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1. Introduction

1. Introduction

Aluminium-titanium alloys, especially AITi (CuAupe, [1]) and AlTs (NisSn-type,
[2]) are of technical interest, because of theghhimelting point in combination with
low density, good corrosion resistance and ternifechanical properties [3]. Therefore,
they are commonly used in the aircraft industry@eample for turbine blades. Though,
one major drawback is the energy consumption dymgduction and processing of this
material leading also to high costs [4]. Also, jog of two work pieces is a problem.
Formed oxides during welding may inhibit diffusiamh the interface. Therefore, it is
most commonly done under vacuum or inert gas [6t. diffusion bonding the pieces
are pressed together with a high pressure for g tone. It is therefore a time and
energy consuming and thus a costly method while stiessing the material [6]. For an
economical use it is crucial to decrease the olveoal of using such alloys by finding a

proper method to repair damages as well as byrfghdn efficient joining technique.

Diffusion brazing may be the answer to both tadksder good conditions it yields

joints with the same physicochemical propertiesttes bulk material without the

necessity of high temperatures during the procdssteby, a low melting solder is used
in between two pieces, which is molten, solidifaatt distributed over the whole piece
by diffusion in order to obtain no contributiontbe solder material to the properties of
the joint. Therefore, this is not only the applioatof physical force as high pressure or
temperature to the work piece but the beneficiapprties of different material is used
in the process. As a consequence the chemical aokd) has to be investigated in
form of the phase diagram of the relevant elemdnis. crucial to understand which

phase may be formed during the process and to gtithe parameters of the method,
such as the composition of the solder or the usetpérature program, to avoid the

formation of disadvantageous phases. [7]

The principal decision of which elements to be faseghe possible solder was in favour
of aluminium, titanium and germanium. Aluminium atitdnium were obvious choices
since they are also present in the bulk materiditherefore reduce the necessary time
for diffusion until the joint shares the composttiwith the bulk. Another element was
necessary as melting point depressant. Germaniwrnctwasen because it forms a low
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melting eutectic with aluminium [8] which may cabtite to a beneficial overall
composition providing a low enough melting pointvasll as a similar composition to
the bulk.

Because of the mentioned reasons, the focus ofdkéearch lies on the phase diagram.
For this task three partial isothermal sectionsewiarvestigated. In the titanium poor
part 400°C were investigated since samples abagetemperature would have been
partially liquid. But in other, higher melting, regs 400°C would have been too low to
reach thermodynamic equilibrium. Therefore 520°@ 4000°C were used in other
parts of the phase diagram. Since the goal wasojpopge a solder mainly for AlTi, the
phase diagram was just investigated up to apprdeineb0 at.% titanium. The
produced data were used to construct a liquiduggion and a reaction scheme. After

all, also preliminary wetting and brazing teststfoe final application were done.
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2.1. Binary phase diagrams

2.1.1. Aluminium — Germanium

McAlister and Murray [9] presented 1984 the firss@ssment (Figure 1) combining the
work of Kroll [10], Stohr and Klemm [11], Clark arféistorius [12], Glazov et al [13],
Wilder [14], Eslami et al [15], [16] and others.&jhcombined literature data with their

own thermodynamic calculations.
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Figure 1: Calculated Al-Ge phase diagram by Mcalistnd Murray [9] and
experimental data by different authors; the legead adopted to fit to this work

The phase diagram shows a simple eutectic systemtine three phases aluminium
solid solution (fcc), germanium solid solution (aiend) and liquid with the eutectic

point at 28.4 at.% germanium.

However, the eutectic temperature could not berawted reliable. It varies from
424°C [11] to 415£1°C [12] in different works. Etemchemical cell data yield values
of 417+3°C [15], [16] and thermodynamic calculaBoresult in 420°C. They also
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calculated a solubility of 2 at.% germanium in (Ahd 1.1 at.% aluminium in (Ge). At
the time of this assessment the solvus of (Ge}{(@g) and the solidus on the

aluminium-rich side wasn't investigated yet.

More recently Minaminon et al [18] did electron beomicro analysis in order to obtain
information about the solidus in the aluminium-rgdrt and to determine the solubility
of Ge in (Al), both of which show a significant éngence to the phase diagram
proposed by McAlister and Murray [9]. Thereforek@nth et al [8] used those new data
by Minaminon et al. [18] in addition to SGTE datar the phase stabilities of pure
elements as well as the data used by McAlister sindray [9] in their work to

recalculate the phase diagram (Figure 2).
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& Eslami et al [15]
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. . ! [18]
0 0.2 0.4 0.6 08 1
Mole Fraction Ge

Figure 2: Calculated Al-Ge phase diagram by Srikantal [10] and experimental data by
different authors; the legend was adopted to fihie work

The main difference of the new calculation is thghsly higher eutectic temperature of
423.7°C as well as the solubility of up to 2.58@Ge in (Al). Binary reactions and
structural information about present phases atedis the following tables (Table 1
and Table 2).
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Phase Pearson Space Strukturbericht Prototype
symbol group designation
(Ge) cF8 Fd3m A4 C(diamond)

Table 1: Crystal structure for the binary Al-Ge gaaiagram [11], [10]

Reaction Composition, Temperature | Reaction
at.% Ge °C Type

L (Al) + (Ge)  2825698.7 423.7 Eutectic

L « Al 0 660.35 Melting

L & Ge 100 938.25 Melting

Table 2: Phase equilibria for the binary Al-Ge ghdsmgram [11], [10]
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2.1.2. Aluminium — Titanium

Since this system is of high technical interesiyés investigated several times with
varying results. For a long time the assessed piiageam by J.L. Murray [19] (Figure

3) was considered to be valid.
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Figure 3: Al-Ti phase diagram by Murray [19]

Okamoto [20], [21] did two updates (Figure 4) onlit the first he claimed, based on
Kattner et al[22], that oTi is formed peritectic out ofiTi and liquid instead of
peritectoid out of3Ti and AlTi. As a result the two phase field betwgdi and AlTi
disappeared. In the second update he introduceeb gphase field betweefTi and

TisAl based on the work of Kainuma et [aB]. In both updates it was not mentioned

why the melting point maximum @fTi is neglected.
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Weight Percent Aluminum
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Figure 4: Al-Ti phase diagram after second updgt®kamoto [12], [13]

Schuster and Palin4] did a very thorough assessment of this systend@® ZFigure 5)
discussing in detail all relevant data availabld aambining them to the most probable
phase diagram. Beside some temperature shifts dfededt shapes for the phase
boundaries, the main differences between Okam{0[s[21] and Schuster’R4] phase
diagram are on the aluminium rich side. On one hhadAkTi phase is separated into a
high- and a low-temperature modification. On thigeothand Schust¢z4] states that it
still remains uncertain whether the phase 1d-ARSchvis named Alli, in Okamoto’s
phase diagrarir0], [21], forms in a second order transition out of theylerphase field
of AlITi or if a two-phase field in between exists ib 1d-APS is a metastable phase
formed during quenching out of AlTi, which may bastable at room temperature,

while the formation of stable phases at room tewrtpee are kinetically inhibited.
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Figure 5: Assessed phase diagram by Schustef{2t]al

Binary reactions and structural information abouésent phases are listed in the
following tables (Table 3 and Table 4).

Phase Pearson Space Strukturbericht Prototype
symbol group designation

Al cF4 Fm3m Al Cu

BTi cl2 Im3m A2 w

aTi hP2 P&/mmc A3 Mg

AlTis hP8 Pe/mmc DQo NisSn

AlTi tP4 P4/mmm L3 AuCu

Al,Ti t124 14,/amd HfGa,

Al3Ti(h) tI8 [4/mmm D@, Al3Ti(h)

Al3Ti(l) t132 [4/mmm Al3Ti(l)

Table 3: binary Al-Ti phases [24]
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Reaction Composition, | Temperature Reaction
at.% Al °C Type

L — Al 100 660 Melting

L + Al3Ti(l) < 99.9275.599.2 665 Peritectic

(Al)

L + 1d-APS~ ~77.5~7375 1412 Peritectic

Al3Ti(h)

AlTi/1d-APS - | 65.7 1215 Congruent

Al,Ti

AITi/1d-APS <>  71.567.074.2 = ~975-980 Eutectoid
Al Ti + Al3Ti(h)

Al3Ti(h) <

Al3Ti(l)

(BTi) + AlTig«— | 25~27.527 1170410 Peritectoid
(aTi)

(aTi) < AlTig+ | 3938.546.5 1120 £ 10 Eutectoid
AlTi

(BTi) + (aTi) & | ~28 33 32 1200 + 10 Peritectoid
AlTis

L + (aTi) <> AITi | 59 50.5 54.5 1456 Peritectic
L + (BTi) < oTi | 49.544.6 46.7 1491 Peritectic
L < (BTi) 85+35 1690 + 10 Congruent
L « BTi 0 1668 Melting

Table 4: binary Al-Ti reactions [24]

2.1.3. Germanium — Titanium

In contrast to the Al-Ti system, little is known aal the Ge-Ti phase diagram.
Rudometkina et a25] did an investigation of this system in the couo$ea ternary
phase diagram study in 1989 using only DTA to itigese this system concluding with
the phase diagram shown in Figure 6. Some obviaakmesses of this phase diagram
are, that solubilities of the single phases ar@westigated and reaction temperatures
have either non or a rather high error bar. Alee,damount of the investigated samples

is rather low.
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Figure 6: Ge-Ti phase diagram by Rudometkina g4|

Wirringa et al [26] performed chemical vapour tgams experiments in the Ge-Ti
system. They were not able to transpodGE and found T4Ge; in equilibrium with
TiGe,, so they conclude in their work thats@e; is not thermodynamic stable at 700
and 800°C.

There are also some disagreements between thencuwwek and the phase diagram by
Rudometkina et al [25], which will be discussedbid. Therefore further experiments

are desirable to clarify the real relations in sgystem.

Binary reactions and structural information aborgsent phases are listed in Table 5
and Table 6.

10
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Phase Pearson Space Strukturbericht Prototype
symbol group designation

BTi cl2 Im3m A2 W

aTi hP2 P&mmc A3 Mg

TisGes hP16 P&mcm D& MnsSis

TieGes ol44 Immm NbsSns

TiGe, oF24 Fddd C54 TiQi

Ge cF8 Fm3m A4 C(diamond)

Table 5: binary Ge-Ti phases [19]

Reaction Composition, Temperature  Reaction
at.% Ge °C Type
L < BTi 0 1670 Melting
BTi <> aTi 0 882 Allotropic
(BTi) « (aTi) + TisGes | ?? 37.5 860 Eutectic
L < (BTi) + TisGes 15?375 1325 Eutectic
L & TisGe; 37.5 1980 Congruent
L + TisGes — TigGes ?37.5455 1650 Peritectic
L + TieGe « TiGe, ? 45.5 66.7 1075 Peritectic
L - TiGe + (Ge) 89 66.7 ~100 900 Eutectic
L - Ge 100 938.3 Melting

Table 6: binary Ge-Ti reactions [19]
2.2. Ternary phase diagram Aluminium — Ger manium - Titanium

Literature data about the ternary phase diagram exikts for the titanium rich corner
of the phase diagram. Hayes [27] did a review pnntmsed on the work of Nartova
and Mogutova [28]. They investigated four isothdrsections at 600, 800, 1000 and
1100°C using DTA, XRD and microstructure analysis.

No literature data for the titanium poor side belsvat.%, which is the main target for

this investigation, exist yet.

11
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3. Theoretical Background

3.1. Phase diagrams[29]

Phase diagrams describe the thermodynamic staldsephin a single- or a multi-

component system as a function of composition, tzatpre and pressure. A phase
thereby is a region where all physical properties aniform, such as the chemical
composition or, in case of solid matter, the crystaicture. The three different states of
matter are solid, liquid and gaseous.

Phase diagrams are crucial to understand solitiditgrocesses and other reactions in
order to predict the properties of materials andntprove beneficial properties of

existing materials systematically.

Since a phase diagram has a dependency of sevarables and therefore is

multidimensional, it is almost impossible to illcege the whole diagram. Thus, there are
several common ways to project two dimensionasitations out of the phase diagram.
The overall pressure dependency is often minoolid phases, so it is very common in

material chemistry to print phase diagrams withedain constant pressure value. In a
ternary system, the composition dependency is edzidto two independent variables.

Only the concentrations of these two elements @lfrdely chosen while the last one
adds up to 100 at.%, providing none of them is tiegaThree degrees of freedom are
therefore left. These are the temperature and tiwer dwo are the composition. For a
clearly represented two dimensional projectionsihecessary to keep one additional

degree of freedom constant.

In case of isothermal sections in ternary systemestémperature is kept constant in
addition to the pressure. Hence, it is a diagramtipg the two degrees of freedom of
the composition against each other. Isopleths enother hand show the temperature
dependency while varying one degree of freedomhefdomposition. In this case the
pressure and the other degree of freedom are cinsar both of these possibilities
there is an example in Figure 7. In other systeifierdnt ways of illustration may be
more practical but in this work only these two gr@ed ways will be used.

