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Abstract

Engineering materials in the Mo-Si-Ti system are promising candidates for applications at
high temperatures and in extreme environments such as gas turbines. Several alloys have
shown suitable properties in terms of mechanical parameters as well as corrosion and oxidation
resistance. However, alloy design in this system is challenging due to the presence of highly brittle
detrimental phases and the fact that many beneficial phases are prone to catastrophic oxidation.
Therefore, the constituent phases of potential materials, as well as their compositions and phase
fractions, must be carefully tailored. The CALPHAD approach can be used for this purpose.
While a thermodynamic dataset exists for the Mo-Si-Ti system, the analysis of annealed samples
has shown the need to refine it for the conditions most relevant to gas turbine applications, i.e.
temperatures between 1300 and 1600 K and Si concentrations below 37.5 at.%.

Therefore, the metal-rich region of the Mo-Si-Ti system was experimentally investigated. Samples
were prepared by vacuum arc melting and analyzed by scanning electron microscopy, energy
dispersive X-ray spectroscopy, electron probe microanalysis, X-ray diffraction, inductively
coupled plasma optical emission spectroscopy, and carrier gas hot extraction. A novel type
of furnace was developed and tested for annealing and subsequent quenching. Care has been
taken to ensure that the risk of contamination of the samples was as low as possible. The
samples were investigated both in the as-cast state and after annealing for 330 h at 1573 K. In
the as-cast state, the objective was to evaluate the accuracy of the liquidus projection and Scheil
solidification calculations performed with the existing dataset. It was found that the agreement
between experiments and calculations was generally quite high and most of the microstructure
evolution could be accurately predicted. Some samples showed deviations from the predicted
microstructures, but in most cases this was not due to major problems in the dataset. Rather,
it was due to slight shifts in ternary reaction temperatures or the position of maxima at the
edges of double saturation which, for example, led to an underestimation of the phase fractions
of certain phases. In a few cases, however, the microstructures showed features that cannot be
calculated with the dataset, suggesting that other reactions than those calculated may occur in
certain regions.

The effect of the cooling rate on Mo-Si-Ti samples was investigated. This was done by annealing
samples in a two-step process. First, the samples were annealed and then furnace cooled. These
samples were analyzed before being annealed again at the same temperature. This time the
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0 Abstract

samples were quenched in water. By comparing the microstructure and phase composition of the
same samples in both states, it could be concluded that the cooling rate is quite insignificant for
Mo-Si-Ti samples, likely due to the slow diffusion in the system.

Analysis of the annealed samples revealed that the composition of the phase Mo3Si was
consistently off-stoichiometric with an average Si content of 23 at.%. Since this cannot be
corrected without changing the model in the underlying binary dataset, it was decided after a
thorough literature search to reassess the Mo-Si system. The phase Mo3Si was modeled either as
a stoichiometric phase with the experimentally observed composition, or with a sublattice model
representing the defect structure and allowing for a homogeneity range. In addition, the model
of MosSiz was chosen to represent the crystallography of the phase as accurately as possible.
Furthermore, heat capacity data were used for the first time to optimize the system. It was shown
that all reliable experimental data from the literature could be well represented by the calculations
with the new dataset.

Examination of the isothermal section of the ternary system at 1573 K revealed that many
of the samples were not in thermodynamic equilibrium after heat treatment for 330 h. This
was especially the case when the microstructure after solidification consisted of many small
grains or when many non-equilibrium phases were formed during solidification. Sometimes the
non-equilibrium state was obvious from the presence of more than three phases, but sometimes
XRD analysis was required to determine that non-equilibrium stable phases were present. In
some cases, the microstructures did not change at all. Nevertheless, many other equilibria in
the system were confirmed and their exact locations were in some cases more precisely defined
than previously described in the literature. The off-stoichiometry of Mo3Si could be confirmed
for the ternary system, and it was found that the /5 phase dissolves significantly more Si than
previously assumed. The latter finding is particularly promising for future alloy development,
since the concentration of Si dissolved in [ has a significant influence on the corrosion resistance
of the alloys.

Based on the experimental results, the reassessment of the Mo-Si system and a thorough analysis
of the available literature on the ternary system, a new modeling in the Mo-Si-Ti system was
performed. The reassessment was limited to the metal-rich region, since Si contents higher than
37.5 at.% are irrelevant to the research question of this dissertation. It could be shown that the
newly developed dataset reflects the reliable experimental results, namely the isothermal sections
at 1573 and 1873 K, very well. Likewise, the invariant reactions in this region of the system,
although never directly experimentally investigated, seem very reasonable as calculated. The
liquidus projection is also reasonable, and it has been shown that Scheil solidification calculations
are capable of predicting the microstructures of alloys produced by vacuum arc melting. Thus,
the reassessed dataset can be used to design alloys in the metal-rich region of the system with
high accuracy.
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Kurzfassung

Werkstoffe im System Mo-Si-Ti sind vielversprechende Kandidaten fiir Anwendungen bei hohen
Temperaturen und in extremen Umgebungen wie etwa Gasturbinen. Mehrere Legierungen
haben geeignete Eigenschaften in Bezug auf die mechanischen Parameter sowie die Korrosions-
und Oxidationsbestdndigkeit gezeigt. Die Entwicklung von Legierungen in diesem System ist
jedoch eine anspruchsvolle Aufgabe, da sie oft schidliche, extrem sprode Phasen beinhalten
und viele der niitzlichen Phasen anfillig fiir katastrophale Oxidation sind. Daher miissen
die Phasen, welche die potenziellen Werkstoffe aufbauen, sowie ihre Zusammensetzungen
und Phasenanteile sorgfiltig aufeinander abgestimmt werden. Zu diesem Zweck kann die
CALPHAD-Methode verwendet werden. Zwar gibt es einen thermodynamischen Datensatz fiir
das System Mo-Si-Ti, doch hat die Analyse wiarmebehandelter Proben gezeigt, dass er fiir die
fiir Gasturbinenanwendungen wichtigsten Bedingungen, d. h. Temperaturen zwischen 1300 und
1600 K und Si-Konzentrationen unter 37,5 at.%, optimiert werden sollte.

Aus diesem Grund wurde in dieser Arbeit der metallreiche Bereich des Mo-Si-Ti-Systems
experimentell untersucht. Die Proben wurden durch Vakuumlichtbogenschmelzen hergestellt
und mittels Rasterelektronenmikroskopie, energiedispersiver Rontgenspektroskopie, Elektronen-
strahlmikroanalyse, Rontgenbeugung, optischer Emissionsspektroskopie mit induktiv gekoppeltem
Plasma und Trigergasheillextraktion analysiert. Fiir das Tempern und anschlieBende Abschrecken
wurde ein neuartiger Ofen entwickelt und erprobt. Es wurde darauf geachtet, dass das Risiko
einer Verunreinigung der Proben so gering wie moglich ist. Die Proben wurden sowohl im
Gusszustand als auch nach 330 h Gliithen bei 1573 K untersucht. Im gegossenen Zustand bestand
das Ziel darin, die Genauigkeit der Liquidusprojektion und der Scheil-Erstarrungsberechnungen
zu bewerten, die mit dem vorhandenen Datensatz durchgefiihrt wurden. Es zeigte sich, dass die
Ubereinstimmung zwischen Experimenten und Berechnungen im Allgemeinen recht hoch war
und die meisten Mikrostrukturentwicklungen genau vorhergesagt werden konnten. Einige Proben
wiesen Abweichungen von den vorhergesagten Mikrostrukturen auf, was jedoch in den meisten
Fillen nicht auf groBere Probleme im Datensatz zuriickzufithren war. Vielmehr handelte es sich
um leichte Verschiebungen der ternidren Reaktionstemperaturen oder der Position der Maxima
an den Kanten doppelter Sittigung, die beispielsweise zu einer Unterschitzung der Phasenanteile
bestimmter Phasen fiihrten. In einigen wenigen Fillen wiesen die Mikrostrukturen jedoch
Merkmale auf, die mit dem Datensatz nicht berechnet werden konnen, was darauf hindeutet, dass
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in bestimmten Regionen andere Reaktionen als die berechneten ablaufen konnten.

Die Auswirkung der Abkiihlgeschwindigkeit auf Mo-Si-Ti-Proben wurde untersucht. Dazu
wurden die Proben in einem zweistufigen Verfahren geglitht. Zunichst wurden die Proben
wirmebehandelt und dann im Ofen abgekiihlt. Diese Proben wurden analysiert, bevor sie
erneut bei der gleichen Temperatur gegliiht wurden. Dieses Mal wurden die Proben in Wasser
abgeschreckt. Ein Vergleich der Mikrostruktur und der Phasenzusammensetzung derselben
Proben in beiden Zustdnden ergab, dass die Abkiihlungsgeschwindigkeit fiir Mo-Si-Ti-Proben
relativ unbedeutend ist, was vermutlich auf die langsame Diffusion im System zuriickzufiihren
ist.

Die Analyse der wirmebehandelten Proben ergab, dass die Zusammensetzung der Phase
Mos3Si mit einem durchschnittlichen Si-Gehalt von 23 at.% durchweg unterstdchiometrisch
ist. Da dies nicht korrigiert werden kann, ohne das Modell des zugrunde liegenden binéren
Datensatzes zu dndern, wurde nach einer griindlichen Literaturrecherche beschlossen, das Mo-
Si-System neu zu optimieren. Die Phase MosSi wurde sowohl als stochiometrische Phase
mit der experimentell beobachteten Zusammensetzung als auch mit einem Untergittermodell
modelliert, welches die tatsdchliche Defektstruktur repriasentiert und einen Homogenititsbereich
zuldsst. Dariiber hinaus wurde das Modell von MosSiz so gewihlt, dass die Kristallographie
der Phase so korrekt wie moglich dargestellt wird. Des Weiteren wurden zum ersten Mal
Wirmekapazititsdaten verwendet, um das System zu optimieren. Es wurde gezeigt, dass alle
zuverldssigen experimentellen Daten aus der Literatur durch die Berechnungen mit dem neuen
Datensatz gut reprisentiert werden konnten.

Die Untersuchung des isothermen Schnittes des terniren Systems bei 1573 K zeigte, dass
sich viele Proben nach 330 h widrmebehandeln nicht im thermodynamischen Gleichgewicht
befanden. Dies war insbesondere dann der Fall, wenn das Gefiige nach der Erstarrung
aus vielen kleinen Kornern bestand oder wenn sich wihrend der Erstarrung viele Nicht-
Gleichgewichtsphasen gebildet hatten. In manchen Fillen war der Nichtgleichgewichtszustand
durch das Vorhandensein von mehr als drei Phasen offensichtlich, aber in einigen Fillen war
eine XRD-Analyse erforderlich, um festzustellen, dass Nichtgleichgewichtsphasen vorhanden
waren. In einigen Fillen dnderte sich das Gefiige auch nach 330 h nicht. Dennoch wurden viele
andere Phasengleichgewichte in dem System bestétigt, und ihre genaue Lage wurde in einigen
Fillen priziser definiert als zuvor in der Literatur beschrieben. Die Stochiometrieabweichung
von Mo3Si konnte fiir das terndre System bestiitigt werden, und es wurde festgestellt, dass
die $-Phase deutlich mehr Si 16st als bisher angenommen. Letztere Erkenntnis ist besonders
vielversprechend fiir die kiinftige Legierungsentwicklung, da die Konzentration des in 5 gelosten
Si einen erheblichen Einfluss auf die Korrosionsbestindigkeit der Legierungen hat.

Auf der Grundlage der experimentellen Ergebnisse, der Neuoptimierung des Mo-Si-Systems
und einer griindlichen Analyse der verfiigbaren Literatur iiber das ternédre System wurde eine
neue Modellierung im Mo-Si-Ti-System durchgefiihrt. Die Neuoptimierung beschrinkte sich
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auf den metallreichen Bereich, da Si-Gehalte von mehr als 37,5 at.% fiir die Fragestellung dieser
Dissertation irrelevant sind. Es konnte gezeigt werden, dass der neu entwickelte Datensatz
die zuverldssigen experimentellen Ergebnisse, namentlich die isothermen Schnitte bei 1573
und 1873 K, sehr gut wiedergibt. Ebenso scheinen die invarianten Reaktionen in diesem
Bereich des Systems, obwohl nie direkt experimentell untersucht, sehr plausibel berechnet.
Die Liquidusprojektion ist ebenfalls akzeptabel, und es hat sich gezeigt, dass die Scheil-
Erstarrungsberechnungen in der Lage sind, die Mikrostrukturen von Legierungen vorherzusagen,
die durch Vakuumlichtbogenschmelzen hergestellt werden. Somit kann der neu optimierte
Datensatz verwendet werden, um Legierungen im metallreichen Bereich des Systems mit hoher

Genauigkeit zu entwickeln.
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1. Motivation

Changing energy supply infrastructure and environmental concerns are driving significant new
requirements for gas turbines and their materials. Not only are higher combustion temperatures
desired to increase turbine efficiency [1], but future turbines must be able to withstand higher
demands on their load flexibility as their use case will shift towards auxiliary power generation
and to absorb peaks in power consumption [2]. In addition, the fuels will change from fossil fuels
to renewables and possibly pure hydrogen [3]. All of these requirements are highly challenging
for gas turbines, requiring entirely new concepts and materials beyond the Ni-based superalloys
currently used as airfoil materials [4].

Materials based on the Mo-Si system are promising candidates for high-temperature alloys in
extreme conditions due to their high melting point and good oxidation and corrosion resistance
[5, 6,7, 8]. The disadvantages are mainly poor mechanical properties due to the brittleness of the
silicides and a relatively high density (pas, = 10.2 g/lcm?). To improve the properties, alloys in
higher order systems such as Mo-Si-B [9, 10], Mo-Si-Ti-B [11], and, particularly in more recent
years, Mo-Si-Ti [12, 13, 14] are being developed.

To guide efficient alloy development, the CALPHAD approach [15] is used. For the Mo-Si-Ti
system, a CALPHAD dataset was developed and published by Yang et al. in 2003 [16]. Citing the
need to develop Mo-Si-Ti-B alloys that are both reasonably ductile and corrosion resistant, they
focused their experimental investigations on the region of the phase diagram with a Si content
between 10 and 63 at.%. The specimens were analyzed in the cast state and after annealing at
1698 and 1873 K for 300 and 150 h, respectively. Two three-phase regions were reported in
the metal-rich region of the system: [+MosSi3+TisSi3 and S+MosSi+MosSis. Furthermore,
two-phase equilibria exist between 5+TisSi3, S+MosSi3, S+Mo3Si and MosSi+MosSiz. A
liquidus projection has been proposed based on the binary systems, the isothermal regions of
the ternary system, and an isopleth, respectively. However, the publication by Yang et al. has
several shortcomings. First, there are competing data from a publication by Svechnikov et al.
[17], who also studied the isothermal section of the system at 1698 K. While they studied only
the range between 37.5 and 66.7 at.% Si, which is of limited interest for contemporary gas
turbine applications, the two publications show considerable differences in the solubility ranges
of the two 5-3 silicides (Mo, Ti)sSi3 and (Ti,Mo)sSi3. Both publications have no obvious errors,
so it is unclear which data are more reliable. Since these two phases are of major practical
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importance due to their presence in all but one equilibrium in the metal-rich region, further
investigation of this subject is warranted. It must be noted that Yang et al. does not show
micrographs of annealed samples or X-ray diffractograms. Likewise, phase compositions are
not listed but only indicated in the diagrams of the isothermal section. Therefore, it is difficult
to fully rely on the data provided by this paper due to the lack of irrefutable evidence that data
was not overlooked. Another issue is related to the Scheil solidification calculations presented
by Yang et al. Several samples were prepared and experimental micrographs were compared
with calculations of their solidification paths. Of the three specimens discussed, two proposed
solidification paths are thermodynamically impossible. Therefore, a critical examination of the
microstructures of cast samples is required to determine the validity of the proposed liquidus
projection. Finally, further experimental investigations have provided new information on the
crystallography of several phases. As these reports were published after the publication of Yang
et al. they are of course not included in this dataset. Most importantly, it was discovered that
the phase Mos3Si is not stoichiometric, but consistently Si deficient. This is expected to affect the
location of the two-phase and three-phase regions containing this phase, which in turn affects
the usability of the dataset to accurately design alloys. In addition, the model used by Yang et al.
for the MosSi3 phase, while not incorrect, is quite simplified; crystallographic data allow for an
improved description of this phase as well.

A commercial Pandat database based on this dataset was used by Schliephake et al. [12] to
develop alloys that combine oxidation resistance with good mechanical properties. The oxidation
resistance was achieved by tailoring the Si content to enable formation of a protective oxide
scale on the entire material, while the mechanical properties were derived from a fine-grained
microstructure. One of the results of this work was the development of an alloy with the
composition 45Mo-218Si-34Ti (all values in at.%), which was expected to decompose entirely
into fine 8 and (Mo, Ti)sSi3 grains after annealing at 1573 K according to the dataset. While the
as cast microstructure could be accurately predicted with Scheil solidification calculations, the
annealed sample unexpectedly showed the presence of a third phase, TisSi3. These results indicate
that while the dataset is an excellent starting point for alloy development, further investigations
of the phase equilibria at 1573 K are necessary to develop novel turbine material.

The objective of this work is the investigation of the thermodynamics, constitution and kinetics
of the Mo-Si-Ti system for the areas most relevant to gas turbine materials. The development of
Mo-Si-Ti alloys and suitable protective coatings is ongoing in the German Research Foundation-
funded Research Training Group RTG2561: Materials Compounds from Composite Materials
for Applications in Extreme Conditions (MATCOM-COMMAT), of which this work is a part.
This limits the Si content to 37.5 at.%, beyond which there is no equilibrium with the ductile
[ phase, and temperatures slightly above the current maximum application limit of gas turbine
materials of about 1400 K. Since the investigations of Schliephake et al. showed discrepancies
between experiment and calculation for 1573 K, this temperature was chosen as the annealing
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temperature for this work. A major research question will be the phase equilibria under these
parameters. As explained above, the publication by Yang et al., while a very good starting
point, is not without issues. Therefore, and in light of conflicting reports from other sources
such as Svechnikov et al., a dedicated, detailed analysis of the equilibria and phase compositions
in the metal-rich region of the system at 1573 K is in order. For this purpose, samples will
be prepared by vacuum arc melting and subsequently annealed. Their microstructure will then
be studied by scanning electron microscopy. The compositions of the phases will be analyzed
by electron probe microanalysis and energy dispersive X-ray spectroscopy. X-ray diffraction
will be used to identify the phases present in the samples. Another crucial issue concerns the
kinetics in the system. So far, there are no data on diffusion in the system. However, a detailed
investigation, e.g. using diffusion couples or multiples, would be a complete topic for a Ph.D.
thesis and therefore cannot be part of this work. Instead, the influence of the cooling rate on the
microstructure of the samples is investigated. By analyzing the samples both after furnace cooling
and after quenching, qualitative information about the diffusion rate in the system can be obtained.
Although no quantitative values are determined, it can be assumed that practical information on
the extent to which the structure of the samples is influenced by slow or fast cooling rates can be
obtained. Another research question is the solidification of samples after casting in a vacuum arc
melter. As mentioned above, a liquidus projection and the corresponding Scheil reaction scheme
has been proposed by Yang et al. However, their applicability is unclear due to the fact that the
microstructural evolution described in this publication is not always thermodynamically possible.
Therefore, different samples will be prepared and their as-cast microstructure will be compared
with the predictions made with the dataset. Depending on the results of these experiments, a
decision can be made whether the liquidus projection can be accepted, needs to be refined, or
even needs to be completely remodeled.

Furthermore, the binary system Mo-Si will be examined. As mentioned above, the models
of Mo3Si and MosSi3 can no longer be considered ideal and should be updated to reflect
new experimental observations. The off-stoichiometry of Mo3Si in particular is expected to
affect several equilibria in the ternary system. Furthermore, no previous evaluation of this
binary system has taken into account the heat capacities of the intermetallic phases, despite the
existence of experimental data and their considerable relevance for high-temperature materials.
Therefore, binary samples will be prepared and studied as described above in order to obtain
more information about the phase Mo3Si. These data, together with all reliable data from the
literature, will then be used for a complete thermodynamic reassessment of this system.

Finally, the thermodynamic dataset of the Mo-Si-Ti system will be reassessed using the reassessed
binary Mo-Si system as well as the experimental data obtained in this work. Following the binary
reassessment, the best possible models for all phases will be used to ensure that the crystallography
is reflected as accurately as possible. With the results of the ternary system investigations, the
model parameters will be optimized to allow even better calculation of the phase equilibria in the
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system. In addition, the liquidus projection will be refined as necessary to enable the prediction
of microstructures under Scheil conditions.



2. The CALPHAD method

Originally, the term CALPHAD stood for "Calculation of Phase Diagrams". Since its inception,
however, the method has been continuously developed into a powerful tool capable of calculating
much more than just phase diagrams, and is now used to calculate and extrapolate all kinds of
thermodynamic, thermophysical, and thermochemical properties of materials. Therefore, a more
appropriate descriptor for the CALPHAD method is "computer coupling of phase diagrams and
thermochemistry". The following section provides an introduction to the CALPHAD method
itself, followed by the models and underlying mathematical descriptions most relevant to this
work. Finally, the process of numerical optimization of the dataset is explained. Due to the
complexity of the topic, further specialized literature, such as the book by Lukas, Fries and
Sundmann [18], should be consulted for a more detailed explanation of certain topics. Regarding
the history of the method, the paper by Spencer [19] gives a good overview, especially for the
early development.

2.1. Introduction to the CALPHAD method

The core of the CALPHAD method is the development of databases that store analytical
descriptions of the Gibbs energy of all phases in the system of interest. While the calculation of
phase diagrams from Gibbs energy models was reported as early as 1908 by van Laar [20, 21], the
CALPHAD method was substantially shaped and developed by Kaufman and Bernstein with the
publication of a book [15] that sparked considerable scientific interest in the subject. A schematic
process diagram of the modern CALPHAD method was published by Seifert and Aldinger [22]
and is shown in Figure 2.1. The diagram shows well that the CALPHAD method consists
of two principal parts, optimization and equilibrium calculations, whose "building blocks" are
interrelated. For example, both theoretical data and experimental results inform the phase
models. In practice, this means that the chosen model must match the physical and chemical
properties of the phase, such as crystal structure, bond type, and order-disorder transformations.
The models have adjustable parameters, explained in more detail later, which in turn are based
on and determined by experimental information. Once these parameters have been correctly set,
they are used to calculate thermodynamic functions such as the Gibbs energy G, the entropy
S or the heat capacity c,. These functions are stored in databases or datasets that are used in

5



2 The CALPHAD method

thermodynamic calculations. These datasets are in practice often called "tdb files", named after
their file extension in the computer operating system.

Theory |  Estimates }" Experiments

DTA, Calorimetry,
EMF, Knudsen Effusion,
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=
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Figure 2.1.: Process diagram of the CALPHAD method, after [22].

Typically, the Gibbs energy G of the phases is chosen as the function stored in the databases.
While in principle any other state function is equally suitable, the Gibbs energy is convenient
because its characteristic state variables (temperature T, pressure p, and amount of component
i Nj) are readily available in experiments. Other state functions can be derived from the Gibbs

energy, for example by the following equations:

0G
oG
§=-(5p)rN (2.2)
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52G S
—T(W)P,Ni = T(éfT)P,Ni (2.3)

Cp =
These equations can also be used to show how different experimental data directly correlate with
the model parameters. For example, to describe the specific heat capacity of a material, the
empirical approach by Maier and Kelley is often used. For a pure elemental component, the
following equation is used:

cp=—c—2dT — 2T % + ... (2.4)

If this equation is terminated after the third term, the three parameters c, d and e can be fitted to
the experimental values of ¢,. By using the relationship between cp and S from equation 2.3,
the equation

AS = —b—cIn(T) — 2dT — T2 (2.5)

is obtained. The parameter b describes the entropy at the lower integration limit. Likewise, A H
can be expressed by the equation

AH =a—cT —dT? +2eT7! (2.6)

where the parameter a describes the enthalpy at the lower integration limit. Finally, for the Gibbs
energy, the following form can be used:

AG =a+bT +cT - In(T) 4+ dT?% 4 eT ! (2.7)

This equation contains all parameters of the previous state equations, which highlights the
versatility of the Gibbs energy and its suitability as the "default" function for thermodynamic
datasets. With the information how the parameters influence the different functions, one can
derive what kind of experimental data can be used in the optimization. Aside from phase
equilibria and compositions, which are ultimately what a phase diagram shows, data from
calorimetry, thermal analysis, electromotive force measurements and similar methods can be
used to fit the parameters of the models. Likewise, theoretical data, such as ab initio calculations,
can often be used in the optimization.
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2.2. Analytical models for the Gibbs energy

As mentioned in the previous section, analytical models for the Gibbs energy of each phase of a
system are at the core of the CALPHAD method. A good way to describe the total Gibbs energy
of a phase 0 is to express it as the sum of different influences and develop equations to calculate
them separately. Thus the Gibbs energy can be described by the equation

an _ srfon + PhySG?n —T. Cnngl + Ean. (2.8)

Here *"/ G? describes the Gibbs energy of the unreacted mixture of the components (the prefix
stf stands for "surface of reference"). The term P"*G? accounts for contributions to the Gibbs
energy from physical models such as magnetic transitions and can often be neglected for many
materials. The third term, 7" - “*f S9 | represents the contributions to the Gibbs energy by the
configurational entropy, i.e. the different possible arrangements of the atoms at the Wyckoff
positions. Finally, the last term, ¥ an, represents the excess Gibbs energy and accounts for all
contributions not represented by any of the other terms.

The equations in section 2.1 can be used to describe pure single component phases. In the
following, models for different multicomponent phases will be explained.

2.2.1. Stoichiometric phases

Since stoichiometric phases by definition do not vary in composition, the Gibbs energy depends
only on temperature (and pressure, which is usually negligible). Thus the analytic function is very
similar to that for pure elements (Eq. 2.7). For a stoichiometric compound A4B,, the equation
becomes

Ga,p,(T) —q-"H3"" —p - "HEFR = a + 0T + T - In(T) +dT% + fT~ ' + ... (2.9)

where "H jER and °H E;ER are the enthalpies of the pure elements A and B in their reference

states at 298.15 K and 1 bar, respectively. For compounds consisting of more than two elements,
the equation 2.9 can be generalized as

Go(T) = wi- HYPR = a+ 0T + T - In(T) +dT° + fT~" + .. (2.10)
=1
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2.2.2. Solid solution phases

In solid solutions the Gibbs energy depends not only on the temperature but also on the
composition of the phase. Therefore Equation 2.8 can be applied. The first term can be
written as

G = 2, °GY (2.11)

where z; is the concentration of component i in the solution and OGf is the molar Gibbs energy
of the pure component i at temperature T. The term derived from the configurational entropy,
also called the Gibbs energy of the ideal solution idG‘,’;L, is expressed as

MGh = —T S0 = RTY "z - Ina. (2.12)

However, ideal solutions are very rare in practice due to interactions between species. As a result
of such effects, real compounds may show tendencies to form miscibility gaps, for example. As
mentioned earlier, the excess Gibbs energy is the term that takes into account all such effects that
are not represented by any other term. While several different models exist to describe the excess
Gibbs energy analytically, one of the most common models is the Redlich-Kister excess model
[23]. Here the excess Gibbs energy is expressed as

n
PG, = wixy Yy (wi—xy)” - VLY (2.13)
v=0

where "ij are the so-called Redlich-Kister parameters of the order v = 0,1,2,... The Redlich-

Kister parameter itself is often described with a temperature dependence by the equation

VLY =val, + T + ..., (2.14)

which is typically truncated after the linear term. Figure 2.2 shows the influence of the first five
terms of the Redlich-Kister polynomial on the enthalpy. It can be seen that in order to describe
asymmetrical effects, at least a first order Redlich-Kister term is necessary.

It should be noted that often the same models are applied to the liquid phase that are used to
describe solid solution phases. This is because their behavior is very similar, unless special
conditions are required, such as in the case of ionic liquids.
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Figure 2.2.: The influence of Oth to 4th order Redlich-Kister parameters on the excess enthalpy. Image taken from
[18].

2.2.3. Compounds with sublattices

Solid solutions with at least two sublattices that allow for a homogeneity range can be described
by the Compound Energy Formalism (CEF) [24]. While the name was coined by Sundman and
Agren [25] its origins can be traced back to the sublattice model by Hillert and Staffanson [26].
A simple example of a compound with two sublattices is

(4, B),(C, D)q (2.15)

where the components A and B are located on one sublattice and the components C and D are
located on the other. A and B can substitute each other, but they cannot occupy the second
sublattice. The same is true for C and D on the second sublattice. The indices p and q are
the stoichiometric coefficients of the respective sublattices. Note that the components are not
necessarily atoms, but can be ions, vacancies, or even compounds. In the CEF, the mathematical
model is similar to that of solid solution phases and Equation 2.8 can be applied again. However,
instead of the mole fraction of an element (which could be distributed over different sublattices),

10
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the site fraction yz-s is used. It describes the occupancy of a sublattice by the component and is
defined as

S S
ns ns

g ety = (2.16)
3 n

where nf is the amount of component i on the sublattice S and n° is the total number of all

positions on the sublattice. By definition, the equations

ny =1 (2.17)

and

Znszn (2.18)
S

apply, where n is the total number of positions on all sublattices. With this, the mole fraction can

be expressed by the equation

Sys
2 = 25"’y (2.19)

B ZS nS(l - y\S/a)

where y‘% is the amount of positions of the sublattice occupied by vacancies.

The final concept to be introduced before attempting to analytically describe the Gibbs energy
is that of end members. This is simply the term for compounds where each sublattice is
completely occupied by one component. In the example compound there are four end members:
Ap,Cq, ApDy, B,Cy, and B,D,. Each of these compounds, whether experimentally stable or
not, has a corresponding Gibbs energy called e ACs G 4.0, "Gp.c, and °Gp.p. When these
Gibbs energies are plotted over the compositions in a 3-dimensional diagram, the Gibbs energies
of each compound can be estimated by linear approximation. This is shown graphically in Figure
2.3, which is taken from the publication of Hillert [24]. The resulting surface is the reference
surface of the Gibbs energy of the phase. This means that the first term of the equation 2.8 for
the CEF can be described mathematically by the equation

fGO =yt "Gac +yhvd - °Gap + ybvd - °Gro +ysyh - °Grop (2.20)

for two sublattices. The superscript numbers 1 and 2 are not exponents, but denote the respective
sublattices. In case of more sublattices, appropriate terms for the additional sublattices and
components must be added. A generalized expression is

IaGh = P(Y)°G, (2.21)
1

11
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where I is a component array specifying one constituent in each sublattice, P;(Y") is the product
of the constituent fractions, and G is the Gibbs energy of the compound 1.

QGH:E BT - ""“."““-I

0 Lfam
[%E +

°Gap! :
AE BE

Figure 2.3.: The Gibbs energy surface of reference of the phase (A,B)(C,D). Image taken from [24].

The second term, specific physical effects, is again often negligible. For the third term,
corresponding to the configurational entropy, ideal mixing is assumed, but restricted to the
respective sublattices. The term can be expressed by the equation

W0 = 1.8 = RT - [p(yh Inyl +yhInyh) + q(wd Inyd +yhInyd)]  (2.22)

where the superscript numbers 1 and 2 again denote the respective sublattices and the appropriate
terms need to be added in the case of more than two sublattices. The generalized expression is

gl — 7. nigl — RTZ a® Zy;g Iny? (2.23)
S i

where a° is the number of sublattice sites and yf is the constituent fraction of the component on
that sublattice.

The definition of the excess Gibbs energy is similar to that for solid solution phases and Redlich-
Kister polynomials are used for the analytical description. In the case of a compound with two
sublattices, the equation

12
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PGy, = yhyplytLapo +ybLasp) + veyplysL(A: C,D) +ypLpcp]  (2.24)

can be used. The parameter L 4 g.c describes the interaction when the first sublattice is occupied
by components A and B, while the second sublattice contains only component C. The other
Redlich-Kister parameters are defined analogously. Again, Equation 2.24 is only valid for two
sublattices each containing two components. The generalized equation is

bay, = Z Z Prz(Y)Liz (2.25)

Z>0 17

where Prz is the product of the site fractions and Z is the order of the parameter.

2.3. Thermodynamic optimization

The objective of thermodynamic optimization is to adjust the coefficients of the model functions
so that the discrepancy between calculated values of properties (e.g. phase equilibria, enthalpies
of formation, and heat capacities) and experimental data is minimized. The experimental
data are presented in a machine-readable and human-understandable format in the form of
so-called pop files (named after their file extension in the operating system). This file defines
the experimental conditions and the values of the relevant properties. During the optimization
process, the CALPHAD software calculates the values with the current parameters of the dataset
and compares the result with the values from the pop file. If the difference between the calculated
and experimental values exceeds a specified threshold, the parameters are adjusted and the values
are recalculated and compared again. By repeating this process for a sufficient amount of time,
it is possible to identify a set of parameters that provide the best fit between calculations and
experiments. Most optimizers, including the PARROT module used in this study, apply the
method of least squares to evaluate the quality of the fit. This method is described in detail in
section 2.3.1.

Although the computer performs the iteration, the user must exert significant effort to ensure that
the optimization yields satisfactory and realistic outcomes. This begins with the seemingly simple
task of compiling the pop file. Any error made here, from simple typos to incorrect definitions of
elemental reference states, may lead to optimization errors that can be very difficult to notice and
eventually correct. In addition, the user must identify an initial set of model parameters that are
sufficiently accurate to ensure that the final equilibria are at least qualitatively correct. Otherwise,
the calculation may fail entirely. Similarly, the user must make certain decisions, such as how to
weigh the different experiments in the pop file or the amount and type of parameters to optimize

13



2 The CALPHAD method

simultaneously at any given time. These decisions will affect the outcome of the optimizations.
For the majority of these questions, no definitive guidelines can be provided. Instead, the user
must rely on their experience and, on occasion, their "intuition" when optimizing a system.
In certain instances, it is necessary to define hypothetical experiments in a pop file. This is
the case when data is available for which no experimental evidence exists, but which must be
included to correct unrealistic behaviors introduced by the software. A typical example of this is,
when unrealistic miscibility gaps open during the optimization process, where it is numerically
possible, but thermodynamically extremely unlikely. This occurs with some regularity, as the
software prioritizes a satisfactory fit between the data from the pop file and the calculations. If an
agreement is attainable with a set of parameters that leads to unrealistic behaviors in other, less
well-defined areas, the software will accept these parameters. Further optimization with the same
set of experiments will, in such cases, usually not lead to different results. In the aforementioned
example, it may be necessary to define an experiment that prohibits the miscibility gap. This
could be achieved by defining the driving force of the phases that are expected to be present,
despite the lack of actual experimental data at the current stage. While this method is effective,
it should be used with great caution and only in exceptional circumstances. It may restrict the
parameters in a way that leads to a dataset that replicates the experimental data well but has
limited capability to predict new, previously unexplored areas of the system.

2.3.1. Least-squares method

The least-squares method is a mathematical method for estimating a set of m parameters C
in a given set of equations to minimize the difference between the "true" values L; (that is,
the experimental or theoretical value) and the result obtained by the calculation, W;. Wj is a
function of the parameters and independent variables x, ;, such as the temperature, concentration

Or pressure:

Wi = Fi(Cj, :E]m‘) (2.26)
where ¢ = 1, ..., n is the consecutive number of the experiment, j = 1, ..., m is the consecutive
number of the parameter and k distinguishes between the independent variables.

The difference between the calculated result and the "true" value, sometimes multiplied with a
weighing factor p;, is referred to as the error v;:

(Wi — L) - pi = vy (2.27)
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The objective of the optimization is to identify the set of parameters that minimizes the sum of
the squares of the errors:

n
> v} =min (2.28)

This condition leads to the following equation for the parameters C}:

n

0y
S iy (2.29)

i=1

A Taylor series expansion, terminated after the linear expression, yields the following equation:

0v;
vi(Cj, w1i) = 07 (CF whi) + Z 5& AC (2.30)

where AC are corrections to the coefficients ;. To calculate these corrections, the last two
equations are inserted into each other to give

mon 5v Ov; (51}
! AC, U 2.31
; 2 5@ ) = Z (2.31)

with j = 1, ..., m. Given an initial set of parameters C’lo , this equation is solved for the corrections,
which are used to calculate new parameters. This process is repeated until the corrections are
below a defined threshold. The quality of the parameter fit can be determined by the mean square
error MSE, which is defined as

n

2
MSE=Y . (2.32)

- n—m
=1

The method of least-squares often fails when the parameters C); are non-linear. This is
understandable because in equation 2.30, the Taylor series is truncated after the linear term
and is therefore not suitable for higher order dependencies. Also, initial values for the parameters
that are very far from the "final" values are problematic for the least-squares method because the
calculation may not converge. In such cases, other methods, such as the Marquardt algorithm
[27], may be more suitable.
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3. Materials and Experimental Methods

In order to investigate the thermodynamics of the Mo-Si-Ti system, samples were prepared and
subsequently analyzed using a variety of different methods. While the majority of the samples
were annealed and studied in equilibrium, some of the characterization methods were applied
to samples in the as-cast state, either to obtain information on the state of the samples prior to
heat treatment (e.g., their chemical composition) or to investigate the solidification behavior of
the alloys. The following section describes the experimental methods used in this work. It is
not the aim of this thesis to provide a comprehensive discussion of the techniques, but a fairly
brief overview in the context most relevant to the challenges of the Mo-Si-Ti system. Where
appropriate, references are given for more detailed explanations.

3.1. Sample preparation

All samples in this thesis were produced by Vacuum Arc Melting (VAM). In this process, an
electric current is used to ignite a plasma arc between an electrode and a grounded crucible.
This arc is used to melt the material. The equipment is operated in an argon atmosphere
at a slight vacuum. Since the temperature of the arc can reach several thousand Kelvin, the
crucible is typically a water-cooled copper plate. The electrode can be either consumable or
non-consumable.

The materials used in this work were molybdenum foil of 0.025 mm thickness (99.95 %
purity, Alfa Aesar), silicon granulate (99.99 % purity, Goodfellow GmbH), and two sample
types of titanium. One was coarse Ti granules about 3-5 mm in diameter (99.6+ % purity,
Goodfellow GmbH) and the other was Ti foil 0.127 mm thick (99.7 % purity, Merck KGaA).
The foil was typically used when either the amount of Ti in an alloy was so high that Mo could
not fully envelop all materials (see below), or when the granules were so coarse that the desired
mass could not be satisfactorily achieved. Button ingots of 500 to 2000 mg (depending on the
intended use of the specimen) were prepared using a non-consumable tungsten electrode. The
device was a MAM-1 compact arc furnace from Edmund Biihler GmbH. To keep the atmosphere
free of oxygen and nitrogen, the equipment was housed in a glove box. Both the arc furnace itself
and the glove box were operated with high purity argon (99.9999 % purity, Alfa Aesar). Prior to
arc melting, the materials were carefully weighed to ensure accurate sample composition. Due
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to the large difference in melting points of the elements (Mo: 2896 K, Si: 1687 K, Ti: 1941 K),
the Mo foil was wrapped around the other elements so that the molten Mo would trap any Si and
Ti that might evaporate. In cases where this was not possible due to low Mo concentration in the
alloy, the Si was wrapped in Ti foil instead, with the Mo foil placed on top to best achieve the
same effect. The materials were melted on a flat copper crucible to form button-shaped ingots.
Each sample was remelted five times to promote complete mixing of the elements. Before each
step, a Ti getter was melted and allowed to solidify to reduce the partial pressure of oxygen in the
melting chamber. After melting, all samples were reweighed to determine any mass loss during
melting.

3.1.1. Heat treatments

The majority of the samples for this work were heat treated to achieve the equilibrium conditions
necessary to obtain the relevant thermodynamic and compositional data for the CALPHAD
method. However, many alloys in the Mo-Si-Ti system are highly susceptible to oxidation, with
Ti being a common oxygen getter and Mo forming volatile oxides. Only for specific compositions
protective layers of titanium oxide and silicon oxide duplex layers can be formed in this system
[13]; however, when studying the phase diagram of the system, these conditions are usually not
met, as all equilibria must be examined. Encapsulation of the samples in containers is also not
feasible as this prevents effective quenching of the samples, which in turn may affect the phase
composition of the sample. Furthermore, Mo and Ti tend to react with commonly used container
materials such as Zr and W.

For the above reasons, a new quenching furnace was developed in collaboration with HTM Reetz
GmbH specifically for this project. Itis a tube furnace that can be tilted by 90° so that the samples
fall out of the tube into another compartment containing the quenching medium. The furnace is
designed so that the quenching medium is added to a separate compartment of the furnace just
before quenching. In this way the samples were not exposed to the environment until they were
quenched, minimizing the possible content of contaminants. The device and its development is
explained in more detail in section 6.1.

The furnace operates with a flowing high-purity argon atmosphere (99.9999 %, 0.2 sIm flow rate).
The gas was additionally purified in an OxiClear - DGP-R1-3000B Purifier by LabClear Inc.
before it was led into the furnace. The O, concentration of the effluent gas was monitored with
an oxygen sensor (E2010 by Zirox GmbH). An Al,O3 tube forms the heating chamber of the
furnace. To prevent reactions between the specimens and the tube, the samples were placed in
an Al,Oj3 crucible lined with Mo foil. The heating elements of the furnace are made of metallic
molybdenum to withstand the mechanical stresses of tilting the furnace during quenching. To
prevent this material from degradation by oxidation, it is embedded in a getter material, the
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composition of which has not been disclosed by the manufacturer for compliance reasons. The
quenching medium used in this work was purified water. The annealing temperatures chosen in
this work will be listed in the appropriate experimental sections.

3.1.2. Metallographic preparation

To prepare the samples for various analytical methods, they were sectioned to expose the
internal areas, followed by grinding and polishing to achieve a surface quality suitable for
electron microscopy. All specimens were bisected using a diamond blade (DiaCut 007 from
Cloeren Technology GmbH) in a precision cutting machine (Brillant 220 from ATM Qness GmbH).
One half of each sample was then hot mounted in a conductive medium (WEM REM from
Cloeren Technology GmbH, the mounting press was a CitoPress-10 from Struers GmbH), while
the other half was used for sample composition analysis (see section 3.2.3). The sectioning was
done before embedding the samples, as residues of the medium could stick to the sample surfaces
and affect the measurement of carbon in the sample. The conductive embedding medium was
chosen because it allowed the sample to be examined in the SEM without the need to sputter
the surface with gold or use conductive paste. The mounted specimens were then ground and
polished according to the recipe given in the Table 3.1. The force used remained the same in each
step, but depended on the composition of the sample. Generally, the more intermetallic phases
an alloy contains, the higher the force needed to be due to the high hardness of these phases.
In this work the forces used ranged from 4-20 N per sample in the sample holder. The first
polishing steps were carried out with diamond suspensions and the last step with colloidal silica
suspensions (all polishing media from Cloeren Technology GmbH). For the first two polishing
steps, diamond suspension was added at the beginning and at half the total time. In between, a
mixture of ethanol, water and detergent was used for lubrication as required. For the final step,
water or polishing solution was added alternately every 30 seconds. As the silica suspension
dries very quickly and then adheres to the surfaces thoroughly, the polishing cloth needs to be
prepared to work properly. For this reason, it was rinsed with water in one polishing machine
while the samples were polished in another machine for the first two steps. After the last step,
the cloth and samples were rinsed with water for 5 min to prevent the solution from drying on
the sample surface. The samples were then ultrasonicated in detergent for 5 minutes and rinsed
in isopropanol.
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Table 3.1.: The parameters used for grinding and polishing the samples. The chosen load was always 4-20 N per
sample, the rotational speed was 100 rpm for the sample carrier and 150 rpm for the disk, respectively.

Surface Abrasive size | Relative rotation | Time / min
SiC paper #320 Same Until level
SiC paper #320 Same 1:00
SiC paper #500 Opposite 1:00
SiC paper #1000 Same 1:00

Silk 6 pm Opposite 10:00
Cotton 3 pm Same 8:00
Polychloroprene| 0.04 pm Opposite 6:00

3.2. Characterization methods

3.2.1. Electron optical methods combined with chemical phase analysis

Two methods of electron optical characterization using scanning electron microscopy (SEM)
were utilized in this work: energy dispersive X-ray spectroscopy (EDX) and electron probe
microanalysis (WDX/EPMA). Both methods are very similar in principle and are typically used
to obtain the same information, but have unique strengths and weaknesses. The following
sections briefly describe the two techniques, followed by a section on correction factors and error
estimation for both methods. Electron optical methods are among the most versatile imaging
techniques available. As such, there are numerous books that give an excellent description of the
methods, such as those by Zhou et al. [28], Dunlap and Adaskaveg [29], or by Schmidt et al.
[30]. The purpose of this section is therefore not to explain electron microscopy in detail, but
rather to give a brief overview of the most important aspects of the technique as they relate to

this work.

3.2.1.1. Scanning electon microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX)

Scanning electron microscopy is similar in principle to optical microscopy, but instead of light, a
beam of electrons is used to scan the surface of a sample. The electrons are typically generated
by thermionic or field emission, accelerated, and focused into a narrow beam by a series of
electromagnetic lenses. When the electron beam strikes the surface of the sample, a variety of
signals are produced, see Figure 3.1. The most important of these signals are the secondary

electrons (SE), the backscattered electrons (BSE) and the characteristic X-rays. Secondary
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electrons are produced by inelastic scattering when the incident beam ionizes sample atoms and
electrons are emitted from their outer shells. These electrons typically have a relatively low
energy (a broad definition of secondary electrons is any electron with an energy below 50 eV
[28]). Therefore, this signal is emitted only from the surface of the sample, providing excellent
topographical information about the sample. Backscattered electrons, on the other hand, result
from the elastic scattering of the incident electrons by the nuclei of the sample. In principle,
the electron beam is deflected by the nuclei, loses some of its energy and is emitted from the
sample. These electrons then reach the detector and a signal is detected. Not only does this signal
come from electrons of much higher energy (and therefore potentially deeper in the sample),
but the amount of elastic scattering depends on the nuclear mass of the atoms in the sample.
Therefore, the heavier the element interacting with the electron at a given position, the more
backscattered electrons will be produced and detected. This results in a compositional contrast
in the image, with areas of heavier elements appearing brighter and areas of lighter elements
appearing darker. Characteristic X-rays are emitted when high-energy electrons from the beam
interact with inner-shell electrons in the sample. With sufficient energy, these electrons leave
the atom and electrons from the outer shells fill the vacancies. The excess energy is emitted
in the form of X-rays and the exact value of the energy is unique for each transfer. By using a
detector to measure the energy of the X-rays, a quantitative analysis of the sample composition
can be performed. This signal is used in the energy dispersive X-ray spectroscopy (EDX). This
is one of the most widely used techniques in materials science because it is a fast and reliable
method for obtaining information about most elements in a sample and their concentration.
Limitations of this technique are light elements (elements lighter than boron cannot be detected
at all by this method, and heavier elements tend to give more reliable quantification results),
sample compositions containing elements with overlapping characteristic X-ray energies, and
low elemental concentrations, as the error increases sharply with concentrations below 1 at.%. In
these cases, electron probe microanalysis (EPMA) is often the better choice of characterization
method.

