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Résumé général

Les oxydes fondus ont une large application dans les industries a haute température, notamment dans
les procédés métallurgiques et la corrosion des scories sur les réfractaires. Les propriétés
thermophysiques in situ a haute température (densité, tension superficielle, viscosité) des oxydes
fondus jouent un role important dans ces applications. Des propriétés thermophysiques précises sont
utiles pour comprendre en profondeur les phénomenes interfaciaux entre le laitier en fusion et 1'acier
en fusion et le mécanisme de corrosion du laitier sur le réfractaire.

Cependant, la mesure de données fiables sur les propriétés thermophysiques reste un sérieux défi
scientifique. La nucléation hétérogéne au niveau de la paroi du récipient dans les méthodes
conventionnelles et les limites de température sont inévitables, ce qui entraine l'incapacité d'obtenir
une densité, une tension superficielle et une viscosité précises et limite également la plage de mesure.
Pour surmonter les défis mentionnés, la lévitation aérodynamique combinée aux méthodes
d'oscillation des gouttelettes a été considérée et développée comme une approche prometteuse.
Cependant, cet appareil de 1évitation aérodynamique combiné présente encore des problémes non
résolus, tels que l'incertitude des mesures et les outils de post-traitement des données.

Cependant, la mesure de données fiables sur les propriétés thermophysiques reste un sérieux défi
scientifique. Dans les méthodes conventionnelles, la nucléation hétérogeéne a la paroi du récipient et
les limites de température sont inévitables, ce qui entraine l'incapacité d'obtenir une densité, une
tension superficielle et une viscosité précises et limite également la plage de mesure. Pour surmonter
les défis mentionnés, la lévitation aérodynamique combinée aux meéthodes d'oscillation des
gouttelettes a été considérée et développée comme une approche prometteuse. Cependant, cet appareil
de lévitation aérodynamique combiné présente encore des problémes non résolus, tels que
l'incertitude des mesures et les outils de post-traitement des données.

De plus, il est généralement reconnu que les propriétés thermophysiques des fondus sont étroitement
corrélées a I'évolution structurelle des oxydes fondus. Bien que 1'évolution structurelle des fondus de
(Ca0)x(Al203)1x et du systeme CaO-Al,03-SiO> ait été ¢tudiée avec persistance dans notre
laboratoire depuis les années 1990, il est toujours difficile de clarifier la corrélation entre les
propriétés thermophysiques et la structure des oxydes fondus en raison de l'incommensurabilité¢ de
ces propriétés et de la particularité de 1'évolution de la structure a haute température. Par conséquent,
cette recherche importante reste a promouvoir.

Par conséquent, le travail présenté dans la thése concerne deux parties. L'une concerne 1'optimisation
des mesures, incluant les développements d'outils de post-traitement des données et le calcul de
l'incertitude des mesures. L'autre partie consiste a éclairer les corrélations entre les propriétés
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thermophysiques et 1'évolution structurelle des fondus de (CaO)x(Al203)1x et des fondus de CaO-
Al203-S102, a I'aide de la dynamique moléculaire classique et des mesures de structure précédentes.

1. Le manuscrit de la these est divisé en 6 chapitres:

ii.  Le premier chapitre est consacré au contexte de cette recherche et a I'état actuel de larecherche.

iii.  Le chapitre 2 décrit les optimisations des mesures de l'appareil de 1évitation aérodynamique
et la théorie des simulations de dynamique moléculaire.

iv.  Le troisiéme chapitre est consacré aux mesures des propriétés thermophysiques (densité,
tension superficielle et viscosité), a 1'évolution structurale et a leurs corrélations des fondus
de (CaO)x(A2O3)1-x.

v. Le quatrieme chapitre, basé sur le systtme CaO-AlO3, est consacré a la mesure et a la
simulation des fusions CaO-ALO3-SiO2, ce qui valide davantage l'applicabilit¢ de la
corrélation théorique entre les propriétés thermophysiques et 1'évolution structurelle.

vi.  Le chapitre 5 énumeére les modeles de viscosité actuellement courants pour les comparer aux
valeurs de viscosité expérimentales, ce qui prépare le terrain pour le développement d'un
modele de viscosité plus précis.

Dans le dernier chapitre, les principales conclusions de ce travail sont rappelées et des perspectives

d'études futures sont proposées.

General abstract

Molten oxides have a wide application in high-temperature industries, particularly in metallurgical
processes and slag corrosion on refractory. High-temperature in situ thermophysical properties
(density, surface tension, viscosity) of molten oxides play a significant role in these applications.
Accurate thermophysical properties are beneficial to deeply understanding the interfacial phenomena
between molten slag and molten steel and the slag corrosion mechanism on refractory.

However, measuring reliable thermophysical properties data is still a serious scientific challenge. In
conventional methods, heterogeneous nucleation at the container wall and temperature limitations are
unavoidable, which results in the inability to obtain accurate density, surface tension, and viscosity
and also limits measurement range. To overcome the mentioned challenges, aecrodynamic levitation
combined with the droplet oscillation methods has been considered and developed as a promising
approach. However, this combined aerodynamic levitation apparatus still presents unsolved problems,
such as measurement uncertainty and data post-treatment tools.

Furthermore, it is generally recognized that the thermophysical properties of melts are closely
correlated to the structural evolution of molten oxides. Although the structural evolution of
(CaO)x(Al203)1x melts and the CaO-Al,0O3-Si0> system had been persistently studied in our
laboratory since the 1990s, it is still challenging to clarify the correlation between thermophysical
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properties and the structure of molten oxides due to the immeasurability of these properties and the

particularity of the structure evolution at high temperatures. As a result, this significant research

remains to be promoted.

Therefore, the work presented in the thesis concerns two parts. The one is optimizing measurements,

including the development of data post-processing tools and calculation of measurement uncertainty.

The other part is illuminations of the correlations between thermophysical properties and structural

evolution of the (CaO)x(Al2O3)ix melts and the CaO-Al,0O3-SiO; melts, with the assistance of

classical molecular dynamics and previous structure measurements.

The thesis manuscript is divided into 6 chapters:

1.

ii.

1il.

1v.

vi.

The first chapter is devoted to the context of this research and the current research status.
Chapter 2 describes the optimizations in measurements of aerodynamic levitation apparatus
and the theory of molecular dynamic simulations.

The third chapter is dedicated to the thermophysical properties (density, surface tension, and
viscosity) measurements, the structural evolution, and their correlations of the
(Ca0)x(Al203)1x melts.

The fourth chapter, based on the CaO-Al,O3 system, is devoted to the measurement and
simulation of the Ca0O-Al,03-Si0, melts, which further validates the applicability of the
theoretical correlation between thermophysical properties and structural evolution.

Chapter 5 lists currently common viscosity models for comparison with experimental
viscosity values, which sets the stage for the development of a more precise viscosity model.
In the last chapter, the main conclusions of this work are recalled and future study perspectives

are proposed.
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Chapter 1. Context and current research status

Résumé du Chapitre 1

Ce chapitre est de fournir au lecteur une compréhension générale des applications des fondus de CaO-
AL O; et Ca0-Al203-Si0;. Le fondu a base de CaO-ALOs et le fondu a base de CaO-Al>03-S102 sont
des laitiers industriels de base communs qui sont largement appliqués dans la métallurgie. Les
propriétés thermophysiques (densité, tension superficielle et viscosité) de ces masses fondues jouent
un role indispensable dans la fabrication de 1'acier et la corrosion des scories sur les réfractaires. La
génération de données fiables sur la densité, la tension superficielle et la viscosité des fondus a haute
température est importante pour optimiser le processus de fusion, explorer le mécanisme de transfert
entre le laitier fondu et l'acier liquide, et révéler le mécanisme de corrosion du laitier fondu sur les
réfractaires.

Cependant, dans les méthodes conventionnelles, telles que la méthode d'Archiméde a double corps,
la méthode de la goutte sessile, le viscosimeétre a spheére contrebalancée et le viscosimétre a bobine
rotative, la nucléation hétérogeéne sur la paroi du récipient, les limites de température et la
contamination de I'échantillon sont inévitables, ce qui entraine l'incapacité d'obtenir une densité, une
tension superficielle et une viscosité précises et limite ¢galement la plage de mesure.