12
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Isothermal Section

p, T = const.
C
a
atb
b
A B A B
Isopleth
A p, X, = const. A
a+L L
a+b+L Ry
a
.
a+b
Xb

Figure 7: Examples for: isothermal section: redpisth: green; ternary phase diagram
at constant pressure: black

Lines drawn in such diagrams are borders for regairdifferent phase fields, in which
a certain number of phases can coexist. Underesipighse field conditions the whole
sample has the same crystal structure and commosali over. However, in phase
fields with a higher number of phases in equilibrjuthere is a mixture of different
phases, each with a different composition, depenadim overall composition of the

sample, temperature and pressure. A binary exaisgigen in Figure 8. All rules valid

13
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in binary systems can also be A A
adapted to ternary systems. ' T N
this example a sample with the D ]
composition x is he-ated 'fo t-he T a N\ /W
temperature T Since it is _ 3[R {

located in a two-phase-field, it~ atb b

consists out of a mixture of the T1 <
Z, Z,

A 4

bordering phases a and b. Th < >

total

composition of a and b is
highlighted by the red dots at

X B
T1, while the ratioofaand b is _ 1 .
Figure 8: Binary example phase diagram for lever

defined by the overall e and invariant and non-invariant reactions
composition of the sample.

The ratio can be calculated by the lever rule, Wisiays that the amount of b is given by

: z
4 while X, =—=2

X, = :
Ztotal Ztotal

During heating to 7the amount of b decreases continuously, whileattme@unt of a
increases, according to the lever rule. This isreffloee a non-invariant reaction
temperature-wise where b reacts to a. Finally laghisng & b stops to be stable at the
chosen composition. All of it has to decompose dftge at § before higher
temperatures can be reached, assuming ideal beinaVibe whole system keeps the
same temperature until b reacts with a to formidighis is consequently called an
invariant reaction. Since reactions in phase dragrare always reversible, there is the
convention to write them from the point of viewafoling, which leads to the reaction
L - a+b. Further heating instantaneous leads to anotherimariant reaction
decreasing the amount of a and forming liquid umdila is left anymore since z zotal

and the whole sample is molten.

14
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The central rule for phase diagrams
is the Gibb’s phase rule. It connectrT
the number of phases in equilibriun
in a sample with the degrees o

freedom within a phase field. The

rule says P+F=C+2 with P

standing for the number of phases iT
2

equilibrium, F for the degrees ofT1

Freedom and C for the order of the

system. Considering one degree ¢

freedom is already used due to thec A B
Figure 9: Binary examples for Gibb’s (phase

constant pressure it can be written rule

asP + F'=C + 1 Using this equation

for a binary phase diagram (C=2) this yields F'e2 & single-phase-field (P=1), F'=1

for a two-phase-field (P=2), and F'=0 for a thrdege-field (P=3).In Figure 9 one can
see at the very left a sample with a certain teatpee and certain composition in a
single-phase-field represented by a blue spot. Gilsd’s rule now says that there are
two degrees of freedom in a single-phase-fieldh&e the composition of the phase or
the temperature can change without the necessdlyange the other variable as well. In
a two-phase-field there is just one degree of fveedBy changing the temperature from
T, to T, the compositions of phase a and phase b also ehacwprdingly represented

by the red spots and cannot be freely chosen. Tier avay around: After choosing a

composition for phase a it is necessary to heatdertain temperature in order to obtain
this composition and the composition of phase Ib aldo be defined. So the other two
variables cannot be freely chosen. The last pdsgiloh a binary phase diagram is a

three-phase-field represented by the green spbeseTare no degrees of freedom left.
Therefore neither the temperature nor the compmositif any phase can be changed

without leaving the three-phase-equilibrium.

15
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A simple but crucial rule for
constructing phase diagrams is the- a+L
Landau and Palatnik rule. It
describes the dimension of the

borders between different phase

fields and saysr,=r-d” —-d”
with r; as the dimension of the
border, r as the dimension of the

phase diagram, das the number

of phases lost during the transition

from one phase field to another A B
and d as the number of phases Figure 10: Binary example for Landau and
added. Some examples are given Palatnik rule
in Figure 10 with red arrows. The first exampletrad very left is a transition from a
single-phase-field to another. It is a two dimenalgphase diagram and one phase is
lost, one phase is added, so the result of thiateaquis zero. Thus the border for this
transition is just a single point. The next examiplthe transition from the a phase field
to the a+b phase field. One phase is added, nolostisso 1 equals one in this case,
which leads to a line as phase boundary. The |gample is a little bit more
complicated. Since there is the three-phase-fielath between the single-phase-field
L and the two-phase-field a+b, the transition franto a+b has to be split in two
separate transitions considering the three-phase-fThe first transition is from a+b to
a+b+L and is according to the rule a one-dimengitoma, while the second a+b+L to L
Is just a point again. Not considering the threagahfield would lead to incorrect

results.

3.2. Methods

3.2.1. Scanning Electron Microscopy (SEM)[30]

SEM measurements in backscattered (BSE) or secpetizstrons (SE) mode are used
for imaging with high magnification and resolutioh a surface. Different phases are
thereby distinguishable from each other becauseiffigrent grey scales in BSE mode.

16
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In SE mode contrast is produced by the topographyhe sample. The energy
dispersive X-ray spectroscopy (EDX) mode is usethéasure the element distribution

of the different present phases.

The measurement is done with an electron bears. ptaduced by a heated tungsten
filament or CaB tip. It is accelerated towards the polished swfatthe sample and
focused by several electromagnetic lenses in aw@btain a good shape and small
diameter for the beam as well as for the excitatibthe sample. This is crucial for a
good resolution and precise measurements. The@bdobam then triggers a cascade of
different effects in the sample as you can seegnrg 11. This is just a schematically
figure, which should give an idea about the presé#fiects. The shape and depth where
these effects take place is dependent on sevdtagselike the energy of the electron
beam or the chemical composition of the targetiarttierefore not true to scale. Also

the single regions for those effects are also hat@y separated.

Electron Beam

Auger Electrons
Secondary Electrons

Backscattered Electrons

Characteristic X-rays

\
|
|

[
/ Bremsstrahlung
Fluorescent X-rays

Figure 11: Interactions between electron beam and
solid matter

The first important effect is backscattered elatroElectrons of the primary beam
interact with the high electron density around @omawhich leads to elastic and
inelastic scattering, changing the flight directioh the primary electron. Multiple
collisions can cause the electron to leave the kEaagain. Larger atoms have a greater
cross sectional area and it is therefore moreyliket an incoming electron to hit and
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3. Theoretical Background

interact with a larger atom. Thus, the intensitytloé backscattered electrons is the
higher, the greater the mean atomic number in thasored area is. After scanning over
an area it is possible to plot the intensity repnéigg the mean atomic number as
different grey scales in a picture. Since singlag@s have a homogeneous composition
they also have a homogeneous mean atomic numbehwads to a single grey scale
for each phase in a measurement. By adjusting tmegk and contract it is therefore
possible to distinguish different phases unlesyg tiae the same mean atomic number

which can of course occur randomly.

The next important mode for SEM measurements igdas secondary electrons.
Secondary electrons are produced by inelasticsomtis of electrons in the primary
beam with weakly bound electrons in the outer shédlhe electron in the atom thereby
absorbs rather little energy in most cases butestdugh to leave the atom. Because of
the low energy these electrons barely can penetnatéer, so this is almost purely a
surface effect. Thus, if the primary beam, anddfoge the currently investigated area,
targets a sloping area, the beam can interact mvidre atoms within the very limited
distance to the surface. Such zones yield a hightensity of detected secondary
electrons. Often the detector is mounted on one sidhe primary beam, which leads
to another effect. Secondary electrons emitted wfaces averted to the detector are
partial reabsorbed. So the intensity there is lotvan on a surface facing the detector.
Also other circumstances like increasing roughnasa microscopic way or higher
atomic number increases the final intensity at age point. The charge of the area
also has an influence. Negatively charged regiong more electrons than positively
charged. After allocating grey scales to intensitias possible to plot a pictures based
mainly based on the topography of the sample. S%uyn electrons can be
distinguished from backscattered electrons by tkieetic energy. While the energy of
backscattered electrons is dependent of the aatielervoltage which is in the range of
several kV, secondary electrons have below 50eV.
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3. Theoretical Background

In EDX mode the characteristic X-
rays provide the information content
The electron beam removes electror
from inner shells in atoms by
collisions which lead to reoccupatior S

L7
& ﬂ’.lg?.rr:'
by other electrons in energetically 'Hllmn?.'!.'.'a‘-..-.-

(1 .‘? =

w

more unfavourable shells. The energ
difference is then released in form o

characteristic X-rays. Since the

energy difference between two shell

is dependent on the constitution of th

excited element, as well as on the _ .

Figure 12: Possible transitions for the K, L and
participating shells (Figure 12), every M shell [23]
element produces a unique spectrum,
which consists of the combination of all possibtansitions weighted with their
probability. Hence, a measured spectrum can bentigased into the spectra of the pure
elements, each weighted with the amount of the ememresent. With this method the
composition of a very small spot, limited by theatre size, can be measured very

accurately.

Whenever an electron undergoes a decelerationnwitte field of an atom, the lost
energy is transformed into a photon which may aksan the X-ray range. Any amount
of energy up to the total energy of the electram loa lost in a single event. Therefore a
continuous radiation up to the total energy of #hectron is produced forming the
background of the measurement. This kind of raalais called Bremsstrahlung based
on the German words "bremsen" and "Strahlung" whicban deceleration and

radiation.

X-ray fluorescent occurs by excitation of atoms bptthe electron beam but by other
X-rays. Excitation by Bremsstrahlung or characteriX-rays is both possible. Like in

visible fluorescence the exciting X-rays have toeha higher energy than the emitted
ones. Therefore a shift to longer wavelengths taklese and the volume of the

measured space further increases.
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3. Theoretical Background

Auger Electrons are produced in a similar way aaratteristic X-rays. But after
ionization by removing an inner shell electron, #rergy difference of the occurring
transition of an outer shell electron to the enecgmore desirable state is used to emit
another outer shell electron. This emitted electtras now a kinetic energy reflecting
the transition. Therefore auger electrons yieldilsimnformation to characteristic X-
rays but with a different depth profile in the sdenp

3.2.2. X-ray Diffractrometry (XRD) [31]

XRD is used to identify the present phases viartkebwn structure as well as to

identify the structure of unknown phases. The idehind this method is that waves
diffract at a grid. The grids, or rather the distes between the single lattice planes,
thereby are formed by the electron densities aiato the crystal. Since the positions
of the atoms are depended on the crystal strudtifferent planes can be put into each
crystal structure, each with a characteristic distato its proximate parallel plane

defined by the lattice parameter. Thus, the geomeiduces an ensemble of the
different lattice distances. Since the angle ofdifieaction is amongst others dependent
on those distances, every angle can be broughbrirelation with such a distance.

Hence, by measuring the angle, conclusions canrddendabout the crystal structure

producing such an observed ensemble of distances

The question is now under which conditions the dardffracts a ray under a certain
angle. This is just possible if constructive inteeince occurs. An illustration for such a

situation is given in Figure 13.

incident beams diffracted beams

0

AN

Figure 13: Diffraction of X-rays, Bragg Equation

lattice plane

20



3. Theoretical Background

The two different beams in this example have aedsffit distance to cover. The distance
for the second beam is increased by the blue secticomparison to the first one. If

the blue section now is a multiple of the wavelangft the X-ray, then the first and the

second beam are in-phase after the diffractionjigeal they have been in-phase before.
This leads to constructive interference and totaafable signal. In every other case the
beams will erase each other and just the backgreuihdbe detected. The distance of

the blue section is dependent on the angle ancherdistance between two lattice
planes, while of course the wavelength definespbssible lengths for constructive

interference. This is combined by the Bragg equatihich says2dsind =nA . It can

be used to evaluate the distances between singtepif the wavelength is known and
the angle is measured. The different plane distante crystal are dependent on the
crystal structure as well as on the lattice paramsedf the cell, while the intensities of

the single peaks are depended on the electrontgelsiribution forming those planes.

But it is not possible to distinguish the sourcéshe electron densities. For example
positions with atoms with higher electron densitieg vacancies may yield the same
diffractogram as positions fully occupied with atomwith lower electron density or

even with a mixture of atoms with high and low éleo density.

As diffraction works best with photons having thegivelength in the same order as the
grid spacing, which is in the low Angstrom rangeyray radiation (e.g. Cu &=
1.541A) is used. For the generation of such rasfiathigh voltage is applied to a heated
tungsten filament. The filament emits electronsclihare accelerated towards a target
consisting of an appropriate material. The eledronteract with the material in the
same way as discussed in chapter 3.2.1. But in dhge just Bremsstrahlung and
characteristic X-rays of the target are of inter&tce the diffraction angles should be
brought into correlation with the crystal structuegery other angle dependency in this
device should be avoided. But as the diffractiogles are also dependent on the
wavelength of the electromagnetic wave, monochrmmatves are preferable. The
possibilities to filter everything except one spiecwavelength are, however, very
limited and therefore often abandoned. Then it ecessary to take the more

complicated spectrum into account during the evaloa

For the detection of X-rays in principal every alyséle interaction between matter and
the radiation can be used. Very common is a detéeteed on a Nal crystal doped with
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3. Theoretical Background

thallium. X-rays produce light flashes when inteéirag with the crystal, which then can
be detected with a photomultiplier. Such a detecsocalled scintillation counter.
Another method is based on semiconductors. Theatradithereby produces electron
and hole pairs in the semiconductor changing itsdaootivity. A fast and efficient
detector can be obtained by arranging many smah semiconductor stripes, out of
silicon for example, close to each other.