The SEM used in this work was a Philips XL 30 SFEG scanning electron microscope. Typically,
an acceleration voltage of 15 kV was used. The working distance was always set to 10 mm.

3.2.1.2. Electron probe microanalysis (EPMA)

Electron probe microanalysis is similar in principle to EDX analysis, but diffraction on crystals
is used to split the X-ray spectrum into distinct wavelengths. Thus, instead of measuring a
continuous spectrum as in EDX, one wavelength is measured at a time, which is why this
technique is called wavelength dispersive X-ray analysis (WDX). The advantage of this method
is that spectral resolution is greatly increased and overlapping peaks of different elements can
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1D
Beam

Backscatierred electrons Secondary electrons

Auger electrons

Characteristic x-rays X-ray continuum

Figure 3.1.: An overview of the signals generated when the electron beam of a SEM interacts with a sample. Image
taken from [28].

Table 3.2.: The energies of the characteristic X-rays of the elements relevant to this work.

Element | Ka energy / eV | Lo energy / eV | M energy / eV
Mo 17.481 2.293 0.192
Si 1.740 0.092 -
Ti 4.510 0.452 -

be reliably distinguished. It also avoids the common problems of EDX, such as a relatively high
signal-to-noise ratio and false peaks. The main disadvantages are the increased measurement
time, which scales with the number of elements analyzed, and the need for the experimenter to
know which elements to look for.

Taking all this information into account, both EDX and WDX offer certain advantages and
disadvantages. When measuring the Mo-Si-Ti system, peak overlap is not an issue, see Table 3.2
for the energies of the relevant peaks. However, for certain alloys EPMA can be expected to give
quantitatively more reliable results. For this reason, many of the samples in this work have been
measured by EPMA in addition to EDX.

The apparatus used in this work was a Cameca SX100 electron microprobe. An acceleration
voltage of 15 kV was used.
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3.2.1.3. Correction factors and error estimation

Under ideal conditions, the concentration of an element is directly proportional to the intensity
of its characteristic X-ray radiation and the beam current:

Cy = Cg st * (P:c/Pac,st) : (I/Ist) 3.1

with cx: concentration of the element x in the sample, cx s: concentration of the element x
in the standard, P,: intensity of the characteristic X-rays of the element x in the sample, Px :
intensity of the characteristic X-rays of the element x in the standard, I: beam current used for
the sample, I5;: beam current used for the measurement of the standard.

However, under real conditions, several factors affect .., making it only approximately proportional
to the concentration. These factors must be taken into account for a quantitative analysis to be
valid. The most common method to account for such effects is the so-called ZAF correction.
Here, Z stands for the effect of the atomic number of the elements analysed, A stands for the
absorption effect and F for the fluorescence excitation effect. The magnitude of each effect is
estimated or, if possible, directly measured, and quantified as a factor which is multiplied with
the aforementioned equation:

Cx:Ca:,st'(Pz/Pz,st)'(I/Ist)'FZ'FA'FF (32)

with Fz, F'y, Fr: the correction factors for the atomic number effect, the absorption effect and

the fluorescence effect, respectively. The following section explains each of these effects.

Atomic number (Z) effect: The number of photons dN, generated from an element x by an
electron inside the specimen can be expressed by the equation

ANy = (Nop/Az) - ¢z - Qz(E) - w - ds 3.3)

with Ny: Avogadro’s constant, p: density of the material, A,: atomic weight of the element x,
Q. (E): cross-section, w: quantum efficiency, ds: differential distance.

Since the energy of the electron E decreases with the distance traveled, the total number of
photons can be calculated by integration:

Ey
N, = const - /QI/(dE/ds) dE (3.4)
E.

23



3 Materials and Experimental Methods

with F.: ionisation energy and Fj: incidence energy. The loss of energy per distance traveled
depends on the atomic number Z of the element:

dE/ds = const - (1/E) - (Z/A) -In(E/11.5 - Z)) (3.5)

For samples consisting of several different elements, the effects are simply additive:

dE/ds = ¢;(dE/ds); (3.6)

with ¢;: the concentration of the respective element and (dE/ds); the energy loss per distance
traveled corresponding to the respective element alone. Therefore, the Z correction can account
for the concentration difference of the different atoms of a specimen compared to the known

standard.

Absorption (A) effect: Photons which are generated within the specimen can be absorbed by
it, as well. Thus, the intensity of the radiation P decreases exponentially with the distance d
travelled by the photon within the sample:

P =Py exp(—ud) (3.7

with Py: incidental intensity, p: absorption coefficient.

The magnitude of the absorption is expressed as the quotient of the amount of photons which
reach the detector and the total amount of photons generated within the sample and is called
f(x). x itself is a combined variable which takes into account the absorption coefficient (which
is dependant on the material and the energy of the incident beam), the density of the material p
and the take-off angle of the X-ray detector ®:

x = p/(p-sin(®) (3.8)

When the amount of photons n generated at depth z is dn/d(z - p), f(x) can be expressed as

[(dn/dz - p) - exp(—xt) dt

100 = J(dn/dz - p) dt

(3.9)
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In practice, the A correction is typically the most significant influence of the ZAF correction.
This is especially true for samples containing a high concentration of very light elements, whose
photons have a high tendency to be absorbed by heavy elements.

Fluorescence excitation (F) correction: The fluorescence excitation correction is similar to the
absorption correction in that both correct for the loss of photons due to absorption by the sample.
However, the F-correction specifically addresses the case where the energy of the absorbed
photon is sufficient to ionize another atom in the sample, which then emits another photon.
This effect is particularly strong when the excitation energies of two elements in the sample
are very close. In such cases, the radiation produced by the ionization of one element can be
readily reabsorbed by the other element, which in turn becomes excited and emits characteristic
X-rays. The detrimental effects of this are twofold: First, the concentration of the element with
the slightly lower excitation energy is overestimated at the expense of the concentration of the
element with the higher excitation energy. Second, due to the propagation of radiation in this
way, the excitation volume can far exceed the excitation volume of the primary radiation. As
a consequence, any quantification result will be significantly affected and the spatial resolution
will also decline.

Another widespread, far simpler correction is the so-called P/B correction. The ratio of the
intensity of the characteristic radiation of an element, P, and its background intensity, B, is
nearly independent from the absorption in the sample. Thus, if the quotient P, /B, is used
for quantification, no Z- or A- correction is necessary. The only remaining source of error is
fluorescence excitation, which is negligible for most materials. This correction method is widely
used for EDX measurements, which, unlike EPMA, allows for standardless measurements with
fairly little effort. The reason why standardless measurements work for EDX but not EPMA
is that the spherical angle of the detector is constant for all elements and the absorption of all
components are measurable. However, for EPMA, only discrete wavelenghts are measured at
any given time, which affect the reflectivity of the crystal, and the spherical angle of the detector
is variable. Thus, the equations which link the intensity of the radiation with the concentration
of the elements are significantly simpler for EDX measurements and are simplified even further
when P, /B, is used instead of P,. Therefore, most EDX systems use this standardless method
and no further corrections. While this is simple and viable for most samples, materials which
do exhibit significant fluorescence excitation will have large errors when measured with EDX. In
addition, the fact that the background intensity is used for quantification means that a great effort
has to be made to get a good and reliable signal from the background, which is less critical for
EPMA measurements.
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Table 3.3.: Estimated size of the relative error of EDX and EPMA depending on the concentration of the analysed
element in the sample, according to Schmidt et al. [30].

Concentration / wt.% | Relative error / %
100 - 10 1-5
10-1 3-20
<1 > 10

Another topic of considerable importance is the determination of systematic deviations and
errors. According to the book by Schmidt et al. [30], the estimated error roughly corresponds to
the concentration of the analyzed element in the sample, as shown in Table 3.3.

Several aspects contribute to the total error, which are briefly explained in the following section.
For a more detailed explanation, the aforementioned book by Schmidt et al. is recommended.
Counting statistics: The error F is proportional to the square root of the number of impulses
n counted by the detector, F' < /n. This means that longer measurement times are generally
favorable. In addition, this error is smaller for EPMA than for EDX because their detectors have
higher counting rates and thus inherently better statistics.

Background correction: The user must ensure that the background is defined in regions of the
spectrum where there are no peaks and that the signal quality is sufficient. This is especially
important for EDX measurements where the background signal is used directly for element
quantification by the P/B method.

Incident energy: The incident energy must be sufficient to ionize the elements in the sample.
Typically, a beam voltage should be chosen that is twice as high as the highest energy of the
characteristic X-rays to be analyzed. Related to this, the sample must be conductive in order to
avoid charge buildup and thus beam deflection and the corresponding loss of not only spatial
resolution but also incident energy.

Sample geometry: Several geometrical aspects of the sample can affect the measurement error.
As discussed above, the absorption of photons by the sample depends on the take-off angle of the
detector and thus on the geometry of the sample (both due to tilt and changing working distance
with roughness, for example). This effect is generally negligible for EDX measurements because
absorption effects are negligible when a P/B correction is used.

Element list: The user needs to know which elements are expected to be present in the analyzed
sample. Both blind trust in the software and omission of relevant elements lead to errors. Often
the software interprets background noise as peaks and adds extraneous elements, albeit in small
amounts. It is up to the user to decide whether the elements in question are likely to be present
due to contamination or whether this is an error and should be ignored. On the other hand, some
samples may contain unexpected contaminants such as oxide or nitride layers, in which case
prematurely omitting elements will lead to errors.
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Normalization: In the case of EPMA, the analysis software calculates the concentrations of
the elements from the signal by comparing them to (typically elemental) standards. If the
calculated total composition deviates significantly from 100 %, it is an indication that either
the normalization of the results was incorrect, for example because a relevant element was not
considered, or the beam current fluctuated. Since EDX uses standardless measurements, the
results are always normalized to 100 % and such errors are harder to detect.

Stability: The sample must be stable under the electron beam. This includes not only sufficient
conductivity to avoid charge accumulation as mentioned above, but also chemical stability. Some
species evaporate under an electron beam, which not only greatly affects the analysis, but also
contaminates the entire instrument. A virtually unavoidable problem is the deposition of C on
the sample surface due to ambient dust particles, etc.

Standards: The standards must be of very high quality because the quantification result is directly
related to them. Any error in the standard measurement will accumulate in later quantifications.
This means that the actual composition of the sample must be known exactly. The standard must
be virtually free of oxides, etc., homogeneous and stable under the electron beam. The beam
current must be precisely measured for the standard measurement.

3.2.2. X-ray diffraction (XRD)

X-ray diffraction is a very powerful technique for characterising the crystallographic properties
of materials. As could be expected, many good explanations of this method exist in literature,
such as the book by Zolotoyabko [31] or the one by Waseda et al. [32]. Therefore, only the very
basics necessary to understand this work will be explained in the following section.

In this method, X-rays of a known wavelength are generated and used to irradiate the sample. If
the sample is crystalline and the X-rays scatter elastically off the atoms of the sample, they are
diffracted and the outgoing waves interfere with each other. While most of the waves interfere
destructively, a certain number of them, which obey Bragg’s law (Equation 3.10), interfere
constructively:

2dsin(0) = n\ (3.10)

By measuring the resulting pattern and the intensity of each peak with a suitable detector, a
variety of information about the sample can be obtained. By comparing the pattern with data
from databases, the phases present in the samples can be analyzed. In addition, information
about the lattice parameters of the phases, grain orientation, phase fractions and more can be
obtained.

In this work, samples were pulverized with an agate pistill and mortar before analysis to increase
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signal intensity. Before pulverizing heat treated samples, the outer layer of the entire sample
was mechanically abraded to prevent any remnants of an oxide layer or mounting medium from
influencing the measurement. No attempt was made to determine the particle size of the powder.
The instrument used was an Empyrean X-ray diffractometer (Malvern Panalytical GmbH) with
a PIXCEL3D Medipix3 1x1 detector. The measurement was performed in Bragg-Brentano
geometry. The radiation source was a copper cathode (CuK,,; radiation) with a monochromator.
The step size of the diffractometer was 0.013°.

3.2.3. Chemical analysis

In this work, two different methods were used to characterize the chemical composition of the
samples: Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and Carrier
Gas Hot Extraction (CGHE). The former was used to determine the composition of the alloys,
measuring the elements Mo, Si and Ti. The latter was used to analyze the content of impurities,
i.e. O and C. Both techniques are briefly explained in the following sections.

3.2.3.1. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

As the name implies, ICP-OES uses a plasma, typically Ar, to ionize the sample material and
measure the characteristic optical emission spectrum of the elements. The sample is first digested
in an acid using a graphite furnace. The liquefied sample is then vaporized and fed into the Ar
plasma. Here, the bonds of all compounds are broken and the atoms are completely ionized.
Due to the high temperature in the plasma (typically around 6000 - 12000 K), the ions are put
into an excited state. As they return to the ground state, the excess energy is emitted in the form
of electromagnetic radiation with a wavelength characteristic of each atom. This radiation is
detected, typically using a Charge Coupled Device (CCD), and the concentration of the elements
can be calculated by comparing the intensity of the radiation with previously measured standards.
The instrument used in this work was an ICAP 7600 DUO from Thermo Scientific. To obtain
reliable results, three digestions per sample were analyzed, with a typical sample mass of at least
10 mg each.

3.2.3.2. Carrier Gas Hot Extraction (CGHE)

In Carrier Gas Hot Extraction, the sample is melted in a graphite crucible and a carrier gas is used
to transport the species formed to the detectors. Different methods are used depending on the
elements of interest. For oxygen and nitrogen, an inert gas, typically helium, is used to carry the
species formed to the appropriate detectors. A thermal conductivity detector is used to measure
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oxygen and nitrogen. In the case of carbon, the carrier gas is oxygen instead of an inert gas. In
this way, the carbon reacts to CO,, which is detected by an IR detector.

The instruments used in this work were a TC600 and a CS600 (both from LECO Instrumente
GmbH) for O and C, respectively. The total sample mass required for a reliable analysis of the
impurity content was about 550 mg.
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4. Evaluation of binary and ternary system
literature data

In this section, all available relevant literature on the Mo-Si-Ti system and its constituent binary
systems is reviewed. Where previous assessments are available, their respective advantages and
shortcomings are discussed. Where there are competing assessments, reasons are given as to
which assessment has been accepted, if any. In the case of the Mo-Si system, a re-evaluation has
been published in the course of this work, see [33] and chapter 7.1. Section 4.1 summarises the
literature review published in that paper. In addition, an MSIT system report has been published
in the course of this work [34].

4.1. The Mo-Si system

The Mo-Si system has been extensively investigated over the years because of the outstanding
properties of MoSi, and its alloys for various applications such as gas turbines, aerospace
applications, heating elements and structural materials in extreme environments [5, 6, 7, 8]. As
a result, many of the properties of the system relevant to thermodynamic modeling, such as
crystal structures, formation enthalpies, and heat capacities, are well investigated. The system
consists of five solid phases: a bce solid solution derived from Mo (often called /5 phase), pure
Si (with no significant solubility for Mo), and the three intermetallic phases Mo3Si, MosSis,
and MoSi;. Table 4.1 lists the crystallographic information of these phases. The following
sections give an overview of all available relevant information on the system from the literature.
In addition, previous CALPHAD evaluations are discussed and explanations are given as to why
the evaluations could not be accepted for this work.

4.1.1. Phase diagram data

A list of all experimental studies yielding phase diagram data is given in Table 4.2. In 1951,
Ham studied the solubility of Si in the Mo-derived bcc crystal [35]. A year later, Kieffer and
Cerwenka [36] presented liquidus temperatures of 22 samples within the system, covering the
entire compositional range. In this paper the intermetallic phases are referred to as MosSi,
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Table 4.1.: Crystallographic information about the solid phases in the Mo-Si system.

Phase |Pearson symbol| Space group |Prototype
Mo cl2 Im3m, #229 W
Si cF8 Fd3m, #227 | Diamond
MosSi cP8 (Pm3n, #223) | Cr3Si
MosSis tI32 I4/mcm, #140 | W5Si3
MoSi, tl6 I4/mmm, #139| MoSi,

MosSi, and MoSi,. However, in a study published in 1971 by Svechnikov et al. [37] it was found
that the phase labeled Mo3Si, by Kieffer and Cerwenka is instead MosSi3. In 1964, Cherniack
and Elliot [38] studied the high temperature behavior of the phases MosSi3 and MoSi,. In this
publication, they reported the melting points of MosSi3 and MoSi, to be 2358 K and 2253 K,
respectively, and the eutectic temperature of the reaction L = M 0553 + MoSi, to be 2173 K.
However, they reported experimental problems in this study, such as significant evaporation of
Si in the MoSi,-containing samples, which affected the measurements. In the aforementioned
paper by Svechniknov et al. they provide a detailed study of the phase equilibria of the system.
Reaction temperatures and composition data for all invariant reactions are presented, along
with liquidus and solidus temperatures for the entire system and Si solubilities in Mo and
MosSiz. The phase MosSi3 was reported to have a homogeneity range from about 36.5 at.%
to 39 at.%. The data published by Svechnikov et al. show significant differences compared to
those published by Kieffer and Cerwenka. According to Svechnikov et al. the eutectic reaction
L 2 Mo3Si+ MosS'is occurs at 2293 K and 26.4 at.% (composition of the liquid phase), while
Kieffer and Cerwenka reported a temperature almost 100 K lower (2200 K) and a significantly
higher Si concentration in the liquid phase (32.4 at.%). In addition, the solubility of Si in the
bce phase is almost twice as high according to Svechniknov et al. As Gokhale and Abbaschian
point out in an evaluation of the system [39], the data of Svechniknov are more reliable due to
more extensive experiments and better experimental equipment. Svechnikov et al. also included
a polymorphic transformation of the phase MoSi, at 2173 K, from a tetragonal C11,, structure
to a hexagonal C40 structure (notation according to the Strukturbericht). In 1998, Frankwicz
and Perepezko [40] studied the phase stability of MoSi, at high temperatures and showed that
the hexagonal structure is metastable. Thus, it must not be included in the phase diagram of the
system. In recent years, the focus of research has shifted to the phase MosSi. In 2000, Rosales
and Schneibel [41] reported that this phase is not stoichiometric at 25 at.% Si, but has a lower Si
concentration "near 24 at.%". They studied a sample heat treated at 1873 K. In 2016, Gulec et
al. [42] confirmed the Si deficiency of this phase. However, the samples observed in this study
were analyzed without annealing prior to analysis. In 2020, Gnesin and Gnesin [43] studied
the composition of several Mo-Mo3Si samples prepared by sintering in one or more steps and
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Table 4.2.: Experimental phase diagram data of the Mo-Si system.

Literature, Method Equilibria Temperature / K | at. % Si
Year
Gnesin and Metallography, Composition of 1753 - 1973 25
Gnesin, 2020 EDX, X-ray MosSi
[43]
Gulec et al., Z-contrast Composition and | (cast sample not 25
2016 [42] imaging, electron | structure of Mo3Si annealed)
diffraction, APT
Rosales and Metallography, Composition of 1600 22 - 28
Schneibel, EDX, X-ray MosSi
2000 [41]
Frankwicz Metallography, Phase equilibria RT - 2173 55, 60, 67
and EDX, X-ray and stability of
Perepezko, MoSi,
1998 [40]
Svechnikov et DTA, X-ray, Liquidus, 1673 - ca. 2600 | 0-100
al., 1971 [37] | metallography Eutectics,
Peritectic, Solidus,
Si-solubility in Mo
and MosSi3
Cherniak and | X-ray, Pyrometry, | MoSiy, MosSij3 1973 - 2273 66.7
Elliot, 1964 Metallography
[38]
Kieffer and Pyrometry, Liquidus 1673 - 2873 0-100
Cerwenka, Metallography,
1952 [36] X-ray
Ham, 1951 X-ray Si-solubility in Mo | 1588 - 1700 0.8-2.7
[35]

levitation melting with and without annealing. They consistently found that the Si concentration
of the A15 phase is about 23 at.%.

4.1.2. Thermodynamic and thermophysical data

Experimental investigations on thermodynamic and thermophysical data of the Mo-Si system
are listed in Table 4.3. Calculated data, both from first-principles calculations and from more
traditional methods, are listed in Table 4.4. The following section gives an overview of the studies

published in the literature.
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Table 4.3.: Experimental thermodynamic investigations of the Mo-Si system.

Literature, Year Method Type of data Temperature / K |at. % Si
Fujiwara and Ueda, | EMF Enthalpies and | 1305 - 1507 25, 375,
2007 [44] entropies of 66.7

formation of

MO3Si, MO5Si3,

MOSi2
Meschel and | Direct  synthesis | Enthalpies of | 1473 37.5, 66.7
Kleppa, 1998 [45] |calorimetry formation of

MOSSi3, MOSiz
Tomaskiewicz et | Combustion Enthalpy of| 298 37.5
al., 1997 [46] calorimetry formation of

MO5Si3
Callanan et al.,| Adiabatic Heat capacity 7-392 66.7
1997 [47] calorimetry
Tomaskiewicz et | Combustion Enthalpy of | 298 25
al., 1996 [48] calorimetry formation of

MosSi
O’Hare, 1993 [49] | Combustion Enthalpy of | 298 66.7

calorimetry formation of

MOSi2
Arpaci and | Pyrometry Integral enthalpy | 3087 0-40
Frohberg, 1985 of mixing (liquid
[50] phase)
Ohmori et al., 1982 | EMF Standard ~ Gibbs | 1150 - 1450 25,37.5
[51] energies of

formation of

MO3Si, M05Si3
Maslov et al., 1978 | Direct  synthesis | Enthalpy of |[No temperature | 66.7
[52] calorimetry formation of |is given in this

MoSi, paper.
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Chart, 1974 [53] Knudsen effusion | Gibbs energies, | 1410 - 1675 20, 35, 60
enthalpies and
entropies of
formation and
heat capacities of
M03Si, MO5Si3,
MOSiz
Bondarenko et al., | Calorimetry Enthalpy 1200 - 2200 25, 375,
1973 [54] (displacement 66.7
method)
Bondarenko et al., | Adiabatic Heat capacity 400 - 1200 25, 37.5,
1972 [55] calorimetry 66.7
Searcy and Tharp, | Knudsen effusion |Enthalpies of| 1926 - 2261 25, 375,
1960 [56] formation of 66.7
MO3Si, MO5Si3,
MOSi2
King and | Calorimetry Heat capacity, |51 - 289 (Heat|25
Christensen, enthalpy capacity), 400 -
1958 [57] 1451 (Enthalpy)
Walker et al., 1956 | Drop calorimetry | Heat capacity 303-1173 66.7
[58]
Robins and | Combustion Enthalpy of | 298 66.7
Jenkins, 1955 [59] |calorimetry formation of
MOSi2
Douglas and | Ice calorimetry Heat capacity 273-1173 66.7
Logan, 1954 [60]

4.1.2.1. Enthalpy of formation

Due to impure raw materials, these measurements are not considered reliable.

In 1955, Robins and Jenkins [59] published results for the enthalpies of formation of MosSis
(which at that time was still thought to be Mo3Si) and MoSi, from combustion calorimetry.

In 1960,

Searcy and Tharp [56] measured the dissociation pressures and enthalpies of formation of
all three intermetallic compounds of the Mo-Si system by Knudsen effusion. However, these
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Table 4.4.: Calculated thermodynamic data of the Mo-Si system.

Literature, Year Method Type of data

Pan, 2019 [61] First-principles calculations | Debye temperature, heat
capacity (Cy) of MosSij

Zhong et al., 2016 [62] First-principles calculations | Debye temperature, heat
capacity (Cy), thermal
expansion of Mo3Si

Gulec et al., 2016 [42] First-principles calculations | Enthalpies of formation of
Mo-silicides

Colinet and Tedenac, 2016 | First-principles calculations | Enthalpies of formation of

[63] MosSi, MosSi3, MoSi,
Bhaduri et al., 1994 [64] Calculation Enthalpies of formation of
MO5Si3, MOSi2
Birnie et al., 1982 [65] Pair potential calculations | Enthalpies of formation of
the Mo-Si solid solution
Niessen and de Boer, 1981 Miedema Enthalpies of formation of
[66] MosSi, MoSi;
Machlin, 1981 [67] Modified Miedema Enthalpy of formation of
M03Si
Kaufman, 1979 [68] Prediction Enthalpies of formation of

M03 Si, M05Si3, MOSiz

measurements are also considered unreliable because of sample interaction with the sample vessel,
sintering of the sample, and, as noted by Chandrasekharaihah et al. [69], a high probability that
the samples were not in equilibrium under the experimental conditions. In 1974, Chart [53]
published an investigation of the enthalpies of formation of the three Mo silicides measured
with Knudsen effusion. The difficulties of the previous studies were taken into account, and
the values reported by Chart are still considered trustworthy. However, in the aforementioned
paper, Chandrasekharaih et al. recommend assigning larger uncertainties to the results obtained
by Chart. The vast majority of measurements since then, for example the three related papers
by O’Hare [49] for MoSi, and Tomaszkiewicz et al. for Mo3Si [48] and MosSi3 [46] (all
using combustion calorimetry) and Fujiwara and Ueda [44] (using electromotive force (EMF)
measurements) agree well with each other. In all cases, the values obtained are within the
measurement uncertainty given by Chart.

Calculations of the enthalpies of formation in Mo-Si vary considerably depending on the method
used. Predictions with the Miedema model [70] for this system are highly unreliable, as reported
in 1981 by Niessen and de Boer [66]. Bhaduri et al. [64] calculated the enthalpies of formation
of MosSi3 and MoSi, using the values of the heat capacities (taken as listed by Barin [71]).
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They obtained results quite close to the experimental values. For first-principles calculations
of formation enthalpies in the Mo-Si system, three papers are available. In 2016, Zhong et al.
[62] published results on structural, elastic, and thermodynamic properties calculated by density
functional theory (DFT) for Mo3Si. The reported enthalpies of formation differed significantly
from the experimental results, both for the generalized gradient approximation and for the local
density approximation. In the same year, Colinet and Tedenac [63] published enthalpies of
formation of several transition metal compounds calculated by DFT. For the Mo silicides, these
calculations agreed very well with the experimental results. Gulec et al. [42] used DFT to
calculate the enthalpies of formation of Mo-silicides as a way to investigate the Si deficiency of
the phase Mo3Si. Uniquely, they computed values for hypothetical compounds and compositions
as opposed to only the stoichiometric compositions. In 2019, Pan [61] used DFT to calculate the
enthalpy of formation of MosSi3 and reported a result similar to the value of Chart [53].

4.1.2.2. Entropy of formation

Experimental data on the entropies of formation of the intermetallic phases in the Mo-Si system
are scarce. In 1974, Chart [53] reported these data directly, derived from the same Knudsen
effusion studies which were described in section 4.1.2.1. With the publication of Fujiwara
and Ueda [44], the entropies of formation can be calculated from the data presented. While
the enthalpies of formation reported by the two authors are very close to each other, there
are considerable discrepancies between the two publications in the values of the entropies of
formation of all three intermetallic compounds. Chart lists the entropies of formation at 298 K
as 0.42 £ 1.3 Jmol'K™! for Mo3Si, 1.0 + 1.3 Jmol"'K™! for MosSi3 and -0.42 =+ 1.3 Jmol 'K
for MoSiy, respectively. From the data of Fujiwara and Ueda on the other hand, the values
-0.76 Jmol'K"! for Mo3Si, 0.55 Jmol 'K for MosSi3 and 8.54 Jmol 'K™! for MoSi, can be
derived. Another method of obtaining values for the entropies of formation of the intermetallic
compounds is to calculate them from the reported entropies of the phases and the unary data
provided by Dinsdale [72]. For the Mo-Si system, this is possible from the data of Callanan et
al. [73] for MoSi, and King and Christensen [57] for Mo3Si. The derived formation entropies at
298 K (with respect to 1 mole of atoms) are 0.446 Jmol 'K"! for Mo3Si and -1.57 Jmol'K! for
MOSiz.

The immense differences in entropies of formation between otherwise reliable sources show that
it is questionable to use these data for a CALPHAD evaluation of the system. None of the data
mentioned can be considered as definitive values to be used in optimizing the system, as it is
unclear which are the most reliable.
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4.1.2.3. Enthalpy of mixing

In 1985, Arpaci and Frohberg [50] published an investigation of the mixing enthalpy of the liquid
phase in the Mo-Si system. The experiment was performed using a levitation apparatus in which
molten Mo was kept in a suspended state and Si was dropped from a revolver magazine. The
experimental temperature was maintained at a mean value of 3087 K, scattering from 2960 to
3224 K, the Si concentrations ranged from 0 to 40 at.%. The enthalpy of mixing was derived
from the resulting temperature change measured with a pyrometer. The calculation required an
estimate of the heat capacity, which was obtained using the Kopp-Neumann approach. For the
temperature measurement, the spectral emissivity of pure Mo was used due to the unavailability
of data for Mo-Si alloys. Thus, the authors recognized the inherent cumulative error associated
with the progressive addition of Si and made the decision to accept it. The total systematic error
of the experiment is reported to be within +12% for the enthalpy of mixing.

In the same year, Sudavtsova et al. [74] published measurements of the enthalpies of mixing in
several binary Si-metal melts, including Mo-Si. The maximum Mo concentration studied was
8 at.%. The values were determined experimentally using a calorimeter, and the temperature
chosen for the Mo-Si samples was 1870 K. Little other information about the purity of the
components, experimental techniques, or possible errors is given in the paper. Therefore, the
reliability of the data is considered questionable.

4.1.2.4. Heat capacity

Douglas and Logan [60], Callanan et al. [47] and Walker et al. [58] determined the heat capacity
of MoSi,. Mezaki et al. [75] published enthalpy increment values for the same compound. King
and Christensen [57] published heat capacity and enthalpy increment data of Mo3Si. Bondarenko
etal. [55, 54] reported enthalpy increment values and heat capacity data for all three Mo silicides.
In 1972 they reported data from 400 to 1200 K and in 1973 data from 1200 to 2200 K were
published. There are considerable discrepancies in the data between the two publications, as well
as between the "1972 data" and measurements by other authors. However, the "1973 data" are in
fairly good agreement with data published by other authors. For this reason, the "1972 data" are
not considered reliable today.

4.1.3. Thermodynamic assessments
Several thermodynamic assessments of the Mo-Si system were published over the years. The

following section discusses the characteristics, advantages and disadvantages of each of them.
It is explained why none of the assessments is fully satisfying and the decision was made to
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re-assess the system in this work.

In a 1989 paper, Vahlas et al. [76] published several Si-component binary system assessments,
including Mo-Si. This was the first publication to use the CALPHAD method on this system. As
such, a set of optimised parameters was developed and published to calculate the Gibbs energies
of all phases. However, the dataset had two major problems. Firstly, many of the invariant
reactions, primarily in the Mo-rich region of the system, that are proposed in the evaluation
are not observed experimentally. In addition, at high Si contents, the liquid phase exhibited a
miscibility gap at high temperatures, which is an artefact of the dataset.

A highly regarded thermodynamic assessment of the Mo-Si system was presented by Gokhale
and Abbaschian [39] in 1991. The paper provides a detailed review of the literature up to that
year. The authors explained that the phase diagram data of Svechnikov et al. [37] was considered
more reliable than that of Kieffer and Cerwenka [36] due to the more advanced experimental
techniques of the former. The phase diagram in this work thus included the homogeneity range
of the phase MosSis, as it was observed by Svechniknov et al. However, the authors also included
the alleged polymorphic transformation of aMoSi; to SMoSi; at 2173 K. As explained in section
4.1.1, the hexagonal SMoSi, is metastable and should therefore not be included in the phase
diagram.

In 1994, Costa e Silva [77] published an assessment of the Mo-Si system in his dissertation.
The thesis was concerned with synthesizing MoSi, composites. The author stated that a re-
evaluation of the system was necessary mainly because of the miscibility gap mentioned in
Vahlas’ work. The experimental data of Chart [78] and Arpaci and Froberg [50] were accepted,
as were the assessments of Brewer and Lamoreaux [79] and Gokhale and Abbaschian. There
are two concerns with the resulting dataset. Firstly, all intermetallic phases were treated as line
compounds with ideal stoichiometric compositions. While the Si deficiency of Mo3Si was not
known at the time and therefore could not be included, this also means that MosSi3 was simplified
with a composition of strictly 37.5 at.% Si. In addition, several invariant reactions proposed by
Costa e Silva are no longer supported by experimental evidence.

In 2000, Liu et al. [80] evaluated the ternary system Al-Mo-Si. They also re-assessed Mo-
Si in this course. Although the resulting data set is in fairly good agreement with most of
the experimental information known at the time, it still has some shortcomings. For one, the
temperatures of the invariant reactions are significantly lower than the experimental data reported
by Svechnikov. In addition, the homogeneity range of the phase MosSi3 shows rather unrealistic
behaviour at high temperatures. However, this last point is rather insignificant as there is no
experimental data on the homogeneity range of the phase at very high temperatures close to its
melting point.

In 2010, Geng et al. [81] evaluated the ternary system Nb-Mo-Si and, in the process, re-evaluated
the Mo-Si system. At that time the Si deficiency of Mo3Si was well known. However, it was
omitted without comment in this paper. One of the main objectives of the evaluation was to make
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the description of the isostructural phases NbsSi3 and MosSi3 consistent, because these form
a continuous solid solution in the ternary system. Therefore, the authors modelled the phase
MosSi3 with three sublattices, accepting the model of NbsSi3 by Fernandes et al. [82]. However,
as Fernandes et al. note, this simplification is only applicable if there are no defects in the Si
positions, which is valid for NbsSi3 but invalid for MosSi3. Thus the phase should be described
in four sublattices, one for each of the Wyckoff positions.

The assessment of Geng et al. was largely accepted by Guo et al. [83] in 2012, when they
reassessed the Al-Mo-Si system. While the same models were used in this assessment, the
authors re-optimised the parameters of the binary system Mo-Si. This led to a significant
deviation of the enthalpy of formation of the phase MoSi, calculated by this dataset from the
experimental values.

To conclude, all previous assessments of the Mo-Si binary system share two common issues.
For once, the Si deficiency of the phase Mo3Si is not included in any assessment, even the ones
that were published after Rosales and Schneibels publication of 2000. Secondly, none of the
assessments are very suitable to model the heat capacities of the silicides, even though this data
is available since the 1970s at the latest. As both of those properties are highly relevant in the
practical application of the system, none of the presented assessments was accepted and the
decision was made to re-assess the system as part of this thesis.

Figure 4.1 shows the phase diagrams of the assessments by Liu et al. and Guo et al., two of the
three most recent assessments of the binary system. The results of Geng et al. are not shown
because the phase diagram is virtually identical to that of Guo et al. The experimental data
obtained in this study will be discussed in detail in section 6.3.

4.2. The Ti-Si system

Like the Mo-Si system, Ti-Si system alloys are highly suitable for high temperature applications
in extreme conditions. Other applications include the manufacture of heat and oxidation resistant
alloys in the steel industry and for contacts in very large scale integrated circuits. The relevant
thermodynamic properties are therefore largely well understood. The system consists of 8 solid
phases: the solid solutions aTi and STi, pure Si with no significant solubility for Ti and the
intermetallic phases Ti3Si, TisSi3, TisSig, TiSi and TiSi,. The crystallographic data of the phases
are listed in Table 4.5. The following section summarises the available literature data for both
experimental investigations and CALPHAD assessments.
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Figure 4.1.:
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Table 4.5.: Crystallographic information about the solid phases in the Ti-Si system.

Phase | Pearson symbol | Space group | Prototype
aTi hP2 P63/mmc, #194 Mg
BTi cl2 Im3m, #229 W

Si cF8 Fd3m, #227 | Diamond

TizSi tP32 P4,/n, #86 PTi3

Tis5Si3 hP16 P63/mcm, #193 | MnsSi3

TisSis tP36 P4,2,2, #92 SigZrs
TiSi oP8 Pmm?2, #25 SiTi

TiSi, oF24 Fddd, #70 SipTi
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4.2.1. Phase diagram data

The phase diagram data available for the system Ti-Si are presented in Table 4.6. There are two
comprehensive publications that have investigated the most relevant data, such as the liquidus
line, invariant reactions as well as homogeneity ranges of the phases in the system. The first was
published in 1952 by Hansen et al. [84] who used metallographic and X-ray methods as well
as DTA to study the whole compositional range at temperatures from 1273 - 2393 K. In 1970,
Svechniknov et al. [85] used similar techniques to study the same equilibria over a temperature
range of 1073 - 2403 K. While some data, such as Si solubility and certain invariant reactions,
are in good agreement, the two publications differ greatly in the intermetallic phases reported.
In addition to TisSi3, TiSi and TiSip, Svechnikov et al. found TizSi and TisSis. In the years
following this paper there was some controversy as to whether the newly discovered phases were
stable or metastable, but several authors, such as Wakelkamp et al. [86], have since confirmed
their stability. The reason why Ti3Si was not found in the previous publication was due to the
presence of impurities such as O and C, which cause the phase to decompose rapidly. As the
experiments of Svechnikov et al. used high purity samples, the critical phases remained stable
and could be observed for the first time. Corresponding to the presence of these phases, different
invariant reactions were postulated by Svechnikov et al., for example the eutectoid reaction STi
= aTi + Ti3Si instead of the reaction 5Ti = «Ti + TisSisz proposed by Hansen et al. Both
publications agree that the only phases with a discernible homogeneity range are the Ti solid
solution (specifically 5Ti) and TisSiz. The former has been the subject of investigations by
Sutcliffe [87] and Pylaeva and Volkova [88], who studied Si solubility in Ti from 923 - 1372 K
and 873 - 1123 K respectively. The maximum solubility for Si in STi was found to be 5 at.% at
1613 K, while the homogeneity range of TisSi3 is from 38.5 - 36.2 at.% Si at room temperature
to 40 - 37 at.% Si at 2193 K. The liquidus line of the system is still not reliably determined
due to reactions of the samples with the crucible in both the investigations of Hansen et al. and
Svechnikov et al. and the fact that no attempt was made to study these properties in subsequent
publications. A list of all invariant reactions of the system is shown in Table 4.7.

4.2.2. Thermodynamic and thermophysical data

The thermodynamic and thermophysical data of the system Ti-Si are relatively well studied.
This is particularly true for the data most relevant to CALPHAD-type assessments, such as the
enthalpies of formation of the intermetallic phases and the enthalpy of mixing of the liquid phase.
These studies are summarised in Table 4.8. The following section discusses particularly relevant
papers or aspects thereof.
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Table 4.6.: Experimental phase diagram data of the Ti-Si system.

Literature, Method Equilibria Temperature / K | at. % Si
Year
Svechnikov et | Metallography, Liquidus, 1073 - 2403 0-100
al., 1970 [85] DTA, X-ray Eutectics,
Peritectics,
Si-solubility in Ti
Pylaeva and Metallography | Si-solubility in Ti 873 -1123 0-14
Volkova,
1962 [88]
Sutcliffe, Metallography, | Si-solubility in Ti 923 -1373 0-4
1954 [87] Chemical analysis
Hansen et al.,, | Metallography, Liquidus, 1273 - 2393 0-100
1952 [84] DTA, X-ray Eutectics,
Peritectics,
Si-solubility in Ti

Table 4.7.: A list of the invariant equilibria in the system Ti-Si as reported by Svechnikov et al. [85].

Reaction Temperature / K x(Si) of liquid
BT = o1+ T35 1133 0.011
BTi+ TisSiz = T3St 1443 0.04
L= BTi+ Tis513 1613 0.137
L = TisSi3 2403 0.375
L+ Ti55i3 = T'i5S5 2193 0.48
L+ TisSi4 = TiSt 1843 0.6
L = TiSi+TiSi, 1743 0.641
L =TiSi, 1773 0.6666
L = TiSiy + Si 1603 0.86
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Table 4.8.: Experimental thermodynamic investigations of the Mo-Si system.

Literature, Year Method Type of data Temperature / K | at. % Si
Meschel and Direct synthesis Enthalpies of 1473 25, 37.5,
Kleppa, 1998 [89] calorimetry formation of 44 .4, 50,
TisSi3, Ti3Si, 66.7
TisSi4, TiSi and
TiSip
Sylla et al., 1994 Differential Heat capacity of 100 - 500 66.7
[90] scanning TiSi,
calorimetry
Topor and Kleppa, Solution Enthalpy of 298 66.7
1986 [91] calorimetry formation of TiSi,
Sudavtsova et al., Mixing Enthalpy of 1795 - 1900 74 - 100
1985 [92] calorimetry mixing
Yusin et al., 1981 Mixing Enthalpy of 2000 58-100
[93] calorimetry mixing
Sychev et al., 1980 Differential Heat capacity of 13 - 300 37.5
[94] scanning Tis5Si3
calorimetry
Maslov et al., 1978 Reaction Enthalpy of 298 37.5
[52] calorimetry formation of
Tis5Si3
Bondarenko et al., | Drop calorimetry | Heat content of 1250 - 1749 37.5
1973 [95] TisSi3
Savin, 1973 [96] Reaction Enthalpies of 298 37.5, 50,
calorimetry formation of 66.7
Ti5 Si3, TiSi and
TiSi
Polyachenok et al., Reaction Enthalpy of 298 37.5
1972 [97] calorimetry formation of
Tis5Si3
Yuck and Block, Mixing Enthalpy of 1848 80 - 100
1965 [98] calorimetry mixing
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Gel’d and Mixing Partial enthalpy of | 1773 - 1823 >99.9
Gertman, 1960 calorimetry mixing
[99]
Golutvin, 1959 | Drop calorimetry | Heat content of 378 - 1352 37.5, 50,
[100] TisSiz, TiSi and 66.7
TiSi,
Golutvin, 1956 Combustion Enthalpies of 298 37.5, 50,
[101] calorimetry formation of 66.7
TisSis, TiSi and
TiSi,
Robins and Reaction Enthalpies of 298 37.5, 50,
Jenkins, 1955 [59] calorimetry formation of 66.7
TisSis, TiSi and
TiSi,
Kematick and Knudsen effusion Enthalpies of 1700 - 2050 37.5,
Myers, 1955 [59] | mass spectrometry formation of 44.4, 50,
TisSis, TisSiy, TiSi 66.7
and TiSi,

4.2.2.1. Enthalpy of formation

There are several publications on the enthalpies of formation of the intermetallic compounds.
In 1955, Robins and Jenkins [59] used direct reaction calorimetry to measure this quantity for
TiSi and TiSi;. A year later, Golutvin [101] used combustion calorimetry to measure the same
property. In 1972, Polyachenok et al. [97] measured the enthalpy of formation of TisSi3 by
Savin studied the reduction of Ti chlorides with Na to TiSi and
TiSi, by calorimetry and derived the enthalpies of formation of these compounds. Maslov et

reduction of Ti chlorides.

al. [52] used self-combustion high temperature synthesis of Ti+Si powder mixtures and reported
the enthalpies of formation of TisSi3. Topor and Kleppa [91] used high temperature solution
calorimetry to investigate the enthalpy of formation of TiSi;. In 1996, Kematick and Myers
used Knudsen effusion mass spectrometry to investigate the enthalpies of formation of TisSis,
TisSis, TiSi and TiSi,. Finally, Meschel and Kleppa used direct synthesis calorimetry to obtain
the enthalpies of formation of all five Ti silicides. The experimentally obtained values of these
studies are listed in Table 4.9.

For the phase TisSi3, the data from different authors are in fairly good agreement. For TizSi
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Table 4.9.: Experimentally determined values for the enthalpies of formation of the silicides in the Ti-Si system. All
values in kJ/mol of atoms.

Literature, Year TisSi | TisSiz | TisSig | TiSi | TiSip
Meschel and Kleppa, 1998 [45] |-49.00|-73.80 |-78.50|-72.60 | -55.00
Kematick and Myers, 1996 [102] - |-78.10|-75.90|-71.50|-53.50

Topor and Kleppa, 1986 [91] - - - - 1-59.97
Maslov et al., 1978 [52] - -72.42 - - -
Savin, 1973 [96] - |-76.50 - |-78.60|-60.20
Polyachenok et al., 1972 [97] - -72.70 - - -
Golutvin, 1956 [101] - |-7692| - |-82.05(-59.83
Robins and Jenkins, 1955 [59] - |-7252 - |-64.88|-44.90

and TisSiys there are only one and two publications, respectively, concerning the values for the
enthalpy of formation of the phases, due to the aforementioned difficulty in synthesising the
phase in earlier publications. For TisSis the two experimental values are in good agreement.
The values for TiSi and TiSi; scatter significantly. For the experiments by Golutvin and Savin
this is most likely due to oxygen contamination of the samples analyzed. Robins and Jenkins
also pointed out that the TiSi and TiSi, analysed in their study were not pure, so these data are
not very reliable either. The results of the two most recent studies by Kermatick and Myers and
Meschel and Kleppa are in good agreement.

4.2.2.2. Enthalpy of mixing

Several studies have been conducted on the enthalpy of mixing of the liquid phase in the Ti-Si
system, all using mixing calorimetry to determine this property. In 1960, Gel’d and Gertman [99]
reported the partial enthalpy of mixing for samples containing more than 99.9 at.% Si, from 1773
to 1823 K. Yuck and Block [98] published the enthalpy of mixing at 1848 K for samples ranging
from 80 to 100 at.% Si. Yusin et al. [93] reported these values for a temperature of 2000 K
and a compositional range of 54-100 at.% Si. Sudavtsova et al. [92] measured the property in a
temperature range of 1795-1900 K, with a Si composition ranging from 74-100 at.%. No reports
of specimens with higher Ti concentrations exist in this system. All measurements are in good
agreement with each other.
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4.2.2.3. Heat capacity

The heat capacities of the intermetallic compounds in the system Ti-Si are remarkably poorly
determined. In 1959 Golutvin [100] used drop calorimetry to measure the heat contents of TisSi3
from 382 - 1170 K, of TiSi from 378 - 1352 K and of TiSi, from 407 - 1072 K as well as at
1181 K. Bondarenko et al. [95] used the same technique to determine the heat content of TisSi3
from 1250 - 1726 K and at 1749 K. Sychev et al. [94] used differential scanning calorimetry to
measure the heat capacity of TisSi3 at very low temperatures in the range of 13 - 300 K. Finally,
Sylla et al. [90] used the same technique to measure the heat capacity of TiSi, from 100 - 500 K.
There are no experimental measurements for Ti3Si or TisSiy.

