 6 cos §)*/

(0ss — osv) cosf B sin® 6
Sk sV 0 —sinfcost (0 — sinfcosb

)3/2> =0 (D.15)

bringing the fraction to the same denominator and canceling the denominator
(0 — sinf cos 9)3/2 # 0 for 6 # 0, gives

oLv (9 — sinf cosf — O sin? 9)

+ (05 — osv) (9 cos @ — sin 6 cos? § — sin® 9) =0 (D.16)

Some further transformations lead to

osy —os, 0 (1 —sin®#) — sin 6 cos b (D7)
oy Ocosh —sinh (cos? 6 + sin® §) '
with following trigonometric substitution
1 —sin?6 = cos? 0 (D.18)

the calculation leads to
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APPENDIX D. DERIVATION OF YOUNG’S EQUATION

osv —0osr, _ Ocos*0 —sinfcosh  cosf (0 cosh — sinb)

= = D.19
oLV fcos —sinb 0 cosfh —sinb ( )

and by canceling this expression, we get
ISV " IS _ o (D.20)

oLv

which is the Young’s equation.
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Appendix E

Evaporation and Vapor pressure
table
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Figure E.1: Fvaporation rate in high vacuum depending on the temperature [36].
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Appendix F

Material parameters

Property Unit Sigradur®G | CuABA
CTE Y K-t 2,6 x107% | 19,5 x10~¢
Density g cm ™3 1,42 8,1
Young’s modulus GPa 35 96
Thermal conductivity ) Wm! K! 6,3 38
Specific electrical resistance 2 Q pm 45 198
Maximum service temperature °C 3000 -
Open porosity % 0 -
Liquidus temperature °C - 1024
Brazing Range °C - 1025 - 1050

1) Coefficient of Thermal Expansion 20 - 200 °C

2) 30 °C

Table F.1: Material parameters for Sigradur® G and CuABA [57, 73].

Chemical composition of the CuABA brazing alloy (in wt%, [73]):
92,77% Cu, 3% Si, 2%Al, 2,25% Ti
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APPENDIX F. MATERIAL PARAMETERS

Material parameters of CFC NB31:

Property Unit T [°C] | x - direction y - direction z - direction
Density g cm ™3 RT 1,9
Porosity % RT < 8%
CTE 1076 K-t 1000 0,5
1500 0,7
Therm. Cond. Wm! K! RT 323 117 115
500 180
800 154 58 55
1000 145 56 52
1500 136 55 51
Specific Heat Jkg ! K=t | 500 1570 1570 1570
3367 2166 2166 2166
Tensile strength MPa RT 130 30 19
1000 165 42 27
1500 185 50 30
Young’s modulus GPa RT 107 15 12
1000 107 20 12
1500 107 22 12

Table F.2: Material parameters of CFC NB31 from Snecma Propulsion Solide (France)

[74]-

- 127 —




APPENDIX F. MATERIAL PARAMETERS

Material parameters of graphite I1G-43 from Toyo Tanso:

Property Value Unit
Bulk density 1,82 g/cm?
Electrical resistivity 9,2 12m
Flexural strength o4 MPa
Compressive strength 90 MPa
Tensile strength 37 MPa
Elastic modulus 10,8 GPa
CTE 350-45000) 48 | 1070 Kt
Therm. conductivity 14 W/m K
Average grain size 10 pm
Porosity 14 %

Table F.3: Material parameters of graphite 1G-43 from Toyo Tanso [75].
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Appendix G

Coefhicient of determination

The coefficient of determination is the square of the Pearson’s correlation coefficient

R, which is defined as follows,

VI =2, (- 9)

with the mean value z:
T =

in (G.2)

The value of R? is in the range between 0 and 1, where 0 means none and 1 means

S

a complete correlation.
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