Since there is no material known yet capable tokwas a lens for X-rays, just the
geometry and slits can be used in order to obtaworking device. The goal thereby is
to construct an arrangement able to scan ovemglea to detect whether the sample
diffracts with a certain angle or not. Such carabeieved by placing the X-ray tube, the
sample and the detector on a common focusing-cifi¢ies will also cause a focusing

effect, as you can see in Figure 14.

focusing circle

x-ray tube detector

6, 0,

sample
Figure 14: Focusing circle

With this arrangement every ray emitted by the ¥X4abe and hitting the detector is
diffracted under the same angle by the sample iw#gnt of the location for this
interaction. The sample thereby has to cover thitasel of the circle and should be
therefore concave. It works for every angle adpiste long all three are moved on the
same circle. But this arrangement is impractichle movement of the detector and the
X-ray tube has to be done simultaneously about then axis as wells as about the
centre of the circle in a very accurate way. Sisg®ll deviations already corrupt the
results, this put great demands to the mechanie. W@y to circumvent this problem is
to arrange everything according to the Bragg-Bmmtpseudo focusing circle. A

scheme can be found in Figure 15.
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focusing circle

x-ray tube detector

Q

o

pseudo focusing circle
Figure 15: Bragg-Brentano pseudo focusing circle

Thereby no longer the radius of the focusing ciisl&ept constant but the distances
between sample and detector as well as betweenlesang X-ray tube. A changing
angle leads to a changing focusing circle but tiecppal effect stays the same. In this
arrangement the detector and the tube can justdeted on an arm rotating them
about the centre of the pseudo focusing circle Wwiscby far easier to accomplish. To
further lighten the requirements for the mechanits icommon to keep one of those
three parts fixed and just move the other two aliogty. In some cases, most often
dictated by the sample, it is necessary to keesdingple holder fixed and move X-ray
tube and detector each by the arjlas shown in the figures. Such an arrangement is
therefore called/6. The easier way is to keep the heavy X-ray tukedfiand turn
sample holder and detector. The detector has tothéed twice as fast as the sample
holder in this case to maintain the geometry. thexefore called/26 arrangement. As
the focusing circle changes, in this case the ¢urgeof the sample holder also has to
change. Since very often silicon single crystats @sed cut in a certain angle to deny
diffractions of the sample holder itself, it is bedcally almost impossible to achieve

such a changing sample holder. Usually a flat sarhplder is used instead.
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3. Theoretical Background

For the evaluation it is possible to calculate aotktical diffractogram just out of

fundamental parameters and a set of initial vaemblike the lattice parameters of the
cell, atom position within the cell but also disganent of the sample in relation to the
ideal sample position and several more. This can the compared with the measured
one. By refining the variables to minimize the sguarror, so called R-value, the
calculated diffractogram can be trimmed to fit he tmeasured one by an iteration of
several such refining steps. In the end the paensef the calculated diffractogram can
be used for further evaluation. This method is rrRéetveld-refinement after his

inventor Hugo Rietveld.
3.2.3. Differential Thermal Analysis (DTA) [32], [33]

DTA is one of main tools to construct the tempemtlependency of a phase diagram

out of samples which obviously can only be tempeaitezhe temperature.

Each phase transition goes hand in hand with a éeettange of the sample and
surrounding. This occurs because during a rearraege energy is necessary to break
existing interactions between atoms, while the ffon of new interactions releases
energy. Those two energies do compensate eachugihtera certain degree. In case of

DTA these phase transitions are induced by heatirogoling the sample.

Hence, in a DTA device a temperature program idieghpo the sample. During this,

the actual temperature of the sample and of a seosiierence material is measured
with sensitive thermocouples. The difference betweke non-reacting reference
material and the sample is then plotted against réference temperature. Each
deviation indicates a reaction in the sample atel &valuating the exact temperatures

they can be plotted in the phase diagram.

Invariant and non-invariant reactions yield dififershapes of signals in the DTA. To
show this, an example for a theoretical DTA sign#h the according phase diagram is
given in Figure 16. A sample with the compositignischeated. Due to the change of
composition with the temperature, the amount oh@edases while the amount of b

decreases in a non-invariant reaction while hedto To to T;. Since this reaction is
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3. Theoretical Background

rather slow due to the fact that the progress @fréaction is temperature dependent and

the sample is slowly heated, it yields a flat armbld signal.

A A

At T4 an invariant reaction
takes place. The whole

transformation energy is

consumed at the constan

temperature 1  Such

reactions yield steep and

sharp peaks with

characteristic linear peak T,

onset. After this reaction A X, B
another non-invariant 4

reaction  starts  during AT
heating from T to T, again endo
with a broad and flat peak
shape. At T the reaction

with the corresponding heat

consumption stops and

exponential cooling to the

baseline begins. Because o

Figure 16: Example for DTA signal

the different shape of the
signals different points have to be evaluated.dsecof invariant reactions the onset is
of interest, since the reaction starts only if $henple reaches the right temperature. On
the other hand for non-invariant reactions thet sihexponential cooling is important

because at this point no more heat is exchangethanefore the temperature equals the

corresponding phase border in the phase diagram.
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4. Experimental section

4.1. Sample compositions

Sample compositions were selected to assume todtdeast one sample in each three
phase field for partial isothermal sections andjéb DTA data for several isopleths to

be able to propose a possible reaction scheme iffireh temperatures. Almost no

knowledge of the phase diagram is necessary tapregamples on an isopleth but for
samples in three phase fields a rough conceptsHible equilibria is required.

Therefore at the very beginning two isopleths wiexestigated. The first one was a
section at 10% Ti. The second was with constanALTi ratio and various Ge content.
Since the phase AITi was of special interest, thiakslity of Ge in this phase also was
investigated with several samples. Afterwards sonmortant samples which were not
in equilibrium after the initial treatment were paged once again. Also some phase
pure ternary compounds, which were found in othemmes, were prepared for
identification of their structure. Another intertiea between the eutectic mixture of
Aluminium and Germanium and AITi was investigatedce one main goal of this
study was to find a low melting brazing material AdTi which would very likely be
part of this intersection. Also interesting for thmazing was the solubility of
Germanium in A{Ti and it was therefore studied. Those samplesdjrelarified some
three phase fields but others needed additionaplesmo verify them. Also, a certain
composition was selected and prepared to do soamngr experiments. Since some
results contradicted the binary phase diagram,salate investigations were done in the
binary Ti-Ge. All prepared samples are drawn inuFégl7 and listed in Table 6 with
the used temperature program. All samples whichewleund to be in thermal
equilibrium are bold in this table. Samples noequilibrium showed more than three
phases or remaining titanium pieces. Further detdbut the samples can be found in

chapter 5.
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Sample desired Atom% real Atom% Temperature program and
Al Ge Ti Al Ge |Ti comments

1 80 10 10 80.07| 9.97 9.96/ 400°C, 3 Weeks

2 70 20 10 69.96 20.01 10.08 400°C, 3 Weeks

3 60 30 10 59.93 30.00 10.06 400°C, 3 Weeks

4 50 40 10 50.07 39.92 10.01 400°C, 3 Weeks

5 40 50 10 39.96 50.01 10.083 400°C, 3 Weeks

6 30 60 10 30.03 60.01 9.96/ 400°C, 3 Weeks

7 20 70 10 20.01 69.98 10.01 400°C, 3 Weeks

8 10 80 10 10.06/ 79.91 10.083 400°C, 3 Weeks

9 47.5 5 475 | 4756 5.00 47.44 1000°C, 2 Weeks

10 45 10 45 4497, 10.02 45.01 1000°C, 2 Weeks

11 42.5 15 425 | 4259 1499 4243 1000°C, 2 Weeks

12 40 20 40 40.04 19.95 40.01 1000°C, 2 Weeks

13 35 30 35 34.93 30.00 35.07 1000°C, 2 Weeks

14 30 40 30 30.00 40.02 29.97 1000°C, 2 Weeks

15 37 8 55 36.96 8.02| 55.02 1000°C, 2 Weeks

16 44 8 48 44,02/ 7.99| 47.99 1000°C, 2 Weeks

17 51 8 41 50.96) 7.98| 41.06 1000°C, 2 Weeks

18 58 8 34 58.000 8.00| 34.00 1000°C, 2 Weeks

19 80 10 10 80.02 10.02 9.96 590400°C, 96 Hours

20 70 20 10 70.07 19.97 9.96 powdered, 400°C, 3Kké/ee

21 60 30 10 60.04 30.01 9.95 powdered, 400°C, 3ke&/ee

22 50 40 10 50.06) 39.92 10.01 powdered, 400°C, 8k#/e

23 40 50 10 39.91 50.01 10.08 powdered, 400°C, 8ke/e

24 30 60 10 30.05 59.94 10.01 powdered, 400°C, 8k#/e

25 20 70 10 20.09 69.90 10.00 powdered, 400°C, 8k#/e

26 10 80 10 9.90 | 80.07 10.02 powdered, 400°C, 3ke/ee

27 70 26 4 70.01) 26.01 3.98 550°€400°C, 75 Hours

28 67 29 4 66.97) 29.01 4.01 550°€400°C, 75 Hours

29 58 22 20 57.98 22.00 20.02 550°€400°C, 75 Hours; 400°C, 1
Week

30 52 34 14 52.00 34.01 13.99 550°€400°C, 75 Hours; 400°C, 1
Week

31 20 70 10 20.10 69.93 9.98 550°€400°C, 75 Hours

32 69.5 24.5 6 69.48 24.49 6.03 560°€400°C, 48 Hours; 400°C, 5
Days
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Sample desired Atom%

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49
50
51
52
53

54
55
56

Al
68

66.5

65

61

56

55

50

2.5

7.5

15

20

25

65

71

13
19
35
30

Ge

23

21

19

14

20

25

95

90

85

70

60

50

15

61

54
47
30
40
65

44
41
38

Ti

9

12.5

16

25

36

25

25

2.5

7.5

15

20

25

20

20

33

33
34
35
30
27

54
54
54

real Atom%

Al
67.98

66.51

65.03

61.03

56.03

55.01

50.01

2.47

4.99

7.50

15.05

19.90

25.05

65.01

70.99

6.08

12.96
19.00
35.01
29.95
8.06

1.95
4.90
8.03

Ge

22.98

20.93

18.99

14.00

7.99

20.04

24.99

95.06

90.02

85.04

69.93

60.09

49.97

14.99

8.98

60.95

54.04
46.99
29.98
39.99
64.95

44.01
41.04
38.02

Ti

Temperature program and
comments

9.04 5602€400°C, 48 Hours; 400°C, 5

Days

12.51 5603Ct00°C, 48 Hours; 400°C, 5
Days

15.98 560=400°C, 48 Hours; 400°C, 5
Days

2496 9002€520°C, 48 Hours; 520°C, 5
Days

900=€520°C, 48 Hours; 520°C, 5
Days

2495 9002€520°C, 48 Hours; 520°C, 5
Days

25.00 9002€£520°C, 48 Hours; 520°C, 5
Days

900°€520°C, 48 Hours; 520°C, 5
Days

9002€ 520°C, 48 Hours; 520°C, 5
Days

9002€520°C, 48 Hours; 520°C, 5
Days

15.02 900°€520°C, 48 Hours; 520°C, 5
Days

20.01 900°€520°C, 48 Hours; 520°C, 5
Days

2498 900%€520°C, 48 Hours; 520°C, 5
Days

20.00 5602€400°C, 48 Hours; 400°C, 4
Weeks

20.083 5602€400°C, 48 Hours; 400°C, 4
Weeks

32.98 900°C, 1 Week; 9083G%20°C, 48
Hours; 520°C, 3 Weeks

33.00 520°C, 4 Weeks
34.01 520°C, 4 Weeks
35.00 520°C, 4 Weeks
30.06 520°C, 4 Weeks

26.99 900°C, 1 Week; 9083G%:20°C, 48
Hours; 520°C, 3 Weeks

1000°C, 4 Weeks
1000°C, 4 Weeks
1000°C, 4 Weeks

35.98

2.47

4.99

7.46

54.04
54.05
53.95
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Sample desired Atom%

57
58
59

60
61

62

63
64
65

66
67
68
69

70
71
72
73
74
75
76
77
78
79

Al Ge
11 35
24 41
69.5 | 245
70.18 | 27.82
73 12.5
67 15.5
4 44

4 38
51.5 | 34.2
0 51

0 42

0 32

5 68
20 32

6 56

4 58
73 11
35 30
50 25
51.5 | 34.2
51.5 | 34.2
0 90

0 42.5

Ti

54
35
6

14.5

17.5

52
58
14.3

49
58
68
27

48
38
38
16
35
25
14.3
14.3
10
57.5

real Atom%

Al Ge
11.01 34.98
24.02 41.03
69.49 24.47

70.18
73.01

27.88
12.48

67.02 15.50

4.07
4.06
51.48

43.98
37.96
34.20

0.00
0.00
0.00
4.93

51.00
42.00
31.97
68.10

20.09 32.00
6.00  56.01
4.02 | 57.97
73.02 10.99
35.00 30.00
50.01 25.01
51.48 34.20
51.48 34.20
0.00 | 90.00
0.00 | 4247

Temperature program and

. comments
Ti

54.02 1000°C, 4 Weeks
34.95 520°C, 4 Weeks

6.03  5602C400°C, 48 Hours; 400°C, 4
Weeks

1.99  Arc furnace only

14.51 5603Ct50°C, 48 Hours; 450°C, 4
Weeks

17.47 5603CH50°C, 48 Hours; 450°C, 4
Weeks

51.95 1000°C, 4 Weeks
57.98 1000°C, 4 Weeks

14.32 8003G50°C, 48 Hours; 550°C, 4
Weeks

49.00 1000°C, 4 Weeks
58.00 1000°C, 4 Weeks
68.03 1000°C, 4 Weeks

26.97 1000°C, 1 Weeks; 10008620°C,
48 Hours; 520°C, 3 Weeks

47.91 1000°C, 4 Weeks
37.99 520°C, 4 Weeks
38.02 520°C, 4 Weeks
15.99 400°C, 4 Weeks
35.00 520°C, 4 Weeks
24.98 520°C, 4 Weeks
14.32  800°C, 4 Weeks
14.32  540°C, 4 Weeks
10.00 Arc furnace only
57.53 1000°C, 23 Days

Table 7: Composition and temperature program gbrapared samples.