Both Golutvin and Bondarenko et al. report that the composition of the samples deviated from
the ideal TiSi,. In addition, Bondarenko et al. observed reactions between the samples and
the crucible, rendering most of the limited heat capacity data available in this system rather

unreliable.

4.2.3. Thermodynamic assessments

There are several thermodynamic assessments of the binary system Ti-Si in the literature. The
first one was published in 1979 by Kaufman [68] and is based on the results of Hansen et al.
[84]. As such, it does not contain TizSi. In addition, the phase TisSi3 was simplified as a
line compound with stoichiometric composition. In 1987, Murray [103] assessed the system
based on the experimental results of Svechnikov et al. [85] and published a phase diagram
that is in good agreement with them. In 1989, Vahlas et al. [76] published a paper containing
thermodynamic assessments of four Si-metal binary systems, including Ti-Si. They accepted
the data of Svechnikov et al. and consequently included the phase Ti3Si. However, the phase
TisSiz is simplified as a line compound of stoichiometric composition. In 1996, Seifert et al.
[104] published an assessment of the system that considered both data from Hansen et al. and
Svechnikov et al. but accepted the invariant reactions postulated by Svechnikov et al. over those
of Hansen et al. Similarly, multiple sources for the thermodynamic data (where applicable) were
accepted on a case-by-case basis, depending on whether the data were considered reliable for
each compound individually. For the phases Ti3Si and TisSis, where no experimental data for
the enthalpies of formation were available at the time, calculations by de Boer et al. [105] were
used to optimize the values. Two different models were used for the liquid phase. Once it was
modeled as a regular solution using the Redlich-Kister formalism, and once it was treated as
an ionic liquid. Likewise, the phase TisSiz was treated once as a stoichiometric line compound
and once in a sublattice model, taking into account the experimentally determined homogeneity
range. In 2017, Fiore et al. [106] argued that the stability of the phase Ti3Si is controversial,
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and therefore the peritectoid and eutectoid reactions involving this phase are questionable. Thus,
they presented two different phase diagrams. In one, the phase Ti3Si is assumed to be stable and
the invariant reactions of Svechnikov et al. are accepted. In the other, this phase is treated as
metastable and the invariant reactions of Hansen et al. are accepted. While several publications
are cited that did not find the phase TizSi , the evidence for the absence of impurities is almost
always provided by hardness measurements. Since no defined standard is given in any of these
publications, the reliability of the method is questionable. This is especially important in light
of the fact that Wakelkamp et al. [86] state that even small amounts of impurities such as O
and C rapidly decompose the phase TizSi. Thus, without a thorough analysis of the impurities,
the publications claiming that Ti3Si is not part of the stable phase diagram are not treated as
highly reliable. Another problem with the assessment of Fiore et al. is the homogeneity range of
TisSi3. Although it is not modeled as a line compound, the lowest solubility of Si for this phase
is 37.5 at.% according to their calculations. This is in contrast to the experimental results which
show a solubility as low as 36.2 at.% Si.

Considering all the facts regarding the different evaluations of the Ti-Si system, the decision
was made to accept the dataset of Seifert et al. [104]. All available experimental information
is in good agreement with the calculations, and the accepted invariant responses appear to be
the most reliable. Newer experimental values published after this dataset, such as the enthalpies
of formation measured by Kematick and Myers [102], still agree quite well with the values of
Seifert et al. Thus, there is no need to re-assess this binary system. The phase diagram calculated
with the version of the dataset that treats TisSiz as a stoichiometric compound and the liquid
phase as a regular solution is shown in Figure 4.2. A comparison between the invariant equlibria
data from Svechnikov et al. and Seifert et al. for the same model is shown in Table 4.10.
The calculated values for the enthalpies of formation of the intermetallic phases is as follows:
-50.00 kJmol™" for Ti3Si, -72.67 kJmol™! for TisSis, -79.00 kJmol™! for TisSis, -77.76 kJmol ™! for
TiSi and -57.04 kJmol™!' for TiSi,. In all cases, these values are in good agreement to the most
reliable experimental values.

4.3. The Mo-Ti system

Two stable solid phases are known for the system Mo-Ti : the hexagonal o phase and the
body-centered cubic 8 phase. Upon quenching, sufficiently Ti-rich 5 phase can martensitically
transform into the w phase. The formation of this metastable phase was studied in detail by
Sabeena et al. [107] in 2015. The crystallographic data of the phases are given in Table 4.11.

The binary system Mo-Ti is of limited technological importance. However, as one of the strongest
[-stabilizers in Ti, Mo is added when titanium alloys with excellent weldability and formability

are required, such as for implants and dental braces. These applications are typically limited
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Figure 4.2.: The Ti-Si phase diagram as calculated from the dataset of Seifert et al. [104].

Table 4.10.: Comparison between the experimentally determined values of the temperatures and Si concentrations of
the liquid phase for the invariant reactions in the Ti-Si system according to Svechnikov et al. [85] with
the assessed values of Seifert et al. [104].

Reaction Temperature / K at. % Si

Calculated Experimental | Calculated Experimental

[104] [85] [104] [85]

BTi = oTi+ Ti35% 1138 1133 1.13 1.10

BT+ TisSi3 = Ti3Si 1443 1443 3.68 4.00

L& BTi+ TisSi3 1613 1613 12.59 13.70

L = Ti5S5%3 2396 2403 37.50 37.50

L+ Ti55i3 = T'i5S 2193 2193 48.39 48.00

L+ TisSig = TiSi 1843 1843 61.15 60.00

L =2TiSi+ TiSi 1744 1743 64.74 64.10

L=21TiSi, 1748 1773 66.67 66.67

L =TiSiy+ Si 1604 1603 81.88 86.00
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Table 4.11.: Crystallographic information about the solid phases in the Mo-Ti system.

Phase | Pearson symbol | Space group | Prototype
aTi hP2 P63/mmc, #194 Mg
BTi cl2 Im3m, #229 W

(wTi) hP3 P6/mmm wTi

to multi-component alloys and relatively low concentrations of Mo (with a maximum of about
15 at.% Mo).

4.3.1. Phase diagram data

There are very few experimental data on the phase diagram of the system Mo-Ti. Since 1950
only four investigations have been published, which are listed in Table 4.12. In 1951, Hansen
et al. [108] investigated the solidus line of the Ti-rich part of the Mo-Ti system and the phase
boundaries between the solid phases by metallographic and X-ray techniques. In 1969, Rudy
[109] investigated the solidus line of nearly the entire compositional range of the system by
incipient melting studies. Flower et al. [110] determined the phase boundary between aTi and
BTi. In 1977, Terauchi et al. [111] studied the solid phase boundaries of the system over a
wide range of compositions. Contrary to previous publications, they reported a monotectoid (3
phase separation (5 = [’ + « at 948 K) with a critical composition of the miscibility gap of
20 at.% Mo and a temperature of 1068 K. However, the phase diagram proposed by these authors
is thermodynamically very unlikely, since the narrowness and asymmetry of the miscibility gap
does not agree with the boundaries of the v and /3 regions. Brewer [79] tried to solve this by
lowering the critical temperature and postulating a more reasonable diagram, but there is no
new experimental evidence to support this version. As a result, it is still unclear whether the
miscibility gap exists at all, and if so, where exactly it occurs.

4.3.2. Thermodynamic and thermophysical data

Due to the apparent lack of technological interest in the system, as well as the absence of
intermetallic phases, there are almost no investigations of thermodynamic or thermophysical
properties for the system Mo-Ti. Kuz’min and Palatnik [112] used vapor pressure measurements
to determine the activity of Ti in Mo-Ti alloys from 1600 to 1800 K. Hoch and Viswanathan
[113] determined the activity of Ti in 5 phase alloys from 30 to 100 at.% Ti using Knudsen cells.
From their data they concluded that the 3 Ti-Mo interaction parameter is 12.1 + 2.9 kJmol™'.
This implies the existence of a metastable miscibility gap with a critical temperature of 732 K.
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Table 4.12.: Experimental phase diagram data of the Mo-Ti system.

Literature Method Equilibria Temperature / K | at. % Mo
Terauchi et Metallography, Solid state phase 873 - 1173 2.6-74
al., 1977 X-ray, TEM, boundaries
[111] resistivity
Flower et al., | Metallography Solid state phase 723 - 1373 0.3-0.5
1974 [110] boundaries
Rudy, 1969 Metallography Solidus line 1923 - 2813 10-90
[109]
Hansen et al., | Metallography, Solid state phase 873 - 1128 0.4-16
1951 [108] X-ray boundaries and
solidus line

In 2017, Barzilai et al. [114] used ab-initio methods to calculate the phase diagram of Mo-
Ti. They conclude that the system should have four stable intermetallic phases: MoTi, Mo, Ti,
Mo4Ti, and MosTi. In 2020, Jiang et al.[115] used a similar technique to model the ternary
system Mo-Ti-Zr. In addition to the intermetallic phases postulated by Barzilai et al. they also
predict the stability of the phases MogTi, Mo;Ti, MosTi, and MoTi,. However, none of the
experimental studies to date have found any intermetallic phases in this system.

4.3.3. Thermodynamic assessments

There are two competing thermodynamic assessments of the system Mo-Ti in the literature. In a
very thorough literature review and evaluation in 1981, Murray [116] concludes that no reliable
decision can be made with the given data as to whether or not the miscibility gap of the (8
phase should be included in the phase diagram. As a result, two versions of the phase diagram
were published: one without the monotectic reaction and one with the monotectic reaction, but
considering only a small part of the data of Terauchi et al. [111]. In a 1998 assessment of the
system, Ansara [117] decided to disregard the data of Terauchi et al. and consequently modeled
the phase diagram without a miscibility gap. This phase diagram agrees well with Murray’s
version without the miscibility gap.

For the purpose of this work, it was decided to accept the assessment of Ansara. Too little data
is available to model the proposed miscibility gap with any confidence. In addition, the low
temperature behavior of the materials is of minor importance in the context of this work. Since
Ti transforms into the 3 phase at 1155 K, and the temperatures at which the material is studied
are well above this threshold, one can even pragmatically decide that including the miscibility gap
would only add a multitude of parameters that do not add to the quality of the dataset and whose
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value would be mere speculation. Thus, accepting the simpler diagram is the more reasonable
decision in all respects. The phase diagram calculated with Ansara et al.’s dataset is shown in
Figure 4.3.
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Figure 4.3.: The Mo-Ti phase diagram as calculated from the dataset of Ansara et al. [117].

4.4. The Mo-Si-Ti system

The Mo-Si-Ti system has been of interest to researchers for several decades as a promising
material for high temperature structural applications. Most of the work has been derived from the
Mo-Si system, where MoSi, exhibits excellent properties but a distinct lack of ductility. Alloying
the material with Ti was thought to be a viable way to improve the mechanical properties of the
alloy while maintaining the oxidation and corrosion resistance of the material. Thus, the vast
majority of the literature is concerned with the region of the system at a silicon concentration
of 66.7 at.% and its vicinity. In recent years, the focus has shifted to alloys consisting of the
(Mo,S1,Ti) solid solution and one or two silicides in equilibrium with it [118, 12, 13, 14]. Since
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Table 4.13.: Crystallographic information about the ternary phases in the Mo-Si-Ti system.

Phase Pearson symbol | Space group | Prototype
(Ti,Mo)Si; hP9 P6,22, #180| CrSip
(Ti,Mo)eSis ol44 Ibam, #72 | V¢Sis

Mo and Ti have unlimited solubility in the solid solution, and three different intermetallic phases
exist at high temperatures, a wide range of possible properties can be obtained in this way. The
three intermetallic solid solutions of interest are (Mo, T1)3S1, (Mo, T1)sSi3 and (Ti,Mo0)5Si3. For
the sake of legibility, even though all phases are solid solutions, the shorter names of the binary
compounds they are based on will be used, so (Mo3Si, MosSi3 and TisSi3), respectively.

In the Mo-Si-Ti system, two ternary phases exist: (Ti,Mo0)Si, and (Ti,Mo0)sSis. The crystallo-
graphic information of these phases are listed in Table 4.13. A good overview of the system is
given in the MSIT report [119], originally written by Lukas and Bondar and updated during the
course of this work by the author of this work, A. K. Czerny in collaboration with V. Romaka.
This report contains a great deal of information on thermodynamics and crystallography of the
system. The following section uses some of these data, but discusses and explains it in more
detail than the MSIT report attempts.

4.4.1. Phase diagram data

Relevant phase diagram data for the Mo-Si-Ti system can be traced back to the early 1950s. An
overview of all data is given in Table 4.14.

Table 4.14.: Experimental phase diagram data of the Mo-Si-Ti system.

Literature, Method Equilibria Temperature / K | at. % Si
Year
Colinet et al., X-ray Structure 1873 454
2016 [120] determination of T
phase
Strom et al., | X-ray, SEM, | Site occupation of 1873 37.5
2005 [121] EDX alloyed MosSis
Yang et al., | SEM, EPMA, Isothermal 1698, 1873 10 - 63
2003 [16] X-ray sections at 1698
and 1873 K,
liquidus projection
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Strom et al., | SEM, EDX, Composition of 1873 37.5
2002 [122] X-ray MosSij
Wei et al., DTA, SEM, TiSi,-MoSi, 1673, RT - 1923 66.7
2001 [123] EDX, X-ray section

Boettinger et | SEM, EPMA, TiSi,-MoSi, 1573 - 2150 66.7

al., 1992 DTA section
[124]
Frankwicz X-ray, TiSi,-MoSi, > 1573 66.7
and Metallography, section
Perepezko, SEM, EDX
1991 [125]

Vasil’eva and | Metallography, (Ti,Mo0)Si>-TiSi,- as-cast state 66.7 -
Terent’'eva, | EPMA, X-ray Si 100
1974 [126]

Svechnikov et | X-ray, EPMA, | Isothermal section | 1523 K - 2273 K | 37.5 - 100

al., 1972 [17] DTA at 1698 K,

TiSi>-MoSi,-Si
section at 1523 K,
liquidus and
solidus
projections,
isopleths

Svechnikov et DTA TiSi,-MoSi, 1573 - 2273 66.7

al., 1972 section
[127]

Kocherzhinsky; DTA TiSi,-MoSi, 1573 - 2273 66.7
1971 [128] section

Garfinkle and | X-ray, EPMA, | Reaction of liquid 1603, 1698 0-66.7
Davis, 1965 |Metallography, Ti with MoSi,

[129] Hardness
Kudielka and X-ray TiSi,-MoSi, 1573 66.6
Nowotny, section
1956 [130]
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Schachner et X-ray Structure of as-cast state 40
al., 1954 MosSi3
[131]
Nowotny et X-ray TiSi>-MoSi, 1573 66.7
al., 1952 section
[132]

In 1952 Nowotny et al. [132] demonstrated the existence of the quasi-binary section TiSi;-
MoSi;. They showed that MoSi; has practically no solubility for TiSi, and proved the existence
of a ternary phase (Ti,Mo0)Si, from about 40 mol% to nearly 100 mol% TiSi,. Schachner et
al. [131] produced two (nominal) MosSi3 samples with about 40 at.% Si each and studied their
crystal structure. They concluded that the samples had the D8g structure. However, because the
samples were cast in graphite crucibles, both of these samples have significant amounts of C
contamination (2.5 and 1.8 at.%, respectively), which stabilizes this structure. An uncontaminated
sample produced in a tungsten tube short-circuit furnace yielded the (then unknown) structure
later identified as D8;,. Kudielka and Nowotny [130] studied ternary systems of disilicides,
including TiSiy-CrSip-MoSiy, TiSip-ZrSi-MoSiy, and TiSip-TaSi-MoSiy, respectively. The
proposed liquidus projections suggest that a peritectic reaction L + MoSiy = (T, Mo)Sis
occurs at about 2023 K. They also postulate a eutectic reaction L = T'iSis + (T4, M0)Sis.
A problem with this paper, however, is that they found the phase MoSi, in the C40 structure,
which was later shown by Frankwicz et al. [40] to be metastable, see section 4.1.1. Garfinkle
and Davis [129] investigated the interaction of molten Ti with several ceramic plaques, including
MoSi;. They found the lowest melting point of the pair to be 1698 K. They also equilibrated
such a pair at 1603 K and examined the interface. In the reaction zone they found three
phases: the 5(Mo,Si,Ti) solid solution, Ti5Si3 and a silicide which they could not identify with
certainty. Since the experimental setup is effectively a diffusion couple, one can infer today
that the unknown silicide must have been MosSis, as it has since been shown that only this
phase shows a three-phase equilibrium with the other two identified phases. Kocherzhinsky
[128] reported the development of a new DTA for temperatures exceeding 2000 K, which was
previously thought not possible. They demonstrated the device by studying the systems Mo-Si,
Ti-Si, and MoSi,-TiSiy. A rudimentary quasi-binary section of MoSi,-TiSi, was reported. The
same device was used by Svechnikov et al. [127], who investigated the MoSi,-TiSi, section
in more detail and reported the results in 1972. In disagreement to the results from Kudielka
and Nowotny, the reaction between liquid, (Ti,Mo0)Si; and TiSi» was found to be a peritectic as
opposed to a eutectic: L + (T, M0)Sis = TiSis. The quasi-binary section MoSi,-TiSi, from
this publication is shown in Figure 4.4.
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Figure 4.4.: The quasi-binary section MoSi,-TiSi> from Svechnikov et al. [127].
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In another paper from the same year, Svechnikov et al. [17] extensively investigated the phase
equilibria in the Mo-Si-Ti system. They studied the range between 37.5 and 66.7 at.% Si at
1698 K, which is shown in Figure 4.5, and the range between 66.7 and 100 at.% Si at 1523 K,
which is shown in Figure 4.6. They were the first group to report the existence of another ternary
phase, located at about 45 at.% Si. This phase was later labelled T phase. In addition to the
isothermal sections, they reported the liquidus and solidus projections of the section MoSi;-
TiSi,-Si, which are shown in Figure 4.7. Finally, they published 8 isopleths, ranging from 45 -
80 wt.% Si, which are shown in Figure 4.8. It must be noted however, that the isopleths 4.8 E-H
cannot be correct in the way they are drawn. Specifically, the region labelled L+aMoSir+/3 is
drawn in such a way that it terminates at 0 at.% Ti and the same temperature, which, given the
orientation of the section in the phase diagram, is not possible. Instead, this phase region would
have to end at higher Ti content and at the liquidus line to be consistent with the rest of the data
of Svechnikov et al.

Tisiy JreShsdog oo oo HoSi
risi Tidig ‘"'47

=55 . M

Figure 4.5.: The isothermal section of the Mo-Si-Ti system between the 5-3- and the 1-2-silicides at 1698 K, from
Svechnikov et al. [17].

Vasil’eva and Terent’eva [126] investigated the phase composition of several alloys in the region
Si-MoSi,-TiSi;. Using a combination of metallographic methods, EPMA and XRD, they
concluded that all samples in the range studied were composed of the phases Si+(Ti,Mo0)Sio+TiSi,.
However, it should be noted that the samples in this study were produced under rapid solidification
conditions in an arc melter and were not homogenized. Frankwicz and Perepezko [125]
investigated the quasi-binary section MoSi,-TiSip in more detail in 1991. While confirming
the existence of the phase (Ti,Mo)Si,, the peritectic reaction L + (T'i, M 0)Sis = T'iSi9 and the
practically non-existent solubility of MoSi, for Ti, they reported several important differences
to the section from Svechnikov et al.’s publication. Most critically, they found a peritectic
reaction L + MoSio = (T, Mo)Sis, resulting in significant differences on the MoSi,-rich
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Figure 4.6.: The isothermal section of the Mo-Si-Ti system between the 1-2-silicides and Si at 1523 K, from
Svechnikov et al. [17].

side. They reported a peritectic temperature above 1873 K and a peritectic composition of
approximately (25Ti-75Mo)Si; in (Ti,Mo0)Si,. Thermodynamically, this quasi-binary section is
more likely than the one of Svechnikov et al., which shows a rather unlikely curvature at the
(Ti,Mo),/(Ti,Mo0)Sip+MoSi, boundary. It is also noteworthy that this is the first publication to
report the absence of 5- MoSi,. A year later, Boettinger et al. [124] investigated several disilicide
systems in more detail, including MoSi,-TiSi,. Qualitatively, the quasi-binary section is identical
to that published a year earlier, but the invariant reaction temperatures were refined. In 2001, Wei
et al. [123] investigated the section TiSi;-MoSi, with DTA and samples equilibrated at 1673 K.
They confirmed the reactions postulated by Boettinger, Frankwicz and Perepezko, but found a
much wider homogeneity range for the phase (Ti,Mo0)Si, than suggested by the quasi-binary
sections of the previous investigators. This version of the quasi-binary section is shown in Figure
4.9.
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Figure 4.7.: The liquidus (left) and solidus (right) projections of the Mo-Si-Ti system between the 1-2-silicides and
Si, from Svechnikov et al. [17].

Strom et al. [122] investigated the influence of alloying elements on the phase constitution of
MosSi3. The sample in the Mo-Si-Ti system studied had the composition 38.1Mo-39.1Si-22.8Ti
(all concentrations in at.%) and was annealed at 1873 K for 120 h. After heat treatment, the
microstructure showed two phases, which were identified as MosSiz and TisSiz. According to
the phase diagrams both of Svechnikov et al. and of Yang et al., the sample would be expected
to be in the two-phase region MosSi3+T. The experimental compositions of MosSiz and TisSisz
are 38.8Mo0-34.3Si-26.9Ti and 28.9Mo-34.1Si-37.0Ti, respectively. Since both phases are much
lower in Si content than the sample before heat treatment, and the Mo content in both phases is
also much lower than would be expected from a sample of this composition, it is very likely that
the sample studied in this investigation suffered from evaporation of Mo and Si and was most
likely not in equilibrium.

In 2003, Yang et al. [16] investigated the Mo-Si-Ti system between 10 and 63 at.% Si. From
these data they derived the first published CALPHAD dataset of the system. For the sake of
brevity, and to keep the discussion of the publication complete and concise, the following section
will discuss not only the experimental results, but also the dataset and derived results where
appropriate. Purely numerical and modeling information will be discussed in section 4.3.3.

The group reported isothermal sections at 1698 and 1873 K, which are shown in Figures 4.10
and 4.11, respectively. The existence of the ternary T phase first found by Svechnikov et al. is
confirmed and, based on experimental observations, a stoichiometry of (Mo,Ti);;Sig is assumed.
Notably, this phase is treated as a line compound, in contrast to Svechnikov et al. who assumed a
variable Si content. The homogeneity ranges of the phases MosSiz and TisSiz with respect to the
other metal atom are quite different from the publication by Svechnikov et al. As a consequence,
Yang et al. reported the equilibria TisSis+MosSis, TisSis+TiSiy and TisSis+(Ti,Mo)Si,, while
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Figure 4.8.: The isopleths from Svechnikov et al. [17]. A: 80 mass% Si, B: 75 mass% Si, C: 70 mass% Si, D: 65
mass% Si, E: 60 mass% Si, F: 55 mass% Si, G: 50 mass% Si, H: 45 mass% Si.

Svechnikov et al. reported equilibria between TisSi3+T phase and TiSi+T phase. In the metal-rich
region, two tie-triangles consisting only of solid phases were reported; one equilibrium between
B+Mo3Si+MosSis and the other equilibrium S5+MosSi3+TisSiz. Both triangles did not change
much in composition as a function of temperature, especially in the case of the latter tie triangle.

From the binary systems, as well as the quasi-binary section MoSi,-TiSi,, Yang et al. also derived
the liquidus projection of the system. It is shown in Figure 4.12 as it was printed in the MSIT
system report [119], but modified to highlight the two transition reactions in the metal-rich area.
The system has several saddle points and transition reactions that can lead to quite complex and
unique solidification behavior. At several locations, two transition reactions are very close to
each other, adding to the complexity of the liquidus projection. Both saddle points p; and e,
are highly relevant to this work because of the edges of double saturation connected to them.
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Figure 4.9.: The quasi-binary section MoSi,-TiSi, from Wei et al. [123]. The labels C11y, C40 and C54 refer to
MoSis, (Ti,Mo0)Si» and TiSi», respectively.

From p; towards higher Mo concentrations, a eutectic trough is found, while a peritectic reaction
connects this saddle point and transition reaction U2. Similarly, e, leads to a peritectic reaction
for higher Mo concentrations, while a eutectic trough connects the saddle point with transition
reaction U3. It should be noted, however, that there is no experimental evidence for the ternary
reactions, nor for the exact location of the saddle points or even the edges of double saturation.
Since the reaction temperatures exceed the reliable measurement ranges of DSC and DTA, the
liquidus projection was modeled solely from data derived from binary and quasi-binary sections
and later compared with cast microstructures. As such, the only thing that can be stated with
certainty is that this liquidus projection does not contradict any of the experimental data from
Yang et al. However, other equally valid liquidus projections are theoretically possible that meet
this requirement. Nonetheless, a list of invariant ternary reactions according to the data from
Yang et al. is presented in Table 4.15. The Scheil reaction scheme, as it was printed in the MSIT
system report, is shown in Figure 4.13, with the invariant reactions in the metal-rich area of the
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Figure 4.10.: The isothermal section of the system Mo-Si-Ti at 1698 K, calculated with the dataset from Yang et al.
[16].

system highlighted for this thesis in red. Note that the temperatures of the invariant reactions are
slightly different in Figure 4.13 and Table 4.15 (maximum deviation of around 5 K). A calculation
of the values with the dataset of Yang et al. by the author of this dissertation confirmed the values
of the MSIT report, so these data were preferred whenever they conflicted.

The evolution of the equilibria in the metal-rich region of the system as the ternary invariant
reactions take place will be discussed next, based on the dataset of Yang et al., but calculated
by the author of this work. Below the temperature of Ug, TisSiz + Mo03Si = 5 + MosSis at
2143,4 K, the three-phase equilibria 5+MosSi3+TisSiz and S+Mo3Si+MosSi3 are stable down to
room temperature, as can be seen in Figures 4.10 and 4.11. The next relevant temperature range
of interest is between 2200 and 2210 K. Figure 4.14 shows the isothermal section at 2200 K. This
is just below the temperature of Uz, 5 + TisSiz &= MosSi + L at 2203 K. The liquid phase has
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Figure 4.11.: The isothermal section of the system Mo-Si-Ti at 1873 K, calculated with the dataset from Yang et al.
[16].

advanced well into the Ti-rich corner of the system, and the following three three-phase equilibria

are stable: S+L+TisSi3, 5+Mo3Si+TisSi3, and Mo3Si+MosSiz+TisSi3.

At higher temperature than the Uz temperature level of 2203 K, this reaction Uz has already
taken place. This is shown as an example for 2205 K in Figure 4.15. Consequently the two
equilibria S+L+TisSi3 and 5+Mo3Si+TisSi3 have now changed to the equilibria S+L+Mo3Si and
L+Mo3Si+TisSis. Since the reaction U,, L + MosSiz = MosSi + TisSiz at 2208 K has not yet
taken place, the equilibrium Mo3Si+MosSi3+TisSi3 remains stable.

This changes for the temperature 2210 K, which is shown in Figure 4.16. Here, U, has just
occurred, and as a result, the two Si-richer equilibria have now changed to L+Mo3Si+MosSi3
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MSi&  Fig. 4: Liquidus surface projection, calculated from the dataset of [2003Yan] (Table 4)

Figure 4.12.: The calculated liquidus projection of the system Mo-Si-Ti. Figure modified from the MSIT system
report [119].

and L+MosSi3+TisSiz. The third equilibrium remains stable because it is not affected by this

reaction.

The second temperature range of interest is between 2390 and 2400 K, where the saddle points
of two lines of double saturation are located. Figure 4.17 shows the isothermal section of the
system at 2390 K, which is slightly below the reaction temperature of e;, L = /5 + MosSi at
2396.2 K. At this temperature, a significant portion of the system consists of or is in equilibrium
with the liquid phase. However, all solid phases still have some range of stability, so the three-
phase equilibria S+L+Mo3Si and L+Mo3Si+MosSij exist on the Mo rich side. According to the
calculation, (Mo, Ti)3Si is stable for intermediate Mo concentrations, but not for pure Mo3Si or
solid solutions containing very high amounts of Mo, which is why two separate domains of liquid
and three-phase equilibrium exist. In addition to these equilibria, the region L+MosSi3+TisSi3
is stable.

At 2398 K, shown in Figure 4.18, the reaction e, has just taken place. As a result, the two
three-phase regions in the Si-lean region of the phase diagram have disappeared.
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Figure 4.13.: The Scheil reaction scheme of the system Mo-Si-Ti. Figure modified from the MSIT system report
[119].

At 2400 K, which is just above the reaction temperature of py, L + MosSiz = Mo3Si at 2399.5 K,
the last remaining Mo3Si has just disappeared. This is shown in Figure 4.19. Consequently, there
are no three-phase regions left in the Mo rich region. However, the tie triangle L+MosSiz+TisSi3
is still stable at this temperature. Note that both in the single phase region of 8 as well as in
the two phase region S+Liquid Thermo-Calc draws incomplete lines that end somewhere in the
respective phase region. These are both artifacts and have no meaning or actual consequence for

any calculations.

This changes at 2481.1 K with the reaction e;, L = MosSiz + TisSiz. Figure 4.20 shows the
isothermal section at 2480 K, slightly below the reaction temperature. Here, the equilibrium
L+MosSi3+TisSi3 is small, but still stable.

At 2490 K, as shown in the Figure 4.21, this reaction has taken place and the remaining TisSi3
has melted. The last stable silicide is MosSi3, which is only in equilibrium with the liquid phase.
At even higher temperatures, this phase will eventually disappear, followed by the melting of the

remaining (3 phase.
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Table 4.15.: Ternary invariant reactions calculated with the dataset from Yang et al. [16]. The designations of the
reactions were directly from Thermo-Calc and may be different from the ones chosen in the MSIT report
[119].

Designation | Temperature / K Reaction

Ul 2209.9 L + MosSiz = (Mo, Ti)1Sig + TisSi3
U2 2208.0 L+ MosSiz = Mo3Si + TisSis

U3 2203.1 B+ TisSiz = L+ Mo3Si

U4 2189.6 L + TisSi3 = (Mo, Ti)y;Sig + Ti5Si4
us 2048.3 L+ MoSiy 2 MosSiz + (Mo, Ti)Si,
U6 2046.0 L+ MosSiy = (Mo, Ti)1Sig + (Mo, Ti)Si,
u7 1828.4 L+ (Mo, Ti)1Sio = (Mo, Ti)Si, + TisSiy
Us 1764.7 L+ (Mo, Ti)Siy = TiSiy + TisSi,

U9 1764.4 L + TisSiq = TiSio + TiSi
uU10 1648.5 Si+ (Mo, Ti)Siy = L + MoSi,
Ull 1613.6 Si +TiSiy = L+ (Mo, Ti)Sis

el 2481.1 L = MosSiz + TisSis

e2 2396.2 L2 B+ Mo3Si

pl 2399.5 L + MosSiz = Mo3Si

p2 2230.3 L+ MosSiy = (Mo, Ti)1S%9

p3 2134.0 L+ MoSiy = (Mo, Ti)Si»

p4 1773.1 L+ (TI,Mo)Si, = TiSiy

In 2005, Strém et al. [121] investigated the site occupancy of ternary alloyed MosSi3, again with
Ti as one of the alloying elements. They prepared two samples in the single-phase region of
MosSi3, with the compositions Mo3TizSi3 and Moy Ti;Si3. They compared the crystallographic
data measured by XRD with that of a pure MosSi3 sample in the as-cast state. It was reported
that the unit cell volume increases monotonically with increasing Ti content, but for unknown
reasons the c-parameter of the unit cell is smaller for Mo3Ti;Si3 than for Mo4Ti; Si3. In addition,
they found that Ti occupies both the 16k and 4b sites of the lattice, with a preference for the
16k site. In 2019, Colinet et al. [120] investigated the structure of the T phase by both ab
initio calculations and XRD. After calculating the most likely crystal structure for the compound,
they synthesized a sample with the composition 22.6Mo-45.4Si-32Ti and annealed it at 1873 K
for 8 h. The diffractogram as well as the DFT calculation confirm the structure of the VgSis
prototype, which agrees fairly well with the publication of Yang et al. [16].

66



4.4. The Mo-Si-Ti system

(Mo,Ti),Si,

(Mo,Ti)Si
~\ B(Mo,Si,Ti)
Ti oo 01 02 03 04 05 06 07 08 09 o Mo

Mole fraction Mo

Figure 4.14.: The isothermal section of the Mo-Si-Ti system at 2200 K, according to the dataset of Yang et al. [16].

4.4.2. Thermodynamic and thermophysical data

There are no experimental measurements of thermodynamic or thermophysical data for ternary
compounds in the Mo-Si-Ti system. However, in the supplementary material of the aforementioned
publication by Colinet et al. [63], enthalpies of formation for both stable and unstable end
members of each intermetallic phase in the system are calculated by DFT. This type of
information is invaluable for CALPHAD assessments, as experimental investigations of the
unstable compounds are not possible, but necessary for modeling. Without such data, key
parameters of a dataset would need to be estimated or even guessed. The results are listed in

Table 4.16.
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Figure 4.15.: The isothermal section of the Mo-Si-Ti system at 2205 K, according to the dataset of Yang et al. [16].

4.4.3. Thermodynamic assessments

As mentioned in section 4.4.1, Yang et al. [16] published the first CALPHAD assessment of the
Mo-Si-Ti system in 2003. While many aspects of this publication have been discussed in the
previous section, several aspects that are purely computational will be discussed below.

Yang et al. chose to accept the binary evaluations of Seifert et al. [104], Ansara et al. [117],
and Liu et al. [80] for the Ti-Si, Mo-Ti, and Mo-Si systems, respectively. From the publication
of Seifert et al. the version of the dataset was chosen which simplifies the phase TisSiz as a
line compound. Consequently, the only phase in the system modeled with a homogeneity range
with respect to Si is MosSi3. The experimental data of Svechnikov et al. [17] were not used
for the optimization. The experimental data of Boettinger et al. [124] were used to model
the quasi-binary section MoSi,-TiSi», where Yang et al. themselves did not place any sample

compositions.
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Figure 4.16.: The isothermal section of the Mo-Si-Ti system at 2210 K, according to the dataset of Yang et al. [16].

In general, the agreement between calculated and experimental results is quite high, if the
experimental data of Yang et al. are accepted over the conflicting data of Svechnikov et al. The
experimentally observed equilibria are correctly modeled and at the temperatures given no major
problems can be detected. However, there are some concerns regarding the dataset. First, the
phase Mo3Si was modeled with a composition of 25 at% Si, which is no longer supported by
experimental evidence. While the experimental results of Yang et al. themselves show a Si
deficiency, this effect was not known at the time this dataset was created and therefore could
not be taken into account. Second, the solubility of the S-phase for Si is underestimated by the
calculations, especially at higher Mo concentrations. Again, the experimental results of Yang et
al. suggest a higher solubility, which is in good agreement with the binary data of the Mo-Si
system, but the dataset does not accurately reflect this. Third, the phase (Mo,Ti)Si, extends
beyond the corner of a tie triangle involving this phase, as can be seen in Figure 4.11 which is
likely a numerical error. Finally, some Scheil solidification calculations by Yang et al., and the
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Figure 4.17.: The isothermal section of the Mo-Si-Ti system at 2390 K, according to the dataset of Yang et al. [16].

associated interpretations of the microstructural evolution of cast alloys, were done with older
software that was not yet able to calculate all solidification paths correctly. Due to the complexity
of this topic, it will be discussed in detail in section 5.

The dataset of Yang et al. implies the existence of a quasi-binary section MosSi3-Ti5Siz due to
the maximum of an edge of double saturation at 37.5 at% Si (labelled e; in Figure 4.12), the fact
that no other edges of double saturation are cut by the section and no additional phases partially
fall into the section. However, with the published dataset, it is not possible to calculate this
section, probably due to a modeling or numerical error. While the phase TisSi3 is simplified as a
line compound, the phase MosSi3 has been modeled to allow a homogeneity range with respect
to Si. However, at high temperatures, the stoichiometric composition of the phase is not stable
according to the model, while slightly Si-deficient compositions are. Therefore, at 37.5 at.% Si,
there is no horizontal tie line, which is a prerequisite for the existence of the quasi-binary region.
However, this behavior would be quite atypical and does not correspond to the information
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Figure 4.18.: The isothermal section of the Mo-Si-Ti system at 2398 K, according to the dataset of Yang et al. [16].

that can be derived from the Mo-Si binary, in which the phase MosSi3 melts congruently at
stoichiometric composition. Thus, it seems likely that the absence of a horizontal tie line is an
artifact of the model. If this phase is simplified as a line compound, as well, or the stoichiometric
composition is stabilized, but all other parameters from the dataset are retained, then all criteria
for a quasi-binary section are met for MosSi3-Ti5Si3. This hypothetical section is shown in Figure
4.22. It should be noted that none of this data, except for the melting temperatures of the pure
silicides, has ever been studied experimentally, and all the lines are results of calculations only.
Thus, without conflicting with the experimental data, it is quite possible to construct quasi-binary
sections which look significantly different regarding the melting temperatures, or even to obtain
datasets that do not include this quasi-binary section at all.

The computational result of the MoSi,-TiSi, quasi-binary section, alongside experimental data
by Boettinger et al., is shown in Figure 4.23. The dots that are labelled as "Tie Lines" in the
graph are the respective experimental phase compositions of the investigated samples. While
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Figure 4.19.: The isothermal section of the Mo-Si-Ti system at 2400 K, according to the dataset of Yang et al. [16].

agreement between calculation and experiments is generally very high, a very unlikely phase
region is present at very high Ti concentrations (visible in Figure 4.23 at x(Ti) > 0.325, for
temperatures between 1480 and 1500 °C). It is likely that this is the result of a numerical error
due to the model parameters of the phases.

In 2023, Daufresne et al. [133] presented the results of a reassessment of the Mo-Si-Ti system at
the CALPHAD 50 conference. However, their motivation was strictly to make the descriptions of
the constituent systems of the quaternary system they were working on, Mo-Si-Ti-C, compatible.
As such, no new experimental data were generated, and the stated goal was to obtain a dataset that
reproduced the calculations of Yang et al. while being compatible with the Ti-Si-C dataset that
they accepted in their assessment. Thus, no new or significantly different results were reported
for the Mo-Si-Ti system.
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Figure 4.20.: The isothermal section of the Mo-Si-Ti system at 2480 K, according to the dataset of Yang et al. [16].
The interrupted line in the S+Liquid two-phase region is an artifact and has no impact on the results.

4.4.4. Summary and consequences

In conclusion, despite the fact that much work has been done on the Mo-Si-Ti system, there
is considerable room for improvement and further experimentation. The Mo-Si binary system
adopted by Yang et al. is no longer the best possible representation of the experiments and should
therefore be re-evaluated. Consequently, the ternary system will also need to be updated to reflect
and implement the changes in the binary system. The analysis of at least one additional isothermal
section, namely at 1573 K, seems to be in order, since the experiments of Schliephake et al. have
shown that certain phase equilibria may not be calculated correctly in this region of high practical
relevance, as explained in chapter 1. In the range of intermediate Si contents (37.5 < x(Si) <
66.7), two significantly different sets of equilibria have been found experimentally by Yang et al.
and Svechnikov et al. [17]. More work is needed to determine which of these publications, if
any, is more reliable. Both seem to have been very thorough, but both also have shortcomings.
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Figure 4.21.: The isothermal section of the Mo-Si-Ti system at 2490 K, according to the dataset of Yang et al. [16].

Svechnikov et al. published isopleths which are thermodynamically impossible and a quasi-
binary section of MoSi,-TiSi, which was later partially refuted. On the other hand, Yang et al.
do not publish much evidence for their results, such as micrographs or X-ray diffractograms. It
is therefore impossible to judge which data to trust until further experiments are performed. A
similar lack of data applies to the liquidus projection of the system. The Yang et al. version has
the distinct advantage of including the metal-rich region of the system, but it was derived only
from binary data, isothermal sections, and a single isopleth. More experiments would be useful
to improve the liquidus projection, especially since some of Yang et al.’s interpretations of the
solidification paths of their alloys cannot be correct, as will be shown in chapter 5. One aspect
that has been entirely missing is the kinetics of the system. Experiments with different annealing
times and different cooling rates would be a simple way to obtain some qualitative data on the
kinetics of the system.

Due to the scope of this work, not all of the suggested tasks will be attempted. It was decided
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Table 4.16.: Enthalpies of formation of all relevant end members of the silicides in the Mo-Si-Ti system, according
to Colinet et al. [120].

Compound Type Pearson symbol | Space group | AfE / kJmol™!
A15-MosSi CrsSi cP8 Pm3n -29.50
tP32-MosSi PTis tP32 P4,/n -21.12
D8n-MosSis W;sSi3 tI32 [4/mcm -38.44
D8g-MosSis Mns;Si3 hP16 P63/mcm -29.71
tP36-MosSiy Zr5Siy tP36 P4,2,2 -22.91
0l44-MogSis VSis ol44 Ibam -31.60
B27-MoSi FeB oP8 Pnma -34.21
C11,-MoSi, MoSi, tl6 [4/mmm -47.89
C40-MoSi, CrSip hP9 P6222 -45.25
C54-MoSi, TiSi, oF24 Fddd -40.33
tP32-Ti3Si TizP tP32 P4,/n -48.24
A15-Ti3Si Cr3Si cP8 Pm3n -42.71
D8g-TisSi3 Mns;Si3 hP16 P63/mcm -74.28
D8,y-TisSi3 WsSi3 tI32 [4/mcm -71.93
tP36-Ti5Siy Zr5Siy tP36 P4,2,2 -76.45
0l44-TigSi5 | VgSis ,TigGes ol44 Ibam -72.02
B27-SiTi FeB-b oP8 Pnma -74.44
C54-TiSip TiSi, oF24 Fddd -53.54
C40-TiSi, CrSi, hP9 P6222 -52.17
C11,-TiSi, MoSi, tl6 I4/mmm -34.96

to reassess the Mo-Si system as previously mentioned. In addition, the isothermal section of the
system at 1573 K will be investigated in detail. Furthermore, the kinetics of the system will be
studied by a two-step heat treatment in which the same specimens are first furnace cooled, then
briefly annealed again, and then quenched. In addition, the microstructures of cast samples will
be analyzed to test the suitability of the liquidus projection and to highlight its applicability and
shortcomings. Finally, these data, as well as the most reliable literature data, will be used to
update the ternary data set, including the reassessed Mo-Si system. All of this work will, however,
be restricted to the metal-rich area of the system which is relevant for gas turbine applications.
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Figure 4.22.: The quasi-binary section MosSi3-TisSi3 calculated from the dataset of Yang et al. if the phase MosSis
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Figure 4.23.: The quasi-binary section MoSi»-TiSi> from Yang et al. [16], alongside the experimental results from
Boettinger et al. [124]. Image taken from [16].
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5. Scheil solidification

Scheil solidification is a mathematical model to describe non-equilibrium solidification under
the assumption that no diffusion takes place in the solid phases formed. Also called Scheil-
Gulliver solidification, it goes back to G. H. Gulliver, who described phenomenologically general
assumptions on non-equilibrium solidification of alloys [134]. In 1942, based on Gulliver’s
work, E. Scheil formulated a mathematical model to describe the distribution of elements in an
alloy during non-equilibrium solidification [135]. In the years since, the theory has been further
developed and is now a powerful tool for calculating solidification and predicting microstructure.
Detailed explanations can be found, for example, in the books by Porter, Easterling and Sherif
[136] and by Cantor [137].

The following chapter is divided into two sections. First, the general assumptions and equations of
Scheil solidification are explained. The general cases and limits of its applicability are discussed.
In the second section, the application of the Scheil model to the Mo-Si-Ti system will be discussed
using the publication by Yang et al. [16] as an example. It will be shown that not all Scheil
solidification calculations have been interpreted completely correctly and that a re-evaluation of
the results is in order.

5.1. General assumptions, equations and consequences

5.1.1. General assumptions

Scheil solidification requires three conditions:
1. No diffusion in the solid phase
2. Infinitely fast diffusion in the liquid phase
3. Thermodynamic equilibrium at the solid-liquid interface

In earlier models, the fourth condition was that the solidus and liquidus lines were linear, but
with the development of modern numerical methods such as CALPHAD, this simplification is
no longer necessary and is usually discarded. The first three conditions each lead to significant

consequences. The first one means that once a solid phase has formed, it will retain its
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composition and undergo no transition of any kind, including the dissolution of concentration
gradients. The second condition leads to a homogeneous distribution of all elements in the liquid
phase, so no local concentration profiles are ever formed at any point of the solidification. The
third condition means that at the interface, the current equilibrium phase diagram at the reaction
temperature and composition of the remaining liquid and formed solid remain valid.

With these assumptions, it is possible to calculate and predict highly inhomogeneous microstructures,
such as those often formed during casting or rapid prototyping. When the first solid is formed,
the liquid is depleted of the elements that entered the solid. Subsequently, the next solid that
forms will have a different composition according to the lever rule. At each point, the equilibrium
phase diagram is valid, but since diffusion cannot occur in the solid phase, each solid formed
retains its individual composition. The result is a layered crystal with a composition gradient
from the nucleus to the grain boundary. Note that the material may still be polycrystalline due to
the formation of multiple nucleation sites.