Pour surmonter le défi mentionné, les techniques sans récipient ont été¢ considérées et développées
comme une approche prometteuse au cours des dernieres décennies. La 1évitation électromagnétique
et la 1évitation électrostatique ne sont pas adaptées a la mesure des propriétés thermophysiques des
oxydes fondus, car la plupart des oxydes fondus n'ont pas de conductivité électrique. Enfin, la
lévitation aérodynamique combinée a la méthode d'oscillation des gouttes, au chauffage laser, a un
systéme d'excitation acoustique, a une source de rétroéclairage et a une caméra a haute vitesse a été
construite et choisie comme dispositif de mesure dans la présente these.

Cependant, cet appareil de 1évitation aérodynamique combiné présente encore des problémes non
résolus :

- Les mesures complétes impliquent divers parametres, le traitement et 1'ajustement des images, et
des calculs, ce qui conduit a la difficulté d'estimer l'incertitude des mesures.

- Le principe de la tension superficielle mesurée par l'appareil de lévitation aérodynamique est la
théorie de Rayleigh. Par conséquent, la mesure de la tension superficielle est extrémement sensible a
la fréquence de Rayleigh sur la source acoustique, ce qui entraine I'imprécision des mesures.

De plus, la dynamique moléculaire classique, combinée aux résultats des caractérisations précédentes
(diffraction des neutrons, NMR) des systémes CaO-AlO3 et CaO-AlO3-SiO», a été utilisée pour

explorer 1'évolution structurelle a différentes températures et compositions.
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La description ci-dessus conduit aux objectifs de I'étude a la fin de ce chapitre: 1) optimisation des
mesures, ii) mesure de la densité, de la tension superficielle et de la viscosité des systemes CaO-Al,O3
et Ca0O-Alb03-Si0,, iii) exploration de I'évolution structurelle des systemes CaO-AlO3 et CaO-

AlO3-Si0,, 1v) révélation des corrélations entre la densité, la tension superficielle et la viscosité.

Abstract of Chapter 1

This chapter is to provide the reader with a general understanding of the applications of CaO-Al>O3
and Ca0-Al,03-Si02 melts, where the CaO-AlxO3-based melt and CaO-Al,03-Si0O2-based melt are
common basic industrial slag which is widely applied in metallurgy. The thermophysical properties
(density, surface tension, and viscosity) of these melts play an indispensable role in steelmaking and
slag corrosion on refractories. The generation of reliable density, surface tension, and viscosity data
of melts at high temperatures is important for optimizing the smelting process, exploring the transfer
mechanism between molten slag and liquid steel, and revealing the corrosion mechanism of molten
slag on refractories.
However, in conventional methods, such as the double bod Archimedean method, the sessile drop
method, the counterbalanced sphere viscometer, and the rotating bob viscometer, heterogeneous
nucleation at the container wall, temperature limitations, and sample contamination are unavoidable,
which results in the inability to obtain accurate density, surface tension, and viscosity and also limits
measurement range.
To overcome the mentioned challenge, container-less techniques have been considered and developed
as a promising approach in recent decades. Electromagnetic levitation and electrostatic levitation are
not suitable for measuring the thermophysical properties of oxide melts, due to most oxide melts
without electrical conductivity. Finally, acrodynamic levitation combined with the droplet oscillation
method, laser heating, an acoustic excitation system, a backlight source, and a high-speed camera was
built and chosen as the measurement device in the present thesis.
However, this combined aerodynamic levitation apparatus still presents unsolved problems:
e Complete measurements involve various parameters, image-processing and -fitting, and
calculations, which leads to the difficulty in estimating the uncertainty of the measurements.
e The principle of surface tension measured by the aerodynamic levitation apparatus is the
Rayleigh theory. As a result, the measurement of surface tension is extremely sensitive to the
Rayleigh frequency on the acoustic source, which causes the inaccuracy of measurements.
In addition, classic molecular dynamics, combined with previous characterization results (neutron
diffraction, NMR) of the CaO-Al>O3 and CaO-Al,03-S10; systems, was used to explore the structural
evolution at different temperatures and compositions.
The above description leads to the study objectives at the end of this chapter: 1) optimization in

measurements, i1) measuring density, surface tension, and viscosity of the CaO-Al,O3 and CaO-
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Al03-Si02 systems, iii) exploring structural evolution of the CaO-Al,O3 and Ca0O-Al>03-SiO2

systems, iv) revealing the correlations between density, surface tension, and viscosity.

1.1 Current status of molten oxide systems

Oxide systems play a significant role in many fields, such as refractories, metallurgy, solar cells, and
optical glass, which could be divided into unary, binary, ternary, and multivariate systems, according
to their composition, such as CaO-Al,03, CaO-Al,03-S102, CaO-Fe;03-Si02, and Li2O-Al,O03-ZrOs-
Si0,. Molten oxide systems are of technological and scientific interest, which are derived from their
well-behaved refractory nature, and optical and mechanical properties, making them attractive for a
wide range of industrial applications. In the various melts, CaO-Al2O3 and CaO-Al;03-Si0O are
emphatically presented as the objects of study, which are overviewed as follows:

Calcium aluminates is a special glass-forming system because AloO3 does not resemble SiO; as a
typical network former, which leads to complex internal structures and specific glass-forming
processes. Molten calcium aluminates have long been considered a valuable and promising melt
system, due to their numerous applications. Calcium aluminate cement has high resistance to acid
attack and particularly biogenic corrosion and abrasion resistance in hydraulic structures [Scrivener
et al., 1999]. Crystalline calcium aluminate is an important setting agent in cement production [Liu
et al., 2020]. Liu et al studied the dynamic mechanism of phase transitions, density, and viscosity
from liquid calcium aluminate, through the supercooled stage to crystalline phases, during cement
clinker production. The calcium aluminate family of glasses was predicted as potential ultra-low-loss
optical materials because these glasses exhibit intrinsic optical losses at 1.55 pm confirmed by
scattering measurements [Lines et al., 1989]. And also, calcium aluminate glasses introduced with
rare earth elements have exhibited good conversion in the process from infrared light to visible light
[Chung et al., 2005]. Calcium aluminate porous ceramics which have shown nice cell attachment and
stable cell growth behavior were proposed as a potential bone graft in biomaterials as well [Kalita et
al., 2002]. It is noteworthy that 12Ca0O*7A103 (C12A7) as the lowest eutectic of the Al,O3-CaO
system has a unique network structure, which has been successfully prepared to solvate electrons
apply in the chemistry and engineering of cement [Edwards, 2011]. It means that the system Al,Os-
CaO has much potential in combining the quantum physics of excess electrons, associated electrons,
and vitrification transitions [Miyakawa et al., 2007; Kim et al., 2012]. Molten calcium aluminates are
also a common binary metallurgical slag that is used to quantify the corrosion kinetic of high-alumina
refractory [De Bilbao et al., 2018], putting forward reaction models based on the dissolution-
precipitation-diffusion mechanisms.

Calcium aluminate glasses are considered based on the above description. However, these glasses
have a high-liquidus temperature and a tendency to devitrify easily [Cormier et al., 2000], which may

be overcome by introducing a small amount of SiO», forming the CaO-Al,03-S10; system. The CaO-
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Al203-S102 melts is a relatively common but complex chemical system that has a wide range of
industrial applications such as metallurgy, nuclear and industrial waste storage, glass, materials
corrosion, and geology [Jakse et al., 2012; Zhang et al., 2021a]. Among the various applications, the
Ca0-Al>03-Si10;-based melt is common basic industrial slag as well. Yehorov et al. [Yehorov et al.,
2021] investigated the interaction between MgO—C refractory bricks and less basic industrial slag
(Ca0-Al203-S102-MgO-Fe203-MnO) with CaO/ALO; ratios equal to 1 and varying SiO2 content. It
provided insight into the influence of slag properties on its infiltration, as well as the possible
formation of a protective spinel layer. Xu et al. [Xu et al., 2021] used a ladle refining slag of CaO-
AlO3-Si0z-based to examine the corrosion resistance of bauxite-corundum refractory castables,
hoping to find out an excellent method to improve the performance of high alumina refractory
castable. The slag (CaO-Al>03-Si0,-based) reaction behaviors of lightweight materials were reported
by Fu et al. [Fu et al., 2019], discussing the role of nano-sized intracrystalline pores and material
compositions on the slag corrosion and penetration of materials. We have a general understanding of

the applications of the CaO-ALLO; and CaO-AL0O3-SiO> systems, based on the above overview.