Equilibrium samples: bold
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Ti

10
90

80

>40@

400°C
520°C
1000°C
various temperature

4 A
9 ° ¢ O
90 ®
® o © ° ® ® ® 10
o
100 ‘A.
/7 7 7 7 7 7 7 7 7 7 0
Al O 10 20 30 40 50 60 70 80 90 100

at% Ge
Figure 17: Prepared samples

4.2. Sample preparation

4.2.1. Basic metals and weighing

The following metals basis were used for this itigagion:

Aluminium: Aluminium slug, 3.175mm diameter x 6.38mlength, Puratronic

99.999%, Alfa Aesar

Germanium: Germanium pieces, 3-9mm, 99.999%, A#aak

Titanium: Titanium rod, 6.4mm diameter, 25cm len§®.99%, Alfa Aesar

The Samples were weighted with a Satorius microic@d@200D with an accuracy of

about +0.05 mg. Since the total mass of the prepsaenples were between 600 and
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1000 mg this leads to a weight error of less th&@1#&% for the single elements in the
sample.

4.2.2. Arc furnace

Afterwards the samples were molten in an a

furnace MAM 1 by the company Johanna Oitt
Gmbh.

The core of this device is a chamber which t
electrodes inside. The first one is a tip on thpeup
side which is made of tungsten because of the h
melting point of this metal. It is possible to mov
this tip with an arm on top of the chamber. T
second electrode is a copper plate with seve
cavities. Copper is used because of the high tHerma
conductivity which allows en efficient cooling wail Flgure\]éﬁ;ﬁrr]c;fg;?: F3e4']\AAM1
the cavities are necessary to bring the different

pieces of a sample properly in contact and melinthegether. Both electrodes are
cooled with water. A vacuum pump as well as an mrgas cylinder (argon 5.0,
>99.999%) is connected to the chamber which isiaktie remove oxygen and replace

it with an inert atmosphere.

For the melting process the chamber is evacuatdgarged with argon several times.
Afterwards high voltage is applied to the electmodad they are being short-circuited
by touching the copper plate with the tungsten Tipis creates an arc with about
3000°C. Afterwards a zirconium piece is molten émmove remaining oxygen in the
chamber. Due to the high affinity of those two etents they react with each other and
form solid zirconium oxides. Every sample is molténee times and turned upside-
down in between to obtain a homogeneous distribuwifche different elements.
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4.2.3. Equilibration

After melting the sample to a pellet, it was pubian alumina crucible to avoid direct
contact between quartz glass and the sample simeg would react at higher
temperatures. The crucible was placed inside atzjggass tube which already was
closed on one side. After evacuating and purgirth aigon several times, the tube got
evacuated once again to reach a vacuum below ¥#Bar. At this pressure the tube
with the sample inside was sealed on the otherusimy a H/O, welding equipment.
The sealed sample was put into a muffle furnaceraperatures between 400°C and
1000°C for one to four weeks depending on the plaeenperature program for the
sample.

Most of the samples were sealed directly afterafeefurnace but some were powdered
with a tungsten carbide mortar, sieved with a mesB.18mm and pressed with an
hydraulic press with 15kN for 3 minutes to powdeligts of 5mm diameter. They were
sealed for the heat treatment as a pressed pahialumina crucible in quartz glass.

Since this procedure was not very effective it yuss used for one set of samples.

After annealing the samples were quenched in colatew to maintain the
thermodynamic conditions at the annealing tempegaturhe samples were crushed in
a tungsten carbide mortar to get several pieceslifterent investigations. One part
were powdered and sieved with 0.18mm mesh for ayXdiffraction measurement,
another part was used for DTA (differential therraahlysis) measurement and one part
was embedded for SEM (scanning electron microscapeltPMA (electron probe

micro analysis).

For embedding one surface of the samples was groyménd to improve the grinding
time in the machine afterwards significantly. Thée prepared piece was placed in a
LaboPress by Struers together with phenolic hot mting resin with carbon filler
(Struers PolyFast). The carbon filler is necess@ryobtain a sufficient electric
conductivity for the following SEM and EPMA measnmrents. The resin was heated to
180°C for 6 minutes and afterwards cooled with wte 3 minutes. To obtain a flat
surface the cylindrical bloc was ground in a MetaS2000 grinding and polishing
machine with silicon carbide sandpapers with desingaroughness in the range of 120

to 1200. Then the sample was then polished withlamina powder with a particle size

32



4. Experimental section

of about 1 um (Buehler, Micropolish Il). The sudaaf the sample was then checked in

an optical microscope in the dark-field mode regaydemaining scratches.
4.2.4. Problems

Almost half of the samples did not reach equilibriurhe arc furnace and the annealing
program in the muffle furnace caused most of tipeeblems.

One main reason for this was the high differencevéen the melting points of the
metals, which leads to problems during arc meltidgrather low melting liquid is
formed by the eutectic mixture of aluminium and ngenium and therefore the
appearance indicates a homogenous distribution.eMerythere may still be some pure
high melting titanium pieces left. In this casesiimpossible to reach equilibrium with
reasonable annealing times in the muffle furnadb wich samples because of the long
diffusion distances. To avoid such problems eachpéawas melted three times in the
arc furnace as well as it was heated for a coupbeenseconds after it becomes
evidently liquid to improve the homogeneity.

Too long heating with the arc leads to another lgrob The vapour pressure of
aluminium and germanium is not negligible. Therefdong heating leads to mass loss
and the accurate composition of the sample isargdr known. Heating for about 10 to

15 seconds after the initial melting turned oubécan acceptable compromise.

Another problem during the arc furnace meltinghes high affinity of titanium and
aluminium to oxygen. Therefore, a thorough purgofgthe chamber with argon is
crucial as well as melting a zirconium getter inl@rto bind remaining oxygen. It is
also recommended to check the surface of the Zuoomgetter after melting it but
before treating the sample for obvious changesoiouc. The shiny silver surface
becomes greyish, blackish and dim with oxygen.dt& important to observe the mass
change during the different melting steps. Sincesrass due to evaporation and mass
gain due to oxygen can compensate each otherher rabnstant mass cannot ensure a

neat condition of the sample but a big deviatiatidgates some kind of problems.

During sealing the glass tube with the sample &sidis important to ensure that no

glass is in contact with the sample because ofilplesiseaction at higher temperatures.
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The formation of gaseous species SiO can trangpggen out of the glass into the
sample. So the glass was cleaned properly at tlydbeginning and only few big pieces

of the sample were used.

Since the annealing time is solely based on expegi@and shorter annealing times are
obviously desirable, it happened several times tatgher small pieces of a non
equilibrium phase were still present within a sloélanother phase, while other samples
with the same annealing program were in equilibrilanger annealing durations

increase the chance of getting equilibrium condgibut at the cost of precious time.

4.3. Measurements

4.3.1. SEM, EPMA

The annealed and embedded samples w
measured either with a Zeiss Supra 55 Vv
scanning electron microscope (SEM) or i
few cases with a Cameca SX Electro
Probe 100 electron probe micro analyze
(EPMA) for the quantitative investigation
of the composition of the different phase
and to determine solid solubilities anc

phase equilibria.

For the SEM measurements an accelerathpIgure 19: Scanning electron microscope

voltage of 20kV was used as well as a Zeiss Supra 55 VP [35]

120um aperture. The calibration of the

energy dispersive detector was made with cobaltbakkscattered electrons or
secondary electrons detector was used for imagihghe sample. The EPMA
measurements were done with an acceleration votiad®kV and a beam current of
10nA using a wavelength dispersive detector. In@gias done using a backscattered
electrons detector. In each case at least thresurezaents of each phase were made to

obtain reliable mean values. The calibration wasedweith the pure elements. The used
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lines and crystals for the evaluation of the contérthe different elements can be found
in Table 8.

Element | Used X-ray Line  Analyzing crystal

Al Ka TAP (thallium acid phthalate)
Ge Ko LLIF (large lithium fluoride)
Ti Ka PET (pentaerythritol)

Table 8: EPMA setup

4.3.2. X-ray powder diffractrometry (XRD)

For these measurements a Bruker Cg&

Discover Series 2 was used to identify a
crosscheck the present phases observed

SEM and to obtain structural parameters.

The device uses a Bragg-Brentano pseu
focusing geometry and @20 arrangement.
For the X-ray generation 40kV acceleratio
voltage and a current of 40mA was set wit
copper as anode material. A variable apertu
was used to maintain a constant amount
X-ray radiation interfering with the sample

independent of the current angle. The desired diffragtlrgour:]eetze?.I;Jlfgrpggvg?srcover
width of the area is 12 mm. The detector Series 2 [36]

(LynxEye) used was based on silicon stripes

for simultaneous measurement of ~3° to improventigasuring time without losses in
the signal/noise ratio. For the measurement thepkamias powdered with a tungsten
carbide mortar and afterwards sieved with a 0.18mesh. It was applied using grease
dissolved in glycerine to a silicon single cryssaimple holder. Every sample was

measured for approximately one hour.

The evaluation of the data was done with the progf@®PAS by Bruker in terms of
Rietveld refinement. Structural information abdug phases was taken from Pearson’s

handbook of crystallographic data for intermetagbiases, if available.

35



4. Experimental section

4.3.3. Differential thermal analysis (DTA)

Only samples which were found to be i

equilibrium by SEM and XRD were measure:
with  DTA to avoid wrong and misleading
results. A Setaram SETSYS Evolution TGA §|
DTA 2400 was used in order to obtain th
temperatures of phase transitions and construcig

reaction scheme from that.

The thermocouple consists of platinum an
platinum90%/rhodium10%  (type-S), Whicrr
works up to 1600°C. For calibration, the meltin

points of gold, nickel and tin were measured. ~
igure 21: differential thermal
analyzer Setaram SETSYS

alumina crucible under constant argon flow ofEvolution TGA & DTA 2400 [37]

sample mass of 20 to 50 mg was used in an openF

20ml/min with pure titanium foil as reference

material. A scheme of the arrangement can be fanrkigure 22. To avoid reactions
with oxygen, the system was evacuated three timdsparged with argon afterwards.
As shown in Figure 23, two cycles were performedeach sample with a heating rate

of 5 K/min starting at room temperature

and ending at a temperature slightly above
Furnace

L]

Figure 22: Schematic DTA setup

the estimated melting point. Afterwards the
@ Sample
@ Reference
o Thermocouple  significant mass change was observed.

samples were weighted back but no
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max

200°C
RT

purging 1. cycle 2. cycle  cooling
Figure 23: DTA heating program

Only the first heating/cooling sequence was usedhe evaluation of effects because
during this step the sample definitely was in afuiim, which wasn’t certain in the

second sequence. For the determination of liquashaissolidus temperatures both cycles

were used.
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5. Resaults and discussion

5.1. Partial isother mal sections

5.1.1. 400°C

The composition of all prepared samples annealedi08tC is drawn in Figure 24,
together with the resulting phase fields. The tssof those samples which were found
to be in equilibrium are presented in Table 9.