5.1.2. Scheil-Gulliver Equations

If the assumption that the liquidus and the solidus lines are linear, analytical equations for the
composition of the liquid Cr. and solid phases Cg can be derived. As mentioned, numerical
solvers can calculate non-equilibrium solidification without this simplification, but it is useful to
derive the equations for a deeper understanding of the process. This derivation is well explained
in the book by Porter, Easterling and Sherif [136], but because of its importance, it is summarized
below. First, the partition coefficient k is defined:

=

(5.1
In an alloy with the mean total concentration Cy of a given element, the first solid to form has

the concentration kCy and the volume fraction fs. The volume fraction of the liquid fraction is
fr., and by definition

fs+fo=1 (5.2)

Since the total amount of the respective element must be constant, the following equation applies:

(Cr — Cs)dfs = frdCr (5.3)

This equation, combined with equations 5.1 and 5.2 yield:
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Co(1 = k)dfs = (1— fs)dCy, (5.4)

The boundary conditions that no solid phase is present at the start (f5(0) = 0) and, consequently,
the concentration of the respective element in the liquid phase is equal to the overall composition
in the alloy (C1(0) = Cp), can be used to integrate equation 5.4:

/fs dfs 1 [9tdCy 5.5)
0

1—fs 1-kJo Ci

This yields the Scheil-Gulliver equations for the compositions of the liquid and solid phases
during non-equilibrium solidification:

Cs = kCo(1 — fs)*! (5.6)

Cp=Cofi™! (5.7)

5.1.3. Consequences

The most important application of the Scheil-Gulliver equations and their modern numerical
successors is the prediction of microstructures under conditions of very rapid cooling. These
conditions are typically encountered in quenching from the liquid phase, as in arc melting or
in rapid prototyping ("3D printing") of metallic alloys. In these cases, the phases formed can
often be predicted with fairly high accuracy. An important consequence of Scheil solidification
is that not all invariant reactions, and thus solidification paths, can take place due to the practical
absence of diffusion in the solid. For example, in a peritectic reaction, the solid phase is an educt
of the reaction. If a peritectic reaction & + L = [ is encountered during solidification, this
reaction could in principle occur (due to the condition that the solid-liquid interface is in local
equilibrium). However, the solid phase « at the interface is subsequently transformed into the
product solid phase 3, which then acts as a diffusion barrier and shields the remaining « phase
from contact with the liquid phase. Therefore, at most one monomolecular layer of 5 can be
formed before the peritectic reaction terminates. For this reason, no invariant reaction that has a
solid phase on the educt side can take place in any significant way. Instead, the composition of
the liquid phase continues to change, until a reaction with only liquid on the educt side (such as
a eutectic reaction) is reached.

The assumptions of Scheil solidification are not always fully met in reality. For example, even in
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slowly diffusing systems, the condition that no diffusion at all can take place is often too strict,
and therefore concentration gradients in the formed solid are rarely as pronounced in reality
as the model predicts. In addition, according to the calculation, solidification almost always
ends with a eutectic structure, because the non-equilibrium solidus line sooner or later coincides
with a eutectic reaction, if one is present in the system. Again, this is often not the case in
reality. Finally, classical Scheil solidification calculations fail when elements with very small
atomic radius are involved, which can often diffuse freely. In particular, the solidification of
steels cannot be accurately described due to the presence of small interstitial carbon atoms and
the importance of peritectic reactions. In reality, diffusion of such elements is hardly hindered
even during quenching, which is not reflected by classical Scheil solvers, which changes the
solidification behavior significantly. However, in recent years, new models have been developed
to solve this problem, for example allowing partial redistribution of fast diffusers [138]. New
versions of most CALPHAD software take these models into account and allow to define certain
elements as fast diffusers, which allow infinitely fast diffusion of these elements in the solid
phase.

5.2. Scheil solidification calculations in the Mo-Si-Ti system

In their "2003 publication”, Yang et al. [16] used their dataset to show that the microstructures
of selected as-cast samples can be accurately explained by Scheil solidification calculations.
However, two of the three examples given are not entirely accurate because they assume reactions
that cannot take place. These examples are discussed below, and a corrected version of the
solidification path obtained in a newer version of Thermo-Calc (ver. 2021b) is presented.

5.2.1. Example 1: 40Mo-20Si-40Ti

The microstructure of the sample 40Mo-20Si-40Ti (all values in at.%) as published by Yang
et al. is shown in Figure 5.1a. There are primary grains of the 5 phase as well as of Mo3Si
surrounded by a lamellar structure of 5+TisSi3 and possibly S+Mos3Si, although the latter is not
specifically indicated and the resolution of the image is not high enough to decide for certain if
this structure is present. According to the corresponding Scheil solidification calculation from
the same publication, shown in Figure 5.1b, the sample is in the region of primary solidification
of 8. This is supposed to be followed by the peritectic reaction L+ = MosSi. This is then
succeeded by the transition reaction L+Mo3Si = [+TisSi3, which cannot take place because it
only occurs at a single point. The rest of the alloy solidifies according to the eutectic reaction L.
= B+TisSis.
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Figure 5.1.: The microstructure of the sample 40Mo-20Si-40Ti in the as-cast state and the Scheil solidification
calculation of this composition, according to the publication of Yang et al. [16].
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Following the explanation from the previous section, this calculation seems doubtful because
of the proposed peritectic reaction, which would involve a rather large fraction of the solid
phase. The result of the same calculation with a more recent solver (Thermo-Calc 2021b) is
shown in Figure 5.2. Here, the first solid to form is Mo3Si, which is inconsistent with Yang et
al’s claim of primary solidification of 5. This is unlikely to be related to solver issues, since
the composition 40Mo-20Si-40Mo is clearly in the region of primary solidification of Mo3Si
according to Yang et al.’s own liquidus projection. Why Yang et al. come to a different result
is not clear. Primary solidification is followed by the eutectic reaction L. = $+Mo3Si, not by
a peritectic reaction involving these phases. While this reaction is present in the system, the
line of double saturation has a eutectic character in this region. This is supported by the partial
phase fraction diagram shown in Figure 5.3. Here the mole fraction of the /3 phase is plotted
against the total mole fraction of solid formed during Scheil solidification. It can be clearly
seen that the amount of [ is steadily increasing, which means that a formation reaction is taking
place; if it were the educt of the peritectic reaction proposed by Yang et al, this phase would be
consumed. This reaction is followed by the transition reaction L. + Mo3Si = 3+TisSi3, but since
it only happens at one specific temperature and composition, it is not displayed by the software.
This is followed by the eutectic reaction L. = [3+TisSi3, which is indeed correctly predicted by
Yang et al. It should be noted that the course of the graph plotted by Yang et al. is almost
identical to that calculated by the author of this work, with the exception of the region of primary
solidification. This strongly suggests that the Pandat version used by Yang et al. was able to
calculate the solidification reactions correctly in principle, but the labeling was not always correct.

5.2.2. Example 2: 40Mo-25Si-35Ti

Another alloy produced and discussed by Yang et al. is 40Mo-25Si-35Ti. The microstructure,
as published by Yang et al. in Figure 5.4a, shows large, continuous grains of both MosSi3
and Mo3Si. In addition, lamellar structures of 5+Mo3Si and of 5+TisSi3 are visible. The
Scheil solidification calculation of this composition from the same publication is shown in Figure
5.4b and raises questions. According to it, MosSis is the first primary solidified phase, which
agrees with the liquidus projection proposed by Yang et al. After primary solidification, another
peritectic reaction, L+MosSizc=Mo3Si, is supposed to take place for much of the solidification
process. For the same reasons as above, it is unlikely that a peritectic reaction would have such
a strong influence during Scheil solidification. This is followed by secondary solidification of
another single phase, Mo3Si, but the mechanism how and why the liquid composition would fall
in this region is not elaborated. Finally, the rest of the alloy solidifies along the transition reaction
L+MosSi= [+TisSi3. As noted above, transition reactions occur only at one point at a fixed
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Figure 5.2.: The Scheil solidification of the alloy 40Mo-20Si-40Ti made with a newer solver.
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Figure 5.3.: The mole fraction of the 8 phase over the mole fraction of solid formed during Scheil solidification of
the alloy 40Mo-20Si-40Ti.
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temperature and composition, so this is impossible. The accompanying text in the paper claims
that the "rest of the solidification path is the same as that of the Mo49SioTi4g alloy” would indeed
be the correct interpretation, but this is not what Yang et al.’s own calculation shows. Again, it is
likely that the calculation was correct, but the labeling was not.

The recalculation of the Scheil solidification of this composition using Thermo-Calc 2021b is
shown in Figure 5.5. Again, the first solid to form is primary solidified MosSi3. The peritectic
reaction L+MosSizc=Mos3Si is indeed met and indicated, but it occurs only for such a short time
that it appears as little more than a dot on the indicated red vertical bar. Immediately after this
reaction, the sample composition falls into the region of primary solidification of Mo3Si, because
the peritectic reaction cannot be "followed" under Scheil conditions. This phase is formed until
the liquid composition reaches the eutectic trough of L= [+Mos3Si. This reaction continues
until the transition reaction L+Mo3Sie= [+TisSi3 is reached, which is not displayed again by
Thermo-Calc because it does not affect the microstructure or solidification. This reaction is
followed by the eutectic reaction L= [+TisSiz, which is actually identical to the rest of the
solidification path of 40Mo-208Si-40Ti.

The rather complex solidification path of the alloy can be better understood by plotting the liquid
composition on the liquidus projection of the system, as shown in Figure 5.6. The composition of
the sample, indicated by the black square, is in the region of primary solidification of MosSiz. As
solid is formed, the remaining liquid composition, indicated by the red line, changes until a line of
double saturation is reached. Here this line has a peritectic character, that is, L+MosSiz=Mo3Si.
As a result, this reaction occurs, but only very briefly. The reaction stops quickly due to the
lack of solid educt under Scheil conditions, and the remaining liquid composition falls into the
region of primary solidification of Mo3Si. This, rather than the occurrence of a peritectic reaction
as proposed by Yang et al., is the reason why both MosSi3; and MosSi take the form of large,
continuous grains in the microstructure - the alloy composition actually falls into two separate
regions of primary solidification. Again, the liquid composition changes until another line of
double saturation is reached. This time it has a eutectic character, L= S+Mo3Si. This reaction
is "allowed" under Scheil conditions, so the line is followed until the transition reaction takes
place. As explained above, this transition reaction itself has no effect on solidification, but it does
lead to another line of double saturation, L= S+TisSi3. Since this is also a eutectic reaction and
there are no solid phases on the educt side, this line can be followed. It ends at a binary eutectic
point in the Ti-Si system, which terminates solidification.
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Figure 5.4.: The microstructure of the sample 40Mo-25Si-35Ti in the as-cast state and the Scheil solidification
calculation of this composition, according to the publication of Yang et al. [16].
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Figure 5.5.: The Scheil solidification of the alloy 40Mo-25Si-35Ti made with a newer solver.
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Figure 5.6.: The Scheil solidification path of the alloy 40Mo-25Si-35Ti shown on the liquidus projection.
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5.2.3. Conclusion and Consequences

The discussion in this chapter has shown that the interpretation of as-cast samples by Yang et
al. [16] according to the Scheil solidification model is not always correct. Often, due to errors
in the solvers that cannot be reproduced with modern software, reactions have been postulated
that cannot have a significant influence on solidification, as explained in subsection 5.1. With
Thermo-Calc 2021b, the solver can distinguish between invariant reactions that have no effect
on the microstructure, such as transition reactions, which are completely ignored, those that
terminate after a very short time, such as peritectic reactions, and those that can freely occur,
such as eutectic reactions. As a result, predictions with this software are much more realistic
and accurate. However, not all inaccuracies of Yang et al. can be explained by the software
alone. For example, it is unclear why the result that the alloy 40Mo-208Si-40Si showing primary
solidification of the /3 phase was trusted, although the composition is clearly in the region of
primary solidification of Mo3Si according to Yang et al.’s own liquidus projection. Similarly,
Pandat’s result showing that the final solidification path of 40Mo-25Si-35Ti occurs via a transition
reaction was not rejected, but rather misinterpreted in a way that ended up being correct. For
these reasons, the liquidus projection of the Mo-Si-Ti system warrants dedicated examination.
Two of the three examples given by Yang et al. are raising questions, so it is unclear which
information is reliable. Ideally, a complete study would include the measurement of liquidus
temperatures of several samples, which could be used to optimize the dataset. However, this
alone is a considerable task, well beyond the scope of this dissertation. Instead, it was decided
to analyze a number of selected samples in the as-cast state and compare the microstructure with
Scheil solidification calculations. In this way, a qualitative statement can be made regarding the
viability of the liquidus projection and the reactions proposed by Yang et al. While this does
not provide data that can be directly used in a reassessment, it does indicate which parts of the
liquidus projection need to be further investigated in future studies.
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6. Experimental results and discussion

The experimental investigations of this thesis can be divided into three sections. In the first
section of this chapter, general methods that were developed during this work are presented and
discussed. This included the development and characterization of a novel quenching furnace
and the determination of the purity of the raw materials used in this work. The second section
of this chapter deals with the experiments in the binary system Mo-Si. Here, the focus was
on investigating the composition of the Mo3Si phase to verify the Si deficiency reported in the
literature and found in preliminary experiments. The third section concerns the ternary Mo-Si-Ti
system and represents the main effort of this work. Throughout this section, compositions are
generally given in at.% unless otherwise specified. This is true both when phase compositions are
given in tables, etc., and when sample compositions are given in the form aMo-bSi-cTi, where a,
b, and c represent the amount of the respective element. Any SEM images shown in this chapter
were taken in the BSE mode, unless specified otherwise. Regarding the annotation of the ternary
phase diagrams, only the phases present in the metal-rich region (x(Si) < 37.5 at.%) are labeled
in the figures, since this was the focus of this work and no samples richer in silicon were prepared.

6.1. Development and characterization of a novel type of
quenching furnace

Early in the project, it was decided to quench each prepared sample to ensure that the analyzed
frozen-in state was as close to high temperature equilibrium as possible. Although the Mo-Si-Ti
system is highly refractory and slow diffusion is expected, it was possible that changes in phase
composition could occur during the time required for typical furnace cooling. In fact, this was
thought to be one of the main reasons why initial samples showed improbable phase combinations
or even an excessive number of different phases, clearly indicating that the samples could not
be in equilibrium. However, typical quenching furnaces allow only a small number of samples
at a time (usually only one or two samples per treatment), have very limited time constraints
(maximum annealing times of about 48 h), and tend to expose the samples to ambient air during
quenching. The reason for this is that in typical quenching furnaces, the samples are placed in
crucibles suspended on platinum-rhodium wires. These wires are melted in a controlled manner
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when the samples are dropped into the quench medium. If these wires are exposed for too
long to the annealing temperatures required for the purpose of this thesis, they tend to break
prematurely. The maximum weight that can be supported in this way is also quite limited, so
only one or two samples can be annealed at a time. Finally, the wires are very expensive and
a consumable. All of these factors lead to the conclusion that while quenching the samples is
necessary, typical commercial quenching furnaces are not suitable for the amount of samples
expected to be analyzed over the course of the project. For these reasons, it was decided to issue
a tender to furnace manufacturers to develop a new type of quenching furnace that would meet
the specific requirements of this project. The key requirements were as follows:

e The furnace must allow annealing temperatures of up to around 2000 K.
* The atmosphere within the furnace must be inert, i.e. high purity argon or nitrogen.
» Samples must not be exposed to ambient air at any point.

* Heat treatment of at least four spherical specimens of 1 cm diameter at once must be
possible.

* The quenching medium should be water.

The company HTM Reetz GmbH [139] developed the most convincing concept. Instead of a
vertical furnace with a wire-suspended crucible, they designed a furnace that was essentially
a typical horizontal tube furnace, but added a compartment for quenching samples within the
apparatus. This was achieved by adding a water reservoir and a quenching compartment to the
furnace, as shown in the schematic in Figure 6.1. During annealing, the samples are placed in the
tube as usual. Immediately before quenching, the water reservoir is filled with water. Finally, by
tilting the entire apparatus 90°, the samples and the water from the reservoir are dropped into the
quenching chamber. A metal "bridge" extending from the tube to the quench compartment ensures
that the samples cannot fall anywhere other than where they are intended to fall. Because this is
a closed system, except for the brief period when water is added to the reservoir, environmental
contamination is kept to an absolute minimum. Due to the high mechanical stress caused by
tilting the furnace for quenching, the typical materials for high temperature heating elements,
such as MoSi,, cannot be used because of their brittleness. Instead, continuous coils of pure Mo
were used as the heating element. To prevent evaporation of the material, the heating element is
embedded in oxygen getter material, the composition of which is unknown due to manufacturer
compliance issues.

Due to the novelty of the design, rigorous testing was conducted to verify that the furnace met
specifications and rework was initiated where necessary. These tests included, for example,
ensuring that the amount of water vapor generated during quenching was not sufficient to affect
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Figure 6.1.: A schematic drawing of the furnace when quenching. The top image shows the furnace shortly before
quenching, when the samples are still in the tube and the water reservoir has already been filled. The
bottom image shows the furnace after quenching, when the whole device has been tilted by 90° and both
the water and the samples were dropped into the quenching compartment.
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the hot alumina tube in a way that could damage it. Another important specification was
air-tightness. The design of the alumina tube had to be significantly modified from that of
conventional furnaces to ensure that the ceramic could withstand the stress of rapidly tilting
the hot apparatus for quenching. For this reason, the alumina tube is interrupted rather than
continuous, otherwise the temperature gradient between the heated zone and the relatively cool
zone at the exit of the furnace would fracture the brittle material. While this design was found
to be necessary when testing the furnace, it created the problem that gas tightness could only be
ensured in a flowing gas atmosphere. The interrupted tube also meant that the volume of the
furnace that had to be purged with inert gas each time the apparatus was opened was much larger
than for conventional tube furnaces. Therefore, a series of measurements were made to determine
the purging time required to purge the system of residual oxygen so that heat treatment could
begin. To do this, the furnace was opened and exposed to the environment as it would be for a
normal sample change. After closing, it was evacuated to a residual pressure of 20 mbar and filled
with high purity argon (99.9999% purity) to atmospheric pressure. This process was repeated
three times to remove the oxygen as efficiently as possible. Finally, a gas flow of 0.2 standard liters
per minute (slm) was selected to operate the apparatus. The oxygen concentration was measured
continuously with an oxygen probe (E2010 from Zirox GmbH) and the time was measured until
the oxygen concentration in the effluent was equal to the oxygen concentration in the process
gas. As shown in Figure 6.2, a purging time of about 20 h was found to be necessary to ensure a
complete purging of the furnace atmosphere.

The next step was to measure the temperature profile of the furnace. As mentioned above, it
was required that at least four samples could be annealed at a time, which means that a (nearly)
constant temperature had to be maintained over a minimum length of about 60 mm. To measure
the temperature in the tube, the T-connector that connects the furnace to the water tank and
quench chamber was removed and replaced with a flange with a hole for a type S thermocouple.
Since this thermocouple could be inserted into the tube at any depth, the actual temperature
could be measured as a function of the probe position in the tube. The furnace was purged as
previously described and the temperature was set to 1273 and 1673 K, respectively. Once the
control thermocouple used to regulate the operating temperature showed the nominal temperature,
the actual temperature in the tube was measured. The result of these measurements is shown in
Figure 6.3. The nominal temperatures are drawn as a dashed line, the points are the measured
temperatures. The red and black data correspond to the nominal temperatures of 1673 and 1273 K
respectively. It can be seen that the temperature drops quite rapidly towards the outlet of the tube
(corresponding to the low probe positions). However, after about 75 mm, the actual temperature
is very close to the nominal value in both cases and does not vary much with the probe position.
Thus, it can be concluded that only the 7-8 cm closest to the exit of the tube is unsuitable for
heat treatment, while the zone of constant temperature exceeds the minimum requirements. In

94



6.1. Development and characterization of a novel type of quenching furnace

800 A —Il—Ar 6.0I, Q=02 ISIm i

600 ~ -

c(O,)/ ppm
N
8

200 + -

T
0 4 8 12 16 20 24
Elapsed time / h

Figure 6.2.: A measurement of the oxygen concentration within the furnace over time. The measurement was started
immediately after the operating gas flow of 0.2 slm was turned on. The process gas was argon 6.0
(99.9999% purity).

addition, because the nominal and actual temperatures are in quite good agreement, the furnace
user can be confident that the temperature displayed by the control thermocouple is an accurate
sample temperature.

As a further test, the cooling conditions of the novel furnace were investigated in the case of
uncontrolled furnace cooling. This is practically relevant when samples have no specific cooling
requirements, e.g. quenching or cooling at a specific cooling rate. For this purpose, the furnace
was purged as described and heated to a temperature of 1573 K. Once this temperature was
reached and maintained, the power to the heating elements was turned off and the furnace was
cooled "naturally". The temperature of the control thermocouple was measured as a function of
time. The result of this experiment is shown in Figure 6.4. The temperature drops very quickly
at the beginning and then at a decreasing rate. This is an exponential behavior which fits the
equation

T = 299.08 + 1223.16¢~-0156¢ 6.1)
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Figure 6.3.: The temperature profile of the furnace, measured by inserting a thermocouple into the tube and measuring
the true temperature. The two nominal temperatures tested were 1273 and 1673 K.

During the operation of the furnace, it became apparent that the design of the apparatus was not
without flaws. A major problem was the interrupted tube and the associated need for a flowing
gas atmosphere. Despite the high purity of the process gas, it was found that even the small
amount of residual oxygen in the gas was sufficient to oxidize the highly susceptible materials at
the long annealing times required to equilibrate Mo-Si-Ti alloys. After the first heat treatments
of real samples, it was found that they were all catastrophically oxidized. Figure 6.5 shows the
example of the alloy 22.5Mo0-30Si-47.5Ti after annealing at 1573 K for 330 h, which is the
typical heat treatment regime chosen for this work. In order to be able to anneal oxidation-prone
alloys, a purifier (OxiClear - DGP-R1-3000B Purifier from LabClear Inc.) was used to filter
out as much of the remaining impurities as possible. This resulted in an oxygen concentration
in the effluent that was below the limit of quantification the lambda probe, and in fact made it
possible to successfully anneal Mo-Si-Ti samples even in regions that offer virtually no oxidation
resistance.
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Figure 6.4.: The cooling curve of the quenching furnace when cooling down uncontrolled from 1573 K.
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Figure 6.5.: The sample 22.5Mo-30Si-47.5Si after annealing for 330 h at 1573 K. The sample shows catastrophic
oxidation, making it unusable for analysis.
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Another problem was the electric valves used to automatically control the gas flow. In theory,
the furnace control unit would open and close the appropriate valves as the tube was evacuated
or flooded with process gas. However, it quickly became apparent that the electronic valves
could not withstand the temperatures of the exhaust gas and soon became inoperable. A major
rewrite of the control software by the manufacturer would be required to allow the furnace to
operate without the electronic valves, as the software relies on them to function. For example,
the furnace cannot be heated until it has been purged, and since the pressure in the tube is
measured automatically, this process depends on the valves working. In practice, however, it was
discovered that even inoperable valves still send the correct signals (i.e. whether they are open
or not) to the control unit, allowing the process to start even though the valve is not switching.
This was exploited by the operator by replacing the electronic devices with manual valves. In
this way, the software receives the signal that the valve is in the correct position and allows all
processes to continue, while flushing and operation can be performed by switching the manual
valves accordingly. While this mode of operation is inherently susceptible to human error, the
process is relatively easy to learn, relatively stable in the face of operator error, and far preferable
to reworking the entire system by the manufacturer.

Another shortcoming of the furnace as it was delivered was the built-in mass flow controller.
It allowed a maximum gas flow of 5 slm, which is quite high considering the relatively small
volume of the tube. While this is advantageous for rapid purging of the system, during operation
it was found that a flow of 0.2 to 0.3 slm was sufficient to maintain a stable, low oxygen content
(see Figure 6.2). For this reason, the tube supplying the furnace with process gas was split into
two before the gas inlet; one tube used the existing mass flow controller and could be used for
purging. During operation, this valve is closed and the second tube is opened. This tube leads to
a mass flow controller with a maximum flow rate of 2 slm. This allowed for much more precise
adjustment of the gas flow, ensuring that 0.3 slm could be reliably used as the setpoint. While
the other mass flow controller is in principle capable of setting 0.3 slm, it is prone to fluctuations
at such small rates, resulting in either too little flow and thus increased oxygen concentration, or
too much flow and thus waste of process gas and, in the worst case, premature emptying of the
gas cylinder.

6.2. Purity of the raw materials

Prior to sample preparation, the purity of the raw materials was measured. The oxygen content
was determined by CGHE, while the carbon concentration was measured by ICP-OES. All four
raw materials described in section 3.1 were analyzed. The results of the measurements are shown
in Table 6.1.
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Table 6.1.: Impurity measurement of the raw materials used in this work. All values in mass%. MV, SD and IOM
stand for mean value, standard deviation and inaccuracy of measurement, respectively. The limit of
quantification for C and O were 0.0035 and 0.0200, respectively.

Mo Si

MV SD | IOM MV SD | IOM
C | 0.0244 | 0.002 [0.0024| C |<0.0035 - -
O | 0.0278 ]0.0003]0.0070| O | 0.0315 |0.0020|0.0079
> 0.0522 S| 0.0315

Ti lumps Ti foil

MV SD | IOM MV SD | IOM
C [<0.0035 - - C | 0.0279 [0.0007|0.0028
O | 0.0894 ]0.0008]0.0224| O | 0.0798 |0.0020|0.0200
> 0.0894 > 0.1077

The concentration of impurities is very low for all raw materials. In the case of C in Si and the Ti
lumps (which is the more common form of Ti used in this work), the value is even below the limit
of quantification. The standard deviations between the measurements are also extremely small,
which is important because it shows that the raw material is not only pure but also homogeneous.
In conclusion, the values obtained from the chemical analysis of the raw materials show that they
are suitable for use.
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6 Experimental results and discussion

6.3. Experimental investigation of the Mo-Si binary system

While most aspects of the binary Mo-Si system are well studied, as explained in section 4.1, it
was decided to investigate a number of samples containing the phase Mo3Si. The goal was to
determine the stoichiometry under the given conditions and to increase the number of sample
compositions that could be included in the thermodynamic optimization of the system. While
it was clear from the literature that this phase is typically Si deficient, relatively little data were
available in a format that could be used in the CALPHAD method. The results of this investigation
are published [33] and are briefly summarized in the following section.

Four samples were prepared by VAM. Their nominal compositions, together with the expected
phases, are listed in Table 6.2. The objective was to examine two samples in each two-phase
region adjacent to Mo3Si and thus gain information not only about the phase composition but
also about a possible homogeneity range. All samples were annealed at 1573 K for 330 h and
quenched in purified water. The samples were then bisected, ground and polished to a roughness
of 0.05 pm. Images were taken by SEM in BSE mode and are shown in Figure 6.6. The phase
compositions were analyzed by EPMA. In all alloys studied, the areas of each phase are large
enough to ensure a sound analysis, i.e. to avoid measuring surrounding phases by mistake. In
addition, powder XRD was used to investigate the phases present in each sample.

The experimentally determined compositions of the phases of each alloy are listed in Table 6.3.
While the Si content of the phase MosSis is slightly lower than 37.5 at.% for both alloys, this is
well within the expected homogeneity range of the phase. The composition of the 3 phase is in
agreement with the literature: 1.8 at.% and 1.5 at.%, respectively (standard deviations: 0.2 at.%
and 0.1 at.%, respectively). For the phase Mo3Si, the experiments confirm the Si deficiency, with
an average Si content of about 23 at.%. This is true for alloys in the two-phase region 3+Mo3Si
as well as in the two-phase region Mo3Si+MosSi3. The standard deviations of the measurements
were 0.2-0.7 at.%, depending on the individual sample. Thus, it can be concluded that this phase
has no significant homogeneity range.

The X-ray diffractograms of the four samples are shown in Figure 6.7. For the two samples in
the two phase region 5+MosSi (Figures 6.7 a) and b)) only the expected phases are present. For
the samples in the two phase region Mo3Si+MosSi3 (Figures 6.7 ¢) and d)) traces of the J phase
were detected in addition to the two expected intermetallic phases. The origin of this phase is not
known. It is possible that some amount of this phase remained due to insufficient heat treatment.
Another possibility is that the phase is a remnant from the outer layer of the sample affected by
oxygen in the furnace, although the entire sample was generously ground around the perimeter
prior to pulverization. Regardless of its origin, however, the intensity of its associated peaks is
very low and no traces of it could be detected by SEM or EPMA. Thus, the effect of this phase
on the composition of the sample as a whole is negligible.
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85Mo-15Si
1300 °C /330 h/wq

70Mo-30Si
1300°C /330 h/wq

(c)

80Mo-20Si
1300°C /330 h/wq

(b)
65Mo-35Si
1300°C /330 h/wq

(d)

Figure 6.6.: BSE images of the microstructures of the samples after annealing at 1573 K for 330 h and quenching. a)
Sample 1: 85Mo-15Si, b) Sample 2: 80Mo-20Si, ¢c) Sample 3: 70Mo-30Si, d) Sample 4: 65Mo-35Si.

Table 6.2.: The nominal compositions and the expected phases of the alloys investigated in this work.

Alloy number | Mo / at.% | Si / at.% | Expected phases
1 85 15 bee + MosSi
2 80 20 bee + MosSi
3 70 30 | MosSi + MosSis
4 65 35 | MosSi + MosSis
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Figure 6.7.: X-ray diffraction patterns of the samples after annealing at 1573 K for 330 h and quenching. a) Sample
1: 85Mo-15Si, b) Sample 2: 80Mo-20Si, ¢) Sample 3: 70Mo-30Si, d) Sample 4: 65Mo-35Si.

Table 6.3.: The phase compositions for each sample, as determined by EPMA.

Alloy number | Detected phases | Mo / at.% | Si/ at.%
1 bee 98.2 £0.1| 1.8 0.1
MosSi 75.9 £0.5|24.1 £0.5

2 bee 98.5 £0.2| 1.5 £0.2
MosSi 77.3 £0.5|22.7 £0.5

3 MosSi 76.9 £0.7|23.1 0.7
MosSi3 62.9 £0.7|37.1 £0.7

4 MosSi 77.2 £0.2|22.8 £0.2
MosSi3 63.0 £0.2|37.0 0.2
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6.4. Experimental investigation of the Mo-Si-Ti ternary system

6.4. Experimental investigation of the Mo-Si-Ti ternary system

The first part of this section deals with the testing of a casting mold that was promising to obtain
samples with an advantageous geometry for calorimetry. The second subsection discusses the
thermal analysis of a sample as a way to investigate an invariant reaction proposed in a student’s
master thesis prior to this work. The third subsection reports the results of a series of experiments
to investigate the influence of quenching on microstructure and phase composition compared to
furnace cooling. The penultimate subsection deals with a powder metallurgical route of sample
processing that was attempted to promote mixing of the components. The last subsection reports
on the investigation of the samples used to study the isothermal section of Mo-Si-Ti at 1573 K.
Finally, conclusions are drawn on how the results affect the interpretation of the literature, and
the reassessment of the Mo-Si-Ti system.

6.4.1. Testing of a casting mold for cylindrical samples

Relatively early in the project, it was decided to test a casting device for the arc melter to obtain
cylindrical samples. This would allow easier and faster sample preparation for methods such
as calorimetry and thermal analysis, where the sample geometry can affect the measurement
and disk-shaped specimens with flat surfaces and precisely known diameter are preferable. The
casting device is a cylindrical copper crucible that is set into the crucible of the arc melter. It
is schematically shown in Figure 6.8. The cylinder has a length of 30 mm and a diameter of
5 mm. The device is connected to a vacuum pump that is independent of the one used to control
the atmosphere of the arc melter. The material is melted in the rounded part. When completely
molten, the vacuum pump is activated, pulling the material into the mold, and a cylindrical
sample is obtained.

While this method seemed promising, experiments showed that it was not viable for refractory
alloys. The problems were the high melting point of the alloys and the extreme energies required
to superheat the materials enough to be drawn consistently into the crucible. Typically, very
little material would enter the crucible before solidifying, clogging the narrow inlet. Increasing
the beam energy to a level that would heat the material to a high enough temperature to remain
liquid long enough to fill the crucible completely tended to result in non-negligible mass loss
of the sample due to evaporation. An additional problem was the amount of material required
for the apparatus. To completely fill the cylinder with a Mo-Si-Ti alloy typically required about
500-600 mg of material, which exceeded the required smaller sample size by a factor of 2 to
3. Using less material is not possible, as this will result in the surfaces of the cylinder being
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30

i
To vacuum pump

Figure 6.8.: A schematic drawing of the casting device tested as part of this work. All parts are rotationally symmetric
with respect to the center axis. The length of the cavity is 30 mm with a diameter of 5 mm.

coated with the alloy, but the core of the cylinder remaining hollow. Modifying the casting
device with a smaller crucible cylinder and a correspondingly longer evacuation channel only
led to more complications during casting, as the underpressure was not applied quickly enough
for the material to be drawn in reliably. Finally, to prove that the device itself was principally
functional but not suitable for refractory alloys, attempts were made to cast simpler materials,
such as pure iron. These experiments worked without problems, demonstrating that the problems
were with the material itself and not with the device. Figure 6.9 shows typical attempts at casting
a Mo-Si-Ti alloys (here: 88Mo-1Si-11Ti) and pure iron. Since the benefits of the cylindrical
sample geometry were minimal compared to the effort required to develop a viable casting routine
with the device, it was decided to reject the equipment and cast button ingots instead.

6.4.2. Differential scanning calorimetry

Prior to this dissertation, a master thesis on heterogeneous equilibria in the systems Mo-Si-Ti and
Mo-Si-Ti-B was completed by Clemens Hausner at the IAM-AWP of the KIT. One of the crucial
results of this work was the fact that several samples heat treated at 1698 K showed equilibria

not previously reported in the literature. These were the three-phase regions Mo3Si-TisSiz-(
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(a) (b)

Figure 6.9.: Examples of a Mo-Si-Ti alloy and pure iron, cast in the casting device for cylindrical samples. a) 88Mo-
18Si-11Ti, b) Fe.

and Mo3Si-TisSi3-MosSiz. However, other samples annealed in the same way agreed quite well
with the equilibria postulated by Yang et al. [16]. Thus, it was unclear what was causing the
problem, and two hypotheses were put forward: either the alloys from Hausner’s work were
not in equilibrium (due to insufficient heat treatment or impurities), or a transition reaction was
taking place very close to the chosen annealing temperature. The transition reaction in question
is proposed to be Mo3Si + TisSis= S+MosSis. In this case, the equilibria reported by Yang
et al. would exist above the invariant reaction temperature, while the one proposed by Hausner
would exist below it. Extrapolating from Hausner’s data, the reaction temperature should be
approximately 1200-1500 K. The diagonals of the tetragon opened by the phases (3, MosSi,
TisSi3 and MosSi3 intersect at the composition of 50.5Mo-24.5Si-25.0Ti. At this composition,
the invariant reaction should be most easily observed experimentally at the correct temperature,
if it exists. This is illustrated in Figure 6.10, which is directly taken from Hausner’s thesis.
The labels A15, T1 and D88 stand for Mo3Si, MosSi3 and TisSi3, respectively. Shown in this
figure are the two tie triangles, S+Mo3Si+TisSi3 and Mo3Si+MosSi3+TisSis3, that Hausner found
experimentally. In addition, the intersection of the diagonals of the two tie triangles is indicated
by a red dot labelled KP. While no composition labels are offered, the accompanying text states
that KP is at the composition of 50.5Mo-24.5Si-25.0Ti.

Testing Hausner’s hypothesis was not within the scope of his master thesis, which is why it
became an objective of this dissertation. For this purpose, a differential scanning analysis (DSC)
measurement of a sample with the composition 50.5Mo0-24.5Si-25.0Ti was planned. Since the
invariant reaction was postulated to take place below 1500 K, the sample was annealed at 1073 K.
This way, any reaction above the annealing temperature would be fairly easily visible in the DSC
signal. To compensate for the relatively low annealing temperature and the correspondingly slow
diffusion, an annealing time of 660 h was chosen. Since Mo alloys are prone to catastrophic
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Leg. 5
Leg. 19
D88

Mo

Ti

Figure 6.10.: The image taken from Hausner’s master thesis, showing the tie triangles found in his work. A15, T1 and
D88 stand for the phases Mo3Si, MosSi3 and TisSis, respectively. The red dot indicates the intersection
of the diagonals of the triangles, and thus the sample composition where the proposed transition reaction
should be best observed. While no composition labels are provided in this image, the composition of
KP is 50.5Mo-24.5Si-25.0Ti, according to the accompanying text in the thesis.

oxidation at this temperature due to pesting [13], the sample was encapsulated in quartz glass
filled with Ar. This method is viable only at such low temperatures, because quartz glass has a
maximum temperature limit of appoximately 1300 K. After heat treatment, a roughly disk-shaped
specimen of about 3 mm diameter and about 1 mm thickness was prepared and both surfaces
were polished. A DSC 404 C (NETZSCH-Geritebau GmbH) was used for the measurement. A
baseline of empty alumina crucibles was measured prior to the sample. The masses of the empty
sample and reference crucibles were 241.66 mg and 246.20 mg, respectively. The mass of the
sample was 145.23 mg. A heating and cooling rate of 10 K/min was chosen, which is sufficiently
slow to detect invariant reactions. The sample was measured three times, with the temperature
cycling between 1073 and 1473 K. The result of the experiment is shown in Figure 6.11.

There are no peaks in either the heating or cooling curves. The cooling curves are completely
featureless and show the expected behavior of a sample not undergoing transformation. In the
heating curves, a step is visible at about 1225 K. While this is reproducible in each of the three
curves, the shape of this feature does not indicate a transformation reaction, which would be
a distinct peak rather than an increase followed by a plateau. In addition, any transformation
reaction would also be visible in the cooling curve, which shows no evidence of a reaction at
this temperature. Thus, it can be concluded that these steps are most likely due to a change of
the heat capacity of the sample as a result of changing phase fractions rather than a peak due to
sample transformation and that no invariant reaction takes place at the postulated temperature.
Since it is entirely possible that the reaction takes place at a slightly higher temperature, or even
the chosen annealing temperature itself, another scan of the same sample was done from 1473
to 1773 K. All other parameters were kept the same. The result is shown in Figure 6.12. Again,
the curves show no discernible peaks. Therefore, the most likely explanation for the unexpected
phase regions in Hausner’s master thesis is that the samples were not in equilibrium. Without
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Figure 6.11.: The resulting curve of the DSC measurement of the sample 50.5Mo-24.5Si-25.0Ti (annealed at 1073 K
for 660 h) between 1073 and 1473 K. The heating and cooling rates were 10 K/min, the crucible material
was alumina.

further experiments, it is not clear whether this is due to insufficient annealing times or to
impurities. TisSi3 is known to have a significant affinity to dissolve carbon, nitrogen and oxygen
as interstitials [140]. It is very likely that once a sufficient concentration of these impurities is
present, the phase is stabilized and will not readily dissolve even after prolonged heat treatment.
In fact, all the new equilibria reported by Hausner show an unexpected presence of only the
phase TisSi3. If this phase is formed during sample preparation and stabilized by impurities, the
heat treatment chosen was possibly insufficient to dissolve it completely. As a conclusion of the
DSC experiment and the explanation derived from it, additional care was taken to ensure that all
samples in this work were as free of impurities as possible. Such measures included the use of an
arc melter in an argon-filled glove box and the furnace with the special gas purification system

described in section 6.1.
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Figure 6.12.: The resulting curve of the DSC measurement of the sample 50.5Mo-24.5Si-25.0Ti (annealed at 1073 K
for 660 h) between 1473 and 1773 K. The heating and cooling rates were 10 K/min, the crucible material
was alumina.

6.4.3. Investigation of samples in the as-cast state

Based on the conclusions of chapter 5, 14 samples were prepared to investigate the as-cast
microstructures of Mo-Si-Ti samples after vacuum arc melting. The selected sample compositions
are listed in Table 6.4 and shown in Figure 6.13 superimposed on the liquidus projection of the
system. These samples were not selected specifically for this task, but parts of these samples were
to be annealed and studied. This was done at a relatively early, exploratory stage of the project,
so the sample compositions may appear to change rather erratically from one sample to the next.
However, these same samples were suitable to study the as-cast microstructure and discuss the
soldification pathways, as well.
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Figure 6.13.: The compositions of the samples used to investigate the solidification behavior in the Mo-Si-Ti system,
shown on the liquidus projection calculated with the dataset from Yang et al. [16]. Areas of primary
solidification are indicated with the respective phases.
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Table 6.4.: The composition of the samples used to investigate the solidification behavior.

Sample . -
. | Nominal composition
designation

SSC1 50.5Mo-24.5Si-25Ti

SSC2 10Mo-37.5Si-52.5Ti

SSC3 45Mo-3285i-23Ti
SSC4 65Mo-0.2Si-34.8Ti
SSC5 22Mo-33Si-45Ti

SSC6 44.5Mo-23.5Si-32Ti
SSC7 53Mo-32Si-15Ti
SSC8 75Mo-15Si-10Ti
SSC9 20Mo-20Si-60Ti
SSC10 50Mo-388Si-12Ti
SSCI11 | 20Mo-37.5Si-42.5Ti
SSC12 | 47.5Mo-12.5Si-40Ti
SSC13 45Mo-21Si-34Ti
SSC14 60Mo-30Si-10Ti

6.4.3.1. SSC1: 50.5M0.24.5Si.25Ti

Figure 6.14a shows the microstructure of the sample 50.5Mo-24.5S1.25Ti. There are large,
continuous grains of MosSi as well as numerous smaller grains of MosSi3. There are very
few areas in the sample where lamellar structures are visible, indicating eutectic solidification
of some parts of the sample, but the grain sizes are too small to determine the phases. The
composition of the phases are listed in Table 6.5. The Scheil solidification calculation shown in
Figure 6.14b only partially fits the experimental observation. As the sample is in the region of
primary solidification of MosSis, this is the first phase to form. The composition of the remaining
liquid then falls onto the peritectic line L+ = MosSi. Since this would require a solid phase to
participate in the reaction, the liquid composition does not follow this line, but instead continues
into the region of primary solidification of Mo3Si. This phase is formed until about 80% of the
sample has solidified. At this point, the remaining liquid composition has reached the eutectic
trough L = S+MosSi is formed. Since eutectic reactions can occur under Scheil conditions, this
eutectic trough is followed until the transition reaction U3z occurs. Because the transition reaction
itself has no effect on the microstructure, it is not specifically indicated in the graph. However,
the remaining liquid composition then follows another eutectic trough (L = S+TisSi3) until the

entire sample is solidified. The phase fraction diagram of this sample is shown in Figure 6.15.
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Table 6.5.: Phase compositions of the sample SSC1, 50.5Mo-24.5Si-25Ti.

50.5Mo-

24.5S81-25Ti

x(Mo) / at.%

x(Si) / at.%

x(Ti) / at.%

MO3 Si

56.5+£2.6

224+£05

21.0£3.1

M05 Si3

37.5£3.0

36.1£0.3

263 +£2.8

Table 6.6.: Phase compositions of the sample SSC2, 10Mo-37.5Si1-52.5Ti.

10Mo-37.55i1-52.5Ti

x(Mo) / at.%

x(S1) / at.%

x(Ti) / at.%

s

364+52

41+04

594+53

TisSi3

9.0+£1.1

37.6 £0.3

53.4+1.2

It shows that the vast majority of the sample consists of Mo3Si, while the other phases make up
only a small fraction of the microstructure. In particular, TisSiz makes up only a few percent of
the total solid formed. While the micrograph agrees fairly well with the amount of Mo3Si, the
other phases do not appear to be correct. MosSisz clearly makes up a fairly large portion of the
microstructure, but according to the calculation, its phase fraction is roughly the same as the (8
phase. Even under the assumption that the lamellar structures are $+TisSi3, the amount of the
latter two phases seems to be significantly overestimated by the calculation.

6.4.3.2. SSC2: 10Mo-37.5Si.52.5Ti

The microstructure of the sample 10Mo-37.551.52.5Ti is shown in Figure 6.16a. The majority of
the sample consists of Ti5Si3. In addition, 3 phase is present in the form of elongated precipitates,
apparently at the grain boundaries of the TisSiz grains, and as lamellar structures. The phase
compositions of this sample are listed in Table 6.6. The corresponding Scheil solidification
calculation is shown in Figure 6.16b. While the formation of continuous TisSiz agrees well,
the presence of the /3 phase is completely missing from the calculation. Only in the very last
increment of the calculation does the eutectic reaction L. = [ + TisSi3 take place and the
temperature suddenly drops to 1613 K, at which this reaction occurs. However, this is likely a
numerical issue because the solver forces the final liquid composition to end at the binary eutectic
point. Since the phase fraction of 3 in the micrograph is quite large, the discrepancy between
experiment and calculation for this sample is significant.
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Figure 6.14.: Results for SSC1, 50.5Mo0-24.5Si-25Ti. a) The microstructure of the sample SSC1 in the as-cast state.
b) The Scheil solidification calculation of this composition.
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Figure 6.15.: The calculated phase fraction diagram of sample SSC1, 50.5Mo-24.5Si-25Ti.

6.4.3.3. SSC3: 45Mo-32Si-23Ti

The microstructure of the sample 45Mo-32Si-23Ti is shown in Figure 6.17a. It consists of the
two phases MosSiz and Mo3Si. Both phases take the form of large, continuous grains with no
detectable lamellar structures. On the edges of the MosSi3 samples, the changing composition
of the phase due to the rapid solidification is well visible, as it leads to different hues in the
BSE image. Since the sample is extremely brittle, a relatively high amount of porosity and
scratches are visible. The phase compositions are shown in Table 6.7. The corresponding Scheil
solidification calculation result is shown in Figure 6.17b. Again, the sample is in the MosSij3
primary solidification region and first reaches a peritectic reaction. Because the peritectic reaction
is not significant, see above, this leads to the subsequent Mo3Si secondary solidification. Finally,
the remaining liquid composition falls into the eutectic trough of 5+Mo3Si, which is followed
until the sample is completely solidified. The phase fraction diagram is shown in Figure 6.18.
It shows that about 60% of the solid fraction formed is MosSi3, while almost 40% is Mo3Si. A
small amount of 3 is predicted and no TisSi3. For this sample the experiment and the calculation
are in good agreement. Both MosSiz and Mo3Si take the form of primary solidified grains and
both are formed in significant amounts, with slightly more MosSi3 than Mo3Si. No [ phase is
visible in the micrograph, which agrees well with the nearly negligible amount formed according

to the calculation.
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Figure 6.16.: Results for SSC2, 10Mo-37.5Si-52.5Ti. a) The microstructure of the sample SSC2 in the as-cast state.
b) The Scheil solidification calculation of this composition.
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Figure 6.17.: Results for SSC3, 45Mo0-328Si-23Ti. a) The microstructure of the sample SSC3 in the as-cast state. b)
The Scheil solidification calculation of this composition.
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Table 6.7.: Phase compositions of the sample SSC3, 45Mo-32Si-23Ti.

45Mo-32S5i-23Ti

x(Mo) / at.%

x(Si) / at.%

x(Ti) / at.%

MO3 Si

57.8 £3.0

22.6 £0.5

195+32

M05 Si3

39.4 £3.7

358+ 04

248 £3.8

—B
Mo,Si
0.8 —— Mo,Si-
—— TigSi,

0.6 o
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Mole fraction of a phase
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Figure 6.18.: The calculated phase fraction diagram of sample SSC3, 45Mo-32Si-23Ti.