1.2 The application of thermophysical properties of melts.

The thermophysical properties of a melt such as its heat capacity, density, surface tension, viscosity,
thermal conductivity, etc, are directly related to the structure of the melt and the dynamics of the
atoms inside the melt. Thermophysical properties of glass are key properties for melting, fining,
processing optimization, glass formation, and annealing process [Cheng et al., 2013]. In cement
studies, the thermophysical properties of principal molten phases can help understand their eventual
crystalline structures [Liu et al., 2020]. Related simulations of metallurgical processes also require
reliable and accurate thermophysical properties (density, surface tension, and viscosity), which help
a deep understanding of interactions between molten slag and molten steel to improve steelmaking
processes [Siafakas et al., 2018]. Meanwhile, the thermophysical properties of molten slag are
essential for studying slag corrosion and penetration of materials in corrosion science [De Bilbao et
al.,2015; Blond et al., 2020]. Reliable thermophysical properties contribute to revealing the corrosion

mechanism.

1.2.1 The influence of thermophysical properties of molten melts on steel making
The most important function of the molten slags in steel making is concentrating the ash of gangue
and fuel in ore and separating the smelting products under high temperatures. Furthermore, the
molten slags have other functions as follows: (i) As reaction medium. In some melting processes, the
extraction reaction of metals takes place in the molten slags; (ii) Control the contents of impurities
in the melting products. The molten slags can react with some components of the molten metal,

which can reduce the inclusions in the molten metal such as steel; (ii1) As a protection layer to isolate
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oxygen from the molten metals and prevent their oxidation. Therefore, investigating the thermal

properties of molten slags plays a significant role in optimizing the melting process.

First of all, the melting temperature of slags determines the reduction temperature of the furnaces, the
fluidity of molten slags, and the separation of molten slags and molten metals. On the one hand, when
the melting temperature of the molten slags is high, their melting is more difficult, which would cause
a decrease in their fluidity and make the separation of slags and molten metals more difficult. On the
other hand, however, when the melting temperature of the molten slags is low, the heat in the furnaces
is insufficient, which increases the difficulty in controlling the furnace temperature and reduces the
recovery rate of the products in the smelting process. Therefore, the measurement and adjustment of
the molten slag melting temperature are of vital importance.

Additionally, the surface tension is one of the most important properties of molten slags and has a
critical influence on metallurgical processes (especially the emulsification and separation process
between melting steel and molten slag as well as the removal of inclusions and foaming operations),
which is defined as the excess free energy per unit area of surface, determined by the energetic
interactions between ions in the surface layer. On one hand, when the surface tension is greater, the
adhesion work between the melting steel and molten slag is reduced, which makes it more difficult
for the slag to mix with melting steel in the form of inclusions, thereby improving the quality of the
steel. On the other hand, when the surface tension is smaller, the foaming process of molten slag is
more easily, due to the lower energy consumption for generating bubbles. What’s more important,
smaller surface tension can increase the life of bubbles and maintain the foaming ability of molten
slag. Based on the analysis above, proper surface tension is a significant prerequisite for ensuring the
quality of liquid steel and smooth smelting [Wegener et al., 2015; Yan et al., 2018; Zhang et al.,
2021b].

Furthermore, the density of molten slags determines the settling velocity of small alloy droplets, the
successful separation of molten slag and melting metal, and the foaming of molten slags in the
smelting process [Zhang et al., 2010; Shu et al., 2013; Yan et al., 2018]. A higher density of molten
slags decreases the setting velocity, which will influence the efficiency of the smelting process and
the separation of molten slag and melting metal. However, the experimental data of molten slags are
scarce, because of their high reactivity and the technical difficulty of taking precise measurements at
elevated temperatures [Zhang et al., 2010].

Besides, viscosity is the ratio of the shearing stress to the velocity gradient [Zhang et al., 2015], which
is used to describe the fluid resistance to flow. The viscosity of molten slags affects the reaction
kinetics and smelting reaction rate, which is inversely proportional to the transfer rate in the smelting
process. Molten slags with lower viscosity increase their transfer rate, which accelerates the smelting

reactions and reduces the content of oxides in molten metals. On the contrary, if the viscosity is high,
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the reaction rate will decrease. Therefore, keeping a proper viscosity of molten slags is of vital
importance in the smelting process [Zhang et al., 2015; T. Wu et al., 2016; Kondo et al., 2019].

According to the analysis above, the thermodynamic properties of slags have a great impact on the
smelting process. Therefore, the measurement and adjustment of the thermodynamic properties of the

slags are important for guaranteeing reasonable and efficient operation of the smelting process.

1.2.2 The influence of thermophysical properties on slag corrosion on

refractories
Besides affecting the melting process, the thermodynamic properties (including the melting
temperature, viscosity, surface tension, and density) also have important effects on the refractories,
which could be considered from two aspects:
(1) The dissolution of refractories into molten slags at high temperatures.
During this process, besides the difference of composition contents in the slags and in the refractories
as well as the temperature, the viscosity and the melting temperature of molten slags play a significant

role. The dissolution rate Vs of refractories in a molten slag could be calculated by the following Eq.

(1-1):

S=’§ﬂ(cs-co> Eq. (I-1)

wherein S represents the mass transfer coefficient; ps and p, are the densities of slags and refractories;
Cs and C, represent the supersaturated concentration and the concentration of refractories in the

molten slags, respectively [Fu et al., 2017, 2019]. S can be obtained by the following Eq. (1-2):
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D, r, g, 0, u, t, and [ represent the effective dissolution coefficient, the radius of the pore, the surface
tension of molten slags, the wetting angle between molten slags and refractories, the dynamic
viscosity of molten slags, the time, and the mean pore diameter of refractories, respectively [Fu et al.,
2019].

From Eq. (1-2), we can see that the thermodynamic properties (such as viscosity, density, and surface
tension) of molten slags all affect the dissolution rate of refractories. When the density and surface
tension of molten decreases, the mass transfer coefficient f decreases, which reduces the dissolution

rate of refractories Vs, because Vs is positively related to the mass transfer coefficient . Furthermore,
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a higher viscosity can reduce the mass transfer coefficient f, and then decrease the dissolution rate of
refractories Vi [Luz et al., 2011; Fu et al., 2017].

(i1) The penetration of molten slags into refractories at high temperatures.
During the melting procedure, the penetration of molten slags into refractories by open pores and
cracks is not ignorable, which could be described by a model of liquid permeating a capillary tube.
The penetration depth L and penetration velocity v are calculated by the following Eq. (1-3) and Eq.
(1-4):

1

2
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From Eq. (1-3) and Eq. (1-4), it can be obtained that besides the pore size of refractories and the
wetting angle between molten slags and refractories, the surface tension and dynamic viscosity of
molten slags play a significant role in the penetration of slags into refractories. The penetration
velocity of slags into refractories is positively related to the surface tension of the molten slag: with
an increase in the surface tension, the penetration velocity of molten slags increases. On the contrary,
the penetration velocity of molten slags into refractories is negatively correlated with the dynamic
viscosity of molten slags: with an increase in the dynamic viscosity, the penetration velocity of molten
slags decreases.

Based on the analysis above, measuring the thermodynamic properties of molten slags accurately is
significant in researching the dissolution of refractories into slags and the penetration of molten slags

into refractories at high temperatures.

1.3 Measurement methods
There are many methods for measuring the thermophysical properties of high-temperature melts. The
measurement methods of melt density, surface tension, and viscosity have been studied for many
years, which are artificially divided into conventional contact measurements and novel levitation

methods.

1.3.1 Conventional methods

Conventional methods, such as the Archimedean double bob method, the sessile drop method, and
the maximum bubble pressure, have been usually performed to measure the density and surface

tension of melts at high temperatures.
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1.3.1.1 Double bob Archimedean method

The principle of the double bob Archimedean method is to measure the buoyancies of two Pt bobs
with different volumes (V1 and V2) [Sasaki et al., 1994; Arman et al., 2019]. The buoyancy (W)
against the volume (V) of the bob immersed in a glass melt is determined by the following Eq. (1-5)

and ) [Sasaki et al., 1994;]. The schematic apparatus for density measurement is shown in Figure 1-1.
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Figure 1-1 Schematic apparatus for density measurements of glass melts: (i) the double bob

Archimedean method; (ii) the image of the double bob Archimedean device [Arman et al., 2019].