Ti

0
100

® Equilibrium samples
O Non-equilibium samples

10

10

Al O 10 20 30 40 5 60 70 80 90 100
at% Ge
Figure 24: partial isothermal section at 400°C prepared samples
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Equilibrium samples in three-phase-field Al-Ge-

Sample XRD SEM (at%)
Composition = Phase| Lattice parameter (A) Al Ge Ti
Sample 4 Al a= 4.0523(2) 97.56/ 2.35 0.09
AlsGenTio | Ge a=5.66207(3) 207 97.80 0.13
a * 58.60 21.60 = 19.80
Sample 5 Al a= 4.0532(3) 97.35 257  0.08
AlsGesoTine | Ge a= 5.66219(2) 1.21  98.70 0.10
a * 58.24 21.86 19.89
Sample 27 | Al a= 4.05054(4) 97.51 249  0.00
Al7oGexTia | Ge a= 5.66033(2) 0.97 99.04 0.00
o * 56.32 | 23.40 @ 20.28
Sample 28 | Al a= 4.05049(3) 97.33 2.67  0.00
AleiGexTia  Ge a=5.65929(2) 0.00 100.00 0.00
a * 56.50 23.09 = 20.42
Sample 32 | Al a= 4.05011(3) 96.50 2.51 = 0.99
AleosGCeasTis  Ge a=5.66017(2) 296 97.04 0.00
a * 55.99 | 24.93 = 19.09
Equilibrium samples in three-phase-field ¢e-
Sample XRD SEM (at%)
Composition | Phase | Lattice parameter (A) Al Ge Ti
Sample7 | Ge a= 5.66074(1) 1.06 98.88 0.06
Al2gGerngTizo | a= 3.6852(1) 12.17  56.47  31.37
c=28.297(2)
o * 58.18 | 21.71 | 20.12
Sample 8 Ge a=5.66163(2) 0.77 99.17 0.07
Al1GesoTio | a= 3.6906(1) 14,53 | 52.55  32.92
c= 28.183(2)
a * 58.20 21.31 20.49
Sample 31 | Ge a= 5.66156(2) 0.00 100.00 0.00
Al2gGernTizo | a= 3.69482(9) 15.29  51.37 33.34
c= 28.078(2)
a * 55.44 | 23.72 @ 20.84
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Equilibrium samples in three-phase-field Al-Al3di-

Sample XRD SEM (at%)
Composition | Phase Lattice parameter (A) Al Ge Ti
Sample 46 | Al a= 4.0486(1) 95.09 2.89  2.02
AlesGersTizo | AlSTi | a= 3.8251(1) 67.51 7.64 @ 24.84
c= 8.6436(5)
a * 59.49 | 20.59 & 19.93
Sample 73 | Al a= 4.05259(5) 97.84 042 174
AlzsGenTiie | AlSTi | a= 3.8351(1) 68.13 6.17 = 25.70
c= 8.6375(4)
a * 59.09 20.44 20.46

Table 9: Equilibrium samples at 400°C; * Structnot determined

Three three-phase-fields were found. The first ignieetween Al, Ge and a new phase
with the approximate composition e Tiz, which will be calledx in this work. All
available information about will be discussed in chapter 5.2.1. There are semall
deviations between the different samples regarttiagexact composition and the lattice
parameter of the corners of this phase field, wliah be seen in Table 9. However,
sample 27, 28 and 32 were prepared not by longadingeat one temperature but by
slow cooling from 550°C to 400°C and by a subsetsdiort annealing in order to
obtain single crystals far. Therefore there is the assumption that thoses thaenples,
although they show the right phases, did not hameugh time at the chosen
temperature to reach the exact composition anccoineespondent lattice parameters.
The other samples in this phase field are alsauiteqgood agreement with the binary

phase diagrams and are therefore used for theraotish of the phase field.

The phase field Ali-y-o. contains another new ternary - here cajledphase with the

approximate composition AbiGesgaelizz, Which again will be discussed later in
chapter 5.2.3. The shift in the lattice parameter, avhich was observed in sample 7, 8
and 31, is in correlation with its change in conmpos. This can be explained by the

different thermal history of these samples.

Al-Al 3Ti-a is the last three-phase-field observed in thishinal section. It shows
consistent lattice parameter and atomic percentégessince the measurement of

aluminium in sample 46 did not show realistic valwé weight percentage, it was not
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5. Results and discussion

used for the construction of Figure 24.3RAl shows a remarkable solubility of
germanium. This will be further discussed in chapté.2, since the solubility was not
determined at 400°C.

5.1.2. 520°C

The composition of all prepared samples anneal&?@tC is drawn in Figure 25, as

well as the resulting phase fields. The resultsiftbose samples which were found to

be in equilibrium are presented in Table 10.
Ti
0

@® Equilibrium samples
O Non-equilibium samples

at% Ge

Figure 25: partial isothermal section and prepaeedples at 520°C
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Equilibrium samples in three-phase-field ¢e-

XRD

Phase

Sample
Composition

Sample 40 | Ge

Al sGeysTiz 5 v

Sample 41 | Ge
Al 5G830Ti5

.<

Sample 42 | Ge

Al sGessTizs v

Sample 43 | Ge

Al15GergTiss v

Sample 44 | Ge

Al2GesoTizo v

(o}

Lattice parameter (A)
a=5.65738(1)
a= 3.6862(3)
c= 28.248(5)
refinement not possible
a=5.65808(1)
a= 3.6862(1)
c= 28.261(2)
refinement not possible
a=5.65901(1)

a= 3.68526(8)
c= 28.275(1)

refinement not possible
a=5.65916(1)

a= 3.68448(5)
c= 28.2812(7)

refinement not possible
a= 5.660349(9)

a= 3.68380(2)
c= 28.3098(3)

refinement not possible

Equilibrium samples in three-phase-field Al3yFix

XRD
Phase
Al3Ti

Sample
Composition

Sample 75
AlseGexsTizs

Lattice parameter (A)
a= 3.82090(4)
c= 8.6666(1)
a= 3.69622(5)
c= 28.0432(9)

refinement not possible
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SEM (at%)
Al Ge Ti

0.00/ 100.00 0.00
15.06  52.22 @ 32.73
5477 2419 21.04
0.00/ 100.00 0.00
10.23 | 57.24  32.53
55.08 24.39 20.53
0.00/ 100.00 0.00
11.70  54.84 33.46
55.23 23.98 20.79
1.61] 98.39 0.00
13.13  52.89 33.98
55.39 23.95 20.67
0.00, 100.00 0.00
10.22 | 55.73 | 34.05
55.32 23.77 2091

SEM (at%)
Al Ge Ti

61.74 | 12.68 25.58
17.62 48.58 33.81
5752 2196 20.51
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Equilibrium samples in three-phase-field Ge-TiGe2-
XRD
Phase

Sample
Composition

Sample 53
AlgGessTizr

Sample 69
AlsGesgTior

Ge
TiGe

Ge
TiGe

Lattice parameter (A)

a= 5.66004(2)
a= 8.6137(3)
b=5.0341(2)
c=8.8112(3)
a= 3.68370(2)
c= 28.3254(2)
a= 5.65725(2)
a= 8.6078(1)
b= 5.03076(6)
c= 8.8000(2)
a= 3.68144(4)
c= 28.3095(6)

SEM (at%)
Al Ge
1.58

3.44 | 63.06

10.44 | 56.01

1.39

2.26 | 6341

9.27 | 56.60

Non-Equilibrium samples in three-phase-field TiGR2Ge5y

Sample
Composition

Sample 71
AlsGeseTizg

XRD
Phase
TiGe,

TieGGj,

Ge

Lattice parameter (A)

a= 8.615(2)
b=5.031(2)
c= 8.804(2)
a= 16.9234(6)
b= 7.9441(3)
c=5.2317(2)
a= 3.68445(2)
c= 28.3223(4)

a= 5.65977(5)
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SEM (at%)
Al Ge
4.16 61.46

1.34

44.30

10.27 @ 55.67

2.90

98.42

98.22

96.38

Ti
0.00
33.50

33.55

0.39
34.33

34.14

Ti
34.37

54.36

34.06

0.73
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Sample 72 | TiGe;
Al,GesgTisg
TIGGQs
Y
Ge

a= 8.6152(1)
b= 5.0353(1)
c= 8.8004(2)
a= 16.9239(3)
b= 7.9444(2)
c=5.23113(9)
a= 3.68396(3)
c= 28.3227(5)

a= 5.65937(4)

221 | 63.16 34.63
0.75 | 4456 | 54.69
8.85 | 56.86 @ 34.30

1.73] 97.66 0.61

Equilibrium samples in three-phase-field Al3Ti-Tié%y

XRD
Phase
Al 3Ti

Sample
Composition

Sample 74
Al3sGesoTiss

TieGQ‘,

Lattice parameter (A)
a= 3.82472(6)
c= 8.6571(2)
a= 16.9323(5)
b= 7.9470(2)
c= 5.2336(1)
a= 3.70481(6)
c= 27.883(1)

Two-phase field samples

Sample XRD
Composition | Phase
Sample 48 | TiGe;
AleGes1Tia3

Y
Sample 49 Ge
Al1GesTizz

Lattice parameter(A)
a= 8.61150(7)
b= 5.03409(4)
c= 8.81223(8)
a= 3.6833(3)
c= 28.322(4)

a= 5.65895(9)

a= 3.68464(2)
c= 28.3067(2)

SEM (at%)
Al Ge Ti

63.33 11.01 @ 25.66
251 43.31 54.18
20.78 | 45.26 33.96
SEM (at%)

Al Ge Ti
3.85 62.40| 33.76
10.02 56.14 33.84

1.87 9596 2.17
13.47 | 52.78 33.75

Table 10: Equilibrium samples at 520°C
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In the three-phase-field-y-Ge the samples show a consistent behaviour excefte
distribution of the Al:Ge ratio in thephase, which exceeds the error of the SEM device
of approximately 1%. This occurred most likely dae different composition of after

arc melting, which, afterwards, did not reach eftiim during annealing because

diffusion is quite low at this temperature.

The phase fields ATi-TigGes-y, Ge-TiGe-y, AlsTi-y-a either consist of just one
equilibrium-sample or show quite consistent behaviand therefore no further

discussion is needed for those.

Also, in this isothermal section Ali shows a high solubility for germanium. In theory
this can be explained by substitution of aluminiloy germanium on aluminium
positions since they show similar covalent radiog ehemical behaviour. This could be
confirmed by Rietveld refinement. In Figure 26 thés the calculated pattern of Al
once with some amount of germanium on both aluminmwsitions (blue line) and once
without germanium (red line) in comparison with timeasured pattern of sample 74.
Refinements of the Ge-site occpation are in acbéptagreement with the composition
results from SEM measurements. The refined compasin comparison with the
composition measured with SEM can be found in TakleAlso the ratio of the shown
peaks indicates the trend to higher electron dessibecessary at the aluminium
positions. It was not possible to draw a significgraph showing the relation between
the change of composition and the lattice paranfetethis phase because not enough

samples with varying composition were produced.

Al Ge Ti
XRD | 5896 16.07 24.97

SEM | 63.33 | 11.01 25.66

Table 11: Comparison of refined XRD data and da¢asured by SEM of ATi in
Sample 74
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Figure 26: XRD of sample 74, calculatedBilwith refined Ge:Al ratio positions (blue)
and without (red)

In the phase field TiGeTisGes-y there are just two non-equilibrium samples showing
all expected phases together with a small amounpwgt germanium. Since all
surrounding phase fields are already describeddir@eubt, this phase field has to exist
based on simple geometry. Therefore the germaniuthase samples is considered to
be a residue of the non equilibrium conditions rafiec melting which could not be
removed completely. These circumstances, in comrestith the fact that no new
phase was found in this region, make this phase toeethe most probable solution. The
resulting phase field fits perfectly in the remagnigap in this region and the measured
composition of all three corners yield reasonakelsults. Therefore these samples are

used to construct this three-phase-field even thdkgy are not in equilibrium.

The SEM measurements of the two-phase field sangaetining a big amount of

was very difficult due to the brittlenessyohindering the polishing process. In Addition
the other phases were present in such little ansahiat the minimal area necessary for
a measurement was barely reached. The measuremeonsidered to be not very

reliable and it is therefore neglected.
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It was necessary to adjust the Ge-corners of tlaseliields Gery and Ge-TiGgy
because the phase fields overlapped slightly, wiscbbviously forbidden. The error
was in the range of about 1at.% and is thereforstrikely due to inaccuracy of the
SEM measurement. In the Gey phase field Ge showed in several measurements no
solubility at all, while in the Ge-TiGey phase field Ge solved about the amount of
aluminium and titanium expected from the binarygghdiagrams. Since no solubility at
all is a quite unlikely case considering all otheformations, the aluminium and
titanium content in Ge in the Gey phase field was increased so no more overlapping

occurred.
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5.1.3. 1000°C

The samples at 1000°C worked best of all chosepédeatures. Again all equilibrium

and non-equilibrium samples as well as the resulphase equilibria are drawn in
Figure 27.