6.4.3.4. SSC4: 65Mo-0.2Si-34.8Ti

The microstructure of the sample 65Mo-0.2S5i1.34.8Ti is shown in Figure 6.19a. Even in the
as-cast state, it is single phase 3 with no precipitates of another phase detectable throughout the
sample. The small black areas are pores as well as precipitation of pure Ti. The composition
of the phases are listed in Table 6.8. The result of the Scheil solidification calculation shown
in Figure 6.19b is in good agreement. Because the sample composition is so far away from any
lines of double saturation, the entire sample solidifies in the primary solidification region of 3.
For the same reason that was discussed for sample SSC2, no silicide formation is calculated. In
the case of this sample, however, this corresponds well with the microstructure.

6.4.3.5. SSC5: 22Mo-33Si-45Ti

The microstructure of the sample 22Mo0-33Si-45Ti is shown in Figure 6.20a. It consists of the

three phases MosSis, TisSiz and 3. MosSis exists only in the form of continuous grains, while
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Figure 6.19.: Results for SSC4, 65Mo0-0.2Si-34.8Ti. a) The microstructure of the sample SSC4 in the as-cast state.
b) The Scheil solidification calculation of this composition.

Table 6.8.: Phase compositions of the sample SSC4, 65Mo-0.2Si-34.8Ti.

65Mo-0.25i-34.8Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 702£3.7 | 1.1£0.3 |28.6 3.6
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Table 6.9.: Phase compositions of the sample SSCS5, 22Mo-33Si-45Ti.

22Mo-33Si-45Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 576 £29 | 51+£0.7 |37.3£3.0
MosSiz| 229 +04 |36.7+£03|403+04
TisSi3 | 155+ 1.7 |37.0+£05 475+ 1.7

TisSis exists in the form of both large continuous grains and lamellae. The /3 phase is present only
as small, mostly lamellar precipitates intertwined with TisSiz. The phase compositions are listed
in Table 6.9. The Scheil solidification calculation shown in Figure 6.20b is in good agreement
with the experiment. The primary solidification of MosSij3 is calculated correctly. In the next
step, the simultaneous solidification of both 5-3 silicides is calculated. This can be explained by
the microstructure as well, as MosSi3 grains continue to grow, while TisSi3 start to form. The
final step of the calculation agrees with the experimental microstructure, too, as the simultaneous
formation of 5+TisSij is clearly visible in the form of the fine, eutectic precipitations. The phase
fraction diagram of this sample is shown in Figure 6.21. Over 50% of the sample is calculated
to be TisSi, another 30% is MosSis and about 10% should be 3 phase. All these phase fractions
agree well with the micrograph.

6.4.3.6. SSC6: 44.5M0-23.5Si-32Ti

The microstructure of the sample 44.5Mo0-23.5Si-32Ti is shown in Figure 6.22a. It is quite
complex, with the phases 3, Mo3Si, MosSi3 and TisSi3 all present. MosSi3 forms relatively
small but continuous grains and makes up a relatively small fraction of the structure. MosSi,
on the other hand, is present as both continuous grains and lamellae. The continuous grains are
quite large and make up the majority of the structure. The lamellae are intertwined with the
[ phase. In addition, 5 lamellae are also present in the form of another two-phase structure,
intertwined with TisSi3. Apart from these two lamellar regions, no 3 is present elsewhere, and
TisSi3 exists only in the lamellar structure together with 5. The phase compositions are listed in
Table 6.10. The Scheil solidification calculation shown in Figure 6.22b is in very good agreement
with this experiment. According to it, a rather small amount of MosSi3 solidifies first, followed
by secondary solidification of Mo3Si after the irrelevant peritectic reaction L + 3 <= Mo3Si. This
fits well with the presence of continuous grains of these phases in the micrographs. Subsequently,
the remaining liquid compositions fall first on the eutectic trough L = 5 + Mo3Si, meets the
transition reaction U3, which is again insignificant. Finally, the liquid composition falls on the
eutectic trough L =  + TisSi3. Consequently, two different eutectic structures are expected,
one of 8 and Mo3Si and one of /3 and TisSi3. This corresponds very well to the experimental
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Figure 6.20.: Results for SSC5, 22Mo-338Si-45Ti. a) The microstructure of the sample SSCS5 in the as-cast state. b)
The Scheil solidification calculation of this composition.
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Figure 6.21.: The calculated phase fraction diagram of sample SSC5, 22Mo-33Si-45Ti.

Table 6.10.: Phase compositions of the sample SSC6, 44.5Mo-23.5Si-32Ti.

44.5Mo-23.5Si-32Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 65.6+13 | 59+08 [285+1.0
MosSi | 53.5+13 |220£05|245+£15
MosSiz | 33.9£18 [359+£03|302+1.7
TisSiz | 18.0£0.7 {36.7£04|452+0.6

microstructure where exactly this behavior is observed. The phase fraction diagram shown in
Figure 6.23 also agrees well with the microstructure. According to the calculation, the majority
of the sample consists of Mo3Si. A relatively small amount of MosSi3 is expected, formed only
during its primary solidification step. The S phase and TisSis are expected to be present in
relatively small but easily detectable amounts of about 10% each. This agrees well with the
microstructure, including the fact that more [ is formed than TisSis.

6.4.3.7. SSC7: 53Mo-32Si-15Ti

The microstructure of the sample 53Mo-32Si-15Ti is shown in Figure 6.24a. It consists of
MosSi and MosSi3. Both phases form continuous large grains and the fractions of both phases
are nearly identical, with slightly more MosSi3. No other features are visible anywhere in the
sample. The compostion of the phases are shown in Figure 6.11. The corresponding result of
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Figure 6.22.: Results for SSC6, 44.5Mo0-23.5Si-32Ti. a) The microstructure of the sample SSC6 in the as-cast state.
b) The Scheil solidification calculation of this composition.
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Figure 6.23.: The calculated phase fraction diagram of sample SSC6, 44.5Mo-23.5Si-32Ti.

Table 6.11.: Phase compositions of the sample SSC7, 53Mo-32Si-15Ti.

53Mo-32Si-15Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
MosSi | 65.5+£0.7 |23.1+03|11.4+0.6
MosSiz| 50.2+0.7 {35704 | 14.0£0.7

the Scheil solidification calculation is shown in Figure 6.24b. The phases formed are correctly
predicted. MosSis is formed during primary solidification, followed by eutectic solidification of
MosSi3 and MosSi. The phase fraction diagram is shown in Figure 6.25. It agrees well with the
micrograph and sheds additional light on the microstructural evolution. About 60% of MosSi3 is
formed during primary solidification, which agrees well with Figure 6.24a. In the next step, the
eutectic reaction, only a small amount of additional MosSij3 is formed, while the remaining liquid
solidifies almost exclusively as Mo3Si. This is in good agreement with the grain morphology and
shows that even eutectic reactions can sometimes produce an unusual microstructure.

6.4.3.8. SSC8: 75Mo-15Si-10Ti

The microstructure of the sample 75Mo-15Si-10Ti is shown in Figure 6.26a. Two phases are
present: 5 and Mo3Si. Both take the form of rather large, continuous grains. No other features
such as lamellae are visible anywhere in the sample. The phase compositions are listed in Table
6.12. The Scheil solidification calculation shown in Figure 6.26b is in fairly good agreement
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Figure 6.24.: Results for SSC7, 53Mo-328Si-15Ti. a) The microstructure of the sample SSC7 in the as-cast state. b)
The Scheil solidification calculation of this composition.
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Figure 6.25.: The calculated phase fraction diagram of sample SSC7, 53Mo-32Si-15Ti.

Table 6.12.: Phase compositions of the sample SSCS8, 75Mo-15Si-10Ti.

75Mo-15Si-10Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 88.0£10 | 59£0.7 | 6.2+£04
MosSi| 68604 [21.6£03| 9.7+£0.3

with the experiment. The predicted primary solidification of 3 is correct, as is the subsequent
formation of 5 and Mo3Si. The phase fraction diagram is shown in Figure 6.27. The agreement
with the micrograph is only moderate. According to the calculation, primary solidification of
leads to about 10% of 5. In the following eutection reaction, this amount increased to about
15%. MosSi is formed only in this step and makes up nearly 60% of the total solid formed. The
first observation is that the amount of 5 phase seems to be significantly underestimated. More
importantly, the total amount of solid in the phase fraction diagram does not add up to 100%, even
though this was the boundary condition chosen for the calculation. No other phases, indicated
in the legend or not, are calculated to form, so it is unclear why this problem occurs for this
sample. It seems likely that the solver has encountered an unknown termination condition and
the calculation stops before it reaches a proper end. However, none of the modifiable conditions
had any effect on this behavior. Therefore, no method can be presented at this time to fix this

obviously erroneous calculation.
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Figure 6.26.: Results for SSC8, 75Mo-158Si-10Ti. a) The microstructure of the sample SSC8 in the as-cast state. b)
The Scheil solidification calculation of this composition.
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Figure 6.27.: The calculated phase fraction diagram of sample SSC8, 75Mo-15Si-10Ti.

Table 6.13.: Phase compositions of the sample SSC9, 20Mo-20Si-60Ti.

20Mo-208Si-60Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
Ié] 348+£53 | 41£04 [61.1+53
TisSi3| 7.8 1.5 |374+£03|547£1.6

6.4.3.9. SSC9: 20Mo-20Si-60Ti

The microstructure of the sample 20Mo-20Si-60Ti is shown in Figure 6.28a. It consists almost
entirely of a lamellar structure of 8 and TisSiz. There are some larger, continuous grains of
TisSi3 that may have formed by primary solidification. No other features or phases are present
in the sample. The compositions of the phases are listed in Table 6.13. The Scheil solidification
calculation shown in Figure 6.28b agrees well with this result. A very small amount of primary
solidification of TisSis is predicted, which explains the few larger grains of this phase. Most
of the solidification takes place via the eutectic trough L. = /3 + TisSis, which accounts for
the lamellae of these phases that make up the bulk of the microstructure. The phase fraction
diagram is shown in Figure 6.29. It also agrees well with the experiment. The amount of primary
solidified TisSis is rather small, while the final phase fraction of both samples is almost identical.
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Figure 6.28.: Results for SSC9, 20Mo-20Si-60Ti. a) The microstructure of the sample SSC9 in the as-cast state. b)
The Scheil solidification calculation of this composition.
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Figure 6.29.: The calculated phase fraction diagram of sample SSC9, 20Mo-208Si-60Ti.

6.4.3.10.SSC10: 50Mo-38Si-12Ti

The microstructure of the sample 50Mo0-38Si-12Ti is shown in Figure 6.30a. The majority of
the sample consists of MosSi3, with some continuous grains of Mo3Si present in a much smaller
fraction. Due to the rather brittle nature of the sample, which is composed entirely of intermetallic
phases, a fairly large amount of porosity and cracking is visible. The phase compositions are listed
in Table 6.14. The Scheil solidification calculation is shown in Figure 6.30b. It is in only partial
agreement with the experiment. The fact that the vast majority of the sample consists of primary
solidified MosSis is accurately predicted. However, the calculations subsequently hit the eutectic
trough L = MosSiz + MoSi,. In the experiment, the presence of the disilicide was not detected
anywhere in the sample. Conversely, the phase Mo3Si found experimentally was not predicted
by the calculation. Although the line of double saturation is hit only for the last 2-3 mole percent
of solid formed, this is not an insignificant deviation, as it indicates that this sample composition
has a rather different solidification path in reality than suggested by the calculation. Similarly, the
phase fraction diagram shown in Figure 6.31 is only in partial agreement with the experiment.
Nearly 100% of the solid phases formed are expected to be MosSi3, which overestimates the
actual phase fraction. Of course, since there is no formation reaction for Mo3Si according to
the calculation, this phase does not appear in the phase fraction diagram. Instead, a small single
digit percentage of MoSi, is expected. This result indicates that the position of the temperature
maximum of the liquidus projection in the region of primary solidification of MosSi3 requires
some refinement. According to the calculation, the slope results in the liquid concentration to
fall in the direction of Si-rich compositions. The experiment however shows that for this alloy,
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Table 6.14.: Phase compositions of the sample SSC10, 50Mo-38Si-12Ti.

50Mo-38Si-12Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
MosSi | 67.5+0.6 |{23.2£03| 94£0.8
MosSiz | 529 £04 |36.1 £0.4|109 +0.3
Table 6.15.: Phase compositions of the sample SSC11, 20Mo-37.5Si-42.5Ti.
20Mo-37.58i-42.5Ti
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
I6] 575+1.6 | 5.6 +£0.7 |369+1.2
MosSiz | 23.6 £0.7 |37.1 £0.4 393 +0.8
TisSi3 | 16.8 £1.5 |37.1 £0.8 |46.0£1.6

the liquid moves towards metal-rich compositions and follows a similar solidification path as the
alloy SSC7.

6.4.3.11.SSC11: 20Mo-37.5Si-42.5Ti

The microstructure of the sample 20Mo-37.5Si-42.5Ti is shown in Figure 6.32a. Three phases
are visible: TisSi3, MosSi3 and 5. Both silicides are present as large, continuous grains, while 8
is present as small precipitates intertwined with Ti5Siz. The fraction of 3 is rather small, while
those of the silicides appear to be fairly equal. The phase compositions are listed in Table 6.15.
The result of the Scheil solidification calculation shown in Figure 6.32b is in good agreement
with the experiment. In the first step, the primary solidification of MosSi3 is correctly predicted.
In the next step, the eutectic reaction L—=MosSi3+TisSi3 is reached. Since no other structures
have formed to inhibit further growth of the primary solidified grains, it is quite possible that
these will continue to grow while TisSi3 grains are formed. In this case, despite the eutectic
reaction, no lamellar structure would be expected, but the structure observed experimentally is
entirely possible. However, the 3 phase, which is most likely formed by a eutectic trough L == £
+ Ti5Si3 according to the micrograph, is completely missing from the calculation result. This is
most likely again a result of the termination condition of Thermo-Calc, since the solidification
path should eventually hit this eutectic trough. The phase fraction diagram for this composition,
shown in Figure 6.33, is also in fairly good agreement with the experiment, except for the absence
of the 8 phase in the calculation.
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Figure 6.30.: Results for SSC10, 50Mo-38Si-12Ti. a) The microstructure of the sample SSC10 in the as-cast state.
b) The Scheil solidification calculation of this composition.
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Figure 6.31.: The calculated phase fraction diagram of sample SSC10, 50Mo-38Si-12Ti.

6.4.3.12.SSC12: 47.5Mo-12.5Si-40Ti

The microstructure of the sample 47.5Mo-12.5Si-40Ti is shown in Figure 6.34a. The /3 phase
is present both as larger, continuous grains and as small, lamellar precipitates intertwined with
TisSiz. The silicide is not present in other forms and no other silicides or structures are present.
In addition, numerous small circular precipitates of pure or nearly pure Ti are visible. The
compositions of the phases are listed in Table 6.16. The result of the Scheil solidification
calculation, shown in Figure 6.34b, is in good agreement with the experiment. The primary
solidification of 3 is accurately predicted. The calculation then predicts the eutectic formation of
£ and Mo3Si. No evidence for the phase Mo3Si was found in the sample. The remaining liquid
then solidifies according to the eutectic reaction L= [5+TisSi3, which is in good agreement with
the micrograph. A notable difference between calculation and experiment is the presence of
nearly pure Ti in the sample, which is not predicted. However, such a phase is not known to
exist in the literature, so it is unclear why or how these precipitates are formed, and it is therefore
difficult to draw conclusions. For this reason, the absence of Ti in the calculation is logical, as
no suitable phase is present in the dataset. The phase fraction diagram shown in Figure 6.35
also agrees well. The /3 phase is expected to make up the majority of the solid fractions formed,
with a significantly smaller amount of TisSi3. Both are in good agreement with the micrograph.
The phase fraction of Mo3Si is calculated to be about 5%, which should be high enough to be
detectable in the SEM. Why this phase does not appear to have formed is unclear at this point.
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Figure 6.32.: Results for SSC11, 20Mo-37.5Si-42.5Ti. a) The microstructure of the sample SSC11 in the as-cast
state. b) The Scheil solidification calculation of this composition.

132



6.4. Experimental investigation of the Mo-Si-Ti ternary system

1 1 1 1 1
— B
Mo,Si
o 08- MosSis|
i —— TigSi,
o
®
5 0.6 -
c
R
8
& 044 -
2
o
=
0.2 1 L
0 T T T T
2490 2485 2480 2475 2470 2465

Temperature / K

Figure 6.33.: The calculated phase fraction diagram of sample SSC11, 20Mo-37.5Si-42.5Ti.

Table 6.16.: Phase compositions of the sample SSC12, 47.5Mo-12.5Si-40Ti.

47.5Mo-12.5Si-40Ti
x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
B 704 +£5.1 | 3.8+£0.5 [25.8+49
TisSiz | 13.6 £2.7 |359+1.8|505£1.6
Ti 1.5£03 | 0707 |97.8£1.0

6.4.3.13.SSC13: 45M0-21Si-34Ti

The microstructure of the sample 45Mo-21Si-34Ti is shown in Figure 6.36a. It consists of a
rather large fraction of continuous grains of Mo3Si as well as two different lamellar structures.
First, there is a lamellar structure of 5 and Mo3Si, second there is another lamellar structure of 3
and TisSiz. There are also numerous small precipitations of Ti. In this sample, these precipitates
typically form dendritic structures, suggesting that they are not due to insufficient mixing of the
materials, but are an effect of the solidification of the sample. The phase compositions are listed
in Table 6.17. Except for the inexplicable unknown Ti phase, the Scheil solidification calculation
is in very good agreement with the experiment. First, Mo3Si is formed by primary solidification,
followed by eutectic formation of 5 and Mo3Si. Finally, the remaining liquid composition follows
another eutectic trough, L = [ + TisSi3. These predictions agree exactly with the microstructure
of the sample. With respect to the Ti precipitates, it should be noted that this sample was also
examined in the as-cast state by Schliephake et al. [12], and the microstructure they reported

133



6 Experimental results and discussion

47.5Mo-12.5Si-40Ti| ek 7
M= f »

TN
TisSi,

o3

A?'u&"

b 0
}- by

2500 1 1 1 1

2400
2300
2200 4 Primary
solidification:
21004 B

2000

Temperature / K

1900 +

1800

1700

1600 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1

Mole fraction of solid

(b)

Figure 6.34.: Results for SSC12, 47.5Mo-12.55i-40Ti. a) The microstructure of the sample SSC12 in the as-cast
state. b) The Scheil solidification calculation of this composition.
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Figure 6.35.: The calculated phase fraction diagram of sample SSC12, 47.5Mo-12.5Si-40Ti.

was virtually identical to that found in this work, but with far fewer pure Ti precipitates. The
micrograph of this sample as reported in their paper is shown in Figure 6.37. Since the samples
used by Schliephake et al. were much larger than those used in this work (approximately 150 g
and 1.5 g, respectively), it is reasonable to assume that the cooling rate is a critical factor in
the formation of the Ti precipitates. However, it should be noted that the conclusion drawn by
Schliephake et al. regarding the formation of this structure is not supported by the dataset. They
claim that the lamellar structures, even in the as-cast state, are at least partially formed by eutectoid
decomposition. However, as explained in chapter 5, eutectoid reactions cannot take place under
rapid solidification conditions due to the inhibited diffusion of the solid phases. Furthermore,
no eutectoid reactions are reported in this region of the Mo-Si-Ti system or calculated with the
dataset of Yang et al. (which are the data accepted in the PanMo database used by Schliephake
et al.). Instead, the microstructure of the sample results from two successive eutectic troughs
as explained above. Even the equilibration at 1573 K reported by Schliephake et al. where the
MosSi fraction decreases and eventually becomes zero, while 3 and MosSi3 are formed, is not
a true eutectoid reaction since it would require the formation of three solid phases in a ternary
system. The phase fraction diagram for this composition is shown in Figure 6.38. It also agrees
rather well with the experiment, with the majority of the sample consisting of Mo3Si, the 3 phase

as the second most formed phase and TisSi3 making up the rest of the microstructure.

In the context of this sample, it is also useful to plot the composition of the S phase over the
temperature during solidification. The result of this calculation is shown in Figure 6.39. It can
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Figure 6.36.: Results for SSC13, 45Mo0-21Si-34Ti. a) The microstructure of the sample SSC13 in the as-cast state.
b) The Scheil solidification calculation of this composition.
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Table 6.17.: Phase compositions of the sample SSC13, 45Mo-218Si-34Ti.

45Mo-21Si-34Ti

x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%

I3 702 £59 | 6.1 £09 [23.8+54
MosSi| 52.8 £2.3 |21.5+04|267+23
TisSiz | 19.24+£1.9 |355+1.0|453£1.1
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Figure 6.37.: The microstructure of the sample 45Mo-218Si-34Ti in the as-cast state as reported by Schliephake et al.
[12]. Image taken directly from the corresponding paper.
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Figure 6.38.: The calculated phase fraction diagram of sample SSC13, 45Mo-21Si-34Ti.
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Figure 6.39.: The composition of the 8 phase of the sample SSC13, 45Mo-21Si-34Ti over the temperature during
solidification.

be seen that the Ti concentration in the S phase increases to around 95 at.% over the course of

the solidification, which may account for the grains of nearly pure Ti observed experimentally.

6.4.3.14SSC14: 60Mo-30Si-10Ti

The microstructure of the sample 60Mo-30Si-10Ti is shown in Figure 6.40a. It consists of large,
continuous grains of MosSiz and Mo3Si. Due to the brittle nature of the sample, which consists
entirely of intermetallic phases, a large amount of cracking and porosity is visible. Other than
that, no additional phases or features can be detected. Overall, the microstructure is quite similar
to that of sample SSC7. The phase compositions of this sample are listed in Table 6.18. The
result of the Scheil solidification calculation is shown in Figure 6.40b. As in the case of SSC7,
the agreement is very high. The solidification path between SSC14 and SSC7 is nearly identical,
so it will not be explained again here. The phase fraction diagram shown in Figure 6.41 is
also in good agreement with the experiment. The majority of MosSis is formed during primary
solidification. The subsequent eutectic reaction leads almost exclusively to the formation of
MosSi, which explains the large, continuous grains of both phases.
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Figure 6.40.: Results for SSC14, 60Mo-30Si-10Ti. a) The microstructure of the sample SSC14 in the as-cast state.
b) The Scheil solidification calculation of this composition.

139



6 Experimental results and discussion

Table 6.18.: Phase compositions of the sample SSC14, 60Mo-30Si-10Ti.

60Mo-

30Si-10Ti

x(Mo) / at.%

x(Si) / at.%

x(Ti) / at.%

MO3 Si

69.6 + 0.7

23.8+0.6

6.7+ 0.5

M05 Si3

554+0.38

36.1 £0.7

84+0.7
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Figure 6.41.: The calculated phase fraction diagram of sample SSC14, 60Mo-30Si-10Ti.

6.4.3.15.Conclusions

In conclusion, the dataset by Yang et al. [16] is fairly well suited for predicting the microstructures
formed by rapid solidification when using a contemporary solver. The regions of primary
solidification are fairly accurate, and all eutectic troughs are supported by experiments. Many
peritectic lines leading to secondary solidification of a single phase under Scheil solidification
conditions are also implicitly confirmed. However, several small discrepancies were found, such
as inaccurate phase fractions. Most of the differences between calculations and experiments can
be explained by the extension of the eutectic and peritectic lines into the compositional space.
As explained in section 4.4.1, there are two saddle points in the region of interest, each with
a eutectic trough on one side and a peritectic reaction on the other. By slightly changing the
location of each saddle point and moving the eutectic and peritectic lines accordingly, many of
the observed microstructures could likely be accurately calculated. Overall, however, the liquidus
projection of Yang et al. has been shown to be largely suitable for predicting microstructures

140



6.4. Experimental investigation of the Mo-Si-Ti ternary system

formed by casting samples in an arc melter and should be retained to a large extent in future
reassessments of the Mo-Si-Ti system.

6.4.4. The effect of quenching on the microstructure

To investigate the effect of quenching on microstructure and phase composition compared to
furnace cooling, ten specimens were prepared. Each of the samples was subjected to a two-phase
annealing regime. After arc melting, they were heat treated at 1573 K for 330 h and furnace
cooled. In this state, they were analyzed by SEM with EDX. Subsequently, the same samples were
annealed at the identical temperature for another 48 h to re-equilibrate them and then quenched
in water. The samples were analyzed in this condition in the same manner. This method is
schematically shown in Figure 6.42. Selected samples were additionally analyzed by EPMA
to investigate if there are differences between the two electron optical methods for Mo-Si-Ti
samples or if the simpler and less time demanding EDX is sufficient. The compositions of the
samples as well as the expected phases according to the dataset of Yang et al. [16] are listed in
Table 6.19. Figure 6.43 shows the sample compositions in the phase diagram at 1573 K, also
calculated with the dataset of Yang et al. The compositions of samples QE1-QE7 were chosen to
investigate one sample per phase region. QE8-QE10 were then subsequently prepared to obtain
additional informations about the equilibria 5+MosSi3, S+MosSiz+TisSi3 and Mo3Si+MosSis,
respectively. It should be noted that of the ten samples heat treated in this manner, nine were
also analyzed in the as-cast condition and previously discussed in section 6.4.3. Their respective
designations have been changed for this section, but the following discussion will clarify which
SSC designation corresponds to which QE designation.

6.4.4.1. QE1: 22Mo-33Si-45Ti

The microstructure of the sample 22Mo-33Si-45Ti is shown in Figure 6.44. The three expected
phases (3, MosSis and TisSi3 are present in both states. Due to the Mo content, the 3 phase appears
in the lightest shade, MosSis is seen as a medium gray and TisSis is the darkest gray. While both
silicides have fairly large grains, /3 is present as fine precipitates. There is no difference between
the microstructures of the furnace cooled and the water quenched samples, neither in the shape
nor in the distribution of the grains. The compositions of the phases, listed in Table 6.20, are
also virtually identical for both conditions. This is a clear indication that for this sample the slow
cooling had little or no effect on the sample. To investigate possible differences between EDX
and EPMA, the sample was additionally analyzed in the quenched state by EPMA. The result is
shown in Table 6.21. It can be seen that the difference between EPMA and EDX is generally
fairly minor. The only significant difference lies in the standard deviation of the values, which is
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Figure 6.42.: A schematic drawing of the two-staged heat treatment used to investigate the effect of quenching

compared to furnace cooling.

Table 6.19.: The nominal compositions and expected phases according to the dataset of Yang et al. [16] of the samples

used to study the effect of quenching on the microstructure and phase composition.

Sample . ..
) | Nominal composition | Expected phases
designation
QE1 22Mo0-33Si-45Ti | f+MosSi3+TisSi3
QE2 44.5Mo0-23.5Si-32Ti [+MosSis3
QE3 53Mo-32Si-15Ti Mo3Si+MosSi3
QE4 75Mo-15Si-10Ti [+MosSi
QE5 50Mo-38Si-12Ti MosSi3
QE6 20Mo-37.5Si-42.5Ti | MosSi3+TisSi3
QE7 47.5Mo-12.5Si-40Ti [+Ti5Si3
QE8 45Mo-21Si-34Ti 5+MosSis
QE9 25Mo0-33Si-42Ti | f+MosSi3+TisSi3
QEI10 60Mo-308Si-10Ti MosSi+MosSis
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Figure 6.43.: The nominal compositions used in the quenching experiments in the isothermal section at 1573 K of
the Mo-Si-Ti system according to the dataset of Yang et al. [16].

typically higher for EDX than for EPMA. However, this is not due to a methodological difference,
but to a deliberate choice by the respective operators. While the EDX operator measured a large
number of different points per phase and included concentrations with a relatively high scatter, the
EPMA operator chose to exclude points with compositions that deviated greatly from the mean
before summarizing the result. While this method eliminates unreliable data and measurements
where the different phases were inadvertently excited at the same time, it can introduce bias into
the experiment and skew the results toward the "desired" concentrations. However, from the
similar mean values of the EDX and EPM A measurements, it can be concluded that no such shift
was introduced in this case and that both techniques are equally reliable.

Compared to the microstructure and phase composition in the as-cast condition (SSC5, Figure
6.14 on page 112 and Table 6.5 on page 111, respectively), annealing slightly altered the
sample. The microstructure appears largely identical, but the composition of the 5 phase
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22Mo-33Si-45Ti 22Mo-33Si-45Ti

(a) (b)
Figure 6.44.: The microstructure of the sample QE1, 22Mo-33Si-45Ti. a) After furnace cooling, b) after quenching.

Table 6.20.: The composition of the phases of the sample QE1, 22Mo-33Si-45Ti, after furnace cooling and after

quenching.
22Mo-33Si-45Ti
Furnace cooled water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
I3 61.7£24 | 65£15 |318+16| 655£32 | 63£24 |282+14
MosSiz | 22.74+0.5 [3694+1.0|404+£0.8| 2224+0.5 |37.1+£0.3|40.7+0.4
TisSiz | 15.1+24 |372+05[47.6+23| 157+19 |37.3+05]47.0+2.0

changed significantly. For both silicides, however, the compositions in the cast state and after
annealing are nearly identical. This most likely indicates that equilibration occurred mainly in
the 5 phase, where diffusion is expected to be fastest, while the silicides were either already close
to equilibrium or no significant diffusion could take place under the experimental conditions.

Table 6.21.: The composition of the phases of the sample QEI1, 22Mo-33Si-45Ti, after quenching, measured by

EMPA

22Mo-33Si-45Ti
Water quenched
EPMA
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 614+£18 | 4508 |341£1.6
MosSiz | 209 +£0.2 |37.0+0.1 |42.1£0.2
TisSiz | 152 £0.2 |37.0+£0.2[47.7£0.3

144



6.4. Experimental investigation of the Mo-Si-Ti ternary system

XV TS
VNG
ﬁo‘f@’ W
KA O

Figure 6.45.: The microstructure of the sample QE2, 44.5Mo-23.5Si-32Ti. a) After furnace cooling, b) after
quenching.

Table 6.22.: The composition of the phases of the sample QE2, 44.5Mo-23.5Si-32Ti, after furnace cooling and after
quenching.

44.5Mo-23.5Si-32Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(S1) / at.% | x(T1) / at.%
B 73.4+43 | 64+1.7 201 £29] 794+£21 | 33+£1.1 173 £1.1
MosSi | 54.1+£0.6 |2224+03[(23.8£0.7| 547+£25 |224+0.8|229+£3.1
MosSiz | 30.7£2.1 |365+£0.5(327+2.0| 319+5.6 [36.6+04|31.5£54
TisSi3 | 19.0£19 365+ 1.1445+£1.0| 182+£3.8 |36.8+1.4|450=£25

6.4.4.2. QE2: 44.5Mo0-23.5Si-32Ti

The microstructure of the sample 44.5Mo0-23.5Si-32Ti is shown in Figure 6.45. Instead of the
two expected phases, 5 and MosSi3, all four possible stable phases in the metal-rich region of the
phase diagram are present. Again, /3 is the brightest, followed by Mo3Si, then MosSis, and the
darkest is TisSiz. The microstructure is generally extremely fine, with only Mo3Si and MosSis
appearing as somewhat larger grains. The microstructure appears to be slightly different between
the two heat treatments. In the quenched sample, the 5 and MosSis precipitates appear to be
coarser than after furnace cooling, while slightly less Mo3Si appears to be present. Similarly,
the phase compositions listed in Table 6.22 are slightly different, although not by much. These
results indicate that for a sample with such a complex microstructure, equilibration may not be
possible within the given time frame. It is possible that the effect is not a result of the cooling
rate, but rather that the additional 48 h at 1573 K changed the microstructure for this sample.
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Figure 6.46.: The microstructure of the sample QE2, 44.5Mo-23.5Si-32Ti, in the as-cast state.

To provide further evidence to support or reject this theory, the heat treated microstructure was
compared with the as-cast state, designated SSC6 in the previous section. The microstructure is
shown again in Figure 6.46 for convencience. It is in fact a rather complex microstructure even
in the as-cast state, with both MosSi3 and MosSi as primary solidified phases and two distinct
eutectic structures. One eutectic is between [ and MosSi, while the other is between 5 and
TisSi3. These two eutectic structures, recognizable by the fine lamellar morphologies of the
two respective phases, have nearly the same volume fraction, whereas primary solidified Mo3Si
accounting for the majority of the total volume fraction. Primary solidified Mo3Si, on the other
hand, is present in comparatively small amounts. Not only is this microstructure quite complex,
with four phases present, but it is also far from equilibrium at 1573 K. The majority of the cast
structure consists of MosSi, both in large grains and in a fine eutectic structure, while this phase
is not stable at all in equilibrium. Therefore, it is reasonable to expect that such a sample would
require more than 330 h to reach equilibrium, considering the slow diffusion in Mo alloys. For
this reason, the sample that was previously annealed for a total of 378 h (330 h/fc + 48 h/wq)
was annealed for another 330 h at 1573 K. The microstructure after this step is shown in Figure
6.47. While the microstructure has changed compared to the shorter annealing time, there is
still a significant amount of Ti5Si3 present, indicating a very high barrier for this sample to reach
equilibrium. Therefore, it was decided that if a sample did not reach equilibrium after 330 h, it
could not be expected to reach equilibrium in any reasonable or viable amount of time.

6.4.4.3. QE3: 53Mo-32Si-15Ti

The microstructure of the sample 53Mo-328Si-15Ti is shown in Figure 6.48. It consists of the two
expected phases, Mo3Si and MosSis, the former being the lighter shade and the latter the darker
gray. The MosSi3 grains contain Mo3Si precipitates inside, while Mo3Si is virtually free of other
phases. Different grains of Mo3Si can be distinguished by slightly different hues; however, there
is no detectable difference in composition as a function of hue. This means that the difference

146



6.4. Experimental investigation of the Mo-Si-Ti ternary system

Figure 6.47.: The microstructure of the sample QE2, 44.5Mo0-23.5Si-32Ti, after a total of 708 h at 1573 K, water

quenched after the final step.

(b)

Figure 6.48.: The microstructure of the sample QE3, 53Mo-32Si-15Ti. a) After furnace cooling, b) after quenching.

in hue is most likely an effect of grain orientation. The microstructure between the two states is

virtually identical, as are the compositions of the phases, as shown in Table 6.23. This indicates

that for this sample composition there is little or no difference between furnace cooling and water

quenching.

As with sample QEI1, this sample was also measured by EPMA to see possible differences
between EPMA and EDX. The result of the EPMA measurement is shown in Table 6.24. As

Table 6.23.: The composition of the phases of the sample QE3, 53Mo-32Si-15Ti, after furnace cooling and after

quenching.

53Mo-328i-15Ti

Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
MosSi | 62.1 £54 |236+19[133+£46| 643+£53 |2324+04]125£52
MosSiz | 49.0 £3.1 |353+£1.4|1494+22| 493+25 [3594+09|14.8£2.6
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Table 6.24.: The composition of the phases of the sample QE3, 53Mo-32SI-15Ti, after quenching, measured by

EMPA

53Mo-32Si-15Ti

Water quenched

EPMA

x(Mo) / at.%

x(Si) / at.%

x(Ti) / at.%

MosSi

63.3 £ 0.3

23.7£0.2

13.0 £ 0.1

M05 Si3

47.7+0.3

37.0 £ 04

152+£0.1

Table 6.25.: The composition of the phases of the sample QE4, 75Mo-15Si-10Ti, after furnace cooling and after

quenching.
75Mo-15Si-10Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si1) / at.% | x(Ti) / at.%
I6] 90.1 £29 | 28+£0.6 | 57£08 | 90.8£1.6 | 3.3£1.2 | 59£0.7
MosSi| 67.8 2.1 [22.1+£13| 9.6+ 1.1 | 67.8 3.9 [222+1.2|10.0£4.5

before, the difference between the methods is negligible, showing that both are equally suitable

for Mo-Si-Ti samples.

A comparison of the annealed sample with the as-cast state (SSC7, Figure 6.24 on page 123
and Table 6.11 on page 122 for microstructure and phase composition, respectively) shows a
clear effect of annealing on the microstructure. While the phase compositions appear to have
changed relatively little, numerous small precipitates of Mo3Si have formed within the MosSi3
grains. This proves that, at least in the case of the Mo silicides, diffusion is fast enough under
the experimental conditions that significant changes can occur in the sample during annealing.

6.4.4.4. QE4: 75Mo-15Si-10Ti

The microstructure of the sample 75Mo-15Si-10Ti is shown in Figure 6.49. It consists of the
two expected phases, 5 and MosSi. Here [ is the lighter shade and the silicide is the darker.
Both the microstructures and the phase compositions, listed in Table 6.25, are identical in both
states, indicating that equilibrium has been reached for this sample and that diffusion is too slow
for furnace cooling to significantly change the sample. Once more, this sample was additionally
measured by EPMA, the result of which is listed in Table 6.26. Again, the difference between
EPMA and EDX is negligible. The comparison of all four phases across different samples leads
to the conclusion that both analytical techniques are equally viable for Mo-Si-Ti samples.
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(a) (b)

Figure 6.49.: The microstructure of the sample QE4, 75Mo-15Si-10Ti. a) After furnace cooling, b) after quenching.

Table 6.26.: The composition of the phases of the sample QE4, 75Mo-15Si-10Ti, after quenching, measured by
EMPA

75Mo-15Si-10Ti
Water quenched
EPMA
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 903+£05 | 23£06 | 74+£03
MosSi| 66.2+0.3 |2234+0.1|11.4+£0.3

A comparison of the annealed sample with the cast state (SSC8, Figure 6.26 on page 125 and
Table 6.12 on page 124 for microstructure and phase composition, respectively) shows remarkably
little influence of the heat treatment on the sample. Both the morphology of the phases and their
respective compositions are virtually identical in the cast state and after annealing. This may
indicate that this sample was already close to thermodynamic equilibrium conditions after casting
and no significant equilibration could occur.

6.4.4.5. QE5: 50Mo-38Si-12Ti

The microstructure of the sample 5S0Mo-38Si-12Ti is depicted in Figure 6.50. In addition to
the expected phase MosSi3, small precipitates of the phase Mo3Si were found in the form of
narrow, elongated grains. This is not particularly surprising, as the phase MosSi3 has a rather
narrow homogeneity range, making the preparation of a single-phase sample by arc melting
almost impossible. Both phases are present after furnace cooling and after quenching, although
slightly more of the second phase appears to be present in the quenched sample. However, it is
unclear whether this is an effect of the additional heat treatment time or the quenching itself. The
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Figure 6.50.: The microstructure of the sample QE5, 50Mo-38Si-12Ti. a) After furnace cooling, b) after quenching.

Table 6.27.: The composition of the phases of the sample QES, 50Mo-38Si-12Ti, after furnace cooling and after

quenching.
50Mo-38Si-12Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
MosSi | 65.7+1.2 [2254+03| 92+04 | 5844+1.6 |221+16| 63+1.0
MosSiz | 51.5+£1.2 [351+£08|10.7+03| 51.0+ 1.1 |3494+0.6|10.6£0.3

phase compositions listed in Table 6.27 are virtually identical for both states, indicating a rather
negligible influence of the quenching. For the water quenched sample, the SEM operator included
light elements such as oxygen in the EDX analysis, which alters the values somewhat. However,
these elements cannot reliably be quantified, so they are omitted from this table. The intention
was rather to investigate if significant intake of contaminants occur during heat treatment, which
does not appear to be the case.

A comparison of the annealed sample with its cast state (SSC10, Figure 6.30 on page 130 and
Table 6.14 on page 129 for microstructure and phase composition, respectively) shows the effect
of the heat treatment on the sample. Both the microstructure and the phase composition did not
change significantly during the heat treatment. This may indicate that the sample was already
close to thermodynamic equilibrium at the selected conditions after casting.

6.4.4.6. QE6: 20M0-37.5Si-42.5Ti
The microstructure of the sample 20Mo-37.5Si-42.5Ti is shown in Figure 6.51. In addition to

the two expected phases, TisSi3 and MosSi3, the 8 phase is present in both the furnace cooled
and water quenched states. While both silicides take the form of large, homogeneous grains,
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Figure 6.51.: The microstructure of the sample QE6, 20Mo-37.5Si-42.5Ti.
quenching.

a) After furnace cooling, b) after

Table 6.28.: The composition of the phases of the sample QE6, 20Mo-37.5Si-42.5Ti, after furnace cooling and after

quenching.
20Mo-37.55i-42.5Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(T1) / at.% | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 73.34+£38 | 47+£19 [203+£1.6] 71.1£50 | 50£24 |199+19
MosSiz | 243 £ 1.1 |363+05|370+13| 240+2.3 [362+04|38.1£0.6
TisSiz | 17.4£1.0 |365+£05(440+1.2| 17.1 £0.7 |36.6 £0.5|44.8 £0.9

[ precipitates as very fine particles. The general morphology of the phases is not strongly
influenced by the cooling rate, although it appears that the quenched sample contains slightly
less TisSi3. The compositions of the phases listed in Table 6.28 are completely independent of
the cooling rate. This leads to the conclusion that equilibrium has been reached for this sample
and that quenching has a rather small overall effect on the sample.

Comparison with the as-cast state (SSC1, Figure 6.32 on page 132 and Table 6.15 on page 129
for microstructure and phase composition, respectively) shows that the 8 phase composition has
changed significantly during heat treatment. The Mo content increased during annealing (from
57.54+1.6t071.1 £5.0 at.%), while the Ti content decreased from 36.9 + 1.2t0 19.9 4+ 1.9 at.%.
At the same time, the amount of 3 precipitates increased. As a result, there are a large number
of small precipitates in the annealed state, which accounts for the higher standard deviation of
the phase composition value. However, both silicides remained virtually unchanged by the heat
treatment. This is another indication that the diffusion in the [ phase is quite fast compared to
the silicides.
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Figure 6.52.: The microstructure of the sample QE7, 47.5Mo-12.5Si-40Ti. a) After furnace cooling, b) after
quenching.

6.4.4.7. QE7: 47.5Mo-12.5Si-40Ti

The microstructure of the sample 47.5Mo-12.5Si-40Ti is shown in Figure 6.52. In addition to the
two expected phases, 5 and TisSis, the sample shows small precipitates of nearly pure Ti after
both furnace cooling and water quenching. The [ phase is present in the form of a flower-like
morphology typical of dendritic structures as well as smaller interdendritic particles. In contrast,
TisSiz exists only in the interdendritic regions, while the Ti-rich third phase shows no discernible
regularity. There is no difference between the microstructures in the furnace cooled and water
quenched states. The same is true for the phase compositions listed in Table 6.29. It is unclear
what the Ti-rich phase is. There is no literature data on stable phases of (almost) pure Ti in
this region. As mentioned previously, it may be formed due to rapid solidification. While this
would suggest that the phase should not be present after furnace cooling, its presence can also be
interpreted to show that due to the slow diffusion in the Mo-Si-Ti system, even furnace cooling
can be considered fairly rapid. This conclusion agrees with the fact that for all samples discussed
so far, there is little to no discernible difference between furnace cooled and water quenched
samples. However, a more detailed analysis of this phase in a separate, dedicated project is
recommended.

When compared to the as-cast state (SSC12, Figure 6.34 on page 134 and Table 6.16 on page
133 for microstructure and phase composition, respectively), it is immediately apparent that the
heat treatment resulted in a significant coarsening of the J particles in the eutectic regions. At
the same time, their Ti content increased from 25.8 4= 4.9 to 37.0 £ 0.6 at.%, at the expense of
both Mo (70.4 £ 5.1 t0 66.5 £+ 1.4 at.%) and Si (3.8 = 0.5 to 1.6 & 0.3 at.%). This coarsening is
also responsible for the marked decrease in the standard deviation of the composition value for
this phase. The composition of TisSi3 did not change significantly during annealing.
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Table 6.29.: The composition of the phases of the sample QE7, 47.5Mo-12.5Si-40Ti, after furnace cooling and after

quenching.
47.5Mo-12.5Si-40Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
B 66.1+14 | 20£05 (272+09] 665+14 | 1.6+03 |37.0£0.6
TisSiz| 108 +1.8 |36.1£1.1[519+£1.0| 104+£0.7 |369+0.4|51.7+0.8
Ti 20£11 [ 10+£1.8 {935£33| 1.24+£03 | 04£03 [959+1.7

6.4.4.8. QE8: 45Mo-21Si-34Ti

The microstructure of the sample 45Mo-21Si-34Ti is shown in Figure 6.53. In addition to the
two expected phases S and MosSis, the two silicides TisSi; and Mo3Si are present. While all
phases form mainly small precipitates with no particular regularity, some larger grains of Mo3Si
as well as dendritic structures of TisSiz are visible. There is a clear difference between the
furnace cooled and water quenched samples. In the water quenched sample, the dendrites have
much clearer contours, whereas in the furnace cooled sample they look much more diffuse. This
is a strong indication that quenching is able to "freeze" the microstructure while some diffusion
takes place during the slow cooling in the furnace. However, the presence of four phases is also
a clear indication that the sample is not in equilibrium after the chosen time (330 h + 48 h). A
comparison with the as-cast state (SSC13, Figure 6.36 on page 136 and Table 6.17 on page 137
for the microstructure and phase compositions, respectively) shows that annealing has a distinct
influence on this sample. Much of the Mo3Si has disappeared, while MosSi3 was formed. The
latter phase was not detectable at all in the cast state. The compositions of the 5 phase and TisSij3
are distinctly different in the annealed state compared to the cast state as well, whereas MosSi,
although it transforms, has approximately the same composition in both states. Interestingly, the
sample exhibits dendritic structures both before and after heat treatment. However, the dendrites
after casting are consistently almost pure Ti, similar to the precipitates found in the sample QE7,
whereas after annealing, they consist of TisSiz. In fact, no pure Ti precipiates are found after
annealing. This fact is an indication that the pure Ti is not stable after all, but equilibrates under
certain conditions. Why these conditions are met for the comparatively simpler microstructure
of QE7 is unclear. Regarding the overall equilibrium state of sample QES, it can be concluded
that, analogous to QE2, that the time chosen may not be sufficient to equilibrate samples that
have very complex microstructures after casting.
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Figure 6.53.: The microstructure of the sample QES8, 45Mo-21Si-34Ti. a) After furnace cooling, b) after quenching.

Table 6.30.: The composition of the phases of the sample QE8, 45Mo-21Si-34Ti, after furnace cooling and after

(a)

(b)

quenching.
45Mo-218Si-34Ti
Furnace cooled Water quenched

x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(S1) / at.% | x(Ti) / at.%

B 776 £3.1 | 3.1 £1.7 |159£15| 772£33 | 2512 | 164+038
MosSi | 52.6 £2.2 |2254+08|209+23| 51.9+£1.0 |22.1+£0.5|222£0.6
MosSiz| 25.5+04 |358+03|362+£0.7| 264+£1.8 |347+14|367£2.6
TisSi3 | 169£13 |36.1 +£0.8[449+08| 176 £1.4 |36.0+0.9|454+09

Figure 6.54.: The microstructure of the sample QE8, 45Mo-218Si-34Ti, in the as-cast state (designated SSC13 above,
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25Mo-33Si-42Ti [

Figure 6.55.: The microstructure of the sample QE9, 25Mo-33Si-42Ti. a) After furnace cooling, b) after quenching.