W, =Vip - 2rrycost + A Eq. (1-5)
Wy=V,p - 2rrycosf + A Eq. (1-6)

where W is the buoyancy of the bob immersed in the melt;
V is the volume of the bob immersed;
p is the density of the melt;
r is the radius of the suspending wire;
y is the surface tension of the melt;
@ is the contact angle between the suspending wire and the melt;
A is the constant that is related to the adhesion and convection of air.
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The density of the glass melt is described by the following equation:

(W-W>)

= Eq. (1-7)

(Vi-V>2)

The density of oxide melts, such as NaxO-SiO; melts [Arman et al., 2019], CaO-SiO;-Al,03-R,0

(Ca0/S10,=0.67, A1203=20 mass%, R20O=10.8 %, R= Li, Na, K) melts [Fujino et al., 2004], and PbO-

B>03-Si0; system [Sukenaga et al., 2011] was measured by the double bob Archimedean approach
during the temperature range of 1623-1773 K.

1.3.1.2 Sessile drop method

The sessile drop method as another often used technique [Bachmann et al., 2000; Susana et al., 2012;
Duchesne et al., 2017] is to project the contour naturally formed by the melt on the A1bO3 or Si3N4
horizontal board to an imaging system via a backlight source. The volume of the droplet is calculated
by taking its cross-section photo and analyzing the geometric shape of the photo. The schematic of
the sessile drop apparatus is shown in Figure 1-2 [Duchesne et al., 2017]. The mass of the droplet
after solidification was measured and the melt density was calculated. Meanwhile, the surface tension
can be synchronously measured by this method. The principle of measurements of surface tension is
based on the description of the Young-Laplace equation on the relationship (shown as Eq. (1-8))

between droplet surface pressure and surface tension.

where y is surface tension; R; and R represent the radius of curvature of the droplet; Ap is the surface

pressure difference of the droplet.
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Figure 1-2. Schematic of the sessile drop method [Duchesne et al., 2017].

The accuracy of the sessile drop method mainly depends on the image processing technique,
calculation of the volume, and contact angles on substrates. It is worth mentioning that the sessile
drop technique can measure both the density and surface tension of melts. The density and surface
tension of synthetic coal slags were measured by the sessile drop technique during the temperature
range 1473-1873 K [Duchesne et al., 2017].

The viscosity of melts is an important property applied in metallurgy and glass production and some
measuring methods have been developed in recent years, such as capillary, oscillating vessel,

rotational bob, oscillating plate, and draining vessel [lida et al., 1993; Brooks et al., 2005].

1.3.1.3 Capillary rheometer

The capillary rheometer is considered to be a simple and effective method for the measurements of
the viscosity of melts, as shown in Figure 1-3. The principle of the capillary rheometer is the time for
a finite volume of melts to flow through a narrow bore tube under a given pressure [Brooks et al.,
2005]. The Hagen-Poiseuille equation describes the correlation between viscosity and efflux time, as

follows:

' pght mpV

_ i Eq. (1-9
1= SWtnr) - Sa(tnry a-(1-9)

where 7 is the radius of the capillary;
[ 1s the length of the capillary;
h is the effective height of the column of liquid,
p is the melt density;
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V' is the volume discharged in time ¢;

m and n are constants that can be determined experimentally.

pgh is the pressure difference along the capillary.

nr is called end correction and corrects for the surface tension effect when the fluid is drained

from the capillary.
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Figure 1-3. Schematic of the capillary viscometer [Brooks et al., 2005].

However, during measuring the viscosity of melts by the capillary method, high viscosity melt or
solid granular melt may block the capillary and make it impossible to measure the viscosity, due to

the fine capillary.

1.3.1.4 Counterbalanced sphere viscometer

The measured process of the counterbalanced sphere viscometer [Riebling, 1963; Brooks et al., 2005]
is either the drop of the platinum sphere because of gravity or dragged upwards into the melt. The
schematic of the counterbalanced sphere viscometer is shown in Figure 1-4. According to Stokes’
law, the relationship between the viscosity of melt and descent or ascent speed is shown in the

following Eq. (1-10).

_ Zgrz(ppt - pmelt)

Eq. (1-10)
98

n
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where g is the gravitational acceleration; 7 is the radius of the platinum sphere; p,s and puer are the
density of the platinum sphere and the melt, respectively; S is the velocity of descent or ascent of the
sphere. The correction for the expansion of the platinum sphere is necessary for this apparatus. Oxide
melts with low viscosity (especially Reynolds number Re < 0.1) can not be measured by the
counterbalanced sphere viscometer because Stoke’s law does not hold and a modified equation must
be used [Brooks et al., 2005]. For melts with Re > 0.1, the following Oseen’s equation is given to

express the relationship between the Reynolds number and viscosity [Hara et al., 1997],

f,=3mDV(1+3/16 Re) Eq. (1-11)

where f; is viscous resistance when a sphere of its diameter D (cm) moves at the velocity V (cm/sec)
in the melt of its viscosity #.
Hara et al [Hara et al., 1997] used the counterbalance sphere viscometer to measure the viscosity of

the CaO-Si02-A1b03-Fe2O3 melts at the temperature range of 1600-1900 K.

Viscous Resistance = 3nn DV(1+3/16Re)

h = viscosity balance

D = diameter of sphere
V = velocity of movement
Re = VD p/m
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Figure 1-4. Schema of a counterbalanced sphere viscometer [Brooks et al., 2005].

1.3.1.5 Rotating bob viscometer

For the rotating bob viscometer (shown in Figure 1-5), the torque on the cylinder rotated in a melt is
related to the viscosity of a liquid. The viscosity is determined by measuring the torque developed on
the rotor arm of the rotating cylinder. The viscosity of a melt can be calculated from the following

Eq. (1-12) under the rotating cylinder at a constant speed.

28



n=<§1—§0> - Eq. (1-12)
where M is the torque; n is the number of revolutions per second; ; is the radius of bob, 7y is the
radius of a crucible; /4 is the height of the bob.

This device to measure a wide range of viscosity from 10'?> to 10! Pass has been successfully
demonstrated with various glasses to a temperature of 1473 K.

However, any instability regarding rotation speed or alignment would improve the measured viscosity
value of the melt. When a melt with lower viscosity is measured by the rotating bob viscometer, it is
difficult to keep the clearance between the stationary and rotating parts extremely small and maintain

the system coaxially.
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Figure 1-5. Schema of a rotating bob viscometer [Brooks et al., 2005].

Except for own shortcomings of each approach, all the conventional approaches to measure
thermophysical properties mentioned above have an inevitable defect. By observing these device
schematics, the melt is in contact with the container or substrate during the whole measuring process.
High temperatures tend to induce the risk of interactions between a melt and the container/substrate,
which result in contamination of the melt, heterogeneous nucleation under supercooled conditions,
as well as large measured error. Temperature limitations are unavoidable, which also limits the
measurement range of density, surface tension at high temperatures, and viscosity. Conventional
container methods cannot meet the requirements of ultra-high temperature testing. Therefore, for the
thermophysical properties of molten oxide systems, how to accurately measure them in situ at high

temperatures is still a scientific challenge.
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1.3.2 Containerless levitation methods

In contrast to conventional approaches, levitation technology can perfectly eliminate the problems of
the contact between a melt and the container to avoid contaminations, which is the ideal method for
studying the structure and dynamics properties of ultra-high temperature melts [Hennet et al., 2007].
An additional advantage of the levitation approach is that it can precisely explore the crystallization
and properties of supercool hot melts below their equilibrium freezing point. Different levitation

techniques have been developed and the principal approaches are introduced as follows.

1.3.2.1 Electromagnetic levitation

Electromagnetic levitation [Jacobs et al., 1996; Brillo et al., 2011; Watanabe et al., 2018; Su et al.,
2020; Perepezko et al., 2021] is one of the primary techniques used for contactless measurements, as
shown in Figure 1-6. For this technique, a levitated coil generates a radio-frequency electromagnetic
field and the Foucault current is induced into a sample. The accompanying electromagnetic induction
generates heat to melt the sample. In the meantime, the formation of interaction between the magnetic
field of the coil and the Foucault currents can counteract the gravity to levitate the sample. The
levitated coil is located in the sample chamber with extremely high-purity gas (He). The temperature
of the sample is controlled by changing the gas flow to the sample through a ceramic tube. The
viscosity of liquid zirconium was investigated by electromagnetic levitation with the oscillation drop
method [Su et al., 2020]. The density, spectral emissivity, heat capacity, and thermal conductivity of
liquid Co were measured by the electromagnetic levitation technique in a static magnetic field
[Watanabe et al., 2018]. However, the sample was limited to materials with electrical conductivity

(metals, alloys, and semiconductors), using this method.
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Figure 1-6. Schematics of electromagnetic levitation [Perepezko et al., 2021]
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1.3.2.2 Electrostatic levitation