Ti
0
100
1 ® Equilibrium samples
0 90 O Non-equilibium samples
20
80
30
70
Ti.Ge,
~ 60
S oo 20 %
> (=)
AlTi [0
60 °
40
AIZTi
70
/ 30
80,/ AlTi 20
20
10
100
7/ 7 7 7 7 7 7 7 7 0
Al O 10 20 30 40 50 60 70 80 90 100
at% Ge
Figure 27: Partial isothermal section and prepaesdples at 1000°C
Equilibrium samples in three-phase-field AlTi-Al-TisGe;
Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 10 AlTi a= 3.9897(3) 57.16 | 0.84 @ 42.00
A|45Ge_|_0Ti45 C= 40575(4)
Al,Ti a= 3.9730(3) 64.16 A 0.54 @ 35.30
c=24.308(4)
TisGe | a= 7.5643(1) 578 | 30.96 63.26
c=5.2302(1)
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Equilibrium samples in three-phase-fieldsAFAI ;Ti-TisGe;

Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 11 Al3Ti a= 3.85124(9) 72.44 | 1.43 26.13
Al 2 5GesTiszs c= 8.6036(4)
Al,Ti a= 3.9695(1) 65.17 1.00 @ 33.83
c= 24.306(2)
TisGe;  a= 7.55925(5) 3.14 | 34.25 62.62
c=5.22891(6)
Sample 18 Al3Ti a= 3.85111(4) 72.98 | 1.09 25.93
AlsgGigTiza c= 8.6058(1)
Al,Ti a= 3.9697(1) 65.22 0.83 @ 33.96
c=24.304(2)
TisGe | a= 7.5524(1) 224 | 3441 63.35
c=5.2330(2)
Equilibrium samples in three-phase-fields At TisGe;-6
Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 55 Al3Ti a=3.8397(4) 65.16 | 7.09 27.74
AlsGeyTisg c=8.630(1)
TisGe | a= 7.6488(1) 1.00 38.69 60.31
c=5.3087(1)
A a= 6.66227(7) 0.59 | 43.15 56.25

b= 12.8482(1)
c= 6.76832(8)
Sample 56 Al3Ti a= 3.8390(3) 66.30 7.37 26.33
Al 8Ge38Ti54 Cc= 86305(8)
TisGe; | a= 7.65428(7) 1.00  39.26 59.75
c=5.31151(7)

5 a= 6.6640(1) 0.52 | 43.28 56.19
b= 12.8501(2)

c= 6.7698(1)
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Sample 70 Al 3Ti a=3.8370(1) 68.20 | 5.77 26.03
Al0Ges;Tisg c=8.6277(4)
TisGe;  a=7.65124(9) 1.17 | 3951 59.32
c5.31061(9)
d a=6.6612(2) 0.69 | 43.17 56.14
b= 12.8447(4)
c= 6.7665(2)
Two-phase field sample
Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 68 TisGe | a= 7.55562(4) 0 36.76 = 63.24
AloGes,Tigs c=5.22312(4)
Ti a= 2.9310(5) 0 4.47 95.53
(Mg-  c=4.669(1)
type)
Sample 9 TisGe; a=7.5710(3) 11.32  27.16 61.52
Al 47 G6sTisgrs c=5.2331(5)
AlTi a= 3.98812(8) 54.21 | 0.58 @ 45.22
c=4.0807(1)
Sample 15 TisGe; a= 7.5887(2) 9.09 27.06 63.86
Al3;GesTiss c=5.2388(2)
AlTi a= 3.9897(4) 44.34  2.34 | 53.32
c= 4.0626(6)
Sample 16 TisGe | a= 7.5756(1) 7.29 29.45 63.26
Al 24GesTigg c=5.2352(2)
AlTi a= 3.9869(1) 55.45 | 0.74 @ 43.81
c=4.0769(2)
Sample 12 TisGe;  a=7.6294(1) 1.27 38.62  60.11
Al 24Ge3Tigg c=5.2981(2)
Al 3Ti a= 3.83728(6) 69.18 | 5.21 25.61
c=8.6214(2)
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Sample 57 TisGe | a=7.6398(1) 1.07 39.28 59.64
Al11Ge3sTisg c=5.3001(1)
Al 3Ti a= 3.8352(3) 69.34 @ 5.54 25.12
c= 8.658(2)
Sample 17 TisGe; | a= 7.56568(8) 4.71 31.99  63.30
Al5:GesTia c=5.2312(1)
Al ,Ti a= 3.97453(5) 63.19 @ 0.96 35.85

c=24.3173(5)

Binary non-equilibrium sample
Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti

Sample 67 TieGe  a=16.916(2) not found in SEM
Al oGQ;zTisg b= 79377(7)
c=5.2263(6)

TisGe; | a= 7.6518(2)
c=5.3090(1) 0 40.09 59.91

d a= 6.6614(2)
b= 12.8492(3)
c=6.7680(2) 0 43.85 56.15
Table 12: Samples at 1000°C

In the titanium richer part two three-phase fieldsre found between F&e;, Al,Ti in
combination with either ATl or AlTi. Al 3Ti shows again a noteworthy solubility, while
there is just minor solubility for germanium in Aland ALTi. TisGe; also shows
remarkable solubility of aluminium but only in thiganium rich part of the phase. The
change of the lattice parameter with changing caitipn for TiGe; is drawn in Figure
28. Because of the shape of the single phaseriml@ll produced compositions of this
phase have the same titanium content. Linear behawaf volume, however, is just
expected if only the ratio of two elements changBse aluminium poor part is
simultaneously the titanium poor part (grey markhese data are just given for
completeness but no systematic relationship is@gpethere. On the other hand in the
aluminium rich part the titanium content doesnaebe significantly and there the
anticipated linear behaviour is more or less coméd. The binary samples 67 and 68 fit
well to the linear behaviour for high and low titam content. However, sample 67
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with low titanium content is not drawn in Figure B8cause it is not in equilibrium but

its data are listed in Table 12 for comparison.

alAl Lattice Parameter c[A
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Figure 28: Change of lattice parameters and volion&isGe; with the composition

In the titanium poorer part a new phase was fouext to TgGes, here called. All
structural details will be discussed in chapters.3everal samples were found to be in

the three-phase field betweennGe;, Al;Ti ands.
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5.2. Structure of new compounds

5.2.1. The a-phase

A powder XRD of almost pure with the approximate composition of sAGe;Tizg
could be produced using Sample 29 (Figure 29). ke line in this illustration is the
measured diffractogram, the red is the calculatedAf, Ge andy and the black is the
difference between those two. Since all other pres&uctures are known, the black
diffractogram matches with the diffractogram af Although small amounts of
contamination were present, they could be discafdedhe evaluation of the crystal
structure ofu since their structure is known. The remaining geakre indexed in order
to search for fitting crystal structures. But it svaot possible to find a satisfying
structure with this approach. The next step for itheestigation was the attempt to
produce single crystals by slow cooling of samplésch were expected to be in the
primary crystallisation region ofi before the liquidus projection was investigated
(Sample 61 and 62). This, however, led to not \&atjsfying results and no further
attempts were done. Therefore the structureisfnot known up to now.
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35.000] Ge Cup
30.00(£ gamma
25.00d
20.0005
lS.OOd
l0.00d

0
-5.00(£

Intensity (counts)

-10.0007
-15.000:
-20.000]
-25.000]

-30.0007
-35.0001
-40.000; I I Il I I I | I I I

! | | | | | |
-45.000 S - A AT Hﬂh 1 T AT

T

10 20 30 40 50 60 70 80 90 100 110

diffraction angle (26)
Figure 29: Powder XRD of Sample 29
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5.2.2. The p-phase

In several non-equilibrium samples a compound withcomposition AbGessTiis was
found. However, this phase couldn’'t be producede pdespite multiple attempts at
different temperatures. It was only found in saraphMhich were partial liquid during
annealing, covering other grains. For example gufé 30, showing Sample 2, one can
see grains of Ge (white), Ali (dark grey) (bright grey) and Al (black).
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Figure 30: BSE picture of Sample 2

In this sample — as well as in the other samplesatwingp — at least four phases were
present during annealing. In this case the temperatluring annealing (400°C) was too
low for the eutectic to become liquid. Accordingtbermodynamics only three phases
can be simultaneously present in a ternary systadess the temperature is exactly at a
specific reaction temperature, which is highly kely. The existence of a fourth phase,
B, indicates the presence of a fourth element, wingy stabilizepf. One possible

explanation is that small amounts of oxygen weleased from the quartz ampoule by
reaction with titanium. Thus, the most likely expddéion is thatp is an impurity-

stabilized phase and not an equilibrium phaseigmtémnary system.
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The structure of3 could not be identified due to the small amountssent in the
samples. Since already preparation of gufailed, preparation of single crystals was

not an option.
5.2.3. The y-phase

The structure of with the approximate composition of Ab4G6s6.43T133 at 520°C was
investigated by powder XRD and subsequent Rietrefidement. Sample 49 was used
since it contained primarily. It was already known that also (Ge) was presehis
sample. Therefore (Ge) was refined first to avaidasired correlation between already
explained peaks and to optimize several paraméterthe refinement. The remaining
peaks then were indexed to search for a possibleTte lattice parameters of multiple
cell proposals then were used to search for strestwith similar dimensions,
symmetry and chemical properties of the single atomthe inorganic crystal structure
database (ICSD). Several of these results were as@ossible starting models. One of
the results was based ons8kZrs [38], [39] showing remarkable agreement with the
position of the peaks, distribution of peak intéesi and also the composition in
comparison with SEM results. It counts thereforecasfirmed thaty is isostructural
with Al;SisZrs. All relevant data for the structure pfefined from Sample 49 are listed
in Table 13.

Spacegroup amd
Pearson symbol | tl24
Structure type AlSisZr3

Cell Volume 384.307(4) A

Crystal Density = 5.99(4) g/cin

Lattice parameter

a 3.68464(2)A

C 28.3067(2)A

Ste Np x| vy z Occ.: Al Occ.:Ge Occ.:Ti B

Al 4 0 0 O 0.82(2) 0.18(2) O 0.71(9)
Gel 4 0 0 05 0.01(1) 0.99(1) O 0.65(5)
Ge2 8 0 0 0.34298(5) 0.032) 0.97(2) O 1.34(5)
Ti 8 0 0 0.17483(7) O 0 1 0.55(6)

Table 13: Structural data of
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vy shows no variability in the titanium content (38.36). Aluminium and germanium,
on the other hand, are variable between 11 and.2¢ auminium. This leads to the
assumption that titanium is only on one atomic fmsiand it neither substitutes the
other elements on the other positions nor is switstl itself in relevant amounts.
Aluminium and germanium each prefer specific sibeg,mixed occupations are clearly
observable. The diffractogram of Sample 49 is giuverrigure 31 together with the

calculated pattern of the present phases. Sevexairtys of this structure can be found

in Figure 32.
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Figure 31: Powder XRD of sample 49
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. Titanium

. Germanium

o Aluminum

Figure 32: Crystal structure and coordination petita ofy

Although this structure model worked well to delerithe patterns in the aluminium
poor part of this phase, in the aluminium rich gamne problems occurred. First of all,
the lattice parameters show a bend between 14 &mat.% aluminium, as drawn in
Figure 33. Together with this bend, the XRD patignanges slightly. Some new peaks
appear. Therefore, the structure obviously chamgebis point. However, it was not
possible to clarify the character of the structdrahsition. The formation of a super-
structure is a possible explanation for this betwavibut further investigation is
necessary to settle this.
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Figure 33: Lattice parameter (refined from powd&DJ development of with
changing composition (measured by SEM); data aedquinom multi-phase
samples
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5.2.4. The d-phase

The é-phase, with the approximate composition,{bgs was observed in several
ternary samples in equilibrium with Ali, TisGe; and TgGes. It was found to contain

only very small amounts of Al (~0.5at.%), which gagted that it might be a binary
rather than a ternary phase. However, such a csinalicannot be drawn from ternary
samples, so a re-investigation of the binary plthagram was performed to confirm,

thaté is in fact a binary phase. Details on these erpanis are given in chapter 5.4.

The structure of6 was once again investigated using powder XRD nreasent,
Rietveld refinement and the same procedure asildedcin 5.2.3. A very convincing
solution could be found with a structure based e§5@% [40]. The pattern of the peaks
as well as the stoichiometry of £y fits very well to the new phase once samarium is
replaced with titanium. All relevant data for tipisase refined from sample 56 are listed

in Table 14 and several drawings are in Figure 34.

Spacegroup Pnma

Pearson symbol  oP36

Structure type GoSM

Cell Volume 579.72(2) A
Crystal Density | 6.0707(2) g/cm
Lattice parameter

a 6.6640(1) A

b 12.8501(2) A

C 6.7698(1) A

Site  Np X y z Occ. B

Gel 4 | 0.9525(8) 0.25 0.1092(6) 1 0.95(9)
Ge2 | 4 | 0.1846(8) 0.25 0.6541(7) 1 1.5(1)
Til 4  0.333(1) 0.25 0.999(1) | 1 1.4(1)
Ge3 8 | 0.1952(5)| 0.9607(2) 0.5307(5) 1 1.9(1)
Ti2 '8 | 0.1542(8) 0.1279(4) 0.3346(7) 1 2.1(1)
Ti3 '8 | 0.9919(9) 0.0930(3) 0.8180(7) 1 1.35(6)

Table 14: Structural data 6f

59



5. Results and discussion

Gel Ge3

. Titanium
. Germanium

o Aluminum
Figure 34: Crystal structure and coordination petita ofo

The powder diffractogram of sample 56, which camdaj is given in Figure 35. In this
sample the composition based on the structural moelels a titanium content of 55.6

at.% ind, while in SEM 56.2 at.% were measured. Thereftge the composition fits
very well together.
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14.000 Ge3Ti5 58.37 %
] AI3TI  6.25%
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Figure 35: Powder XRD of sample 56

5.3. Reaction scheme, isopleths and liquidus proj ection

DTA measurements in combination with SEM and XRButes were used in order to
construct simultaneously a partial reaction schemeartial liquidius projection and

isopleths to be consistent with each other. Akkvaht DTA data can be found in Table
15, Table 16 and Table 17.
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Reactions below00°C

424

53¢

55(C

422

534

52¢

80¢

527

802

86C

422

507

422

521

529

42¢

494

52¢

91¢

53C

80t

901

53C

804

882

531

80z

84z

531

48(

79¢

82(

79¢

89t

481 | 53¢

544

El:L -> Al+Get+a

T1: L+AITi -> Al+a,

nir.: LFAIBTI+Al -> L+AI3T]

nuir.: L+o -> L+a+AI3Ti and/or L4o+AI3Ti -> L+AI3Ti

‘ T2: L+y -> Ge+o.