Table 6.31.: The composition of the phases of the sample QE9, 25Mo-33Si-42Ti, after furnace cooling and after

quenching.
25Mo-33Si-42Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
B 7844+37 | 41+1.8 |175£2.1] 804+£15 | 26+£1.0 170+ 1.0
MosSiz | 254 +1.1 |376 +£0.7 370+ 1.0| 254 +19 [3724+0.6|374+1.1
TisSiz | 18.1+1.1 |379+1.0(440+ 12| 186+0.4 [37.94+0.6|43.5+0.6

6.4.4.9. QE9: 25Mo-33Si-42Ti

The microstructure of the sample 25Mo-33Si-42Ti is shown in Figure 6.55. Only the three
expected phases 3, MosSis and TisSi3 are present. TisSi3 takes the form of large, nearly
hexagonal grains, while 5 and MosSi3 are small precipitates. There is no difference between the
furnace cooled sample and the water quenched sample. Similarly, the phase compositions listed
in Table 6.31 are nearly identical in both states. This indicates that the sample is in equilibrium
and slow cooling has little or no effect on the sample. Note that this sample was not analyzed in

the as-cast state, so no SSC designation exists for this composition.

6.4.4.10.QE10: 60Mo-30Si-10Ti

The microstructure of the sample 60Mo-30Si-10Ti is shown in Figure 6.56. Only the two
expected phases, MosSiz and Mo3Si, are present. MosSi3 takes the form of oval grains while
the majority of the sample consists of Mo3Si. This does not change after water quenching. Like
the microstructure, the phase compositions of this sample, listed in Table 6.32, are identical for
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60Mo-308Si-10Ti 60Mo-308Si-10Ti

(@ (b)
Figure 6.56.: The microstructure of the sample QE10, 60Mo-30Si-10Ti. a) After furnace cooling, b) after quenching.

Table 6.32.: The composition of the phases of the sample QE10, 60Mo-30Si-10Ti, after furnace cooling and after
quenching.

60Mo-30Si-10Ti
Furnace cooled Water quenched
x(Mo) / at.% | x(S1) / at.% | x(Ti) / at.% | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
MosSi | 68.5+£23 [2404+09| 76 +23 | 69.0+0.7 |241£06| 6.9£0.5
MosSis| 546+ 1.1 |[36.7+£09| 87£09 | 542+15 [369+0.7| 89+ 1.1

both states. This indicates that this sample is in equilibrium and slow cooling has no discernible
effect on it.

Comparison with the as-cast state (SSC14, Figure 6.40 on page 139 and Table 6.18 on page 140
for microstructure and phase composition, respectively) shows that no significant changes appear
to occur during annealing. This is true for both the morphology and the composition of the two
phases. This result is in good agreement with sample QES, where the same phases were present
as in this sample. Thus, the conclusion that the samples in this region of the system are close to
thermodynamic equilibrium under the selected conditions after casting can be maintained.

6.4.4.11.Conclusions

To conclude the results of this section, the effect of water quenching compared to relatively slow
furnace cooling was studied on several samples. While the majority of the samples show no
difference between the two cooling rates, as expected for slowly diffusing refractory alloys, some
samples show minor or even pronounced differences, such as sample QES8. In addition, it was
found that some samples do not reach equilibrium even after 708 h. This is the case when the
microstructure in the cast state is very complex, either with many different phases that are not
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stable in equilibrium, or with very fine grain morphologies. In fact, a comparison of the annealed
state with the as-cast state revealed that the effect of heat treatment is often quite small in general.
Although some differences could be detected in most of the samples, such as a change in the
phase composition of the 3 phase or the growth or precipitation of one or more phases, the
effects were usually relatively limited. In particular, it can be concluded from the experiments
that the presence of TisSiz appears to have a detrimental effect on the kinetics of the system. In
samples where this phase was present, it tended to be too stable to disappear completely, resulting
in a non-equilibrium state, or resulted in very small overall changes in the microstructure and
composition of the sample. At this point, however, it is unclear in many cases whether this is
because the respective sample is not in thermodynamic equilibrium after 330 h at 1573 K, or
whether the phase composition after casting happened to be so close to the high temperature
equilibrium state that little transformation could occur. To investigate this, considerably longer
annealing times would be required, with analysis after several time intervals and comparison with
the previous state. Since annealing times in excess of 4 weeks are not practical, it was decided
to retain 330 h as the standard annealing time and to focus on sample compositions that could
reasonably be expected to reach equilibrium in that time.

6.4.5. Evaluation of a powder metallurgical processing route

During the experiments, a relatively common problem was that samples were occasionally not
fully mixed during arc melting. Even though each sample was melted five times and turned
between each remelt, the high melting point of Mo (2896 K) meant that some alloys were very
difficult to fully melt and mix. While it is visible in the arc melter when the sample has liquefied
on the outside, one cannot be certain that the entire ingot has been completely remelted. In cases
where complete remelting was not achieved, macroscopic areas of 3 phase would be visible in
the microstructure, see Figure 6.57 for an example of the alloy 47Mo-24.5Si-28.5Ti after the
two-step heat treatment used in section 6.4.4. Such inclusions would not dissolve by annealing in
areasonable time. Furthermore, they only become visible during the polishing step of a sample,
meaning that a significant amount of time has already been expended on a sample that is not
viable. Since this sample was discarded due to insufficient mixing during melting, it was not
assigned a designation for this dissertation and was not subjected to any further analysis.

To attempt a different way to promote mixing of the components of the alloys, a powder
metallurgical route was tested. Four samples were prepared via arc melting in the usual way
described in section 3.1. Since the experimental series described in section 6.4.4 had not yielded
useful results concerning the three-phase region S+Mo3Si+MosSi3 due to insufficient mixing of
the analyzed sample, all four samples were placed in this area. The sample compositions are
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47Mo-24 5Si-28.5Ti |

2 mm

Figure 6.57.: An SEM image of the sample 47Mo-24.55i-28.5Ti after a total of 378 h at 1573 K, quenched in water
after the final step. Clearly visible at the top center of the image is a large spot of unmixed Mo, with a
diameter of about 0.7 mm.

Table 6.33.: The composition of the samples used to investigate the suitability of a powder metallurgical processing
route for Mo-Si-Ti alloys.

Sample . -

) . |Nominal composition| Expected phases
designation

PM1 43Mo-278Si-30Ti

PM2 46Mo-25Si-29Ti ) i

- —1 f+Mo3Si+MosSi3
PM3 50Mo-23Si-27Ti
PM4 55Mo-20Si-25T1

listed in Table 6.33 and shown in the isothermal section at 1573 K, calculated with the dataset of
Yang et al. [16], in Figure 6.58.

After arc melting, the samples were first homogenized at 1573 K for 330 h and water quenched.
They were then pulverized using an agate mortar. No attempt was made to characterize the
particle size. The powder was then pressed into pellets of 5 mm diameter and about 2 mm height
using a cold isostatic press (KIP 300 E, Paul-Otto Weber GmbH) at approximately 500 MPa
pressure. Finally, these samples were annealed for another 330 h at 1573 K and quenched with
water. In this state, they were analyzed by SEM.

It was observed that powder metallurgy is not an appropriate process for Mo-Si-Ti alloys. The
reason for this is that pulverization significantly increases the surface area of the sample, giving
oxygen a larger target area. As a result, all four samples were heavily oxidized, despite the use
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Figure 6.58.: The composition of the samples used to investigate the suitability of a powder metallurgical processing
route for Mo-Si-Ti alloys shown in the isothermal section at 1573 K calculated with the dataset of Yang
etal. [16].

of the oxygen purifier and Ti getters. Therefore, no attempt was made to quantify the phase
compositions by EDX. Figure 6.59 shows an image of the microstructure of sample PM3 (50Mo-
238Si-27Ti) as an example. This image was taken in SE mode to get a topographical contrast and
highlight the porosity of the sample, which was present even within grains. This is most likely
due to the evaporation of volatile MoOs. In addition, it was found that the method does not
guarantee sufficient mixing of the components, as shown in Figure 6.60. This image shows the
microstructure of the sample 43Mo-278Si-30Ti. It is clearly visible that the microstructure is not
homogeneous, but there are several grains with significantly different microstructures compared
to the rest of the sample. This suggests that despite pulverization and isostatic pressing, some
inhomogeneities may be retained within the sample. It is even reasonable to assume that due to
the generally porous microstructures of pulverized samples, local equilibria can easily form if
there are areas of the sample where grains have little or no contact with the rest of the material.
For these reasons, it has been concluded that the powder metallurgical method is not viable for
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Figure 6.59.: The microstructure of the sample PM3, 50Mo-23Si-27Ti, after powderization, cold isostatic pressing
and annealing for 330 h at 1573 h. The image was taken in SE mode.

Mo-Si-Ti alloys and that the only suitable way to obtain useful samples is to ensure at least good
mixing of the components during arc melting.

Figure 6.60.: The microstructure of the sample PM1, 43Mo-27Si-30Ti, after powderization, cold isostatic pressing
and annealing for 330 h at 1573 h.
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6.4.6. The isothermal section of Mo-Si-Ti at 1573 K

The primary objective of this work in the ternary system was to investigate the metal-rich area
of the isothermal section at 1573 K. The samples discussed in section 6.4.4 allow a preliminary
construction of parts of this section, if the samples that are obviously not in equilibrium are
discarded. In Figure 6.61, the tie lines or tie triangles of the remaining samples are superimposed
on the isothermal section calculated using the dataset of Yang et al. [16]. Although no data
were obtained from this study for several equilibria, some conclusions can be drawn. First, three
equilibria proposed by Yang et al. were confirmed. These were the two-phase regions S5+Mo3Si
and Mo3Si+MosSis and the three-phase region S+MosSiz+TisSi3. There was also evidence
that the /3 phase can solve far more Si than the dataset suggests. All four samples containing
this phase consistently show a solubility of approximately 2-5 at.% Si, while the dataset allows
virtually no solubility for this element at Mo concentrations exceeding 60 at.%. It should be
noted that the three-phase equilibrium data for the 3 phase are highly scattered and thus of
limited reliability. This is due to the small size of the precipitates, which makes precise EDX
and EPMA measurements difficult. However, the two-phase sample QE4 has quite large (5 grains
(see Figure 6.49b), so it is reasonable to assume that no such error influenced the measurement
here. For the § phase of this sample, the Si content is also quite significant (3.3 4+ 1.2 at.%). In
addition, the phase Mo3Si was found to exhibit the same Si deficiency as in the binary system,
with an average Si content of approximately 23 at.% (see Tables 6.26, 6.27 and 6.32 for the exact
compositions of annealed samples). In fact, these were the first samples chronologically where
this was found in this study and what triggered the decision to reassess the underlying binary
system. Furthermore, it can be concluded that these samples are likely to be in thermodynamic
equilibrium, since the sample compositions fall almost perfectly on the measured tie line in all
cases. Finally, it appears from these samples that the three-phase region S+MosSiz+TisSi3 is
generally shifted toward higher Mo concentrations than suggested by the dataset. While there is
some scatter in these data as well, all three samples in this region consistently show that both 5-3
silicides are richer in Mo than previously thought.

While these results were a good first step for the isothermal section of interest, it was clear that
samples specifically prepared for the task were needed. In this way, all the information and
experience gained during the series of experiments described in the previous sections could be
used to select sample compositions that would have the highest chance of providing usable data. A
more detailed analysis of the sample was also desirable. This included determination of the actual
sample compositions as well as impurity concentrations by ICP-OES and CGHE. In addition,
it was decided to measure powder XRD diffractograms of selected samples to potentially find
phases that had been missed in the SEM.
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Figure 6.61.: The samples from the quenching experiments that are most likely in equilibrium, along with their
respective phase compositions, superimposed on the isothermal section of the Mo-Si-Ti system at
1573 K. The isothermal section was calculated using the dataset of Yang et al. [16]. The equilibria
found in this work are shown in red. Sample compositions are squares, phase compositions are circles.

Therefore, 17 samples were prepared for the task of studying the isothermal section of the Mo-Si-
Ti system at 1573 K. The sample mass was increased by 500 mg compared to the previous series
of experiments, which meant that all samples had a mass of 2000 mg each. This allowed for
the chemical analysis of the samples, for which approximately 500-600 mg of sample material is
needed. All samples were annealed for 330 h and quenched in water unless specified otherwise.
Their nominal compositions and expected phases are listed in Table 6.34. They are shown in the
phase diagram calculated with the dataset of Yang et al. in Figure 6.62. At least two samples
were placed in each phase area. Care was taken to ensure that the respective compositions are
not so close to each other that similar results could be expected even if the samples are not in
equilibrium. In the two-phase region $+TisSi3, four samples were placed, two of which were
furnace cooled and two of which were water quenched. The reason for this was the presence of
the Ti-rich phase previously reported for sample QE8 and the hypothesis that the cooling rate
might affect this phase.
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Table 6.34.: The nominal compositions of the samples used to investigate the isothermal section of Mo-Si-Ti at
1573 K. All samples were water quenched, unless specified otherwise.

Sample . ...
) _ | Nominal composition Note
designation
B+MosSi3+TisSi3
ITS1 17Mo-3585i-48Ti
ITS2 21Mo-35Si-44Ti
ITS3 35Mo-2585i-40Ti
(B+Mo3Si+MosSi3
ITS4 54Mo-208Si-26Ti
ITSS 50Mo-238Si-27Ti
ITS6 55Mo-208i-25Ti
B+MosSi
ITS7 75Mo-15Si-10Ti Composition identical to SSC8/QE4
ITSS8 75Mo-10Si-15Ti
Mo3Si+MosSis
ITS9 60Mo-30Si-10Ti Composition identical to SSC14/QE10
ITS10 53Mo-32Si-15Ti Composition identical to SSC7/QE3
B+TisSis
ITS11 10Mo-208Si-70Ti Furnace cooled
ITS12 20Mo-208Si-60Ti | Composition identical to SSC9. Furnace cooled
ITS13 20Mo-208Si-60Ti Composition identical to SSC9.
ITS14 30Mo-20Si-50Ti
(B+MosSij
ITS15 27Mo-3585i-38Ti
ITS16 41Mo-25Si-34Ti
ITS17 74Mo-5Si-21Ti
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Figure 6.62.: The nominal compositions of the samples used to investigate the isothermal section of Mo-Si-Ti at
1573 K, depicted on the phase diagram calculated using the dataset by Yang et al. [16].

6.4.6.1. The equilibrium 5+Mo5Si3+TisSi3: samples ITS1-3

The compositions of the samples I'TS1-ITS3, which were used to investigate the three-phase
region S+MosSi3+TisSi3, are listed in Table 6.35. The differences between nominal and actual
compositions are very small, with a maximum difference of 1 at.%. The concentration of
impurities is also small, especially in the case of C, so no adverse effects are to be expected.

The microstructures of the three samples are shown in Figure 6.63. In the case of ITS1 and
ITS2, the three expected phases are clearly visible; 3 is the light gray phase, MosSi3 is medium
gray, and the darkest shade belongs to TisSiz. No additional phases can be detected. The
microstructures of ITS1 and ITS2 (Figures 6.63a and 6.63b, respectively) are quite similar, with
small 3 precipitates and relatively large silicide grains. The distribution of the phases agrees
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Table 6.35.: The compositions of the samples in the three-phase region S+MosSi3+TisSiz measured by ICP-OES and

CGHE.
Sample . .. . .
) _ | Nominal composition | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.% | x(C) / at.% [ x(O) / at.%
designation
ITS1 17Mo-35Si-48Ti 17.7 34.7 47.5 0.09 0.13
1TS2 21Mo-35Si-44Ti 21.2 34.0 44.6 0.06 0.16
ITS3 35Mo-25Si-40Ti 347 24.1 40.9 0.05 0.18

well with the expectations based on the lever rule. Both samples ITS1 and ITS2, which contain
a fairly high amount of Si (35 at.%). show a clear majority of the silicides in terms of phase
fractions and comparatively little 3 phase. The sample ITS3 (Figure 6.63c) on the other hand
appears to be a two-phase alloy, with virtually no MosSis present. The sample shows a large
phase fraction and relatively large precipitates thereof. The Ti5Si3 grains on the other hand show
a clear change in hue on the inside of the grains compared to their edges. This is a very strong
indication that the sample is not in thermodynamic equilibrium, as the diffusion of the elements
was not yet completed when the specimen was quenched after 330 h; otherwise, the hue in BSE
mode would have been uniform.

The compositions of each phase of the three samples are listed in Table 6.36. No experimental
uncertainty is listed for the 3 phase of sample ITS1. This is because the EPMA operator measured
only a small number of precipitates of this phase due to their small size, so no statistical evaluation
can reasonably be made here. There is remarkably little variation between the samples. In all
cases, the 3 phase consists of approximately 70 at.% Mo and 3 at.% Si, while both silicides have
a Si content of about 37 at.%. There is a distinct difference in the Mo contents between the
silicides, with MosSiz having a Mo content of about 20 at.%, while the Ti silicide has a much
lower Mo content of around 15 at.%.

The XRD diffractograms of the samples, which are shown in Figure 6.64, confirm the findings.
Both samples ITS1 and ITS2 show reflections that correspond to the structures of 3, MosSi3
and TisSi3. No reflections that cannot be described by these three phases were found in the
diffractogram, proving that no phase was overlooked in the micrographs. The diffractogram of
the sample ITS3 can be described by the structures of 5 and TisSi3 alone, further reinforcing that
this is in fact a two-phased sample instead of a three-phased one. Some small reflections can be
detected which may hint to the presence of MosSiz additionally, but they are extremely low in
intensity and not all reflections from this phase could be found in the samples diffractogram.
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Figure 6.63.: The microstructures of the samples ITS1-3 after annealing for 330 h at 1573 K and water quenching.
a) ITS1: 17Mo-35Si-48Ti, b) ITS2: 21Mo-35Si-44Ti, ¢) ITS3: 35Mo-25Si-40Ti.
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Table 6.36.: The phase compositions of the samples in the three-phase region 5+MosSiz+TisSi3, measured by EDX
and EPMA.

Sample . .
) ) Phase |x(Mo) /at.% | x(Si) / at.% | x(Ti) / at.%
designation

Ié] 69.4 3.0 27.2
ITS1 MosSiz| 19.9+£0.5 |364+0.1|43.7£0.5
TisSiz | 12.6 £0.5 |36.6 £0.2 | 50.8 + 0.5
B 714+£15 | 3.1+£1.1 |255£0.6
ITS2 MosSiz| 224 +£0.7 |363+£04 (413 £0.7
TisSiz | 15.4£0.5 |36.8£0.2|47.8+0.5
Ié] 762+18 | 27+£1.0 |21.1£12

ITS3
TisSiz | 14.6 £2.0 [37.2+1.8|482+0.3
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Figure 6.64.: The X-ray diffractograms of the samples ITS1-3 from 260=20-50°.
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Table 6.37.: The compositions of the samples in the three-phase region S+Mo3Si+MosSi; measured by ICP-OES

and CGHE.
Sample . ... . .
) _ | Nominal composition | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.% | x(C) / at.% | x(O) / at.%
designation
ITS5 50Mo-238Si-27Ti 53.9 21.4 24.5 b.l.d 0.30
ITS6 55Mo-208Si-25Ti 53.9 19.0 25.3 1.47 0.31

6.4.6.2. The equilibrium 5+Mo3Si+Mo5Si3: samples ITS4-6

The samples ITS4-1TS6 were prepared to investigate the second three-phase region of the metal-
rich area of the system, S+Mo3Si+MosSiz. The compositions of the samples ITS5 and ITS6
are listed in Table 6.37. For sample ITS4, no determination was possible as it was one of the
earlier samples in this study. Thus, it was prepared, but not annealed, before the decision was
made to prepare samples of 2000 mg mass for this series of experiments and not enough material
remained for analysis. The measured compositions of ITS5 and ITS6 are quite close to the
nominal compositions, especially in the case of ITS6. ITS5 shows a somewhat notable deviation,
especially for the Mo content, but overall the composition is still quite close to the nominal
composition. The impurity concentrations are rather low, with the C content in ITSS even below
the detection limit.

The microstructures of the three samples are shown in Figure 6.65. Three phases are visible,
with 3 as the light gray phase, Mo3Si as the medium gray phase, and a 5-3 silicide as the dark
gray phase. The microstructures of ITS4 and ITS6 (Figures 6.65a and 6.65¢) are very similar,
as expected given the small difference in composition. In both cases the distribution between
the three phases is quite even. However, the dark phase exists only as relatively fine precipitates,
while Mo3Si forms relatively large grains, and [ exists as both fine precipitates and larger grains.
In the case of ITS5 (6.65b), Mo3Si forms large elongated grains, while the other two phases form

smaller precipitates.

The phase compositions of samples I'TS4-ITS6 measured by EDX are listed in Table 6.38. There
is a remarkable agreement between the three samples. The 3 phase consistently shows a Mo
content of approximately 83 at.% and a Si content of approximately 3 at.%. The Mo content of
MosSi is about 56 at.% and the phase shows the same Si deficiency as in the binary system, with
an average Si content of about 23 at.%. The Si content of the 5-3 silicide is about 38 at.% and its
Mo content is about 19 at.%, which was initially interpreted to mean that this phase was MosSis,

as this was the expected stable third phase in this region.

The XRD results of the samples ITSS5 and ITS6, which are shown in Figure 6.66, lead to
a vastly different conclusion however. The diffractograms clearly show the structures of the
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(b)

(c)

Figure 6.65.: The microstructures of the samples ITS4-6 after annealing for 330 h at 1573 K and water quenching.
a) ITS4: 54Mo-208Si-26Ti, b) ITS5: 50Mo-23Si-27Ti, ¢) ITS6: 55Mo-20Si-25Ti.
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Table 6.38.: The phase compositions of the samples in the three-phase region S+Mo3Si+MosSi3, measured by EDX.

Sample . .

) ) Phase |x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
designation

I3 823+34 | 3.1£20 [146+1.5
ITS4 MosSi | 56.5+ 1.0 |23.84+0.7|19.7£0.7
MosSiz | 20.04+2.1 [364+1.4|43.6 1.1
I3 834+13 | 25+£09 [141+0.7
ITS5 MosSi | 56.4 + 1.1 |23.54+0.8|20.1 £0.8
MosSiz | 18.1+1.3 |38.24+0.843.8+1.0
B 83.6+16 | 32+1.1 [132+1.2
ITS6 MosSi | 575+ 1.5 [235+£0.7,190+£1.6
MosSiz | 19.04+2.0 |38.04+0.8 [43.0£ 1.6

phases 8, MosSi and TisSi3. No amount of the D8, structure, which belongs to MosSis3, can
be detected at all.
in thermodynamic equilibrium. The equilibria S+MosSi3+TisSi3, suggested by samples ITS1

Consequently, the conclusion must be drawn that these samples are not

and ITS2, and 5+MosSi+TisSi3, suggested by these samples, cannot exist simultaneously, as
they would intersect. Scheil solidification calculations, which were shown to be generally fairly
reliable to predict as-cast microstructures in section 6.4.3, are shown in Figure 6.67. They show
that all phases that are observed in the samples are formed on solidification, which explains their
presence. Similar to the conclusion drawn in section 6.4.4, the microstructures of the phases may
have been so complex and diffusion so slow that equilibrium could not be reached under these
conditions at 1573 K within 330 h. Instead, the as-cast microstructure was retained and, due
to the complete lack of MosSi3 in the diffractogram, it must be concluded that the samples are

extremely far from equilibrium.

6.4.6.3. The equilibrium 5+Mo3Si: samples ITS7-8

The compositions of samples ITS7 and ITS8, which were used to study the two-phase region
[+MosSi, are listed in Table 6.39. The difference between nominal and measured composition
does not exceed 0.6 at.% for any element. The amount of impurities is also very low, with
C in both cases well below 0.1 at.%. However, there was a relatively high scatter among the
data, which may indicate macroscopic inhomogeneities of the samples that are not visible in the

micrograph.

The microstructures of samples I'TS7 and ITS8 are shown in Figure 6.68. Only the two expected
phases are visible, with /3 being the lighter tone and Mo3Si being the darker one. In both cases,
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Figure 6.66.: The X-ray diffractograms of the samples ITS5-6 from 260=20-50°.
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Figure 6.67.: The Scheil solidification calculation of the samples ITSS and ITS6 using the dataset from Yang et al.
[16]. a) ITS5: 50Mo-23Si-27Ti, b) ITS6: 55Mo-20Si-25Ti.
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6 Experimental results and discussion

Table 6.39.: The compositions of the samples in the two-phase region S+Mos3Si measured by ICP-OES and CGHE.

Sampl
AP | Nominal composition | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(C) / at.% | x(O) / at.%
designation
ITS7 75Mo-15Si-10Ti 74.5 14.7 9.6 0.042 1.14
1TSS 75Mo-10Si-15Ti 74.6 9.9 15.3 0.068 0.195

the precipitates of Mo3Si have a distinct shape reminiscent of dendrites, with the structures in
sample ITS7 (Figure 6.68a) being significantly smaller and having a lower total phase fraction
than in sample ITS8 (Figure 6.68b).

The phase compositions of samples ITS7 and ITS8 are listed in Table 6.40. The Si deficiency
is again confirmed for both samples, with an average Si concentration in the phase Mo3Si of
approximately 23 at.%. The ( phase also shows a significant Si solubility of about 2.5 at.%,

75Mo-15Si-10Ti

(a)

75Mo-10Si-15Ti

(b)

Figure 6.68.: The microstructures of the samples ITS7-8 after annealing for 330 h at 1573 K and water quenching.
a) ITS7: 75Mo-15Si-10Ti, b) ITS8: 75Mo-10Si-15Ti.
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Table 6.40.: The phase compositions of the samples in the two-phase region $+Mo3Si, measured by EDX.

Sample . .
) ) Phase | x(Mo) / at.% | x(S1) / at.% | x(Ti) / at.%
designation
TS7 I3 922+ 1.1 | 274+0.7 | 51 4+0.8
MosSi| 699+ 14 [223+12| 7.8+ 1.0
1TSS B 889+19 | 25+1.1 | 87+1.6
MosSi| 61.6 44 [23.1+1.1|153+44
14000 1 r | r | r 1 1
|—ITS7 #
12000 - ITS8 .
10000  4- -
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Figure 6.69.: The X-ray diffractograms of the samples ITS7-8 from 260=20-50°.

while the dataset of Yang et al. suggests zero Si solubility for this phase in this region of the
isothermal section.

Figure 6.69 shows the XRD diffractograms of the samples ITS7 and ITS8. All peaks can be
explained by the structures of the phases /3 and Mo3Si, which means that the samples are, in fact,
two-phased.
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6 Experimental results and discussion

Table 6.41.: The compositions of the samples in the two-phase region Mo3Si+MosSiz measured by ICP-OES and

CGHE.
Sample . ... . .
) _ | Nominal composition | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.% | x(C) / at.% | x(O) / at.%
designation
ITS9 60Mo-308Si-10Ti 60.9 279 10.1 0.031 1.13
ITS10 53Mo-328Si-15Ti 54.3 30.4 15.1 0.042 0.057

Since sample ITS7 has the same composition as sample SSC8/QE4, a comparison of the two
samples in the same heat treated condition (1573 K/330 h/wq) was made. The microstructure
and phase compositions of QE4 are shown in Figure 6.49b on page 149 and Table 6.25 on
page 148, respectively. The microstructure of both samples looks almost identical. Also the
composition of the 8 phase and the MosSi are very similar. Therefore, it can be concluded
that the reproducibility for this sample composition is very high. However, since SSC8/QE4
also showed very little change from the as-cast state after annealing, it is unclear whether the
reproducibility is due to thermodynamic equilibrium being easily reached under the selected
annealing conditions, or whether the annealing conditions are insufficient to induce any changes
and the as-cast state is retained.

6.4.6.4. The equilibrium Mo3;Si+Mo5Si;: samples ITS9-10

The compositions of samples ITS9 and ITS10, which were used to investigate the two-phase
region Mo3Si+MosSi3, are given in Table 6.41. The measured compositions agree quite well
with the nominal ones. Only the Mo content of sample ITS10 and the Si content of both samples
exceed 1 at.% difference, but even here the deviation is not very large. The amount of impurities
in both samples is very small.

The microstructures of the two samples are shown in Figure 6.70. Only the two expected phases
are present, with MosSi appearing in light gray and MosSi3 appearing in dark gray. In sample
ITS9 (Figure 6.70a) the phase Mo3Si has a higher phase fraction than in sample ITS10 (Figure
6.70b). Also the grains of phase MosSi3 seem to be larger in sample ITS10 than in ITS9.
Furthermore, there are small precipitates of Mo3Si in the MosSi3 grains of sample ITS10, which
meant that the EDX operator had to be careful when choosing the measurement spots so that the
other phase did not influence the results. It should also be noted that some of the Mo3Si grains in
ITS9 are significantly brighter in the BSE image than the surrounding microstructure. However, it
was confirmed by EDX that this is not a compositional effect, as no difference between relatively
brighter and darker areas could be detected. It was concluded that the difference in hue was most
likely due to grain orientation effects.
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60Mo-30Si-10

53Mo-32Si-15Ti

(b)

Figure 6.70.: The microstructures of the samples ITS9-10 after annealing for 330 h at 1573 K and water quenching.
a) ITS9: 60Mo-30Si-10Ti, b) ITS10: 53Mo-32Si-15Ti.

The phase compositions of samples ITS9 and ITS10 are listed in Table 6.42. The only notable
result here is that the Si deficiency of the phase Mo3Si is again confirmed, with an average Si
content well below the stoichiometric composition of 25 at.%.

Since samples ITS9 and ITS10 have the same composition as samples SSC14/QE10 and
SSC7/QE3, respectively, these samples were compared. The microstructures of I'TS9 and QE10
after identical heat treatment (1573 K/330 h/wq) are very similar. The majority of both samples
consists of Mo3Si, with grains of MosSi3 embedded within. The phase compositions are also
quite similar for both phases. The mean values of both samples are well within the standard
deviation of each other, except for the Ti content of Mo3Si. The difference, however, is quite
minor. Thus, it can be concluded that this sample composition is very reproducible. Since
SSC14 and QE10 (the same sample but in the as-cast and annealed state, respectively) are also
remarkably similar, it is not possible to conclude whether this is because equilibrium has been
reached or because no changes occur at all under the chosen conditions. In the case of ITS10,
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6 Experimental results and discussion

Table 6.42.: The phase compositions of the samples in the two-phase region Mo3Si+MosSi3, measured by EDX.

Sample . .
) ) Phase |x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
designation
ITS9 MosSi | 68.0+ 1.0 [23.74+0.5| 83 +0.7
MosSiz | 52.8 £1.4 |36.1 £03 | 11.1 = 1.3
ITS10 MosSi | 64.7+09 |243+0.3|10.1 £0.8
MosSiz | 472 £24 |36.6+0.7|163 +2.3

Table 6.43.: The compositions of the samples in the two-phase region/5+TisSiz measured by ICP-OES and CGHE.

Sample. |\ minal composition | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(C) / at.% | x(O) / at.%
designation
ITS11 10Mo-208i-70Ti 10.4 18.8 70.4 0.12 0.30
ITSI2 | 20Mo-20Si-60Ti 203 19.2 60.0 0.28 0.32
ITS13 | 20Mo-20Si-60Ti 20.0 19.4 60.4 - 0.22
ITS14 | 30Mo-20Si-50Ti 29.9 18.8 512 - 0.142

both the microstructure and the phase compositions are very similar to QE3 after heat treatment
and water quenching. Both samples show large grains of both Mo3Si and MosSi, as well as small
precipitates of MosSi in the MosSi3 grains. However, since the as-cast structure of ITS10 was
not analyzed, no additional information is available as to whether these precipitates were formed
during annealing, as in SSC7/QE3, or during solidification.

The XRD diffractograms of the samples I'TS9 and ITS10 are shown in Figure 6.71. All peaks
can be assigned to the phases Mo3Si and MosSiz. This means that the phases were correctly
identified and no additional phases were missed during SEM analysis.

6.4.6.5. The equilibrium 5+TisSi3: samples ITS11-14

The compositions of the samples ITS11-ITS14, which were used to investigate the two-phase
region $+TisSi3, are listed in Table 6.43. All measured compositions are close to the nominal
ones, with only the Si content of sample ITS11 exceeding 1 at.%, but even then not by much.
The impurity concentrations are also satisfactory since they are very low. For the samples ITS13
and ITS14, the concentration of C could not be measured.

The microstructures of the samples ITS11-ITS14 are shown in Figure 6.72. First, the two furnace
cooled samples ITS11 and ITS12 (Figures 6.72a and 6.72b) are discussed. In both samples, in
addition to the two expected phases 3 and TisSi3, almost pure Ti could be detected. The 3 phase
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Figure 6.71.: The X-ray diffractograms of the samples ITS9-10 from 26=20-50°.

is the light gray shade, TisSis appears in dark gray and Ti in almost black. TisSi3 and 3 take
the form of rather large, elongated precipitates in both samples ITS11 and ITS12. However, the
phase fraction of 3 appears to be much higher in sample ITS12 than in sample ITS11. The nature
of the (almost) pure Ti precipitates is still unclear. According to all literature, such a phase should
not be stable and no convincing argument was found why some Ti should remain undissolved. To
investigate whether the cooling rate after annealing has an influence on this phase, two additional
samples, ITS13 and ITS14, were prepared. Their microstructures are shown in Figures 6.72c
and 6.72d, respectively. No qualitative difference between the furnace cooled and the quenched
samples is discernible. In both states, Ti precipitates are visible and have the same morphology.
This supports the hypothesis that, in the context of Mo-Si-Ti alloys, furnace cooling can be
considered rapid cooling due to the slow diffusion of the system.

The phase compositions of samples ITS11-ITS14 are listed in Table 6.44. The Ti precipitates
have been omitted from this table. However, the presence of this phase significantly affects the
equilibria of the samples. The samples in this two-phase region are the only ones examined
where the sample compositions are quite far from the tie lines. This is to be expected when an
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6 Experimental results and discussion

Figure 6.72.: The microstructures of the samples ITS11-14 after annealing for 330 h at 1573 K. ITS 11 and ITS12
were furnace cooled, ITS13 and ITS14 were water quenched. a) ITS11: 10Mo-20Si-70Ti, b) ITS12:
20Mo-20Si-60Ti, ¢) ITS13: 20Mo-20Si-60Ti, d) ITS14: 30Mo-20Si-50Ti.

entire phase is ignored, but until a way is found to dissolve the Ti precipitates, only preliminary
measurements can be presented. However, the results do allow the conclusion that the sample is
not in a previously unknown +TisSi3+Ti three-phase equilibrium. In this case, the compositions
of the phases /3 and TisSi3, respectively, between the four samples would be expected to be close
to each other, as they would be the corners of the same tie triangle. Since they are significantly
different, Ti is very likely metastable.

Since ITS12, ITS13 and SSC9 have identical compositions, they were compared. It should be
noted that SSC9 was not heat treated, whereas ITS12 and I'TS13 were not analyzed in the cast
state. Therefore, direct comparison between SSC9 and the ITS samples can only be somewhat
limited. The microstructure and phase compositions of SSC9 are shown in Figure 6.28 on
page 127 and Table 6.13 on page 126 respectively. Several differences between the samples are
immediately evident. First of all, SSC9 does not show any Ti precipiations, unlike ITS12 and
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Table 6.44.: The phase compositions of the samples in the two-phase region S+TisSi3, measured by EDX.

Sample . .
) ) Phase | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
designation
ITS11 I3 623+14 | 21+04 [356+1.3
TisSiz| 6.0+0.7 |37.9+£0.6|56.1 £1.0
2452 | 27+£1.0 |42.1 +4.
ITS12 P 55 > 0 8
TisSiz| 5.6+0.5 |38.1£0.7]563+0.8
4.6 +£ 0. 1.8+£04 |294 +5.
TS13 .B. 64.6 £0.9 8+0 9 5.8
TisSiz| 6.1 +£0.7 |37.8+£05|57.8+2.8
44+ 1. 1.9+ 0.6 |23.7+0.
TS14 'B. 7 0 9+0.6 |23.7£0.7
TisSiz| 95+£1.0 |375+05]53.0+£09

Table 6.45.: The equilibrium phase compositions of the composition 20Mo-20Si-60Ti at 1573 K, according to a
calculation with the dataset of Yang et al. [16].

Composition | Phase |x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.%
154 358 1.4 62.8
TisSi3 5.1 375 57.4

20Mo-208Si-60Ti

13. In fact, all ITS samples in the region 5+TisSiz show these segregations. Otherwise, the
microstructures of the three samples are quite similar. All consist of 5 phase and TIsSiz in
lamellar structures, with some larger grains of TisSi3 also present. The phase compositions of
TisSi3 are quite similar in all three samples, but the same is not true for the composition of /3.
Here the variation is extremely large; for example, the Mo content varies from 34.8 + 5.3 at.%
for SSC9 to 64.6 £+ 0.9 at.% for SSC13. In addition, the standard deviation of SSC9 is much
higher than that of the ITS samples, presumably due to the formation of a concentration gradient
during solidification. To determine which, if any, of the compositions are close to equilibrium, a
"single equilibrium" calculation of the composition 20Mo-20Si-60Ti at 1573 K was performed
in Thermo-Calc. The stable phase compositions according to this calculation are listed in Table
6.45. This composition is remarkably close to that of SSC9, despite the fact that this sample was
not annealed. This can be interpreted as an indication that heat treatment does not necessarily
lead to pronounced differences compared to the cast state, since the cast state may already be
close to high temperature equilibrium. The segregation of Ti, on the other hand, greatly interferes
with the equilibration and reproducibility of the samples.
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6 Experimental results and discussion

Table 6.46.: The compositions of the samples in the two-phase region3+MosSiz measured by ICP-OES and CGHE.

Sample | o minal composition | x(Mo) / at.% | x(Si) / at.% | x(Ti) / at.% | x(C) / at.% | x(O) / at.%
designation
ITSIS | 27Mo-35Si-38Ti 27.6 35.0 37.3 b.ld 0.067
ITS16 | 41Mo-25Si-34Ti 41.8 24.9 333 b.ld 0.056
ITS17 74Mo-58i-21Ti 74.0 4.6 213 b.ld 0.069

6.4.6.6. The equilibrium 5+Mo5Si;: samples ITS15-17

The compositions of the samples ITS15-ITS17 used to examine the two-phase equilibrium
[+MosSis are listed in Table 6.46. The agreement between nominal and experimental compositions
is remarkable, with the highest deviation being only 0.8 at.%. The impurity content is also
extremely low, with C consistently below the limit of detection and the highest concentration of
O below 0.07 at.%.

The microstructures of samples ITS15-ITS17 are shown in Figure 6.73. None of the three
samples show only the two expected phases, 5 and MosSis. Instead, up to 5 phases are present
simultaneously. In sample ITS15 (Figure 6.73a), 8 appears in the lightest gray, Mo3Si in a slightly
darker tone, MosSis appears as a medium gray, TisSis appears in dark gray and undissolved, pure
Ti appears in nearly black. The /3 precipitates are very fine, while Mo3Si is slightly larger and
has a very small phase fraction. Both MosSi3 and TisSi3 are present as large, elongated grains.
Ti again takes the form of small, round precipitates. In sample ITS16 (Figure 6.73b) the same
phases are present in the same shades, but the microstructure is very different. All phases are
very fine and uniformly distributed. Only the two Mo silicides, Mo3Si and MosSis, appear as
somewhat larger, continuous grains. Ti is clearly present in the form of dendrites in this sample,
further indicating that these precipitates are formed during sample preparation. Sample ITS17
(Figure 6.73c) consists mainly of 3 phase with several other phases precipitating between the
grains. The determination of these phases in the SEM proved unsuccessful as the precipitates
are too small to allow a conclusive determination of their composition, but they appear to be a
eutectic structure of Mo3Si and MosSi3. In addition, some traces of pure Ti were found. The
presence of Ti in these three samples is particularly interesting since it was not detected in the
three-phase region S+MosSi3+TisSi3, which lies between the two two-phase regions where this
phase was found. Due to the evident fact that these three samples were not in thermodynamic
equilibrium, no attempt was made to use these samples for further investigation. However, for the
sake of completeness, the phase compositions are listed in Table 6.47. The phase compositions
of sample ITS17 are not listed, as they cannot be measured reliably. Although not identical,
the compositions of ITS16 and SSC6/QE?2, as well as SSC13/QES, are quite similar, so these
samples were compared. The microstructure and phase composition of QE2 are shown in Figure
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Table 6.47.: The phase compositions of the samples in the two-phase region 5+MosSi3, measured by EDX.
Sample . .
) ) Phase |x(Mo) / at.% | x(Si) / at.% | x(T1) / at.%
designation
Ti 1.0+03 | 1.6£0.7 |974£1.0
B 752+£10 | 72£1.7 | 17.5£0.7
ITS15 MosSi | 534 +£1.1 |23.1+0.7|2324+1.0
MosSiz | 32.5£04 |36.8+£0.3|30.7+0.5
TisSiz | 22.0+0.5 | 373 +0.3]40.7+0.5
Ti 1.3£05 | 144+£09 [974+£13
B 80.2+£0.7 | 5.6£05 [142+0.3
ITS16 MosSi | 54.6+0.2 [2424+04|21.3£0.3
MosSiz | 29.2 £2.0 |37.6 0.3 |33.2 + 2.1
TisSiz | 17.8 £ 1.0 |37.2£0.7 450+ 0.7

6.45 on page 145 and Table 6.22 on page 145, respectively, while the same is shown for QES in
Figure 6.53 on page 154 and Table 6.53 on page 154, respectively. The microstructures of all
three samples are quite similar. All consist of very finely dispersed precipitates of the phases,
as well as some larger grains of MosSi and MosSi3. The phase compositions are similar but
distinctly different between the samples. This is further evidence that all three samples are far
from equilibrium, as the variance of the phase composition is still quite high. As a conclusion,
the results from these three samples confirm the findings of section 6.4.4, that specimens in this

region of the phase diagram require excessive annealing times to reach equilibrium.

6.4.6.7. Post-annealing chemical analysis

After annealing and characterization of the samples ITS1-ITS17, enough material was left from
some samples to perform further analysis by ICP-OES and CGHE. The chemical analysis of the
annealed state provided two more important pieces of information about the series of experiments.
First, it was possible to determine whether the sample composition changed significantly during
heat treatment. This could be the case if elements evaporate during annealing, for example due to
the formation of volatile oxides such as MoQ3. In addition, by measuring the oxygen content of
the samples it was possible to investigate whether, despite all the measures described in section
6.1, the samples take up increased amounts of oxygen during heat treatment as a result of the
unavoidable residual oxygen in the process gas. After annealing, the concentration of C was not
examined because there is no additional source of this element in the process. This introduced
a small error because the calculation of the concentrations of the atoms in at.% normalizes the
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27Mo-35Si-38Ti
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Figure 6.73.: The microstructures of the samples ITS15-17 after annealing for 330 h at 1573 K and water quenching.
a) ITS15: 27Mo-35Si-38Ti, b) ITS16: 41Mo-25Si-34Ti, ¢) ITS17: 74Mo-5Si-21Ti
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values to 100 %. This means that any element that is present, but not accounted for, will cause
an offset. However, due to the small amount of C impurities in the samples, this error was
considered acceptable. Prior to measurement, the surface of each sample was ground with #120
SiC paper to remove any oxide layer that may have formed on the surface. This was important
because the EPMA, EDX and XRD measurements were taken close to the core of the sample,
where the influence of impurities from the processing gas should be minimal, whereas metallic
samples will always form an oxide layer on the surface. Thus, by measuring the annealed samples
in this way, the comparability with the other measurements in these sections is higher and the
error due to the inclusion of the oxide layer is avoided. The results of the measurement are
listed in Table 6.48. Even after annealing, the differences between nominal and experimentally
determined sample compositions are quite small. One noteworthy case is the composition of the
sample ITS3. Here, the Si composition decreases to a degree that the real sample compositions
falls nearly exactly onto the border between the three-phase region S+MosSiz+TisSi3, where the
sample was supposed to be located, and the adjacent two-phase region 3+TisSi3, according to
the dataset from Yang et al. Following the conclusions drawn from this work, the three-phase
region in question is actually shifted towards slightly higher Mo concentrations. This shift is
fairly small, but sufficient to put the measured composition of the sample I'TS3 into the region
[+Ti5Si3, which agrees well with the microstructure of the sample. The fact that the sample
was originally in a three-phase equilibrium, but shifted into a two-phase equilibrium by losing Si
during annealing also explains why it is not in thermodynamic equilibrium after 330 h, unlike the
other samples in this region. The exact mechanism by which Si is lost has not been investigated.
It is possible that the element diffuses into the Mo foil used to separate the samples from the
Al,Os3 crucible used during heat treatment, but no analysis of this foil has yet been performed.

A comparison between the values before annealing (Tables 6.35, 6.37, 6.39, 6.41, 6.43 and 6.46)
show that some Mo is typically lost in the process, likely due to the formation of volatile oxides,
but only in small amounts. The concentration of oxygen increases as expected, but remains quite
low. In addition, the standard deviations of some samples for O are quite high. Since standard
deviations are not easily converted from wt.% to at.%, they are listed in the original data in
the Appendix, where the values are given as measured in wt.% in Table A.2. A high standard
deviation indicates that the sample contains considerably more oxygen in some measured spots
than in others, i.e. a distinct spatial distribution of the element in question. What this most likely
means is that not enough of the surface was ground away to completely remove the oxygen layer.
The criterion chosen was to stop grinding when the shine of bare metal was visible. Evidently,
this was not always sufficient and oxygen penetrated deeper into the sample than was optically
detectable. However, even with this error, the values for oxygen content are quite low and can be
expected to be even lower in the core of the sample, where the characterization of the samples
with respect to phase compositions, etc. took place. Therefore, it can be concluded that the
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Table 6.48.: The compositions of several samples after annealing at 1573 K for 330 h and water quenching, as well
as their oxygen content, measured by ICP-OES and CGHE.

San‘lple . |Nominal composition | x(Mo) / at.% | x(Si) / at.% | x(T1) / at.% | x(O) / at.%

designation
ITS1 17Mo-35Si-48Ti 17.7 34.1 47.5 0.7
ITS2 21Mo-35S8i-44Ti 21.8 333 44.4 0.5
ITS3 35Mo-258Si-40Ti 35.2 23.3 40.8 0.7
ITS5 50Mo-238Si-27Ti 49.7 22.3 26.7 1.3
ITS6 55Mo-208Si-25Ti 56.8 17.7 25.1 0.4
ITS7 75Mo-15Si-10Ti 74.2 14.7 9.9 1.3
ITS8 75Mo-108Si-15Ti 76.1 9.1 14.5 0.3
ITS9 60Mo-308Si-10Ti 61.5 279 10.4 0.3
ITS10 53Mo-328Si-15Ti 54.2 30.5 15.0 0.2

samples investigated in this series of experiments were viable even after 330 h at 1573 K in a
flowing gas atmosphere.