Electrostatic levitation [Rhim et al., 1999] is also a commonly useful tool for measuring the
thermophysical properties of metals or alloys and its schematic image is shown in Figure 1-7 [Yoo et
al., 2015]. With this technique, a sample is electrically charged and levitated in a vertical electrostatic
field between two electrodes. There are two pairs of smaller electrodes on two sides which are
performed to control the horizontal position of the sample. Lasers were carried out to heat the levitated
sample in a high vacuum. The density, volume expansion coefficient, and ratio of specific heat to
emissivity were successfully tested by electrostatic levitation [Du et al., 2018]. The Ni self-diffusion,
density, and viscosity of ZrssNi3s were measured by the technique of electrostatic levitation [Brillo et
al., 2011]. Although some oxides without electrical conductivity can be measured by electrostatic

levitation, most of the samples are metals or alloys.
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Figure 1-7. Schematic diagram of electrostatic levitation [Yoo et al., 2015]

1.3.2.3 Aerodynamic levitation

To overcome the challenge of oxide melts without electrical conductivity, aerodynamic levitation has
been considered and developed as a promising approach in recent decades [Winborne et al., 1976;
Weber et al., 1995; Hennet et al., 2017]. In aecrodynamic levitation, a convergent-divergent nozzle in
the levitation system channels a regulated gas flow upwards to counteract the gravity of a droplet
[Hennet et al., 2011]. The droplet is levitated by adjusting the gas. The principle formula was shown
in Eq. (1-13) [Benmore et al., 2017]:

Mg=C, [ (pu?+p)dA Eq. (1-13)
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where Cy is the drag coefficient, p is the gas density, u is the gas flow velocity, p is the pressure drop,
and 4 is the area of a sample.

Laser heating and sample levitation were successfully applied inside the Nuclear magnetic resonance
to obtain NMR spectra of Al,03-CaO liquids [Poe et al., 1994]. Moreover, Hennet et al. [Hennet et
al., 2011] presented detailedly applications of aerodynamic levitation and laser heating at synchrotron
and neutron sources, which perfectly solved sample contamination and temperature limitation.
Furthermore, the droplet oscillation technique is based on Rayleigh theory [Rayleigh, 1879]. It
describes oscillations of a spherical liquid droplet driven by its surface tension. It is widely applied
in electromagnetic levitation to measure the surface tension and viscosity of liquid metals [Egry et
al., 2005], which aroused the dawn of thermophysical properties measurements of oxide melts.
Aerodynamic levitation combined with the droplet oscillation method and laser heating became a
possible and valuable approach for measuring surface tension and viscosity of oxide melts. Finally,
aerodynamic levitation combined with the droplet oscillation method, laser heating, an acoustic
excitation system, a backlight source, and a high-speed camera was built [Langstaff et al., 2013; Kargl
et al., 2015], as shown in Figure 1-8, where the acoustic excitation system was used to control the
oscillation mode [Cummings et al., 1991; Ozawa et al., 2009; Langstaff et al., 2013] and the backlight
source was to improve the contrast of the image recorded by the high-speed camera [Langstaff et al.,

2013].

Pyrometer &
- £

v Band-pass filter
-y s af p
: 4 Telecentric lens
UV light Vi 4
(Back light) —D_H_ Sample image
Sample | High-speed camera
NaCl window Nozzle | Gas cyhnder !
— | Levitating gas_l ]
[ ] [ S | |
CO, laser =
e Ar
@ / 0,
Speakers

(Oscillation) |Mass flow controller |

Figure 1-8. Schematic diagram of the laser acrodynamic levitator [Kondo et al., 2019].

The aerodynamic levitation apparatus is currently a better choice for measuring oxide melts without
electrical conductivity since it does not limit the type of materials tested. Meanwhile, compared with

electromagnetic levitation, the heating in the aerodynamic levitation apparatus is independent of the
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levitation system, which can decrease more or less experimental errors. And compared with
electrostatic levitation, the measurement of the aerodynamic levitation apparatus is not vulnerable to
interactions between a charged surface and an electrostatic field [Langstaff et al., 2013]. Recently,
the viscosity or density of some oxide systems such as Si0,-CaO-Al>Os3 slags [Siafakas et al., 2018],
liquid ZrO> [Kondo et al., 2019], and Al,O3-ZrO> molten materials [Ohishi et al., 2017], have been
successfully measured during a wide temperature range by the aerodynamic levitation apparatus.

Although the aerodynamic levitation apparatus has been successfully built and applied in
measurements of thermophysical properties of oxide melts, this apparatus still presents three unsolved
problems. (1) It is difficult for pyrometers to determine the real temperature of oxide melts under high
temperatures because their emissivity is generally unknown. That makes it extremely difficult to get
an accurate correspondence between thermophysical properties and real temperature. (ii)) Complete
measurements involve different parameters, image-processing and -fitting, and calculations, which
leads to the difficulty in estimating the uncertainty of the measurements. (iii) The principle of surface
tension measured by the aerodynamic levitation apparatus is the Rayleigh theory [Rayleigh, 1879].
As a result, the measurement of surface tension is extremely sensitive to the Rayleigh frequency on
the acoustic source, which causes the inaccuracy of measurements. That is why few papers have
reported the surface tension of oxide melts measured by aerodynamic levitation with the droplet

oscillation method during a wide temperature range.

1.4 Objectives of this study

The overall goal of the thesis is to contribute to

e improving measurements of the thermophysical properties of oxide melts, such as density,

surface tension, and viscosity, using aerodynamic levitation;

e exploring the structural evolution of the CaO-Al20O3 system and the CaO-Al,03-Si0:2 system

on the atomic scale;

e describing the correlation between structural evolution and thermophysical properties.
Before performing the thermophysical properties, the levitation device was improved as well as the
image and data processing to improve the thermophysical properties assessment accuracy.

The thermophysical properties were then measured on two groups of melts: the first group was based
on the binary CaO-Al,O; with molar compositions corresponding to 3CaO+AlLO3 (C3A),
12Ca0+7A1,03 (C12A7), CaO+AL,O3 (CA), and CA2 (CaO*2A1,03), with C=CaO and A= ALOs.
The second group was based on the ternary CaO-Al>03-Si0, with CaO/Al,O3=1 and SiO> weight
content ranging from 0 to 25 wt.%.

Molecular dynamics calculations were carried out with LAMMPS software to determine the structure
of each melt and extract some structural descriptors and relate the measured property trends to these

descriptors.
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1.5 Contents of the thesis

The outline of this thesis is as follows:

Chapter 2 is to describe the improvements in the measurements of the aerodynamic levitation
apparatus, basic knowledge of classical molecular dynamics (MD), and calculation details of
structural parameters. In Chapter 3, the results of the thermophysical properties of the CaO-Al>O3
system are listed. With the help of the previously reported structure measurements, the MD simulation
with combined hybrid potential is verified to be appropriate for the CaO-Al,0O3 system. We deeply
demonstrate by MD simulations how temperature and R=CaO/Al,O3 variations affect the structural
transformations of the CaO-Al,O3; system. Meanwhile, a preliminary attempt is to explain the
correlation between structural evolution and thermophysical properties, based on structural
parameters from MD simulations. The aim of Chapter 4 is to expand the binary oxide system to a
ternary system (CaO-Al203-SiO;) to further confirm the theoretical methods in Chapter 3, in
particular, rationality and application of MD simulation with combined hybrid potential and the
correlation between structural evolution and thermophysical properties in the CaO-Al,03-Si0;
system. In Chapter 5, the numerical models (Urbain model, FactSage®, MD) of viscosity are
described and the viscosity data comparison between experimental measurements and simulations is
shown, which provides a reference for experimental measurement and study on viscosity. The content

of Chapter 6 is the conclusions for this thesis, unsolved problems, and perspectives of future research.
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Chapter 2. Method and Theory