P1: ABTity+L > a

T3: L+TiGe2-> Gedy

n.i.r.: L+Ge+TiGe2 -> L+Ge or L+Ge+TiGe
> L+TiGe2

Table 15: DTA data below 900°C
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Reactionsbetween 00°C and 1210°t

924

961

103¢

121¢

121C

104(

992

987

99¢

101«

120z

1211

111c

120:

91

92(

92¢

T4: Ti6Ge5+L-> Al3Ti+y

‘ E: L-> Ge+TiGe:
n.i.r.. L+y -> L+y+Ge6Ge5 and/or L-Ge6Get-> L+Ti6Get
| P2: TiGe2+Ti6Ge5+l> y
n.i.r.: L+TiGe2 -> L+TiGe2+Ti6Ge5 and/or
L+TiGe2+Ti6Ge5 -> L+ Ti6Ge5
P: Ti6Ge5+L-> TiGe:
T5: Ti6Ge5+Ti5Ges-> Al3Ti+s
T6: AITi+Ti5Ge3-> AI3Ti + AI2Ti

Table 16: DTA data between 900°C and 1210°C
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Sample Reactions above 00°C measure

4 107t |* up to 145!
5 1142 |* up to 145i
7 106€ | 104f |upto 145
8 103¢ | 1071 |up to 145l
9 141C | 142¢ |up to 145
1C 140¢ | 1417 |upto 145
11 135€ | 136t 137<¢ | 138t |up to 145
12 133z 134: 135/ |up to 145
15 1427 |* * up to 145i
1€ 141¢ |* * up to 140
17 140C |* * up to 145l
18 1357 | 136¢ * * up to 145l
27 95¢ | * up to 145!
28 92t |* up to 160!
31 991 104€ |upto 120
32 997 |1017 |upto 120
4C 911 93C up to 1001
41 96¢€ 101€ |up to 140
42 100: | 104¢ |up to 140
43 114¢ |* up to 140
44 118: | 121¢ |up to 140
46 127¢ | 1292 |up to 145
48 * * up to 155!
49 * * up to 155!
53 994 |108€ |upto 135l
5E 121¢ * * up to 160!
56 1221 * * up to 160!
57 128: * * up to 160!
66 * * up to 115!
69 89t 91t up to 115!
7C 121¢ 122¢ | 125¢ |up to 145!
73 1267 | 125¢ |up to 130!
74 121C 124¢ | 129¢ |up to 150!
75 1217 1191 | 1227 |up to 145
78 104 | 1064 |up to 120!

T7: Ti5Ge3+L-> Ti6Ge5+ AI3T
T8 AITi+L -> Ti5Ge3+AI3T
‘ Liquidus on coolin
‘ Liguidus on heatin

Table 17: DTA data above 1200°C and liquidus vahtes| temperatures; * Liquidus
temperature too high or no peak visible in the meament
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Since the melting temperature rises rather ste¢p wcreasing titanium content only
the titanium poor part up to approximately 30atifanium could be investigated with
the available equipment. The resulting Scheil diagis drawn in Figure 36 and Figure
37.

This scheme is only valid for the titanium poortpas well as for temperatures up to
1300°C since the samples only were investigateithisiregion of the phase diagram.

This reaction scheme is the most likely solutiosdabon the present data.

However, there are still some uncertainties. Theas no evidence for the reaction
between AITi, AbTi and TsGe; forming a maximum, whether it is of the periteadic
the eutectic type. In the scheme is just one afdhavo possibilities presented in order

to obtain a complete concept.

Another uncertainty is the formation &f Since the existence éfwasn’t known until
now it is very likely, that T9Ge; is stable at higher temperatures tha@ombined with
the fact that both phases are present at 1000p€ritctoid type solid state reaction is
proposed for the formation of slGe,. This is under the assumption thagQ@eés is
thermally more stable thah but no investigation of the primary crystallizatior high
temperature XRD was performed to confirm this. Dif&asurements also didn’t show
any reaction up to 1500°C, but this isn't all tadikely for such a solid state reaction.
The reaction also may take place at higher temperdtut these temperatures were not

accessible with the used equipment.

It is also important to note, that the transitiaiviieen 1d-APS and AlTi is not clarified
in the binary and therefore the reaction schemetHer ternary in this region also
remains uncertain. For the sake of clarity "AlT8"used for both phases in the reaction

scheme.
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Al-Ge | Al-Ti Ge-Ti
AT Ge 1
P2: 990°C

TiGe,+Ti.Ge AL =y

- E:929°C *
TiGesy+] L= Ge+TiGe,

T4: 917°C
Ti.Ge.+L < Al Ti+y

|Ti(|3e,+v+L| | ?e+TiGe,+L|

T3:803°C
TiGe,+L = Ge+ty

P: 665°C ‘
AL Ti+L = Al -

AI;Ti+§+L

P1: 546°C

AlLTi+y+L = a
L 4

| cx+V+LI| | Ge+V+IL|

T2: 530°C
L+y = Ge+a

Al Ti+Al+L|| Al Ti+o+L]

T1: 480°C
L+ALTi = Al+a

—

E: 423.7°C
L= ,|°\|+Ge

, (Ao

L+Al+Ge| Ge+a+L]
I I

E1l: 422°C
L = Al+Ge+ql

[A+ALTi+d [ALTi+a+y][ALTi+TiGe.+y]
|Al+Ge+d | |Ge+a+y|[Ge+TiGe [ TiGe+TiGe.+V]

Figure 36: Reaction scheme for the titanium poat mmaghly below 1000°C
* These temperatures were not taken from literabutevere re-evaluated in this work
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|

|

|

|

Al-Ge | Al-Ti Ge-Ti
P: 1650°C
L+Ti.Ge, =
Ti.Ge
P: 1415°C
L+AITi =
AlLTi
L+ALTi L+Ti,Ge,
+AITi +AITi
T8: 1286°C
AlTi+L = T Ge,+ALTi
L+Ti.Ge,| |L+Ti,Ge,
+Al,Ti +Ti,Ge,
T7: 1215°C
Ti.Ge,+L = Ti.Ge,+ALTi
‘Max1: 1210<1215°C |
[AITI = ALTi+Ti.Ge, |
AlTi+Ti,Ge,| |AlTi+Ti,Ge,
+ALTi +AlTi P‘7'7'7 """"""""""""
{Ti.Ge+Ti.Ge, = |
T6: 1210°C 0 5
AlTi+Ti,Ge, =
Al Ti+ALTi
[
Al Ti+ALTi ALTi+Ti,Ge,|| Ti.Ge,+6
+AITi +Ti.Ge, +Ti,Ge,
T5: 1207°C
Ti Ge,+Ti,Ge,=
Al Ti+0
|ALTi+AITi+Ti.Ge | [ALTi+Ti,Ge+5)
[AIQTi+TiEGe;+L\ ’ALTi+AI,Ti+Ti;Ge1 IAI Ti+TiRGeQ+6|
E: 977°C
AlTi =
AL Ti+ALTi

Figure 37: Reaction scheme for the titanium poot f@aighly above 1000°C

The estimated compositions of the different phakesg the reactions can be found in

Table 18.
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Reaction Temperature Phase Estimated
composition (at.%)
Al Ge | Ti
El: L Al+Ge+u 422°C a 58 ' 22 20
715 283 1
Al 98 1 0.5
Ge 15 98 05
T1: L+AIsTi « Al+a 480°C L 76.8 23 | 0.2
Al 3Ti 65.5 10.5 24
Al 9 05 05
a 58 ' 22 20
T2: L+y & Ge+u, 530°C L 61 38 1
Y 18 | 49 @ 33
Ge 1 98 1
a 57 | 23 20
P1: AkTi+y+L <> a 546°C ABTi 60.5 15 | 245
Y 18 | 48.7 33.3
L 61.5 36.5 2
a 57.5 225 20
T3: TiGet+L « Ged 803°C TiGe 25 | 65 | 325
L 71 28 1
Ge 05 9851
Y 125/ 55 | 325
T4: TigGes+L < AlsTi+y 917°C TiGe 2 45 | 53
L 60 34 6
Al 3Ti 63 11 @ 26
Y 17 | 50 @ 33
P2: TiGe+TigGestl <« v 990°C TiGe 2 65 | 33
TisGes 1 46 | 53
L 30 63 |7
Y 12.5 545 33
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Reaction Temperature Phase Estimated
composition (at.%)
Al 1 Ge | Ti
T5: TigGes+TisGey «> AlgTi+d | 1207°C TiGes 2 45 | 53
TisGes 15 375 61
Al 3Ti 68 6 26
d 0.5 435 56
T6: AlTi+TisGe; « AlsTi+ 1210°C AlTi 65 1 34
Al2Ti TisGes 7 | 305 625
Al 3Ti 68 6 26
Al,Ti 65.5 05 34
Max1: AlTi « Al,Ti+TisGe; 1210<1215°C  AlTi 64.3 33.7
Al,Ti 65.8 0.2 34
TisGe; 5 32 | 63
T7: TisGes+L < TigGes+AlsTi | 1215°C TiGe; 2 35 | 63
L 62 22 | 16
TigGes 2 45 | 53
Al 3Ti 67 8 25
T8: AITi+L < TisGes+AlsTi 1286°C AlTi 70 1 29
L 63 17 | 20
TisGe; 1 38.5 60.5
Al 3Ti 69.5 55 25

Table 18: Composition during invariant reactions

Two isopleths were drawn. One with a constant ititancontent of 10 at.% (Figure 38)
and a second with constant ALTi ratio of 1:1 (Fgu39). These isopleths were

constructed using all available data and not dmbgé within the isopleth itself.

Ternary DTA data indicated that the reaction terapge of L->Ge+TiGgshould be
very likely higher than in the literature. Anotheample already showed that the
reaction temperature of a different reaction in shene literature source was too low.
Therefore another sample was produced to investidjd temperature once again with
the result that it is higher than previously pufdid. Further details can be found in
chapter 5.4.
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Figure 38: Isopleth with 10 at.% Ti
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Figure 39: Isopleth with 1:1 Al:Ti ratio
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The resulting partial liquidus projection using allailable DTA data is presented in
Figure 40. The dotted lines representing every 10l0°C are constructed using the
binary phase diagrams and ternary samples. Theephagich show primary

crystallization at certain compositions are notedhe correspond areas.

Ti
0

100

106 (v)
600°C 700°C

Al o 10 20 30 40 50 60 70 80 90 100 Ge

Figure 40: Liquidus projection
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5.4. Discussion of the binary Ge-Ti system

Some discrepancies between the phase diagram Ipedblyy Rudometkina [25] and this
work were found. First of all and probably most omjant a new phase with the
approximate composition G&8ise here called, appeared not only in ternary but also
in binary samples. This structure was most likelgrtooked because it is in the rather
small gap between J&e; and TiGe;. No sample was investigated in this gap by
Rudometkina. In this work couldn’t be produced pure which is most likely dnese
the thermal very stable surrounding phases areddrduring cooling out of the liquid
and afterwards during annealing the time wasntigaht with one month at 1000°C to
reach equilibrium. The highest content 6f in a sample according to XRD
measurements was about 50%. Data about this saaplbe found in Table 19, Table
14 and Figure 41. Stabilization of this phase bypunties cannot be excluded

rigorously, but there is no evidence for it.

Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 79 TieGe | a=16.9127(7) no SEM measured
AloGesz sTis75 b= 7.9344(3)
c=5.2298(2)
TisGe; a=7.5173(2)
c=5.2209(2)
d a= 6.66046(6)

b= 12.8465(1)
c=6.76653(7)
Table 19: XRD and SEM data of sample 79
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12.000; delta  56.44 %
1 Ti6Ge5 13.71 %
11.000 Ti5Ge3 29.84 %
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Figure 41: XRD measurement of Sample 79

Another difference between this work and the oagphase diagram is the temperature
for the peritectic reaction J&e;+L—TiGe,. In this work this reaction was found to be
at 1110°C and therefore 35°C higher than previoymlplished. One sample was
produced in this region but although it was temg@enethe TiGe;+TiGe, phase field, it
showed minor amounts of sBe; in addition to the expected phases. A DTA
measurement of this sample is shown in Figure 4Radher data about this sample in
Table 20. The presence of small amounts g&&j should not affect the decomposition
of TiGe,. Since this expected reaction includes liquidisitquite unlikely that the
corresponding effect is too small to be seen, whwolild also put into question what
kind of peak was measured here. The more likelytsoi is, that the temperature was
not as good determined and that it occurs at abbl®°C instead of 1075°C. However
since only one non-equilibrium sample was investida further investigations are

crucial to confirm or disprove this result.
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5. Results and discussion

Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 66 TigGe | a= 16.9205(2) 0 45.10 @ 54.90
Al oGe51Ti49 b= 794076(8)
c=5.23000(5)
TisGe | a=7.5104(2) not found in SEM
c=5.2348(3)
TiGe, | a=8.6106(1) 0 65.71 @ 34.29
b=5.03124(7)
c=8.7888(1)

Table 20: XRD and SEM data of sample 66
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Figure 42: DTA measurement of Sample 66

During construction of the isopleths, a similar lgeon was observed for the reaction
L=Ge+TiGe. The temperature for this reaction was publish@t ®00°C but in this

work we measured a temperature of 929°C with thargisample 78 (Table 21) which
was, based on the binary phase diagram, on theag@sm rich side of the eutectic.

Even more surprising was the liquidus temperatuitt W043°C during cooling and
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1067°C during heating on average, since from tharlyiphase diagram it should be in
between the eutectic temperature and the meltimgt pb pure germanium (938.3°C).
The most probable explanation for this behaviouithiat the eutectic composition
actually is germanium-richer and this sample isited on the TiGseside of the eutectic
where such liquidus temperatures are expected. wHEwehese conclusions just were
drawn based on a single sample, so another exaamnat this area of the phase

diagram is necessary.