6.4.6.8. Discussion

The primary conclusion that can be drawn from the samples used to investigate the metal-rich
area of the isothermal section of Mo-Si-Ti at 1573 K is that the system is so refractory and slowly
diffusing that equilibration of the specimens is not always possible in a viable time frame. A
large and important fraction of the samples were evidently not in thermodynamic equilibrium
after an annealing time of 330 h. In the two-phase region 3+TisSi3, the presence of nearly pure
Ti was detected in nearly every sample. Since this region of the phase diagram has never been
studied in the literature, there are no data from other authors on the nature or stability of these
precipitates. However, from the binary system Ti-Si it can be deduced that there should be no
pure (or nearly pure) form of Ti other than the § phase. The fact that the Ti precipitates often
have a dendritic form suggests that they are formed during solidification of the melt, which is
supported by micrographs of as-cast specimens, and are retained during annealing. This leads
to the conclusion that even Ti-rich compositions, which would be expected to have a relatively
high diffusion rate compared to alloys with a higher Mo content, are not fully equilibrated.
One hypothesis regarding the formation of Ti precipitates is that the composition of the liquid
increases in Ti during the precipitation of 5 and TisSi3 to such an extent that the last 3 to solidify
is almost pure Ti. This agrees quite well with the composition calculation of sample SSC13
(Figure 6.39 on page 138). However, why this leads to the formation of a distinctly different
phase of 3, rather than a continuous gradient, is currently unknown.
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The adjacent three-phase region S+MuosSi3+TisSi3 appears to be in, or at least close to,
thermodynamic equilibrium, as the samples located here consistently show only the expected
phases, and the phase compositions of different samples agree well with one another, even when
the sample compositions are different. One sample, I'TS3, showed unexpected behavior because
it was a two-phase sample (3+Ti5Si3) when the nominal composition placed it completely within
the aforementioned triangle. In addition, the phase compositions intersected the tie triangle,
which is an irrefutable argument that the sample cannot be in thermodynamic equilibrium.
However, further investigation of this sample showed that it had lost enough Si during processing
that it eventually fell into the adjacent two-phase region. This explains why the microstructure
and XRD diffractogram showed only two phases. In addition, due to this change during annealing,
it is reasonable to conclude that the sample could not reach the new equilibrium within the given
time, which is why the phase compositions are so far from a stable tie line.

In the two-phase region S+MuosSi3, not a single sample reached equilibrium. Each sample
showed complex microstructures with up to five phases simultaneously, which means that they
are far from equilibrium. Scheil solidification calculations, as well as examination of several
samples in the as-cast state, show that the complex microstructures in this region are formed
during solidification. Several edges of double saturation meet in this region, some of which lead
to the formation of two different eutectic reactions in succession, while others are peritectic in
nature and lead to primary solidification of a second phase followed by one or more eutectic
reactions. As a result, the microstructures not only consist of many phases, but are typically
quite fine grained. All these factors, together with the rather slow diffusion in the system
in general, contribute to the fact that the microstructure formed is very stable and does not
change significantly at 1573 K even after 330 h. In section 6.4.4 it was shown for one sample
(SSC6/QE2, 44.5Mo-23.5Si-32Ti) that even after a total of 708 h of annealing, the sample still
showed a considerable amount of TisSis, further emphasizing the stability of the structure once
formed. Another fact to mention about samples in this two-phase region is the presence of the
same precipitates of nearly pure Ti that were observed in the two-phase region S+TisSi3. This
is particularly noteworthy because this phase was never found in the tie triangle between these
two-phase regions. This seems to indicate that there are some conditions under which the phase
is formed, which are met for the regions 5+TisSis and 5+MosSi3, but not for the three-phase
region 3+MosSi3+TisSis in between. However, this avenue was not followed in this work and
should be the subject of a dedicated investigation, as it seems likely that much information about
the unknown precipitates can be obtained in this way.

For similar reasons, no successful sample with the equilibrium S+Mo3Si+MosSiz could be
obtained. Based on microscopic and EDX/EPMA analysis alone, it was initially thought that the
three samples placed in this region were in equilibrium, as they exhibited the 3 phase, Mo3Si,
and a 5-3 silicide with a composition that fit MosSi3. All three samples had phase compositions
very close to each other, and no intersection with other tie triangles or tie lines was observed,
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reinforcing the assumption that the samples were in thermodynamic equilibrium. However, phase
analysis by XRD revealed that the 5-3 silicide does not have the crystal structure of MosSis, but
corresponds exactly to the structure of TisSi3. Even by shifting the lines of the pattern belonging
to MosSis, it is not possible to reconstruct the diffractogram of the samples. Therefore, it was
concluded that the phases present are in fact 5, Mo3Si and TisSi3. Such an equilibrium cannot
exist considering all available data, because it would intersect the experimentally confirmed
region S+MosSi3+TisSiz. The reason for the presence of the observed phases is most likely due
to the solidification process. Scheil solidification calculations show that all three phases found in
the samples are formed during solidification. Therefore, it can be concluded that, similar to the
adjacent two-phase region discussed above, the phases remain stable at the temperature of 1573 K
for quite a long time. In fact, the diffractograms show no traces of MosSis at all, indicating
that even after 330 h this phase has not started to form. Even if the corners of the triangle do
not fall where the dataset suggests, or the samples are not in the triangle at all, the specimens
can be expected to exhibit MosSi3 in equilibrium because all adjacent equilibria contain this
phase. The fact that no fraction can be detected by powder XRD indicates that the sample is still
extremely far from equilibrium, or possibly that the barrier to phase transformation is so high
that it cannot be overcome at all at this temperature. One argument that has been investigated
is the stabilization of the structure of TisSi3 by impurities such as O or C. As a Nowotny phase
it can solve up to 11.1 at.% of such impurities and the barrier to dissolving such phases once
formed is very high [141]. However, chemical analyses of these samples show that the impurity
content is far too low to expect such strong stabilization as observed here.

The conclusions drawn from the samples of this work lead to further questions regarding
the thermodynamic equilibrium within the Mo-Si-Ti system. First, while there are strong
arguments for concluding that at least some of the samples are in equilibrium in the three-phase
region $+MosSisz+TisSi3, definitive proof of this is not yet available. It is quite possible that
the samples show these three phases in similar compositions purely by coincidence, just as the
phase compositions of samples ITS4-ITS6 were very similar to each other despite not being in
equilibrium. This may even lead to the conclusion that the equilibrium is not stable after all, if
the samples are annealed for a sufficient amount of time and the previous experiments only gave
the current state of the samples after 330 h. In addition, the validity of the existing Mo-Si-Ti
dataset must be carefully evaluated based on the results of this work. As discussed above, many
of the samples investigated here are extremely far from equilibrium after annealing at 1573 K
for typically 330 h, and in one case as long as 708 h. While Yang et al. [16] chose slightly
higher temperatures with 1698 and 1873 K, at least for the former temperature it seems highly
unlikely that this would make a significant difference. As the examples in the two-phase region
[+MosSis and the three-phase region S+Mo3Si+MosSi3 demonstrate, the samples at 1573 K
are not close to equilibrium after 330 h, and Yang et al. annealed for only a maximum of
300 h. Therefore, it seems quite likely that Yang et al. also observed "current" states of the
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samples rather than true, stable equilibria, and based their optimization on them. At 1873 K
it seems more likely that the samples reach thermodynamic equilibrium within the given time,
but this is difficult to judge since no micrographs of such samples are provided. In addition, the
annealing time at this temperature was only 150 h, which seems rather low given the results of
this work. Furthermore, even if the the data at 1873 K is reliable, if the data at 1698 K is faulty or
incomplete, the temperature-dependent parameters are likely to be inaccurate. Therefore, given
how extremely difficult it is to equilibrate Mo-Si-Ti samples, and how challenging it can be to
determine whether or not they are in equilibrium at all, the question arises as to whether any
data in this system is reliable enough to form the basis of a predictive CALPHAD dataset. Of all
the data, the binary equilibria S+Mo3Si, Mo3Si+MosSi3, and S+TisSi3 can be considered the
most credible. These equilibria are direct extensions from their respective binary systems, and
thus can be expected to extend into the ternary regions, and they have been observed in ternary
samples as well. These samples are, at least often, very likely to be in equilibrium, which can
be inferred from the fact that the sample compositions typically lie on a tie line connecting the
phase compositions. If these three equilibria are accepted, the question remains which equilibria
are stable between them. The only data available in the literature are those of Yang et al, who
postulated the two phase region S+MosSi3 between the three phase regions 5+MosSi3+TisSis and
[+Mo3Si+MosSis for the experimentally investigated temperatures. However, no micrographs
or diffractograms were provided to prove this conclusively. In this work, samples containing the
phases S+MosSi3+TisSi3 were also found, but it is not conclusively proven that these samples
are in a stable equilibrium. Furthermore, it was shown that the samples expected to consist of
[+MosSi3 and S+Mo3Si+MosSis were definitely not in equilibrium after annealing at 1573 K
for 330 h, because the phase Ti5Siz formed during solidification remained (meta)stable. It seems
unlikely that the annealing temperature selected by Yang et al., 1698 K, is sufficiently high to
expect significantly different results. However, the higher annealing temperature chosen, 1873 K,
could reasonably be expected to be sufficient to equilibrate the samples, which would tentatively
prove the existence of the postulated regions. There is another datum in favor of the stability
of the postulated equilibria, namely the sample SSC6/QE2 discussed in section 6.4.4. After
708 h heat treatment it shows the phases S+MosSi3+TisSis, while after casting it additionally
shows Mo3Si. By analyzing after 330 h and 378 h, it could be shown that the amount of Mo3Si
decreases with increasing time. While it is unclear whether the sample is in equilibrium or not
(according to the dataset of Yang et al., it is expected to be in the two-phase region 5+MosSi3),
its microstructural evolution over time suggests that the sample will eventually consist of either
[+MosSi3 or S+MosSiz+TisSis. In either case, the stability of one of these crucial equilibria is
proven by this example, and for one of these two equilibria to exist, the adjacent one must also be
stable. Finally, the last remaining tie triangle that must exist in the system according to the laws
of heterogeneous equilibria must indeed be the postulated region S+Mo3Si+MosSiz. This shows
that despite the fact that much is still unknown in this system, there is enough data to determine
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the stable equilibria even in regions that are not yet experimentally clear.

It should be noted that this work has provided several relevant new insights beyond the
discovery that many, if not all, metal-rich Mo-Si-Ti samples in the literature are possibly not in
thermodynamic equilibrium. For once, the Si deficiency of the Mo3Si phase, which is fairly well
studied in the binary system, was confirmed in the ternary system. While this has been reported
before, e.g. by Schliephake et al. [12], now several samples with known composition and
impurity content both before and after annealing confirm the finding. In addition, a significant
solubility for Si in the § phase was found. This is particularly relevant because this phase
is present in all equilibria except one in the metal-rich region. Because of its relatively high
ductility it will be used in all parts and components that may eventually be made from Mo-Si-Ti
based alloys. The different Si content of the 5 phase affects the predicted Si distribution in the
microstructure (more Si is dissolved in 3 grains than previously assumed), which in turn affects
the estimated oxidation and corrosion resistance. In addition, the mechanical properties of the
5 phase may change as a function of Si content, and the stable, single-phase 3 samples required
to study this can now be prepared with greater accuracy. However, it is possible that this is
also just an effect of the metastability of the system and that the Si solubility in [ is actually
lower in equilibrium. In terms of the practical application of potential Mo-Si-Ti alloys, the
observation that diffusion in the system is so slow that some microstructures do not change even
after prolonged annealing may even be beneficial. This fact can be exploited to take advantage
of certain metastable microstructures formed during casting that may have favorable mechanical
or corrosive properties, but would not be expected to be stable. However, as shown in this
work, such structures can be stable at turbine operating temperatures, potentially opening up
new avenues for alloy design. Finally, assuming that the three-phase region S+MosSiz+TisSi3
is indeed stable and in equilibrium, slightly different solubilities of Mo in TisSiz and of Ti in
MosSi; were observed, as well as a higher stable Mo content of the corresponding 3 phase of
this triangle. The differences between the calculation with the dataset from Yang et al. and the
samples from this series of experiments which are most likely in thermodynamic equilibrium are
shown in Figure 6.74.
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Figure 6.74.: The experimental phase compositions of the samples investigated after annealing at 1573 K for 330 h
and subsequent water quenching, superimposed on the isothermal section of the Mo-Si-Ti system at this
temperature. The isothermal section was calculated using the dataset of Yang et al. [16]. The equilibria
found in this work are shown in red, with the circles indicating each phase composition.
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7. Thermodynamic modelling and optimization

7.1. The Mo-Si system

As described in section 4.1, none of the available datasets of the Mo-Si system were entirely
satisfactory. Therefore, a reassessment of the system based on both the literature data and the
experimental data given in section 6.3 was performed. The results are published in [33]. The

following section summarizes the assessment procedure as well as the computational results.

7.1.1. Thermodynamic models and phase descriptions

SGTE data compiled by Dinsdale [72] were used for the pure elements. Both the liquid and the
[ phase were described as solution phases. The phase MoSi, was described as stoichiometric
phase. The compound MosSiz was described by a sublattice model expressed in the Compound
Energy Formalism [26, 24]. Two competing descriptions were used for the phase MosSi. For
once, it was simplified as a stoichiometric phase with the experimentally observed composition
of 23 at.% Si. Alternatively, the phase was modelled in three sublattices; one containing Mo, one
containing Si and one containing Si and vacancies. The following section explains the reasoning
behind each model based on the crystallography of each respective phase.

7.1.1.1. MoSi,
The space group of the phase MoSi, is I4/mmm. Si atoms occupy the Wyckoff position 4e on
the lattice while Mo atoms occupy the position 2a. There is no significant substitution reported.

Therefore, the phase is described as a line compound and no interaction parameters are used to
describe the molar Gibbs energy of this phase. The model is thus: (Mo);(Si);.

7.1.1.2. MosSis

The space group of the phase MosSi3 is I4/mcm. At stoichiometric composition (x(Si)=37.5 at.%),
the Mo atoms occupy the Wyckoff positions 16k and 4b and the Si atoms occupy the 4a and
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8h positions [142]. In case of Si deficiency, the Si atoms at the 4a positions are substituted by
Mo, while in case of Si excess, the Mo atoms at the 4b positions are substituted by Si [143]. To
describe this behavior, this phase was modeled with four sublattices, with each Wyckoff position
corresponding to one sublattice: (Mo)g.s5(Mo,Si)g.125(Mo0,Si)g.125(S1)p.25. The majority atom is
underlined, where applicable.

7.1.1.3. Mo3Si

The crystal structure of Mo3Si was determined by Templeton and Dauben [144] from powder
XRD. It is isostructural with Cr3Si and has the space group Pm3n (#223). This means that Si
occupies Wyckoff position 2a while Mo atoms occupy Wyckoff position 6¢. In 2006, Aindow
et al. [145] found so-called "forbidden reflections" in the electron diffraction patterns of several
other compounds with an A15 structure (Nbs Al, Cr3Si, V3Si), indicating a superstructure in these
crystals. These compounds typically have solubility ranges that extend particularly toward the
excess component side. Therefore, they concluded that the inclusion of defects at only one of the
two minority atom positions reduces the symmetry of the crystals (space group Pm3, #200) and
the reflections in question are now allowed. However, no decision could be made whether the
underlying defects were antistructure atoms or vacancies. Information about this can be derived
from diffusion experiments as reported by Prasad and Paul [146]. In this work, the growth of
Mo silicides in diffusion pairs was examined. From the evaluation of the diffusion coefficients it
was concluded that in Mo3Si, the concentration of both antistructure atoms and vacancies must
be significant.

For the sake of modeling, simplifications must be made, as a full model with both vacancies
and antistructure atoms leads to an unreasonable number of end members for which no Gibbs
energy data are available, while adding little value to the dataset and the calculations themselves.
Therefore, it was decided to use two different descriptions of the Mo3zSi phase with different
degrees of simplification. First, it was modeled as a simple line compound with the experimentally
observed composition: (Mo)g77(Si)o23. Second, the defects were treated as if they were
exclusively vacancies. Therefore, this model allows for a homogeneity range. This may be
relevant in higher order systems such as Cr-Mo-Si, which have a continuous A15 phase and some
homogeneity range in the ternary space. To best reflect the occupation of the Wyckoff positions,
this model uses three sublattices: (Mo)s(S1)(Si,Va). It must be noted that this model has the
distinct disadvantage that the phase is unstable at its stoichiometric composition. Since the phase
was never reported at the stoichiometric composition however, but always with a Si deficiency
(which the model is able to reflect well), this shortcoming was considered acceptable.
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7.1.2. Assessment procedure

The first step of the optimization was to fit the heat capacity data. The parameters of each phase
were optimized separately. Then all phases were optimized simultaneously to fit the invariant
reaction data as well as the liquidus, solidus and solvus lines. Then the parameters of the
phase MosSis were optimized. The parameter Gyio:mo:si:si» corresponding to the stoichiometric
composition, was fitted first to match the congruent melting point of the compound. All other
parameters corresponding to this compound were set to zero in this step. In this way, the model
can be optionally simplified to treat this phase as a line compound by simply setting all other
parameters of this phase to zero in the final dataset. Next, the parameter Gyo:si:si:si was adjusted
to reflect the Si-rich boundary of the homogeneity range, while the parameter Gyo:Mo:Mo:Si Was
adjusted to reflect the Mo-rich boundary. A similar approach was chosen for the version of the
dataset where Mo3Si was expressed in a sublattice model. It should be noted that, to the best
of the authors knowledge, no DFT data exists for the enthalpies of formation of the unstable
end members of either compound, so the best approach was to optimize the values in a way
that yielded realistic results. Finally, all thermochemical and compositional data were optimized
together.

The following section lists the experimental data used in the optimization. The heat capacity and
enthalpy data were taken from the publications of King and Christensen [57], Douglas and Logan
[60], Walker et al. [58], Callanan et al. [47], Mezaki et al. [75] and Bondarenko et al. [54]. The
liquidus and solidus temperatures of the system were taken from Svechnikov et al. [37]. The
same publication was used for the invariant reaction temperatures and composition, as well as for
the homogeneity range of MosSis. For the Si solubility of the 5 phase the data of Ham [35] were
used additionally. For the enthalpies of formation of the intermetallic phases, the data of Chart
[53] were used. Even though other experimental data and DFT data from several authors agree
well with the data from Chart, they were not used for the optimization to avoid redundancy. Data
for the enthalpy of mixing of the liquid phase were accepted from Arpaci and Frohberg [50].

7.1.3. Thermodynamic calculations

Figures 7.1 and 7.2 show the calculated phase diagrams of the Mo-Si system resulting from this
optimization together with the corresponding experimental data. Data accepted for optimization
are shown in black, while available data that were not considered for reasons explained in
section 4.1.1 are shown as hollow symbols. Figure 7.1 shows the version where the Mo3Si
phase is modeled as a stoichiometric compound, while Figure 7.2 shows the version where this
phase includes vacancies on one sublattice. In both variations of the dataset the agreement
between the experimental data of the liquidus and solidus lines and the calculation is high.
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Table 7.1.: Comparison between the experimentally determined values of the temperatures and Si concentrations of
the liquid phase for the invariant reactions in the Mo-Si system with the calculated values.

Reaction Temperature / K x(Si)
This work Experimental This work Experimental
[37] [37]
B+ L = Mo3Si 2301 2298 £20 0.248  0.257
L = Mo3Si+ MosSi3 2301 2293 £20 0.250  0.264
L = MosSis 2452 2453 +20 0375  0.375
L = MosSis + MoSi, 2181 2173 £20 0.543  0.540
L 2 MoSij 2292 2293 +20 0.666  0.666
L = Si+ MoS'i; 1674 1673 £10 0975 0985

The liquidus line is in good agreement with the available experimental data. However, there is
little reliable experimental information available at the boundaries of the system. The solidus
lines are well represented throughout the system. The calculated maximum solubility for Si
in the [ phase is 4.1 at%, which is in good agreement with the DFT calculation by Lenchuk
et al. [147]. For the solvus line of the 8 phase there are a few experimental data points that
deviate from the calculation, but not by an unacceptably large margin. Beyond the temperature
shown, no problems were found that would invalidate the dataset. It should be noted that an
unrealistic miscibility gap in the liquid phase opens at about 4500 K. However, this problem
is negligible due to the practical irrelevance of such temperatures. Another noteworthy point
is the homogeneity range of the phase MosSi. It increases with decreasing temperature, which
is thermodynamically highly improbable. However, since no experiments in the Mo-Si system
have shown the existence of a homogeneity range, and the solubility in the calculation is rather
low, this point was considered acceptable. The homogeneity range has little relevance for the
binary system, but can be optimized for ternary systems such as Mo-Si-Cr, where it is strongly
pronounced.

Table 7.1 compares the experimental data and the calculated results for the invariant reactions.
The agreement between the calculated and the experimentally determined reaction temperatures
is very good, with a maximum deviation of only 3 K. The calculated concentrations also agree
very well with the experimentally determined values in most cases. Only the eutectic reaction
L = Si + MoSi; shows a noticeable deviation (1 at%), but given the excellent agreement of all
other data throughout the system, this small difference was considered acceptable.

Table 7.2 compares the previously reported enthalpies of formation of the intermetallic compounds
with the results calculated by this dataset. All values refer to a temperature of 298 K. The
calculated enthalpies of formation at 298 K are -29.3 kJmol! for Mo3Si, -38.2 kJmol! for
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Figure 7.1.: The calculated phase diagram, with the phase Mo3Si modelled as a stoichiometric compound. The data
are the reported experimental values by Ham [35], Svechniknov et al. [37], Gnesin and Gnesin [43],
Rosales and Schneibel [41], Kieffer and Cerwenka [36], Cherniak and Elliot [38] and the experimental
data from this work. Black points were used in the optimization, white points were disregarded. a) The
entire phase diagram, b) the section of the phase diagram from 20 to 30 at% Si.
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Figure 7.2.: The calculated phase diagram, with the phase Mo3Si described by a sublattice model. The data are the
reported experimental values by Ham [35], Svechniknov et al. [37], Gnesin and Gnesin [43], Rosales
and Schneibel [41], Kieffer and Cerwenka [36], Cherniak and Elliot [38] and the experimental data from
this work. Black points were used in the optimization, white points were disregarded. a) The entire
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MosSiz and -43.7 kJmol™! for MoSi,. The values stated by Chart, which are considered highly
reliable as explained in section 4.1.2.1, are -29.143 kJmol"! for Mo3Si, -38.743 kJmol™! for
MosSiz and -43.943 kJmol'! for MoSi,. The agreement between experimentally derived data
and calculated results is equally good at 1500 K: -28.8 kJmol™! for Mo3Si, -39.3 kJmol™!' for
MosSis and -44.5 kJmol™! for MoSi, for the calculations versus -30.143 kJmol™' for Mo3Si,
-38.943 kJmol™! for MosSi3 and -45.043 kJmol™! for MoSi, according to Chart.

Table 7.2.: Comparison of the enthalpies of formation of the intermetallic compounds at 298 K in different
thermodynamic assessments, calculations and experimental measurements. All values in kImol and
referred to one mole of atoms.

Literature Phase Method
MosSi MosSij MoSi»
This work -29.3 -38.2 -43.7 Assessment
Zhong et al. [62] -35.83 Local density
approximation
-32.28 Generalized
gradient
approximation
Colinet and Tedenac -29.5 -38.44 -47.89 DFT
[63]
Guo et al. [83] -29.3 -39.0 -38.3 Assessment
Geng et al. [81] -29.3 -39.0 -43.8 Assessment
Fujiwara and Ueda [44] |-30.5 £1.5| -39.2 £1.5 | -453 +£1.5 EMF
Liu et al. [80] -27.9 -39.0 -45.2 Assessment
Meschel and Kleppa -382+£1.6 | -479 2.1 Direct synthesis
[45] calorimetry
Tomaszkiewicz et al. -39.3 £1.1 Combustion
[46] calorimetry
Tomaszkiewicz et al. [-31.3 +1.5 Combustion
[48] calorimetry
Costa e Silva [77] -31.8 -39.2 -45.7 Assessment
Bhaduri et al. [64] -38.48 -43.7 Calculation
O’Hare [49] 457 +1.5 Combustion
calorimetry
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Chandrasekharaiah et -45.7+1.3 Assessment
al. [69]
Ohmori et al. [51] -37.4 £0.1 EMF
Niessen and de Boer -26 -16.0 Prediction with
[66] Miedema Model
Machlin [67] -29.6 Calculation similar
to Miedema
Kaufman [68] -39.5 -55.3 -72.1 Prediction
Maslov et al. [52] -47.4 £1.0 Direct synthesis
calorimetry
Chart [53] -29.1 +3 -38.7 +3 -43.9 43 Knudsen effusion
Searcy and Tharp [56] |-24.4 £4.2| -35.5 £7.9 | -36.3 £13.9 | Knudsen effusion
Robins and Jenkins (-40.1 £1.6)| -43.8 £3.3 Combustion
[59] calorimetry

Table 7.3 compares the entropies of formation reported in the literature with the values calculated
by the optimized dataset. As explained in section 4.1.2.2, most of these values are derived from
assessments and in no way experimentally determined. The only two sources of experimental
data, Chart [53] and Fujiwara and Ueda [44], reported very different results. Chart found values
of 0.42+1.3 Jmol 'K™! for Mo3Si, 1.0£1.3 Jmol'K"! for MosSis and -0.4241.3 Jmol'K! for
MoSi,. While no values are given directly by Fujiwara and Ueda, the values -0.76 kJmol 'K!
for Mo3Si, 0.55 Jmol 'K! for MosSi3 and 8.54 Jmol'K™! for MoSi, can be calculated from
their data. For this reason, and due to the extreme scatter of the data in previous CALPHAD
assessments, the entropies of formation were not considered at all in the optimization of the
system. Nevertheless, for Mo3Si and MoSi,, the entropies of formation calculated from the
optimized dataset agree fairly well with the data from Chart. For MosSis, the calculated value is
slightly lower than the value from Chart. However, the magnitude of the calculated value is not

so high as to make the value implausible.

Figure 7.3 compares the mixing enthalpy of the liquid phase as reported by Arpaci and Frohberg
[50] with the results calculated with the optimized dataset. The agreement between calculation

and experiment is very high, as the entire curve lies within the stated uncertainty.

Figure 7.4 shows all heat capacity data for the Mo silicides. The lines are calculated with the
optimized dataset, while the symbols are data taken from the literature [57, 54, 58, 60, 47, 75, 55].
The left column shows the heat capacities of the compounds, the right column their enthalpy
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Figure 7.3.: The enthalpy of mixing of the liquid state at a mean temperature of 3087 K. The data points are taken
from Arpaci and Frohberg [50], the line results from the calculation in this work.

increments. The agreement between calculations and experiments is very good. Only the early
experiments of Bondarenko et al. (heat capacities in the temperature range 400 - 1200 K) differ
strongly from the calculation. However, as discussed in section 4.1.2.4, this data is not very
reliable and was therefore not considered for the optimization.
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Figure 7.4.: Heat capacities (left column) and enthalpy increments (right column) of the three intermetallic phases.
The black points are the data used in the optimization [58, 60, 47, 54, 75, 57], the white points correspond
to the disregarded experimental data [55]. a) Heat capacity of Mo3Si, b) enthalpy increments of Mo3Si,
¢) Heat capacity of MosSiz, d) enthalpy increments of MosSi3, e) Heat capacity of MoSi,, f) enthalpy
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7.1. The Mo-Si system

Table 7.3.: Comparison of the entropies of formation of the intermetallic compounds at 298 K in different

thermodynamic assessments and experimental measurements. All values in Jmol'K™' and referred to
one mole of atoms.

Literature Phase Method
Mo3Si  MosSi3  MoSip
This work 0.284 | 3.214 0.148 Assessment
Guo et al. [83] -1.3008 | -3.5536 | -4.29 Assessment
Geng et al. [81] -1.3007| -3.545 |-1.84786| Assessment
Fujiwara and Ueda [44]|-0.7589 | 0.55 8.54 EMF
Liu et al. [80] 0.28 4.349 -0.223 Assessment
Costa e Silva [77] -2.5 -5.745 | -4.2533 Assessment
Vahlas et al. [76] -0.5096 | -3.78675|-2.83236 Assessment
Chart [53] 0.42 1.0 -0.42 | Knudsen effusion
+13 | +£1.3 +1.3
Hultgren et al. [148] 0.1 -0.8 -2.6 Assessment
+0.3 +1.3 +4.2
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7 Thermodynamic modelling and optimization

7.2. The Mo-Si-Ti system

Following the conclusions drawn in chapter 6, an attempt has been made to improve the Mo-Si-Ti
dataset based on both the revised Mo-Si binary system [33] and the new experimental results
described in this work and in the literature since the publication by Yang et al. [16]. Regardless
of the fact that many samples, both in this study and presumably in the literature, are not in
thermodynamic equilibrium, this can be done by extracting as much information as possible
from the samples that are most likely in equilibrium and combining this with high quality ab
initio data and the general rules of heterogeneous equilibria. In this way, reasonable arguments
can be made for the existence of certain tie triangles in regions where reliable experimental data
are scarce. The following section explains what data were used, what conclusions were drawn,
and what parts of the system warrant further analysis. The results of the calculation with the
revised dataset are then presented and compared with experimental results where applicable. It
should be noted that the scope of this refinement is limited to the metal-rich region of the system
(e.g., a Si content below 37.5 at.%); no effort has been made to optimize the dataset for higher Si
contents.

7.2.1. Accepted binary systems, thermodynamic models and phase
descriptions

The binary systems for Ti-Si, Mo-Ti, and Mo-Si were accepted from Seifert et al. [22], Ansara
et al. [117], and Czerny et al. [33], respectively. The reasons why these descriptions were
considered appropriate in the case of the first two systems are explained in detail in section 4.
The Mo-Si evaluation was published as part of this work and is also discussed in detail in this
section. From the work of Seifert et al. the model was chosen that simplifies TisSi3 as a line
compound. Similarly, the version of the Mo-Si system by Czerny et al. was chosen that treats
the phase Mo3Si as a line compound. Furthermore, the phase MosSisz was also simplified as a
line compound. As explained in subsection 7.1.2, this is easily possible by setting all parameters
of the non-stoichiometric end members to zero, without affecting the results in terms of melting
point or enthalpy of formation etc. of the stable compound at stoichiometric composition. As
discussed in subsection 4.4, the Mo-Si-Ti system contains two true ternary phases, (Mo, Ti)Si,
and (Mo, Ti)sSis. Both were described by a sublattice model expressed in the Compound Energy
Formalism. The following section briefly describes the models chosen for the ternary phases.
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7.2. The Mo-Si-Ti system

7.2.1.1. (Mo,Ti)Si,

The space group of the phase (Mo,Ti)Si; is P6,22 or P6422. The Si atoms occupy the Wyckoff
position 6i, whereas the Mo and Ti atoms occupy the position 3c. The stability range of the
phase can be given by the formula (Ti;.xMox)Si,, with 0.26 < x < 0.89). No solubility range was
reported for Si. Therefore, the compound was modeled as a strictly stoichiometric line compound
with respect to Si, while Mo and Ti can substitute each other. The corresponding model chosen
is therefore (Mo, Ti);(S1),.

7.2.1.2. (Mo, Ti)sSis

The space group of the phase (Mo, Ti)gSis is Ibam, according to the DFT investigation by Colinet
etal. [120]. In the isostructural phase VSis, Si occupies the Wyckoff positions 8j and 4a, while
V occupies the positions 8j and 8g. While Svechnikov et al. [17] reported a homogeneity range
both for the two metallic atoms as well as for Si, Yang et al. [16] reported the phase as a line
compound with respect to Si. For the sake of simplicity, and because the phase is well outside
the scope of this investigation, the data from Yang et al. was trusted and the phase was modelled
as a line compound. In disagreement with Yang et al. however, who reported the phase to have
the stoichiometry (Ti,Mo)1;Sig, the results of the study by Colinet et al. were accepted regarding
the composition of the phase. Therefore, the model of this phase is (Mo, Ti)g 545(S1)g.455-

7.2.2. Assessment procedure

Following the conclusions of the experimental chapter of this thesis, 6.4.6.8, the most difficult
step of the ternary evaluation was to assess which data are reliable with respect to the exact
positions of the tie triangles. As explained in section 6.4.6.8, these data are not very reliable at
relatively low temperatures (1573 K from this work and 1698 K from Yang et al.). The results of
this work show that at least the samples in the S+Mo3Si+MosSis region are not in equilibrium,
and the publication by Yang et al. does not provide sufficient evidence to conclude that the data
they obtained at 1698 K are unquestionably reliable. The same is not necessarily true for the
Yang et al. data at 1873 K however. This temperature is sufficiently high that it can be reasonably
argued that diffusion is significantly faster, and that an energy barrier stabilizing TisSi3 could
be overcome. For this reason, the data of Yang et al. at 1873 K were accepted. For lower
temperatures, the phase compositions of the tie triangle 5+MosSi3+TisSi; were accepted, since
it is only a conjecture that the samples located there might not be in equilibrium and no factual
reason exists to doubt the measurements. For the tie triangle 5+Mo3;Si+MosSi3, the existence
was accepted based on the explanation above, but no phase composition was specified. This
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was necessary because there is no conclusively reliable data for this region. For all two-phase
regions, the results of this work were accepted.

In addition to these experimental data, the DFT data of Colinet et al. [120] were accepted for the
enthalpies of formation of the unstable end members of the compounds (Mo, Ti)3Si, (Mo, Ti)sSi3
and (Ti,Mo)sSi3. Since it is necessary to have data beyond 37.5 at.% Si in the dataset, despite
the fact that this is beyond the scope of this work, the parameters of Yang et al. were used in
this range. It should be noted that this inevitably leads to problems because the parameters were
not adjusted for the changed Mo-Si system. Consequently, all equilibria beyond 37.5 at.% Si
may not be supported by experimental evidence from either Svechnikov et al. or Yang et al. and
are omitted from the figures in the following section. In a later work, this section of the phase
diagram should be revisited experimentally and the dataset revised based on new results.
Regarding the liquidus projection of the system, the monovariant lines in the metal-rich region
proposed by Yang et al. were accepted and reproduced in terms of reaction type, but not their
compositions or temperatures. As shown in section 6.4.4, the liquidus projection of Yang et al.
is largely reliable, except for their exact compositions. Since the experimental determination of
the lines of double saturation require an effort far beyond the scope of this work, it must be part
of a dedicated investigation. However, it will be shown below that the revised liquidus projection
is just as capable of predicting the microstructures of samples as that of Yang et al. for several
samples.

During the optimizitation, the isothermal section for which experimental data exist were
optimized first. Then, increasingly higher temperatures were checked for unreasonable features,
such as unlikely miscibility gaps, which were corrected as neccessary. The same was subsequently
done for lower temperatures down to 1000 K. Finally, when all other calculations looked
reasonable, care was taken to ensure that the liquidus projection qualitatively agrees with the
features observed during solidification. Due to a lack of liqudus data for the system, however,
corrections were only made whenever obvious mistakes occured in the lines of double saturation.
To describe (Mo,Ti)sSis and (Ti,Mo)sSi3 satisfactory, only one interaction parameter was
necessary. A single interaction parameter for (Mo,Ti);Si on the other hand typically led to
the formation of unreasonable immiscibility at high temperatures, which was fixed by adding a
second interaction parameter. The values of this parameter was adjusted by hand to avoid the
formation of the miscibility gap, after all other parameters were optimized.

7.2.3. Thermodynamic calculations
The isothermal section of the Mo-Si-Ti system at 1573 K as a result of the calculation with the

reassessed data set is shown in Figure 7.5. In addition, the phase compositions of the samples
discussed in section 6.4.6 for the tie triangle 5+MosSi3+TisSis, as well as for the two-phase
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Figure 7.5.: The isothermal section of the Mo-Si-Ti system at 1573 K, calculated with the reassessed dataset. Indicated
are the experimental results from this work, with the downward triangles representing the tie triangle
B+MosSi3+TisSi3, the dots representing the region 5+Mos3Si and the upwards triangles representing the
region Mo3Si+MosSis.

regions 5+Mo3Si and Mo3Si+MosSis. It can be seen that the agreement between the experiments
and the calculation is very high. The tie triangle corresponds almost perfectly to the experimental
data, and the composition of the phase MosSi is in good agreement with the experiments. The
simplification of MosSi3 as a line compound has no significant negative effect on the results.
The Si content of the 5 phase is also quite good, although it is still somewhat underestimated
for very high Mo contents. For the region S+TisSiz no experimental data are given due to the
presence of pure Ti in all samples. For the regions S+MosSiz and S+Mo3Si+MosSis, no data
were used in the optimization for the reasons discussed above. The exact position of this tie
triangle is therefore uncertain, but the results of this calculation appear very reasonable based on
the available data.

The isothermal section at 1873 K is shown in Figure 7.6. Also shown are the data from Yang
et al. [16] that were used to optimize the tie triangles. The agreement between experiment and
calculation is extremely high. Both tie triangles fit the reported experimental data very well, and
the solubility of the /3 phase for Si is significantly better than in the original dataset. As in the
dataset by Yang et al., liquid has started to form in the Ti-rich corner of the system, as expected
from the binary system.

The enthalpies of formation of the unstable endmembers calculated with this dataset, together
with the data calculated by Colinet et al. [120], are listed in Table 7.4. The agreement for the
unstable Ti-endmembers of the Mo silicides is quite high, especially in the case of TisSi3 in the
D8y, structure. For Ti3Si in the A15 structure, Colinet et al. reported a value of -42.41 kJmol 1,
while the dataset created in this work calculates a value of -39.28 kJmol~!, which is reasonably
close. It should be noted that the weight of the DFT data was less than that of the experimental
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Figure 7.6.: The isothermal section of the Mo-Si-Ti system at 1873 K, calculated with the reassessed dataset. Indicated
are the relevant experimental results from Yang et al. [16], with downward triangles represening the tie
triangle S+MosSi3+TisSiz and upwards triangles representing 5+Mo3Si+MosSis.

Table 7.4.: A comparison of the enthalpies of formation of the unstable endmembers of the compounds Mos3Si,
MosSi3 and MosSis as calculated by Colinet et al. [120] and this work.

AfE /kJmol 1 AfE /kJmol 1

Compound | Type |Pearson Symbol|Space Grou
P P Y P P Colinet et al. [120] | This work

A15-TizSi | Cr3Si cP8 Pm3n -42.41 -39.28
D8n-TisSiz | WsSi3 tI32 14/mcm -71.93 -72.15
D8g-MosSiz | MnsSi3 hP16 P63/mcm -29.71 -14.73

values, since the experimental values were ultimately considered more reliable. Therefore, this
order of magnitude can be expected for the discrepancy between the literature value and the
calculated value. For TisSi3 in the D8, structure, the value calculated by Colinet et al. is -71.93
kJmol ! and -72.15 kJmol ~ for this dataset, which is remarkably close. In the case of MosSis in
the D8g structure the discrepancy between the DFT value of Colinet et al. and the one calculated
with this dataset is quite large. While Colinet et al. reported a value of -29.71 kJmol !, this
dataset calculates -14.73 kJmol~'. Ultimately, this was deemed acceptable because a higher
negative value for this compound stabilized it rather dramatically at the expense of all other data.
It was not possible to get good agreement for all equilibria and DFT data if this compound was
too stable, so the weight of this parameter was set fairly low.

The liquidus projection of the system is shown in Figure 7.7. It is not fundamentally different
from that of Yang et al. in terms of the reactions taking place and the lines of double saturation
present in the system. Again, there are two saddle points, each with a peritectic line on one side
and a eutectic trough on the other. The exact composition and temperatures where the transitions
from the peritectic to the eutectic characters happen were not investigated in this study. There
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Figure 7.7.: The liquidus projection of the Mo-Si-Ti system, calculated with the reassessed dataset.

are also two transition reactions, but the trough L & Mo3Si + TisSi3 is longer in this iteration
of the projection. The most significant difference is the increased size of the region of primary
solidification of Mo3Si, which is much narrower in the version by Yang et al. As explained above,
no attempt has been made to fit the reaction temperatures or compositions in the ternary space to
any specific value, as no measurements are yet available.

The Scheil reaction scheme of the metal-rich area of the Mo-Si-Ti system, calculated with this
dataset, is shown in Figure 7.8. This reaction scheme is remarkably similar to the one that results
from the dataset of Yang et al., discussed in detail in section 4.4.1. All reactions are identical
between the two datasets and vary only in their respective temperatures. The only noteworthy
difference is in the maxima p; and e,. In the dataset from Yang et al., the temperature of the
maximum of the peritectic reaction is higher than that of the eutectic reaction (2399.5 K and
2396.0 K, respectively), while the opposite is true for this dataset (2458.7 K for the maximum of
the eutectic reaction and 2437.6 K for the maximum of the peritectic reaction). Consequently, the
evolution of the equilibria is slightly different at very high temperatures. Instead of the triangles
on the Si-richer side of the region, L+Mo3Si+Mos5Si, remaining stable as calculated by Yang et
al.’s dataset , those on the Si-lean side, S+L+Mo3Si, are stable after the disappearance of the
former equilibria. This is exemplarily depicted at a temperature of 2450 K in Figure 7.9. Since
there is no experimental evidence of which reaction takes place, no conclusion can be drawn as
to which dataset, if any, is correct in this case.

The equilibrium concentrations of all phases for the ternary invariant reactions in the metal-rich
area of the system are listed in Table 7.5.
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Figure 7.8.: The Scheil reaction scheme of the metal-rich area of the Mo-Si-Ti system, calculated with the reassessed
dataset.
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Figure 7.9.: The isothermal section of the Mo-Si-Ti system at 2450 K, calculated with the reassessed dataset.
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Table 7.5.: Phase compositions of each phase in the ternary invariant reactions of the metal-rich area of the Mo-Si-Ti
system, calculated with the reassessed dataset.

Reaction T /K |Type| Phase | Composition / at.%
Mo | Si Ti
L = MosSis + TisSi3 2476.7| e L |235|37.5] 39.0
MosSiz |27.0|37.5| 35.5
TisSiz |16.4|37.5| 46.1
L & 5+ MosSi 2458.7| e> L |62.0|22.1| 159
8 193.9| 1.4 4.7
MosSi |60.7|23.0| 16.3
L + MosSiz = Mo3Si 2437.6| pi L |53.7|284| 179
MosSi3 [41.0(37.5| 21.5
MosSi |61.0]23.0 16
L + MosSiz = MosSi + TisSiz | 2304.2| U, L |325|24.1] 434
MosSi [48.5(23.0| 28.5
MosSiz |25.6|37.5| 369
TisSiz |15.7|37.5| 46.8
L + MosSi & 5 + TisSi3 2178.8| Uz L |28.0/19.2] 52.8
I6; 64.2] 1.8 34
MosSi [44.6(23.0| 324
TisSiz |13.4|37.5] 49.1
Ti5Siz + Mo3Si = 3 + MosSi3 | 1886.6| Ug g 172.0] 1.3 26.7
MosSi |48.6123.0] 28.4
MosSiz |21.7|37.5| 40.8
TisSiz |13.1(37.5| 494
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Figure 7.10.: The Scheil solidifcation calculation of the sample 20Mo-20Si-60Ti, calculated with the reassessed
dataset.

The principle practical applicability of the liquidus projection is demonstrated with a few selected
examples from section 6.4.3. It should be noted that the micrographs and the discussion of the
microstructure evolution will not be discussed again here; the interested reader will find these
topics in the appropriate section. The point of this section is to show that the new liquidus
projection is equally capable of predicting the microstructures of Mo-Si-Ti alloys.

The first example is SSC9 with the composition 20Mo-20Si-60Ti. The micrograph of the sample,
along with the discussion of the calculation using the dataset by Yang et al. can be found in section
6.4.3.9, starting at page 126. While it has a fairly simple microstructure, consisting entirely of
eutectic $+Ti5Si3 except for a small amount of primary solidified TisSis, it is in a potentially
technologically relevant region of the phase diagram. As the Scheil solidification calculation in
Figure 7.10 shows, the new dataset predicts the microstructure of this alloy perfectly.

The second example alloy to be discussed here is SSC13 with the composition 45Mo-218Si-34Ti.
The SEM image of the sample, as well as the discussion of the Scheil solidification calculation
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Figure 7.11.: The Scheil solidifcation calculation of the sample 45Mo-21Si-34Ti, calculated with the reassessed
dataset.

using the dataset by Yang et al. can be found in section 6.4.3.13, starting at page 133. It has
a very complex microstructure consisting of primary solidified 3 as well as the two eutectics
[B+Mos3Si and 5+TisSiz. As shown in Figure 7.11, the reassessed liquidus projection is basically
able to predict all features of this microstructure.

In conclusion, the reassessed dataset reflects the available experimental data quite well. Both the
isothermal section at 1573 K, where reliable data are available, and the one at 1873 K agree very
well with the experimental compositions. At higher temperatures up to melting, the equilibria
appear to be thermodynamically very reasonable. There are some minor discrepancies with the
dataset by Yang et al., both in the reaction temperatures and in the stability of certain tie triangles
at very high temperatures, but due to lack of data it is not possible to decide which version of
the calculation, if any, is correct. Given the available evidence, the dataset is considered valid
and reasonable. The liquidus projection of the re-evaluated data set is also reasonable. It is
quite capable of predicting microstructures of cast alloys. However, like the dataset of Yang et
al. [16], it suffers from a lack of experimental liquidus data. For this reason, little emphasis has
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been placed at this point on perfecting the available microstructure predictions. Rather, it should
be revisied as experimental data for reaction and liquidus temperatures in the system become
available.
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8. Conclusion and outlook

The metal-rich area of the Mo-Si-Ti system was experimentally investigated. An existing
thermodynamoc dataset by Yang et al.[16] was used to calculate the liquidus projection, isothermal
sections and solidification paths of several samples within the system. Samples were prepared
and analysed by several methods to assess the accuracy of the dataset for the region of interest
and to elucidate which aspects required refinement.

By comparing the microstructures of the as-cast samples with Scheil solidification calculations,
it was concluded that the liquidus projection and the Scheil reaction scheme of the system
are generally satisfactory. The most important aspects, such as the different regions of
primary solidification and several edges of double saturation, could be verified. While several
discrepancies were found, most were attributed to minor differences in temperatures and
compositions of invariant reactions or saddle points of edges of double saturation. However, a
small number of samples exhibited features that could not be explained by the current dataset.
This suggests that some aspects of the liquidus project may need to be refined.