Résumé du Chapitre 2

Dans ce chapitre, 1'objectif principal est d'offrir aux lecteurs une compréhension claire des mesures
de la lévitation aérodynamique. Pour ce faire, les principes et les processus de mesure de la densité,
de la tension superficielle et de la viscosité ont été décrits en détail.
Par conséquent, le fond de la gouttelette 1€vitée est inévitablement protégé par la tuyere conique
convergente-divergente lors des mesures. Reconstituer le bord de 1'échantillon fondu et mesurer le
diametre horizontal et le diamétre vertical sont la condition préalable au calcul de la densité, de la
tension superficielle et de la viscosité.
En outre, nous avons expliqué le mode d'oscillation li¢ aux mesures de la tension superficielle et de
la viscosité, les corrélations entre la fréquence d'oscillation de la force, la fréquence d'oscillation de
I'amortissement et les mesures de la tension superficielle et de la viscosité. On peut noter que lorsque
la fréquence d'excitation n'est pas ¢loignée de la fréquence de résonance, le systéme atteint cette
derniére presque instantanément. Ainsi, la comparaison de la fréquence forcée de l'oscillation
harmonique et de la fréquence de résonance de l'oscillation d'amortissement, qui doivent étre proches,
peut étre utilisée comme une indication de la validité de la mesure.
Pour optimiser les mesures et obtenir des données précises, il est nécessaire de traiter les images
testées en vrac, d'estimer l'incertitude des mesures de la densité, de la tension de surface et de la
viscosité, d'optimiser I'ajustement de la courbe pour obtenir des paramétres précis et de calculer la
densité, la tension de surface et la viscosité.
Pour résoudre les problemes ci-dessus, l'outil de post-traitement des données (une série de scripts
Python) a été créé, basé sur I'algorithme de détection des bords de Canny, la méthode de Monte Carlo
et les transformées de Fourier. L'outil de post-traitement des données a été utilisé pour:

» reconstituer le bord de I'ombre de 1'échantillon de gouttelettes ;

» traiter les images de la caméra haute vitesse ;
tracer et ajuster la courbe d'oscillation ;

estimer l'incertitude des mesures de densité, de tension superficielle et de viscosité ;

YV V VY

déterminer les fréquences des oscillations harmoniques et d'amortissement ;

» calculer la densité, la tension superficielle et la viscosité.
Paralle¢lement, les principes et concepts de base de la dynamique moléculaire classique ont été
introduits, le choix de fonctions potentielles appropriées étant la clé des résultats corrects de la
simulation MD. Le potentiel total associ¢ au systeme du verre comprend des forces électrostatiques
a longue portée (force coulombienne) et des forces a courte portée (contenant la force répulsive et la

force attractive de Van der Waals). Les verres d'oxyde et d'halogénure présentant des caractéristiques
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de liaison ionique et covalente et leur physique a 1'état solide ont pu étre abordés via le modele de
Born. Le modéle de Born a été optimisé au cours des dernieres décennies, ou une répulsion de loi de
puissance n-iéme a ¢été remplacée par une expression exponentielle. Les expressions combinées
représentant a la fois la répulsion exponentielle et l'attraction dispersive sont connues sous le nom de
potentiels de Born-Mayer-Huggins (BMH) ou de Buckingham. Cependant, seules les paires cation-
anion se voyaient attribuer les interactions a courte portée dans le potentiel de Buckingham, alors
qu'aucune interaction a courte portée n'était supposée entre les cations et les cations en raison de la
longue distance de séparation entre eux. En fait, il existe une force de répulsion maximale qui sert de
limite a une faible séparation atomique. Le potentiel BMH qui est homologue au potentiel de
Buckingham a été appliqué pour résoudre la suppression de l'interaction a courte portée entre les
cations et les cations dans Buckingham, en utilisant la forme de potentiels hybrides de LAMMPS.
Dans ce travail, les potentiels hybrides combinés composés du potentiel de Buckingham et du
potentiel BMH ont d'abord été appliqués aux interactions interatomiques.

Dans l'analyse de la simulation MD, la méthode de calcul de certains paramétres structurels, tels que
les distributions d'angles de liaison, les facteurs de structure et les fonctions de distribution radiale,
sont répertoriée. En méme temps, 'outil de visualisation OVITO pro et I'outil de post-traitement des
données (script Python) ont été utilisés pour calculer et analyser davantage la trajectoire atomique a

partir des simulations MD.

Abstract of Chapter 2

In this chapter, the main goal is to offer readers a clear understanding on the measurements of
aerodynamic levitation. For this goal, the principles and processes in measurements of density,
surface tension, and viscosity were described in detail.

As a result, the bottom of the levitated droplet is inevitably shielded by the convergent-divergent
conical nozzle in measurement. Reconstituting the edge of the molten sample and measuring the
horizontal diameter and vertical diameter are the prerequisite for calculating the density, surface
tension, and viscosity.

In addition, we explained the oscillation mode related to measurements of surface tension and
viscosity, the correlations between force oscillation frequency, damping oscillation frequency, and
measurements of surface tension and viscosity. It can be noted that when the excitation frequency is
not far from the resonance frequency, the system will reach the latter almost instantaneously. Thus,
comparing the forced frequency in the harmonic oscillation and the resonant frequency of the
damping oscillation which should be close, can be used as an indication of the measurement validity.
To optimize the measurements and obtain accurate data, it is necessary to process the tested images
in bulk, estimate measurements uncertainty of density, surface tension, and viscosity, optimize the

fitting of the curve to obtain precise parameters, and calculate density, surface tension, and viscosity.
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To solve the above problems, the data post-treatment tool (a series of Python scripts) was created,
based on the Canny edge detection algorithm, Monte Carlo method, and Fourier transforms. The data
post-treatment tool was used to

» reconstitute the shadow edge of the droplet sample;
process the images from the high-speed camera;
plot and fit the oscillation curve;
estimate the uncertainty of density, surface tension, and viscosity measurements;

determine frequencies of harmonic and damping oscillations;

Y V. V VYV V

calculate density, surface tension, and viscosity.

Meanwhile, basic principles and concepts of classical molecular dynamics were introduced, where
choosing appropriate potential functions is the key to the correct results of MD simulation. The total
potential associated with the glass system includes long-range electrostatic forces (Coulombic force)
and short-range forces (containing repulsive force and Van der Waals attractive force). Oxide and
halide glasses with ionic and covalent bonding characteristics and their solid-state physics could be
approached via the Born model. The Born model was optimized over the past few decades, where an
n-th power law repulsion was replaced by an exponential expression. Combined expressions
representing both the exponential repulsion and the dispersive attraction were known as Born-Mayer-
Huggins (BMH) or Buckingham potentials. However, only cation-anion pairs were given the short-
range interactions in the Buckingham potential, whereas no short-range interaction was assumed
between cations and cations due to the long separation distance between them. In fact, there is a
maximum repulsive force that serves as the limit at low atomic separation. The BMH potential that
is homologous with Buckingham potential was applied to solve the deletion in the short-range
interaction between cations and cations in Buckingham, through utilizing the hybrid potentials form
of LAMMPS. In this work, the combined hybrid potentials composed of Buckingham potential and
BMH potential were first applied in interatomic interactions.

In the analysis of MD simulation, the calculated method of some structural parameters, such as bond
angle distributions, structure factors, and radial distribution functions, are listed. At the same time,
the OVITO pro visualization tool and data post-treatment tool (Python script) were used to further

calculate and analyze atomic trajectory from MD simulations.

2.1 Aerodynamic levitation with the drop oscillation method

Laser aerodynamic levitation combined with the drop oscillating technique (ADL) is a novel device
for measuring the thermophysical properties of melts, which integrates a levitation system, a laser
heating system, a temperature monitor system, an acoustic oscillator system, and an image recording
system [Hennet et al., 2007; Langstaff et al., 2013]. The schematic image of ADL used in this work

was shown in Figure 2-1.
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Figure 2-1. Schematic diagram of laser aerodynamic levitation.

Acoustic generator

The sample placed in a convergent-divergent conical nozzle was levitated by a mixture gas flow (20%
O and 80% Ar). The flow rate of the mixture gas is controlled by using a smart mass flow controller
(Brooks Instrument, USA). The laser heating system consists of two CO> lasers with different powers
(Synrad Evolution 240 W and 125 W) which are focused at the top and bottom of the sample,
respectively, to prevent temperature gradient across the sample. The temperature of the sample is
measured by using two digital pyrometers (Impac IN 140/5-H, A1 = 5.14 um and IS 140-TV, A2 =0.9
um). The molten sample was excited with a conventional sine wave obtained by coupling the gas
flow system with two speakers monitored by a function generator (GBF GF467AF). The excitation
frequency was set to the resonant frequency of the sample and the molten sample was thus forced to
harmonic oscillation. A calibrated high-speed camera (CamRecord-CR Series, Optronics) with a 2X
telecentric lens allows the recording of the shadow of the sample with a resolution (pixel size) of
about 4 umx4 um. For this study, backlighting with a cold light source was employed as this proved
to be the most effective way to detect the edge of the small ball sample [Langstaff et al., 2013].