Sample XRD SEM (at%)
Composition Phase Lattice parameter (A) Al Ge Ti
Sample 78 Ge a= 5.65632(2) no SEM measured
AloGeyoTizo TiGe, | a=8.6179(2)

b=5.0371(2)

c=8.7957(3)

Table 21: XRD and SEM data of sample 78
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Figure 43: DTA measurement of Sample 78
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6. Diffusion brazing and wetting

6. Diffusion brazing and wetting

As already mentioned aluminium titanium alloys eather expensive in production and
processing especially because of their oxygen igffiand their high melting point
which leads to the necessity for inert atmosphackhagh energy consumption overall.
Therefore an efficient joining technique is needBdfusion brazing, or also called
transient liquid phase bonding (TLPB), is such ga&nt method capable to join two

pieces without high thermal or physical stress.rébg a low melting solder is used.

6.1. Theoretical background [7]

The procedure of this technique is drawn in Figd4de The first step is thereby the
initial situation showing a gap between two piedesstep 2 a small amount of low
melting filler metal is positioned filling the gajhe solder is molten then for a short
time and solidified again to obtain a good coverame both surfaces (Step 3).
Afterwards a longer heat treatment is applied for
diffusion to take place. The atoms of the filler tale
M diffuse into the bulk material and the other wayno

Step 1

until the bulk as well as the joint share approxehathe

same composition, the same crystal structure and

therefore similar physicochemical properties, whish
Step 2 jllustrated in step 4. Thereby the used filler miateis
distributed over a wide range, so it doesn’t cdoiie

significantly to the properties.

Step 3 The requirements to the solder are therefore a low

melting point to avoid thermal stress to the workcp

and good wetting properties to avoid gaps in thet.jo

Also, the composition should be as close as passdl

Q'\“ga?;aal A

Ops

Figure 44: Different steps of gyring the process, which hardly can be removed by
diffusion brazing

Step 4
the bulk material to decrease diffusion time. Italso

desirable that no high melting brittle phases aocelpced

diffusion due to their thermal stability.
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6. Diffusion brazing and wetting

6.2. Experimental section

The melting point and similarity of the solder tetbulk is already evident out of the
phase diagram but no conclusions about the wattabfl the liquid on the substrate or
the formed phases during brazing can be drawn. eftver wetting and brazing
experiments were performed to be able to maketensént about their behaviour in this

context.

In this work Al-Ge-Ti solder materials were selecteased on the presented phase
diagram. Aluminium and titanium are used becausdittal bulk material consist out of
it, so their presence decrease the necessary tmeéiffusion, while germanium was
chosen because it forms a quite deep melting eutémgether with aluminium to
decrease the melting point of the solder. Theretfloeedea was to still be able to add a
certain amount of titanium in order to have a samitomposition to the bulk while
being in a temperature range which can be easitglled. The temperature treatment

was performed in a vacuum furnace af hibar.

For wetting and brazing experiments the bulk matesias produced by arc furnace
melting of the pure elements in a ratio to creatg AAITi and AlTis. These were cut

with a diamond saw in roughly 2mm thin slices, dad with decreasing grain size and
finally polished. The material was cleaned in atragbnic bath with acetone per

analysis and afterwards degassed for one houeimadbuum furnace.

Two different alloys were used as solder mater@heprepared on two different ways.
The first alloy was AloGexTis because the melting point of this alloy was at
approximately 1000°C which was desirable becauggadedural reasons. The second
alloy was simply the eutectic mixture of aluminivend germanium which was the

initial idea for the project in the first place.

The first method of soldering was to powder thaoge alloys and mix them with a
binder. The binder is used to improve the brushgbDuring the heating program, an
isothermal period at 150°C for one hour was adderkinove the solvent used in the
binder and another isothermal period at 400°C motleer hour to decompose the binder
residue-free, which simultaneously reduces metalesxin the solder. Oxides may be

present simply because of the high surface ar¢laeopowder. The second method was
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6. Diffusion brazing and wetting

to cut those two alloys in foil-like slices and dd4bem as solder. No binder was used in
this case but due to the smaller surface areatladsamount of oxides was expected to
be negligible.

With those precursors two similar types of experitaewere performed. In wetting
experiments the solder material was placed on t@ppiece of bulk material, while for
brazing experiments it was placed in between tvaxgs of bulk material. After the
initial decomposition step of the binder, if ne@ysthese arrangements were exposed
to a temperature program for the actual experirbhetween 440 and 1070°C for 5 to 10
minutes depending on the solder. The exact spetitdatment of the samples can be
found in Table 22.

Bulk ' TiAl — solder - TiAl TizAl — solder - TRAl | TiAl — solder - Ti
Solder Wetting and brazing Only Brazing
Eutectic mixture  440°C (10min), foil | 440°C (10min), foil 440°C (10min), foil
600°C (10min), foll 600°C (10min), foil 600°C (10min), foll
Algo Gy sTis 1050 (5 min), powder| 1050 (5 min), powder

1070 (10min), foil 1070 (10min), foil

Table 22: Performed wetting and brazing experiments

Similar to the previous experiments these samplexe wut, embedded, polished and

investigated with SEM and EPMA (electron probe mianalysis).

6.3. Results and discussion

Experiments performed at 440°C using the eutectixture as solder showed
independent of the bulk material the same behavidoe solder wetted the substrate
quite well but almost no reaction between the serfaf the bulk and the solder took
place. The link between the single pieces theretoas very weak. Exemplary one
experiment is shown in Figure 45, the others teeghat 440°C look comparable. This
leads to the conclusion that even though the sofdelts at 423.7°C, a higher
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6. Diffusion brazing and wetting

temperature, a longer heat treatment, the appicati pressure or a combination of the

mentioned options is necessary to gain a satistgagit.

TiAl-Eut-440°C 20.0kV x100 200um ———-
Figure 45: Brazing of AlTi — eutectic mixture — Alat 440°C

We decided to increase the reaction temperatur@005C but maintained the other
parameter. At this temperature reactions betweerbthk and the solder occurred and
the phasea and AkTi were formed but only at specific points of timerface with the
AlTi and AlTiz bulk material. In between those reaction zonesl/@ppeared. By
additional application of pressure it may be pdssib avoid the formation of these
holes but this isn't investigated yet. The reactainthe eutectic mixture with pure
titanium bulk material, on the other hand, procesdbout formation of any voids and

yield already without pressure very pleasing outeofRigure 46 and Figure 47)
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Ti3Al+Eut-600°C 20.0kV x500 50um ———
Figure 46: Brazing experiment of Akl eutectic mixture — Algiat 600°C

AlTi

TiAl+Eut+Ti-600°C 20.0kV x300 100um ——
Figure 47: Brazing experiment of AlTi — eutecticatoire — Ti at 600°C

80



6. Diffusion brazing and wetting

For the second solder with a melting point at acoli®00°C the processing temperature
had to be increased. The samples tempered at 108@Wed very good wetting and
reactivity with the bulk but easily broke aparttiaé joint because of the formation of
the brittle AkTi phase. Since the differences between AlTi antiAds bulk material
are minor only one is shown in Figure 48. They aBowed several cracks and voids
within the solder eased again by the brittlenesalgfi. The samples at 1070°C show
similar behaviour in comparison to the 1050°C sammonfirming that solder applied
as a mixture of powder and binder works just asdga® foil-like slices (Figure 49).
They do, however, show a stronger reaction withbilé& but this is most likely due to
the higher temperature which is applied also ftoraer time. Because of the stronger
reaction the voids are more pronounced. Therefar¢his solder 1050°C for 5 minutes

are sufficient. For further improvement of the jdininner slices and the application of

pressure should be the next steps to minimize didsy

Ver

TiAl P59 20.0kV x1317 20um ——
Figure 48: Wetting experiment of AlTi - &lsGexsTig at 1050°C
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Ti3Al+59-1070°C 20.0kV x100 200um +——

Figure 49: Wetting experiment of Al Algg sGexsTig at 1070°C (left) and 1050°C
(right)

It is also very pleasing that the measured layéthejoint are in good agreement with
the already investigated phase diagram, since dRperiment is comparable to a
diffusion couple experiment. In such arrangemeratsps which share a border have to
have a common two-phase-field at the chosen teryserarhis is true considering that
the eutectic mixture as well as the grains a@iside are liquid at the chosen temperature
and according to the reaction scheme in equilibruith Al3Ti.

Independent from the used solder and temperatogram in any case Ali is formed

in significant amounts. This is a considerable dragk for the final application since it
is a quite high melting and brittle phase makingeatessary to get rid of it for a proper
joint which on the other hand will be a quite tim@nsuming task because of the high

melting point.

Although there are some drawbacks it still may bssble to create a working method.
Therefore further tests are necessary to improgenittability of the eutectic mixture
on AlTi and AlTk, to investigate the influence of the presencénefALTi phase on the
following heat treatment and the impact of the egaplon of pressure on various

aspects of the process.
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10. Abstract

10. Abstract

The phase diagram Al-Ge-Ti is of potential interést joining applications for

titanium-aluminides which are important alloys fbigh temperature components.
Aluminium and Germanium form a deep eutectic at.4Z3 which could be used for
soldering of titanium-aluminides in the transiemjuld bonding process. A thorough
knowledge of ternary phase equilibria is required the realization of interface
reactions during bonding and the search for passérhary Al-Ge-Ti alloys that could
be employed as solders. However, up to now the &lfGphase diagram was not
studied.

In this work the phase equilibria of Al-Ge-Ti habeen investigated using scanning
electron microscopy (SEM), powder x-ray diffractdrge(XRD) and differential
thermal analysis (DTA) measurements in order t@iabpartial isothermal sections at
400°C, 520°C and 1000°C. Different annealing terapges in different parts of the
system were necessary because of the stronglyneanyelting points (between 423.7°C
and 1980°C). In this work the titanium poor part tep 50 at.% titanium was
investigated. Two ternary and one new binary comdsuvere found to exist, two of
which could be structurally characterized flo25&42-05d10.33 AlsSisZrs-typ,
[4./amd, t124) (Gea4Tiss, GeSne-typ, Pnma, oP36). DTA data were used to construct a
ternary reaction scheme (Scheil) up to approxingat80D0°C. Also, preliminary brazing
experiments were performed in order to test thetimgetbehaviour and interface
reactions. For these experiments the eutectic maxbf aluminium and germanium on
one hand and the same mixture with additional ititan(6 at.%) on the other hand were
used as solder, while AITi, ATi and Ti were used as bulk material. In the coofstais
work also some of the temperatures of the binagsetdiagram Ge-Ti were measured

again, indicating higher temperatures than preWoomsblished.
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11. Zusammenfassung

11. Zusammenfassung

Titan-Aluminium Legierungen spielen eine wichtigelle fiir zahlreiche technische
Anwendungen. Aufgrund der hohen Schmelzpunkte wiee&Stoffempfindlichkeit sind

Fugeverfahren wie Schweilen aber nur bedingt anband Ein elegantes

Fugeverfahren, bei dem diese Eigenschaften eirergedrdnete Rolle spielen, ist das
Diffusionsloten. Dabei wird ein niedrig schmelzesdst zwischen zwei Werkstticken
kurzzeitig aufgeschmolzen und durch eine anschiié@eNarmebehandlung mittels
Diffusion Uber den gesamten Verbund verteilt. Zdaieser Arbeit war ein auf

Aluminium und Germanium basierendes Lot, da diesddn Elemente bei 28,4at.%
Germanium ein sehr tiefes Eutektikum bei 423,7°@en und gleichzeitig eines der
beiden Elemente der Zielverbindung so ebenfallsLoh vorhanden ist. Um dieses
Verfahren erfolgreich anwenden zu konnen, ist aberfundiertes Wissen Uber das
Phasendiagramm der beteiligten Elemente notwendag bisher nicht adéaquat

untersucht wurde.

Zur Untersuchung des Phasendiagramms wurden SEMr(sg electron microscopy),
Pulver XRD (X-ray diffractometry) und DTA (differéial thermal analysis) Messungen
eingesetzt, um drei partielle isotherme Schnitte 480°C, 520°C und 1000°C im
titanarmen Teil bis maximal 50 at.% Titan zu koasren. Die unterschiedlichen
Temperaturen in den verschiedenen Teilen des Ptiaggamms waren notwendig, um
trotz der stark variierenden Schmelzpunkte derednen Phasen (zwischen 423,7°C
und 1980°C) das thermodynamische Gleichgewichtreeiohen. Im Zuge der Arbeit
wurden zwei ternére sowie eine neue binare Verlgdm Ge-Ti System gefunden.
Zwei dieser Verbindungen konnten bereits struktuealfgeklart werden (Alio-
02456 42-0 58 10,33, Al4SisZr3-Typ, 14:/amd, t124) (Ge4Tiss, GeSms-Typ, Pnma, oP36).
Mit Hilfe der DTA Daten konnte ein ternares Reakfischema bis 1300°C erstellt
werden (Scheil Diagramm). Weiters wurden erste &s#tche durchgefiihrt, bei denen
die reine eutektische Mischung des Al-Ge Systemwsiesdie eutektische Mischung mit
einem Zusatz von 6 at.% Titan als Lot verwendetdenr Als Substrat wurde AlTi,
Al3Ti und Titan verwendet. Im Zuge der Arbeit wurdefdardem einige Temperaturen
des bindren Ge-Ti Phasendiagramms neu bestimmt.M&&sungen ergaben dabei

etwas héhere Temperaturen als in friheren Puliikati.
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