To investigate the influence of the cooling rate on the microstructure, samples were annealed
at 1573 K for 330 h and cooled in the furnace prior to analysis. The same samples were then
annealed at the same temperature for a further 48 hours and quenched in water before repeated
analysis. In this way, the effect of the second annealing step was intended to be small due to
the short duration, so that mainly the effect of slow vs. rapid cooling could be investigated. It
was found that for most samples the cooling rate had little or no effect. Both microstructure and
phase composition did not change significantly (or in most cases not at all) with cooling rate. One
notable exception was a phase whose nature is not yet well understood. In many of the Ti-rich
samples of the system, precipitates of pure or nearly pure Ti were found that do not fit any known
phase diagram or the literature in general. These precipitates often took the form of dendritic
structures and appeared to have more clearly defined grain boundaries when the sample has been
quenched. They were found both in the cast state and after annealing. These facts suggest that
they are formed during solidification and remain despite the heat treatment. The fact that in at
least one sample the precipitates appear to have diffuse boundaries after furnace cooling, but
sharply defined boundaries after subsequent repeated annealing and quenching, suggests that they
are not dissolved at the chosen temperature, but are stable or metastable. However, their exact
nature or mechanism of formation could not be elucidated during this work. It was theorized that
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a local excess of Ti, that is not incorporated into the formed phases, leads to the segregation of
extremly Ti-rich 8 phase, but this hypothesis was not yet tested.

Since, with one exception, the same samples that were used to investigate the influence of the
cooling rate on the microstructure were also used to analyse the as-cast state, the overall effect of
the heat treatment procedure chose could be studied. For most samples, some changes occured,
either with regards to microstructural changes, or regarding the composition of the phases.
However, in many cases, the effects were quite small. In particular, the compositions of the
silicides never changed very significantly, aside from the fact that the standard deviation was
typically larger in the as-cast state than after annealing. This fact can tentatively be interpreted
as the presence of concentration gradients after solidification, but no dedicated investigation to
measure such gradients has been conducted in the course of this work. If compositional changes
did occur, it was typically only in the 5 phase, which indicate that diffusion in this phase is
considerably faster than in the silicides. Another observation was that the presence of TisSi3
after solidification was usually associated with particularly small changes of the samples during
annealing. This may indicate that this phase is so (meta)stable that equilibration may require
more time or activation energy than can be provided under the selected heat treatment conditions.
Following the quenching experiments, the isothermal section of the Mo-Si-Ti system at 1573 K
was investigated in the metal-rich region (x(Si) < 37.5 at.%). While some of the two-phase and
one of the three-phase regions reported by Yang et al. and calculated with their dataset could
be confirmed, other samples raised doubts about the validity of the dataset itself. To ensure that
the results were as accurate as possible, the compositions of the samples were investigated by
ICP-OES and CGHE before and after annealing. In this way the exact composition is known,
which is relevant for assessing whether the sample is in equilibrium (i.e. lies on the tie line in a
two-phase region) and for analysing how many impurities, such as O and C, it has incorporated.
All samples were analysed by EDX and/or EPMA. It has been shown that for Mo-Si-Ti there is no
difference in principle between these two methods. Selected samples were additionally analysed
by XRD. The regions S+MosSi3+TisSi3, S+Mo3Si and Mo3Si+MosSis could be confirmed.
However, the three-phase region is shifted to slightly higher Mo concentrations than the dataset
calculated at this temperature. Furthermore, the solubility of the 5 phase for Mo was found to
be significantly higher than calculated. The dataset assumed no solubility for Mo concentrations
above about 50 at.%, whereas experimentally about 2-3 at.% of Si can be dissolved in 3 even for
pure Mo.

In addition, the phase Mo3Si was found to be consistently Si deficient. Instead of the
stoichiometric composition, the Si content of this phase was about 23 at.% in each sample
analysed. The two-phase region [3+TisSi3 could only be partially confirmed. All samples in this
region also showed the presence of the poorly understood pure Ti precipitates mentioned above.
As this is most likely not a stable phase, no conclusions could be drawn regarding the tie lines of
these samples. Samples in the 5+MosSi3 and S+Mo3Si+MosSis regions were not in equilibrium
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after annealing. They exhibited either up to five phases simultaneously or a combination of
phases that would intersect with another tie triangle. By comparing the microstructure with
Scheil solidification calculations, it could be shown that the most likely explanation is that the
microstructure formed during solidification is retained and does not change significantly or at all
under the chosen conditions. Therefore, no experimental information could be obtained over large
areas of the isothermal section. This finding also raised the question of whether the other samples
are indeed in equilibrium or not. For the two Mo3Si containing two-phase regions, several sample
compositions fall on the tie line, which makes it very likely that equilibrium has been reached,
but this is not true for all samples investigated. For the tie triangle 5+MosSi3+TisSis, the scatter
between different phase compositions is quite small, which could also indicate that equilibrium
has been reached. However, the samples which nominally fall within the 5+Mo3Si+MosSij3 tie
triangle also show little scatter, but these were clearly shown by XRD not to be in equilibrium.
Furthermore, the same conclusion that the as-cast microstructure does not change significantly
during heat treatment could possibly be applied to the other tie triangle. It is therefore unclear
whether there is any data on equilibrium samples at all. It could even be argued that the
experiments of Yang et al. are not necessarily in equilibrium. At least one of the temperatures
they chose, 1698 K, is not significantly higher than the temperature used in this work. It is
therefore unlikely that significant diffusion took place in these experiments. If this were true, the
entire dataset would be based on metastable data.

Based on the experimental results, it was decided to reassess the binary system Mo-Si. This was
the only way to include the off-stoichiometry of the MosSi phase. There are more recent
evaluations of this system than the one accepted by Yang et al., but neither was entirely
satisfactory. Therefore, literature data on invariant reaction temperatures and compositions,
enthalpies of formation, heat capacities, enthalpy of mixing of the liquid phase, solvus, solidus
and liquid lines, and homogeneity ranges were used to optimise a new dataset. The phase Mo3Si
was modelled in two different ways. In one dataset it was simplified as a line compound of
the experimentally determined compositions. In the other dataset it was modelled to reflect the
actual defect structure in a sublattice model. The model of the phase MosSiz was chosen to best
reflect the crystallography of the phase, with one sublattice per Wyckoft position. The phase
MoSi, was modelled as a simple line compound, while 5 and the liquid phase were treated as
solution phases. It was shown that all reliable experimental values could be accurately calculated
with the new dataset. For the first time, this included the heat capacities of the Mo silicides,
which had been disregarded in all previous assessments of the system.

Based on the new experiments and a thorough discussion of the available literature data, a
reassessment of the Mo-Si-Ti system was performed. This evaluation took into account the
optimized binary Mo-Si system from this work. It focused only on the metal-rich region of the
ternary system up to a Si concentration of 37.5 at.%. For data with higher Si contents, two
competing descriptions exist (that of Yang et al. [16] and that of Svechnikov et al. [17]), and

215



8 Conclusion and outlook

it is not possible to decide which of these publications, if any, is more reliable. Since only the
metal-rich region of the system is relevant to the research question of this thesis, the decision
was made to ignore higher Si contents altogether. For the metal-rich region, it has been shown
that the agreement between calculations with the new dataset and experiments is very high. All
reliable data can be accurately calculated, and the areas of the system where little information
is available do not look unreasonable or improbable. The invariant reactions that occur in this
region of the system have been plotted as well. Although there is no experimental evidence
at all at the temperatures where they are proposed to occur, they all look thermodynamically
reasonable. It was also shown that the liquidus projection calculated from the new dataset is as
capable of predicting the microstructure of selected samples as that of Yang et al., although more
dedicated research is urgently needed to be able to model the liquidus projection quantitatively
correctly.

In order to further improve the dataset and answer the questions that have been identified in the
course of this thesis, more data is needed. The first step should be to ensure that the samples to be
analysed are in equilibrium. This can be done, for example, by annealing a sample and analysing
it by XRD. Then the same sample, or the remaining material if powder XRD was used, would be
annealed and analysed again. This process is repeated until the diffractogram no longer changes,
indicating that equilibrium has been reached. However, given the affinity of the material for O and
the slow diffusion of its elements, it is quite possible that equilibrium cannot be reached before
the sample has incorporated too many impurities to be reasonably analysed. It is also possible
that the phases initially formed during solidification are so metastable that they do not dissolve at
all during annealing. In these cases, different methods of sample preparation could be explored.
For example, powder metallurgy in an inert atmosphere might be feasible. When sintering
specimens from elemental powders, there should be virtually no stable phases formed prior to
annealing, significantly lowering the barrier to equilibrium. Ensuring that sample preparation
is carried out under inert conditions would avoid the oxygen contamination that rendered the
powdered samples unusable in this work. However, it is also possible that diffusion in a random
powder sample is even slower than in a bulk sample, which would hinder equilibration. In this
case, annealing would either have to be carried out at higher temperatures or for a much longer
period of time.
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A. Appendix

A.1. The optimized parameters of the dataset for the Mo-Si

system

Table A.1.: Optimized thermodynamic parameters of the Mo-Si system as a result of this thesis. All temperature

ranges are from 298.15 to 6000 K. See the publication [33] for more details.

Phase Thermodynamic parameters

liquid Model: (Mo,Si)

YLmo,si= —172591.2920 + 27.6145T
mosi= 26612.6661 — 20.6586T
2Limo,si= 38731.7034

3Lmo,si= 19624.2756

bcc Model: (Mo,Si)
"Losi= —114632.1170 + 26.9372T

M03 Si Model: (M0)0.77(Si)0.23

4.8262 - 107773 + 11322071
-OR -
Model: (Mo0)g.75(S1)0.125(S1,Va)o. 125

4.8262 - 107773 + 11322071
107472 — 4.2229 - 107773 + 99067.57 1

0LMo:Si:Si,Vza: 0.0
1LMo:Si:Si,Va= —10750 + 2.5T

Go:si= —37759.2536 + 149.3282T — 26.0597 In(T') + 9.6142 - 107472 —

Gossissi= —37759.2536 + 149.32827 — 26.0597 In(T') +9.6142- 10472 —

Gmosiva= —21414.3469 + 129.4122T — 22.8016T In(T) + 8.4124F -
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218

Phase

Thermodynamic parameters

M05 Si3

Model: (Mo)g.5(Mo,Si)p.125(Mo0,Si)g.125(S1)0.25

GMo:Mo:sizsi= — 4672241437 —25.26937 In(T) +3.2382- 10472 —3.9528-
107773 4+ 1.7454 - 10°T 1

Go:sizsizsi= —47765 4 147T —25.26937T In(T) +3.2382- 107472 — 3.9528 -
107773 + 1.7454 - 10°T7 !

GMo:Mo:Mo:si= —37313 + 1461 — 25.26937 In(T') + 3.2382 - 107472 —
3.9528 - 107773 + 1.7454 - 10°T !

GMo:si:Mo:si= —34401+1407 —25.2693T In(T)+3.2382-10~472 —3.9528-
107773 + 1.7454 - 10°T !

MOSiz

Model: (Mo);(Si),
GMo:si= —156216.6066+444.2883T —75.7102T In(T) +1.6413-1073T2 —
1.0682 - 107573 + 402589.974T 1




A.2. The .tdb file for the Mo-Si system

A.2. The .tdb file for the Mo-Si system

$ alternative Mo3Si with 3 sublattices -> phase S611
$ 2024-01-08

ELEMENT /-
ELEMENT VA
ELEMENT MO
ELEMENT SI

ELECTRON_GAS
VACUUM
BCC_A2
DIAMOND_A4

TYPE_DEFINITION % SEQ *!

DEFINE_SYSTEM_DEFAULT ELEMENT 2 !
DEFAULT_COMMAND DEF_SYS_ELEMENT VA /-

PHASE LIQUID
CONSTITUENT LIQUID

% 1 1.0

PARAMETER G(LIQUID,MO;0)
-23.56414*T*LN(T)-.003443396*T**2+5.66283E-07*T**3+65812*T** (-1)

-1.30927E-10*T**4+4 . 24519E-22*T*x*7 ;
+3538.963+271.6697*T-42.63829*T+LN(T) ;

PARAMETER G(LIQUID,SI;O0)
-22.8317533*T+LN(T) - .001912904*T**2-3.552E-09*T**3+176667*T** (-1)

+2.09307E-21*T**7;
+40370.523+137.722298%T-27 . 196*T*LN(T) ;
PARAMETER L(LIQUID,MO0,SI;0) 298.15
PARAMETER L(LIQUID,MO0,SI;1) 298.15
PARAMETER L(LIQUID,MO0,SI;2) 298.15
PARAMETER L(LIQUID,MO0,SI;3) 298.15

TYPE_DEFINITION & GES A_P_D BCC_A2
e 21 3!
:M0O,ST :

PHASE BCC_A2
CONSTITUENT BCC_A2
PARAMETER G(BCC_A2,M0:VA;0)

:M0,ST :

1687.0 Y

0.0000E+00
0.0000E+00
9.5940E+01
2.8085E+01

2896.0 Y

MAGNETIC -1.0

0.0000E+00
0.0000E+00
4 .5890E+03
3.2170E+03

+34085.045+117.224788*T

5000.0 N 91Din !
298.15 +42533.751+107.13742%T

0.0000E+00!
0.0000E+00!
2.8560E+01!
1.8810E+01!

3.60000E+03 N 91Din !
-172591.2920+27.6145*T; 6000.0 N !
26612.6661-20.6586*T; 6000.0 N !
38731.7034; 6000.0 N !
19624.2756; 6000.0 N !

4.00000E-01 !

-7746.302+131.9197%T

-23.56414*T*LN(T)-.003443396*T**2+5.66283E-07*T**3+65812*T** (-1)

-1.30927E-10*T**4;

2896.0 Y
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-30556.41+283.559746+T-42.63829%T+LN(T) -4 .849315E+33*T** (-9) ;
5000.0 N 91Din !

PARAMETER G(BCC_A2,SI:VA;0) 298.15 +38837.391+114.736859*T
-22.8317533*T*LN(T) -0.001912904*T**2-3 . 552E-09*T**3+176667*T** (-1) ;
1687.0 Y
+37542.358+144.781367+T-27 . 196*T*LN(T) -4.20369E+30*T** (-9) ;

3600.0 N 91Din !

PARAMETER L(BCC_A2,M0,SI:VA;0) 298.15 -114632.1170

+26.9372%T; 6000.0 N !

PHASE DIAMOND_A4 % 1 1.0 !

CONSTITUENT DIAMOND_A4 :ST : !

PARAMETER G(DIAMOND_A4,SI;0) 298.15 -8162.609+137.236859%T
-22.8317533*T+LN(T)-0.001912904*T**2-3.552E-09*T**3+176667*T** (-1) ;
1687.0 Y
-9457.642+167.281367+T-27.196*T+LN(T) -4.20369E+30*T** (-9) ;

3600.0 N 91Din !

FUNCTION GS611 298.15 -37759.2536+149.3282+T-26.059*T+LN(T)
+9.6142E-4*T**2-4 . 8262E-7*T**3+113220*%T**(-1); 6000.0 N !

$ select either S611 or Mo3Si, not both together!

PHASE S611 % 36 1 1 !

CONSTITUENT S611 : MO : SI : SI%, VA : !

PARAMETER G(S611,M0:SI:SI;0) 298.15 8xGS611; 6000.0 N !

PARAMETER G(S611,M0:SI:VA;0) 298.15 7xGS611+93000-10*T; 6000.0 N !

PARAMETER L(S611,M0:SI:SI,VA;0) 298.15 0.0; 6000 N !

PARAMETER L(S611,M0:SI:SI,VA;1) 298.15 -86000+20%T; 6000 N !

$ PHASE MO3SI % 2 0.77 0.23 !

$ CONSTITUENT MO3SI :MO : SI : !

$ PARAMETER G(MO3SI,M0:SI;0) 298.15 GS611; 6000 N !

$ PARAMETER G(MO3SI,M0:SI;0) 298.15 -37759.2536+149.3282%T-26.059*T*LN(T)
$  +9.6142E-4xT**2-4,8262E-7T+T**x3+113220%T**(-1); 6000.0 N !
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FUNCTION GD8M 298.15
-46865+143*T-25.269*T*LN(T)+3.2382E-04*T**2-3.9528E-07*T**3+174540*T** (-1) ;
6000 N !

$ select either D8M or Mo5Si3, not both together!

PHASE D8M % 4 0.5 0.125 0.125 0.25 !

CONSTITUENT D8M : MO : MO%,SI : MO,SI% : SI : !

PARAMETER G(D8M,M0:M0:SI:SI;0) 298.15 +GD8M; 6000 N !

PARAMETER G(D8M,M0:SI:SI:SI;0) 298.15 -1043+4*T+GD8M; 6000 N !

PARAMETER G(D8M,M0:MO:M0:SI;0) 298.15 9409+3+T+GD8M; 6000 N !

PARAMETER G(D8M,M0:SI:M0:SI;0) 298.15 +12321-3*T+GD8M; 6000 N !

PHASE MOSI2 % 21 2!
CONSTITUENT MOSI2 :MO : SI : !
PARAMETER G(MOSI2,M0:SI;0) 298.15 -156216.6066+444.2883*T
-75.7102*T*LN(T)
+1.6413E-03%T**2-1.0682E-06*T**3
+402589.974*T**(-1); 6000.0 N !

LIST_OF _REFERENCES
NUMBER SOURCE

91Din ’A T Dinsdale, SGTE Data for Pure Elements,
Calphad 15(1991)4 p 317-425; and updates 2001’

221



A Appendix

A.3. The .tdb file for the Mo-Si-Ti system

B sk ok sk sk sk sk sk s ok ok ok sk sk sk o ok ok ok sk KK 3k ok ok ok sk K K o ok ok ok ok sk K K o ok ok ok ok sk K K 3 ok ok ok ok kK sk ok ok ok ok kK sk ok sk ok ok Kk ok ok ok

$ Thermodynamic Database of Mo-Si-Ti

system

ok sk ok sk sk ok sk ok sk ok ok ok sk ok sk ok K ok ok 3 ok K ok sk 3 ok K ok sk 3k ok ok K sk ok ok K sk ok K ok K ok ok K ok 3k sk ok ok sk ok ok ok sk ok ok ok ok ok K

$ Binaries

$ Mo-Si: remodeled from Czerny et al. 2024

$ Mo-Ti: from N. Saunders 1995, COST

$ Si-Ti from Hans Jurgen Seifert, Hans Leo Lukas and Gunter Petzow (1999)

$--Define element

ELEMENT /-  ELECTRON_GAS 0.0000E+00 0.0000E+00 0.0000E+00!
ELEMENT VA  VACUUM 0.0000E+00 0.0000E+00 0.0000E+00!
ELEMENT MO  BCC_A2 9.5940E+01 4.5890E+03 2.8560E+01!
ELEMENT SI =~ DIAMOND_FCC_A4 2.8086E+01 3.2175E+03 1.8820E+01!
ELEMENT TI  HCP_A3 4 .7880E+01 4.8100E+03 3.0648E+01!

FUNCTION GHSERMO 2.98140E+02 -7746.302+131.9197*T-23.56414xT*LN(T)
-.003443396*T**2+5.66283E-07*T**3+65812*%T** (-1) -1.30927E-10*T**4;
2.89600E+03 Y

-30556.41+283.559746*T-42.63829*T+LN(T) -4.849315E+33*T**(-9) ;
5.00000E+03 N !

FUNCTION GMOFCC

2.98150E+02 +15200+.63*T+GHSERMO#; 6.00000E+03 N !

FUNCTION GMOHCP 2.98150E+02 +11550+GHSERMO#; 6.00000E+03 N !

FUNCTION GHSERSI 2.98140E+02 -8162.609+137.236859%T-22.8317533*T*LN(T)
-.001912904*T**2-3.552E-09*T**3+176667+T*x(-1); 1.68700E+03 Y
-9457.642+167.281367*T-27.196+T*LN(T) -4.20369E+30*T** (-9) ;

3.60000E+03 N !

FUNCTION GHSERTI 2.98140E+02 -8059.921+133.615208*T-23.9933*T*LN(T)
-.004777975xT**2+1.06716E-07*T*x3+72636xT**(-1); 9.00000E+02 Y
-7811.815+132.988068*T-23.9887*T*LN(T) - . 0042033*T**2-9 . 0876E-08*T**3
+42680*T**(-1); 1.15500E+03 Y
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+908.837+66.976538*T-14.9466+T+LN(T) -.0081465+T**2+2.02716E-07*T**3
-1477660xT**(-1) ; 1.94099E+03 Y
-124526.786+638.806871*T-87.2182461+T*LN(T)+.008204849*T**2
-3.04747TE-07*T**3+36699805*T**(-1); 4.00000E+03 N !

FUNCTION GTIFCC 2.98150E+02 +6000-.1*T+GHSERTI#; 6.00000E+03 N !

TYPE_DEFINITION 9 SEQ *!
DEFINE_SYSTEM_DEFAULT SPECIE 2 !
DEFAULT_COMMAND DEF_SYS_ELEMENT VA !

$****************************************************************************
$LIQUID
$****************************************************************************
PHASE LIQUID % 1 1.0 !

CONSTITUENT LIQUID :MO,SI,TI : !

PARAMETER G(LIQUID,M0;0) 2.98140E+02 +41831.347-14.694912+T+GHSERMO#
+4.24519E-22xT*%7; 2.89600E+03 Y
+3538.963+271.6697*T-42.63829*T*LN(T); 5.00000E+03 N REFO !
PARAMETER G(LIQUID,SI;0) 2.98140E+02 +50696.36-30.099439*T+GHSERSI#
+2.09307E-21%T*x7; 1.68700E+03 Y
+40370.523+137.722298*T-27.196*T*LN(T); 3.60000E+03 N REFOQ !
PARAMETER G(LIQUID,TI;O0) 2.98140E+02 +12194.415-6.980938*T+GHSERTI#;
9.00000E+02 Y
+12194.416-6.980938*T+GHSERTI#; 1.30000E+03 Y
+369519.198-2554.0225%T+342.059267*T*LN (T) - . 163409355%T**2
+1.2457117E-05%T**3-67034516%T**(-1); 1.94099E+03 Y
-19887.066+298.7367*T-46.29*T*LN(T); 4.00000E+03 N REFO !

PARAMETER L(LIQUID,MO0,SI;0) 298.15 -172591.2920+27.6145*T; 6000.0 N !
PARAMETER L(LIQUID,MO0,SI;1) 298.15 26612.6661-20.6586*T; 6000.0 N !
PARAMETER L(LIQUID,MO0,SI;2) 298.15 38731.7034; 6000.0 N !

PARAMETER L(LIQUID,MO0,SI;3) 298.15 19624.2756; 6000.0 N !

PARAMETER G(LIQUID,MO,TI;0) 2.98150E+02 -9000+2%T;
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6.00000E+03 N REFO !

PARAMETER G(LIQUID,SI,TI;O0) 2.98150E+02 -242611.79+17.57906%T;
6.00000E+03 N REFO !

PARAMETER G(LIQUID,SI,TI;1) 2.98150E+02 +26753.36-2.14028%T;
6.00000E+03 N REFO !

PARAMETER G(LIQUID,SI,TI;2) 2.98150E+02 +76881.7-6.15055%T;
6.00000E+03 N REFO !

PARAMETER G(LIQUID,MO0,SI,TI;0) 298.15 6209.9323
+43.5478+T; 3000 N REFO !

PARAMETER G(LIQUID,MO0,SI,TI;1) 298.15 726592.0090
-538.4830*T; 3000 N REFO !

PARAMETER G(LIQUID,MO0,SI,TI;2) 298.15 156346.7880
-4.7023*T; 3000 N REFO !

$*****************************************************************
$BCC_A2
sk sk sk sk sk sk sk ok sk ok sk s ok ok sk sk ok ok sk sk ok ok sk sk sk s ok K sk sk s ok ok sk sk sk ok sk sk ok ok sk sk ok s ok ok sk s ok ok sk ok ok
TYPE_DEFINITION A GES A_P_D BCC_A2 MAGNETIC -1.0 4.00000E-01 !
PHASE BCC_A2 %A 21 3!

CONSTITUENT BCC_A2 :MO,SI,TI :VA : !

PARAMETER G(BCC_A2,M0:VA;0) 298.15 -7746.302+131.9197*T
-23.56414%T*LN(T) - .003443396%T*%2+5 . 66283E-07*T**3+65812%T** (-1)
-1.30927E-10%T*x4; 2896.0 Y
-30556.41+283.559746+T-42.63829%T+LN(T) -4 .849315E+33*T** (-9) ;
5000.0 N !

PARAMETER G(BCC_A2,SI:VA;0) 298.15 +38837.391+114.736859%T
-22.8317533*T*LN(T) -0.001912904*T**2-3 . 552E-09*T**3+176667+T** (-1) ;
1687.0 Y
+37542.358+144 . 781367*T-27 . 196*T+LN (T) -4 . 20369E+30*T** (-9) ;
3600.0 N !

PARAMETER G(BCC_A2,TI:VA;0) 2.98140E+02 -1272.064+134.71418%T
-25.5768*T*LN(T) -6.63845E-04*T**2-2.,78803E-07*T**3+7208*T** (-1) ;
1.15500E+03 Y
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+6667.385+105.366379*%T-22.3771*xT+*LN(T)+.00121707*T**2-8.4534E-07*T**3
-2002750*T**(-1); 1.94099E+03 Y
+26483.26-182.426471xT+19.0900905*T*LN (T) - . 02200832+ T**2
+1.228863E-06*%T**3+1400501*T**(-1); 4.00000E+03 N REFO !

PARAMETER L(BCC_A2,M0,SI:VA;0) 298.15 -114632.1170
+26.9372%T; 6000.0 N !

PARAMETER G(BCC_A2,M0,TI:VA;0) 2.98150E+02 -2000; 6.00000E+03 N REFO !
PARAMETER G(BCC_A2,M0,TI:VA;1) 2.98150E+02 -2000; 6.00000E+03 N REFO !

PARAMETER G(BCC_A2,SI,TI:VA;0) 2.98150E+02 -262502.74+38.81506%*T;
6.00000E+03 N REFO !

PARAMETER G(BCC_A2,SI,TI:VA;1) 2.98150E+02 +26753.36-2.14028%T;
6.00000E+03 N REFO !

PARAMETER G(BCC_A2,SI,TI:VA;2) 2.98150E+02 +76881.7-6.15055%T;
6.00000E+03 N REFO !

PARAMETER G(BCC_A2,M0,SI,TI:VA;0) 298.15 -325906.1660

+145.2600*T; 3000 N REFO !

PARAMETER G(BCC_A2,M0,SI,TI:VA;1) 2.98150E+02 -1000;
6.00000E+03 N REFO !

PARAMETER G(BCC_A2,M0,SI,TI:VA;2) 2.98150E+02 -1000;
6.00000E+03 N REFO !

$***********************************************************************
$CBCC_A12
$***********************************************************************

PHASE CBCC_A12 % 21 1!
CONSTITUENT CBCC_A12 :SI,TI : VA : !

PARAMETER G(CBCC_A12,SI:VA;0) 2.98140E+02 +50208-20.377*T+GHSERSI#;
3.60000E+03 N REFO !
PARAMETER G(CBCC_A12,TI:VA;0) 2.98140E+02 +4602.2+GHSERTI#;
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4.00000E+03 N REFO !

sttt ok st ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk sk ok sk ok sk ok sk sk ok ok sk ok sk sk sk ok sk ok sk ok ok ok ok
$CUB_A13

stttk otk ok ok ok ok ok ok ok ok ok ok ook ook ook ook sk sk sk ks ok sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk skok sk ok sk ok skok ok
PHASE CUB_A13 % 21 1!

CONSTITUENT CUB_A13 :SI,TI : VA : !

PARAMETER G(CUB_A13,SI:VA;0) 2.98140E+02 +47279-20.377*T+GHSERSI#;
3.60000E+03 N REFO !

PARAMETER G(CUB_A13,TI:VA;0) 2.98140E+02 +7531.2+GHSERTI#; 4.00000E+03
N REFO !

$***********************************************************************

$DIAMOND_A4

$***********************************************************************

PHASE DIAMOND_A4 % 1 1.0 !

CONSTITUENT DIAMOND_A4 :SI,TI : !

PARAMETER G(DIAMOND_A4,SI;0) 2.98140E+02 +GHSERSI#; 3.60000E+03 N REFO !
PARAMETER G(DIAMOND_A4,TI;0) 2.98140E+02 +25000+GHSERTI#; 4.00000E+03
N REFO !

PARAMETER G(DIAMOND_A4,SI,TI;0) 2.98150E+02 +80%T; 6.00000E+03 N

REFO !
Btttk kR K R R KRR R K K R KR KR R R R R R R KR R R R R R R R KR R Rk ok kR ok ok ok ok sk ok ok ok sk ok ok ok ok ok ok ok ok
$FCC_A1
sttt ok ot ko ok ok ok ko kR o R R R R ok ok R o ok R ok ok ok sk ok sk ok sk ok sk ok sk ok ok ok sk ok sk ok sk ok ok ok ok ok ok ok ok
PHASE FCC_A1 % 21 1!
CONSTITUENT FCC_A1 :MO,SI,TI : VA : !

PARAMETER G(FCC_A1,M0:VA;0) 2.98140E+02 +GMOFCC#; 5.00000E+03
N REFO !
PARAMETER G(FCC_A1,SI:VA;0) 2.98140E+02 +51000-21.8*T+GHSERSI#;
3.60000E+03 N REFO !
PARAMETER G(FCC_A1,TI:VA;0) 2.98140E+02 +GTIFCC#; 4.00000E+03 N REFO !
sk stk ok ok ok kK sk ok ok ok ok o K K Kok ok ok ok o K K Kok ok ok ok o KK sk ok ok ok ok o K K sk ok ok ok ok o K K Kok ok ok ok K K Kok ok ok ok K K Kok ok ok ok
$HCP_A3
ok skok ok ok ok ok sk ok ok ok ok o ok sk ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok ok sk ok ok ok ok ok kK ok ok ok ok ok kK ok ok ok o
TYPE_DEFINITION B GES A_P_D HCP_A3 MAGNETIC -3.0 2.80000E-01 !
PHASE HCP_A3 7B 2 1 .5 !
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CONSTITUENT HCP_A3

PARAMETER G(HCP_A3,M0:VA;0)
N REFO !

PARAMETER G(HCP_A3,SI:VA;0)
3.60000E+03 N REFO !
PARAMETER G(HCP_A3,TI:VA;0)

N REFO !

PARAMETER G(HCP_A3,M0,TI:VA;0)
N REFO !

PARAMETER G(HCP_A3,SI,TI:VA;0)
6.00000E+03 N REFO !

PARAMETER G(HCP_A3,SI,TI:VA;1)
6.00000E+03 N REFO !

PARAMETER G(HCP_A3,SI,TI:VA;2)
6.00000E+03 N REFO !

2.98140E+02

2.98140E+02

2.98140E+02

:MO,SI,TI :VA : !

2.98150E+02

2.98150E+02

2.98150E+02

+GMOHCP#;

+GHSERTI#;

5.00000E+03

+49200-20.8*xT+GHSERSI#;

4.00000E+03

+22760-6%T;

6.00000E+03

-302072.2+77 .76859%T;

+26753.36-2.14028%T;

+76881.7-6.15055%*T;

$*************************************************************************

$ INTERMETALLIC COMPOUNDS

$*************************************************************************

$FORM FROM MO-SI BINARY

$*************************************************************************

$ Mo3Si-cP8

$*************************************************************************

PHASE MO3SI %
CONSTITUENT MO3SI

2 0.77 0.23 !

:MO, TI : ST :

PARAMETER G(MO3SI,M0:SI;0) 298.15
+9.6142E-4xT**2-4 , 8262E-7*T**3+113220*T**x(-1) ;

-37759.2536+149.3282*T-26.059*T*LN(T)

6000.0 N !

PARAMETER G(MO3SI,TI:SI;0) 298.15 0.77*GHSERTI+0.23*GHSERSI-42400-1.46%T;

3000 N REFO !
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PARAMETER G(MO3SI,MO,TI:SI;0) 298.15 6000-11.4x%T;
3000 N REFO !

PARAMETER G(MO3SI,MO,TI:SI;1) 298.15 -30500;
3000 N REFO !

$************************************************************************
$ Mo58i3-tI38

B sk ok sk ok sk sk sk sk ok sk ok K ok 3 ok 3k ok 3k K ok K ok 3 ok 3k ok 3k 3K ok 3K ok 3 ok 3 ok 3k 3K ok 3K ok 3 ok 3 ok 3k ok 3k 3 ok K ok 3 ok 3k ok ok K ok 3k ok 3 ok 3k ok 3k K ok 3 ok 3k ok K
PHASE MO5SI3 % 2 0.625 0.375 !

CONSTITUENT MO5SI3 :MO,TI : SI : !

PARAMETER G(MO5SI3,M0:SI;0) 2.98140E+02 -46865+143+T-25.269*T*LN(T)
+3.2382E-04*T**2
-3.9528E-07*T**3+174540*T**(-1) ;
6000 N !

PARAMETER G(MO5SI3,TI:SI;0) 298.15 -72148.8562
+1.3271%T+0.375*GHSERSI+0.625*GHSERTI; 3000 N REFO !

PARAMETER G(MO5SI3,M0,TI:SI;0) 298.15 -26572.6461-1.5883+T; 3000 N REFO !

st st ot ok ok ok sk ok ok sk ok sk ok ok ok ok ok sk ok sk ok sk sk sk ok sk ok sk ok sk sk sk ok sk sk sk sk sk ok sk sk sk sk sk ok sk ok ok ok ok ok ok ok ok ok ok ok
$ MoSi2-tI6

st sk ot ok otk ok ok ok ok ok sk ok sk ok sk o sk ok sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk ok ok ok ok ok ok k ok
PHASE MOSI2 % 21 2!

CONSTITUENT MOSI2 :MO,TI : SI : !

PARAMETER G(MOSI2,M0:SI;0) 298.15 -156216.6066+444.2883*T
-75.7102xT*LN(T)

+1.6413E-03*T**2-1.0682E-06*T**3

+402589.974*T**(-1); 3.60000E+03 N REFO !

PARAMETER G(MOSI2,TI:SI;0) 298.15 0+0*T
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+GHSERTI#+2xGHSERSI#; 3.60000E+03 N REFO !

PARAMETER G(MOSI2,MO,TI:SI;0) 298.15 0+0%*T; 3.60000E+03 N REFO !

$****************************************************************************
$FROM SI-TI BINARY
$*************************************************************

$SI2TI-oF24

B sk sk sk ok sk sk sk sk ok sk ok sk ok s ok 3k sk ok K ok K ok 3 ok 3k ok 3k K ok K ok 3 ok 3k ok 3k K ok 3 ok 3 ok 3k ok 3k ok ok 3k ok K ok 3 ok 3k ok ok 3 ok 3k ok K

PHASE SI2TI % 22 1!

CONSTITUENT SI2TI :SI : MO,TI : !

PARAMETER G(SI2TI,SI:MO;0) 2.98150E+02 6.98725329E+04+GHSERMO#
+2%GHSERSI#; 6.00000E+03 N REFO !

PARAMETER G(SI2TI,SI:TI;0) 2.98150E+02 -175619.85+7.401*T+GHSERTI#
+2%GHSERSI#;  6.00000E+03 N REFO !

PARAMETER G(SI2TI,SI:MO,TI;O0) 2.98150E+02 -1.66771452E+05
-26.5420792*T; 6.00000E+03 N REFO !

$************************************************************

$SI3TI5-hP16

B sk sk sk sk sk sk sk ok sk ok sk s sk sk ok sk sk ok ok sk sk sk ok K sk sk ok sk sk sk 3 ok ok sk s ok ok sk s ok ok sk sk ok ok sk sk ok ok sk sk ok

PHASE SI3TI5 ¥ 2 .375 .625 !

CONSTITUENT SI3TI5 :SI : MO,TI : !

PARAMETER G(SI3TI5,SI:M0;0) 298.15 -14725.7550
+6.2306*T+0.625*xGHSERMO
+0.375*GHSERSI; 3000 N REFO !

PARAMETER G(SI3TI5,SI:TI;0) 2.98150E+02 -72410.31+.29282%T
+.375*GHSERST#+.625*GHSERTI#; 6.00000E+03 N REFO !

PARAMETER G(SI3TI5,SI:M0,TI;0) 298.15 -33231.3922
-22.3379%T; 3000 N REFO !

$***************************************************************

$SIATIS-tP36

$***************************************************************
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PHASE SI4TI5 % 24 5!
CONSTITUENT SI4TI5 :SI : MO,TI : !

PARAMETER G(SI4TI5,SI:M0;0) 2.98150E+02 -3.5E5+5*GHSERMO#
+4%GHSERSI#;  6.00000E+03 N REFO !

PARAMETER G(SI4TI5,SI:TI;0) 2.98150E+02 -711000+26.79246%T+4*GHSERSI#
+5%GHSERTI#;  6.00000E+03 N REFO !

PARAMETER G(SI4TI5,SI:MO,TI;0) 2.98150E+02 -9.4929063E+04;
6.00000E+03 N REFO !

$******************************************************************

$SITI1-0P8

$******************************************************************

PHASE SITI1 % 21 1!

CONSTITUENT SITI1 :SI : TI,MO : !

PARAMETER G(SITI1,SI:TI;0) 2.98150E+02 -156888.96+9.74346*T+GHSERSI#
+GHSERTI#; 6.00000E+03 N REFO !

PARAMETER G(SITI1,SI:M0;0) 2.98150E+02 0+0*T+GHSERSI#
+GHSERMO#; 6.00000E+03 N REFO !

PARAMETER G(SITI1,SI:MO,TI;0) 2.98150E+02 0+0%T; 6.00000E+03 N REFO !

$************************************************************************
$SITI3-tP32

sk sk sk sk sk sk sk sk ok sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ook sk sk sk sk sk s sk ok sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk ok sk ok ok
PHASE SITI3 % 21 3!
CONSTITUENT SITI3 :8I : TI, MO : !

PARAMETER G(SITI3,SI:TI;0) 2.98150E+02 -200000+4.38996*T+GHSERSI#
+3*GHSERTI#; 6.00000E+03 N REFO !

PARAMETER G(SITI3,SI:M0;0) 298.15 -273.8405
+3426.1458*T+GHSERMO+3*GHSERSI; 3000 N REFO !

PARAMETER G(SITI3,SI:MO,TI;0) 298.15 -209.8544
-156.1512%T; 3000 N REFO !

$****************************************************************************
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$FROM MO-SI-TI TERNARY

5k stk sk o o o ok sk sk sk o o o ok sk sk ok ok o o sk sk sk ok o o ok sk sk sk ok o o ok sk sk sk ok o o ok sk sk sk ok o o ok sk sk ok ok ok ok sk sk sk ok o o ok sk sk ok ok ok
$T-Phase

sk ok sk ok ok o ok sk ok sk ok o o ok sk ok sk ok o o ok ok sk ok ok o ok sk ok sk ok o o ok sk ok sk ok o o ok sk sk sk ok o o ok sk sk ok ok ok ok sk ok sk ok ok ok ok sk ok sk ok ok
PHASE MOTI6SIS % 2 .545 .455 !

CONSTITUENT MOTI6SI5 :MO,TI : SI : !

PARAMETER G(MOTI6SI5,M0:SI;0) 2.98150E+02 -3.29186E+04+.545%GHSERMO#
+.455%GHSERSI#;  6.00000E+03 N REFO !
PARAMETER G(MOTI6SI5,TI:SI;0) 2.98150E+02 -6.81261E+04+.545%GHSERTI#
+.455%GHSERSI#;  6.00000E+03 N REFO !
PARAMETER G(MOTI6SI5,MO,TI:SI;0) 2.98150E+02 -3.7155041E+04;
6.00000E+03 N REFO !
$****************************************************************************
$MOTISI2
$****************************************************************************
PHASE MOTISI2 % 21 2!
CONSTITUENT MOTISI2 :MO,TI : SI : !

PARAMETER G(MOTISI2,M0:SI;0) 2.98150E+02 -117586.90-5.1670658*T
+GHSERMO#+2*GHSERST#; 6.00000E+03 N REFO !

PARAMETER G(MOTISI2,TI:SI;0) 2.98150E+02 -126474.57-19.25956%T
+GHSERTI#+2*GHSERSI#; 6.00000E+03 N REFO !

PARAMETER G(MOTISI2,MO,TI:SI;0) 2.98150E+02 0+0*T; 6.00000E+03 N REFO !

LIST_OF _REFERENCES
NUMBER SOURCE

REFO ’Placeholder’
1
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A.4. Comparison of samples with identical compositions

Note: Unless otherwise noted, annealed specimens were heat treated at 1573 K for 330 h. Furnace
cooling is abbreviated as fc, water quenching is abbreviated as wq, and as-cast is abbreviated as
ac. The images shown here are identical to those discussed in the text, but are printed together
for easier comparison of the microstructures after the different treatments.
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A.4. Comparison of samples with identical compositions

A.4.1. 22Mo-33Si-44Ti

22Mo-33Si-45Ti

Mogsi,

(b)

22Mo-33Si-45Ti

(c)

Figure A.1.: The microstructures of all samples with the composition 22Mo-33Si-45Ti. a) SSC5, ac. b) QEL, fc. ¢)
QE1, wq.
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A.4.2. 44.5Mo0-23.5Si-32Ti

Figure A.2.: The microstructures of all samples with the composition 44.5Mo-23.5Si-32Ti. a) SSC6, ac. b) QE2, fc.
c) QE2, wq.
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A.4. Comparison of samples with identical compositions

A.4.3. 53Mo-32Si-15Ti

(c) (d)

Figure A.3.: The microstructures of all samples with the composition 53Mo-32Si-15Ti. a) SSC7, ac. b) QE3, fc. ¢)
QE3, wq. d) ITS10, wq.
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A.4.4. 75Mo-15Si-10Ti

75Mo-15Si-10T

(c) (d)

Figure A.4.: The microstructures of all samples with the composition 75Mo-15Si-10Ti. a) SSC8, ac. b) QE4, fc. c)
QE4, wq. d) ITS7, wq.
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A.4. Comparison of samples with identical compositions

A.4.5. 50Mo-38Si-12Ti

50Mo-388Si-12Ti
®

Figure A.5.: The microstructures of all samples with the composition 50Mo-38Si-12Ti. a) SSC10, ac. b) QES, fc. ¢)
QES, wq.
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A.4.6. 20Mo-37.5Si-42.5Ti

20Mo-37.5Si-42.5Ti

o parsbom o g ® o o e

5
|
i
t,

B o T i b

Figure A.6.: The microstructures of all samples with the composition 20Mo-37.5Si-42.5Ti. a) SSC11, ac. b) QE6,
fe. ¢) QE6, wq.
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A.4. Comparison of samples with identical compositions

A.4.7. 47.5Mo-12.5Si-40Ti

47.5Mo-12.
=g ‘ 4

(b)

Figure A.7.: The microstructures of all samples with the composition 47.5Mo-12.5Si-40Ti. a) SSC12, ac. b) QE7,
fc. ¢) QE7, wq.
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A.4.8. 45Mo-21Si-34Ti

Figure A.8.: The microstructures of all samples with the composition 45Mo-218Si-34Ti. a) SSC13, ac. b) QES, fc.

QES, wq.
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A.4. Comparison of samples with identical compositions

A.4.9. 25Mo-33Si-42Ti

20Mo-20Si-60Ti [k
. T ;“

s

Figure A.9.: The microstructures of all samples with the composition 25Mo-33Si-42Ti. a) SSC9, ac. b) ITS12, fq.
c) ITS13, wq.
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A.4.10.60Mo-30Si-10Ti

60Mo-30Si-10Ti | 60Mo-308Si-10Ti

(b)

60Mo-30Si-10Ti

(c) @

Figure A.10.: The microstructures of all samples with the composition 60Mo-30Si-10Ti. a) SSC14, ac. b) QE10, fc.
¢) QE10, wq. d) ITS9, wq.
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A.5. Chemical analysis post annealing

Table A.2.: The original data of the samples ITS1-ITS3 and ITS5-ITS10 after annealing for 330 h at 1573 K and
water quenching. The only changes made are the sample designations, which originally deviated from
those chosen in this document, and the translation of the table from German to English.

Analysis no. 305 /2024 306 /2024 307 /2024
Designation ITS1 ITS2 ITS3

Unit | LoQ | MV SD + MV SD + MV SD +
O (wt. %)|0.004910.228 |0.098 |0.046 |0.143 ]0.091 [0.029 |0.189 |0.106 |0.038
Si (wt. %)|0.31 |19.2 0.2 0.6 18.0 0.1 0.6 10.8 0.1 0.35
Ti (wt. %)|0.14 |45.6 0.2 1.3 41.0 0.2 1.2 322 0.1 0.9
Mo (wt. %)| 1.6 34.0 0.3 0.7 40.4 0.2 0.9 55.8 0.1 1.2
Sum (wt. %) 99.028 99.543 98.989
Analysis no. 308 /2024 309 /2024 310/2024
Designation ITSS ITS6 ITS7

Unit | LoQ | MV SD + MV SD + MV SD +
0 (wt. %)|0.0049|0.316 |0.213 |0.064 |0.0850 [0.0941|0.0171|0.250 |0.190 |0.050
Si (wt. %)|0.31  [9.21 0.05 10.29 ]6.85 0.33 10.22 |5.07 0.05 ]0.16
Ti (wt. %)|0.14 | 18.8 0.2 0.5 16.6 0.5 0.5 5.82 0.10 [0.17
Mo (wt. %)| 1.6 70.2 04 1.5 75.2 0.7 1.7 87.6 0.2 1.9
Sum (wt. %) 98.526 98.7350 98.740
Analysis no. 311/2024 312 /2024 313 /2024
Designation ITSS8 ITS9 ITS10

Unit | LoQ | MV SD + MV SD + MV SD +
O (wt. %)|0.004910.0595 |0.0302|0.0120{0.0606 [0.0717{0.0122|0.0497 |0.0177(0.0100
Si (wt. %)|0.31 |3.00 0.13 |0.10 |10.7 0.1 0.3 12.5 0.10 ]0.40
Ti (wt. %)|0.14 |8.12 029 1024 |6.79 0.04 1020 [10.8 0.1 0.3
Mo (wt. %)| 1.6 85.7 0.5 1.9 80.7 0.5 1.8 75.8 0.6 1.7
Sum (wt. %) 96.8795 98.2506 99.1497

LoQ: Limit of Quantification; MV: sean value; SD: standard deviation; +: inaccuracy of measurement
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