2.1.1 Temperature correction

The temperature of the sample is measured by using two digital pyrometers (A1 = 5.14 um and A, =
0.9 um). In order to perform temperature correction, one should know the emissivity of the sample
and correct the pyrometer accordingly. However, the emissivity of samples at high temperatures is
generally unknown. Here, a common method of temperature correction is to observe a crystallization
peak as the investigated substance solidifies. If the eutectic temperature is known and calculated for

each sample by thermodynamic calculations, it is possible to correct the temperature assuming that
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the emissivity does not change over the temperature range during the cooling. The eutectic
temperature (77 p), the pyrometer (7p), and Wien’s law [Krishnan et al., 1990] are used to correct

temperature, where the formulas are as follows [Hennet et al., 2011; Ohishi et al., 2017]

11 11 Eq. (2-1)
T T, T, T,

i_i - iln(g/l) Eq. (2-2)
T'T, C

where 77 is the melting point, 7" is the temperature correction, 4 is the wavelength of the pyrometer,
C> is Planck’s second radiation constant, and ¢; is the emissivity. Here the 7; was calculated by
FactSage® 8.1 [Bale et al., 2016]. 77, p (eutectic temperature) is obtained from the free-cooling curve
of the sample.

Taking CA2 as an example, Figure 2-2 shows the time-dependent temperature of CA2 measured by
the pyrometer (A2 = 0.9 um). The temperatures are kept constant before the heating lasers are off. The
sample is cooled down rapidly by the levitated gas flow after the heating lasers are shut down. The
emissivity of CA2 is calculated by Eq. (2-1) and Eq. (2-2), based on three free-cooling processes at
different temperatures. The results show that the emissivity calculated in this way does not depend

on the different initial temperatures and the slight changes in the flow rate.
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Figure 2-2. Cooling curves of the CA2 recorded by the pyrometers.

However, such crystallization peak is not observed during the cooling (the studied compositions form
glasses at room temperature) and thus, the temperature could not be corrected. In this case, the
measurement temperature was chosen as the apparent temperature of the pyrometer (A2 = 0.9 pm),
since the glass samples were transparent and the emissivity of the tested samples was unknown.
Furthermore, the wavelength range which is typically applied for temperature measurements of
molten glass lies between 0.78-1.15 um. In this range, whatever the emissivity, its temperature

dependence may be assumed to be low. As a result, the pyrometer with 0.9 pm was assumed to be
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well applicable to measure the temperature of the tested glass samples. Meanwhile, the apparent
temperature with the pyrometer is directly applied in data, which facilitates temperature correction in

the future when the emissivity will be known.

2.1.2 The principles of measurements and calculations

The measuring principles and methods of the thermophysical properties are divided into two
categories. The first category is to measure the surface tension and the viscosity at a constant
temperature, where the principle and method of surface tension and viscosity are related. The second

one is performed to measure the density along with the free cooling.

2.1.2.1 The measurement of surface tension and viscosity

The measurement of surface tension and viscosity of melts is based on the droplet oscillation
technique [Egry et al., 2005]. For a spherical free-force droplet, the relationship between surface
tension y and oscillation frequencies fis expressed in Eq. (2-3), namely Rayleigh theory [Rayleigh,
1879; Egry et al., 2005],

Iy
f=I1-1)(1+2) a7 Eq. (2-3)

where / is the mode of asphericity and rotational motion, and M is the droplet mass. This formula
provides the basis of the droplet oscillation technique. The levitated droplet is acted to both the gravity
and the levitated force of equal size but in opposite directions. These two forces cancel each other out
only when integrated over the volume of the droplet. However, there are still residual forces present
along the droplet surface, causing the droplet deformation to invalidate the sphere assumption [Egry
et al., 2005]. So in measurements of surface tension and viscosity, the stable droplet is assumed to be
spherical.

Determining oscillation frequency and the mode of asphericity rotational motion is a precondition to
calculating surface tension y. The droplet shows axisymmetric oscillations [Rhim et al., 1999] when
[ = 2, corresponding to Rayleigh frequency. The frequency of / = 2 modes could be split into three
corresponding to m = 0, +1, £2 oscillations which are shown in Figure 2-3 [Cummings et al., 1991;
Ozawa et al., 2009]. By sweeping through a range of frequencies with high-speed camera imaging, a
resonance spectrum can be obtained from which (/ = 2, m = 0, 1, £2)-mode frequencies can be
determined [Langstaff et al., 2013]. When the droplet is excited by the primary resonant frequency,
the oscillation mode is / =2, m = 0. Its oscillation characteristic is most easily observed by the eyes,
where horizontal and vertical motions of the droplet exhibit a 90° phase shift, as shown in Figure

2-4(a).

42



Figure 2-3. Images of / =2, (m = 0, £1, £2) oscillations and rotation from the top view. (a) m = 0,

(b) m =1, (¢) m =+£2, and (d) rotation [Ozawa et al., 2009].
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Figure 2-4. Images of oscillation from the front view.

When /=2, Eq. (2-3) can be simplified into Eq. (2-4), as shown below:
3
=§nj§M Eq. (2-4)

where fz is the resonance frequency.
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In the droplet oscillation theory, there is a relationship between viscosity # of the spherical droplet
and the damping constant /" of the resonant surface oscillation (/ = 2, m = 0) [Lamb, 1881; Langstaff
et al., 2013], as follows:

~ ML 3MI’
dary(I-1)(21+1) 20z,

n Eq. (2-5)

where 7y is the radius of the oscillated sphere in rest states, M is the droplet mass, and p is density.

In order to determine the damping constant 7', the droplet is excited by primary resonant frequency fz
for several seconds, and then the acoustic excitation was shut down. Correspondingly, the droplet
resonant oscillation transforms into the decay oscillation. The high-speed camera was set to 2000 fps
to the transient whole process of the droplet sample, taking a series of pictures, like Figure 2-4.
Pictures of the droplet states are then analyzed for horizontal and vertical diameters, r; and r,
respectively. Here, the time-dependent amplitude of horizontal diameter is taken as an example to
explain how some calculated parameters are obtained, as shown in Figure 2-5. It displays that the

liquid sample was excited by the acoustic source to do harmonic oscillation until around 0.18s.
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Figure 2-5. Time-dependent horizontal amplitude of the droplet in the oscillation and the
damping decay. The red and green curves show the fitted results of resonant oscillation and

damping oscillation, respectively.

The harmonic oscillation was represented by Eq. (2-6) [Langstaff et al., 2013], where A4 is the

amplitude, vio is the excitation frequency, 74 is the mean sample radius, and to is an offset.

() =A-sin [2mvyg(t-19)] +1g, Eq. (2-6)
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Here the resonant frequency of the droplet can be determined by the oscillation of the sample droplet.
As soon as the acoustic excitation is turned off, the liquid sample is immediately subjected to damped
oscillation. Eq. (2-7) expresses the damped decay, where /" is the damping constant of the resonant
oscillations, A4 is the same constant as in Eq. (2-6), vano is the resonant frequency for the droplet sample,
Rgy 1s the radius of the droplet sample in rest, #; is the start time for damping decay [Langstaff et al.,
2013].

rhp(O=A-exp[-I(t-t))] sin [27v g (t-19)] TR, Eq. (2-7)

It can be noted that when the excitation frequency is not far from the resonance frequency, the system
will reach the latter almost instantaneously. Thus, comparing the forced frequency (f,) in the harmonic
oscillation and the resonant frequency of the damping oscillation which should be close, can be used
as an indication of the measurement validity. Utilizing fittings of Eq. (2-6) and Eq. (2-7) on the curve,
obtained the primary resonant frequency vano and the damping constant /" can be used in Eq. (2-4) and

Eq. (2-5), respectively, to calculate the corresponding the surface tension y and viscosity 7.

2.1.2.2 Density measurement

Time-dependent density (p) was measured by shutting down the lasers and letting the molten droplet
cool freely. The frame rate of the high-speed camera was set at 500 fps and the temperature of the
molten droplet was recorded simultaneously. The mass of each sample was tested before and after
the measurement to check the mass loss. It was assumed that the droplet was an ellipsoid with the
vertical axis being the revolution axis and alternatively, the horizontal and vertical axis corresponding

to oblate and prolate spheroid, respectively, as shown in Figure 2-4(b).
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Figure 2-6. One of the images recorded by the high-speed camera and post-processed. The
droplet is assumed to be an oblate or prolate spheroid (green axis) with its revolution axis vertical
(red axis).
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The density was calculated from the mass (M) and volume (V) of each sample. The equation of p is

described as Eq. (2-8).

B M
47[}’}211",

p Eq. (2-8)

where 7, and 7, are the horizontal radius and vertical radius, respectively.

2.1.3 Optimization of data-processing

Due to the shape of the convergent-divergent conical nozzle, the bottom of the levitated droplet is
inevitably shielded by the nozzle. Reconstituting the edge of the molten sample and measuring
horizontal diameter (d;) and vertical diameter (d,) is the prerequisite for calculating the density,
surface tension, and viscosity. The Canny edge detection with a multi-stage algorithm is widely used
in computer vision to locate intense gradient magnitude changes and to obtain object edges in images
[Canny, 1986; Ding et al., 2001; Mcllhagga, 2011], which is selected as the detector using for
reconstituting and obtaining the horizontal and vertical diameters of the droplet. In addition, whether
the forced frequency equals resonant frequency is a critical condition for the success of measurements
for surface tension and viscosity, based on analyzing the principles of the droplet method. However,
the resonant frequency of material is influenced by many factors, such as temperature, size,
composition, and mass. Labview® as the previous method of data processing does not include the
detection of oscillation frequencies and calculations. Relying on the characteristics of the oscillation
(I =2, m = 0) judges the forced frequency used, which causes the greater experimental error. In
consideration of the relation between the forced frequency of the harmonic oscillation and the
frequency of the damped oscillation and its influence on measurements, developing a method for
extracting and calculating the two frequencies from the harmonic oscillation and the damped
oscillation was necessary. To solve the above problems, Python scripts were developed for detecting
the edge of the droplet and the determination of resonant frequency, based on the Canny edge detector
with a multi-stage algorithm [Canny, 1986], Fourier transform [Strang, 1993], and Lorentz function
[Carothers et al., 1993].

Figure 2-7 shows the forced frequency of harmonic oscillation, the frequency of the damping part,
and the comparison of frequencies determined by the Python scripts. With the help of Figure 2-7, the
experimental result of each sample can be optimized to the maximum extent, which ensures the

accuracy of measurements and reduces the experimental error.
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Figure 2-7. The comparison between forced frequency and damping frequency of the droplet.

Meanwhile, the scripts can call the functions of droplet contour detection and curve fitting. The
schematic diagram of the droplet contour detection and the principle of data processing are shown in
Figure 2-4 and Figure 2-5, respectively, where the blue circle is used for predicting the outline of the
droplet, and the red and green lines are utilized for detecting the horizontal and vertical diameters,
respectively. Here, taking the data post-treatment of C12A7 (12Ca0+7Al1,03) as an example, the final
schematic diagram of fitting horizontal amplitude at the harmonic oscillation and at the damping

decay is shown in Figure 2-8, which can verify the application and precision of the scripts.
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Figure 2-8. Fittings of the droplet horizontal amplitude: (a) original data, (b) the whole fitting, (c)

the fitting of harmonic oscillation, and (d) the fitting of damping oscillation.
2.1.4 Uncertainty on the measurements of density, surface tension, and viscosity.

2.1.4.1 Uncertainty of calibration factor

The high-speed camera is responsible to record the state of the sample droplet in real-time. The
calibration of the high-speed camera which is utilized for determining the diameter of the sample
droplet is an urgent problem to be solved.

At first, three standard steel balls (diameters: 1.8, 2.0, and 2.5 mm) and a nozzle with an angle of 60
(N60) are used in the calibration of the high-speed camera. Table 2-1 detailedly records the gas flow
used in calibration and the diameters of the balls in pixels measured.

There is a linear equation between the real diameter (dy.;; mm) and the measured diameter (dmea:

pixel), as shown in Eq. (2-9) and named as calibration function,

dreal :k.dmea Eq (2'9)

where k is the calibration factor.
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Table 2-1. Real diameters of the steel beads and measured diameters in pixels with standard

deviation for the calibration of horizontal and vertical diameters.

Standard Horizontal Standard Vertical Standard
Nozzle ball Gaso flow diameter deviation on diameter deviation on
(mm) ) (dh, pixel) dp (on, pixel) (dy, pixel) dy (ov, pixel)
75 439 1.0 431 3.2
'8 85 440 1.3 436 4.0
25 488 2.1 482 7.0
30 489 2.5 483 9.3
? 40 488 1.7 482 5.4
N60 50 489 1.7 483 6.0
0 612 0.1 609 0.5
20 613 1.2 607 7.2
2.5 25 613 0.6 608 3.7
30 613 0.4 610 1.9
50 613 0.4 610 1.9

Figure 2-9 shows the relationship between the measured (in pixel) and real (in mm) diameters, where

the calibrated result is a resolution (pixel size) of about 4.09 umx4.12 pm.
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Figure 2-9. Relationship between the measured (in pixel) and real (in mm) diameters of the

standard balls.

Furthermore, the standard deviation of k can be expressed as:

49



dmea

x ”idf

o=

Eq. (2-10)

jq

where oameq 1S the standard deviation of the measured diameter, »; is the number of calibrations for
the steel balls, and d; is the real diameter of the steel balls. The slope of the calibration function can

be expressed as k + gx. The uncertainty for the calibration factor is given as

—](|k ! |+|k ! ) Eq. (2-11
uk_Z -k+0'k -k-O'k q( ) )

Therefore, based on the uncertainty of the calibration factor ux, corresponding to the uncertainties of
the horizontal diameter and the vertical diameter are estimated into u(%)=0.19 % and u(v)=0.52 %,

respectively.

2.1.4.2 Uncertainty of density

Estimating the uncertainties of measurements of density, surface tension, and viscosity is the ultimate
objective after solving the uncertainty of the calibration factor. Following the guide to the expression
of uncertainty in measurement (GUM method) [BIPM, 2008], the uncertainty of density can be
derived from Eq. (2-8), which is estimated from uncertainties on the horizontal radius, the vertical

radius, and mass of the sample droplet. Here the uncertainty of the density u°(p) is expressed as:

2 2
W’ (r)+ (27'0) W’ (r,) Eq. (2-12)

<u_<p>>2 _ (u(M))Z N <2u<rh>>2 N (u(rv)>2 Eq. (2-13)
P M rp ry

where u (M) is the uncertainty of the sample weight and is derived from the balance characteristics.

“o-(55) w00+ (37)

u(ry) and u(r,) are the uncertainty of the vertical and horizontal radii of the sample droplet,
respectively. They are derived from the image processing including the edge detection and the image
dimension (pixel) to real dimension (mm) conversion with the calibration factor.

The uncertainty of the radii is evaluated as follows:

l’,:k,-p.

1

Eq. (2-14)

where 7 is A or v; r; is the radius in real dimension; p, is the radius of the image dimension (pixel).
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(u(r,))z _ <U(ki)>2 N (@)2 Eq. (2-15)
v ki p;

where u (k;) is the uncertainty of the calibration factor and has been evaluated above and u@i ) is the

uncertainty of the radius in image dimension and results from the edge detection.

The uncertainties on the detection of the horizontal and vertical radii in the image dimension of the
droplet are estimated by the Python script based on the Monte Carlo method [Metropolis et al., 1949]
and the Canny edge detector with a multi-stage algorithm. The results show that the relative standard

uncertainties are far less than the relative standard uncertainties of the calibration factors:

2 2
(@) « (”(ki)> Eq. (2-16)
p.

ki

1

Finally, the uncertainty of density is expressed as:

2 2 2 2
(,,,(p)> :(uw)) +<zu<kh>> +<u(kv>> Eo. -17)
P M kh kv

Table 2-2 summarizes the elementary calculations to determine the density measurement uncertainty.

The nominal values chosen for the calculation correspond to typical values measured in our
experiments. The coverage factor has been chosen to k = 2 for the relation between the extended and

the standard uncertainties to get a confidence interval of about 95%: U(X)=ku(X).

Table 2-2. Uncertainty budget for the calculation of the density measurement uncertainty

Value U(X) u(X) ( %X) )2 %

M (mg) 20 0.1 0.05 6.25E-6 0.25%
kn (nm/pixel) 4 3.71E-6 0.19 %
kv (um/pixel) 4 2.70E-5 0.52%
p (g/em?) 4.81E-5 0.69 %

2.1.4.3 Uncertainty of surface tension
Based on Eq. (2-4), the uncertainty of surface tension involves the uncertainties of the mass u ()

and forced frequency u&" ) ) of the sample droplet, as expressed:
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(u(y))z i <u(M)>2 X <2u(ﬁ1)>2 Eq. (2-18)

y M 1

It 1s worth noting that the surface tension and its measurement uncertainty do not depend on the
sample size. The uncertainty of frequency is assumed to be equal to the resolution of the function
generator (1 Hz), and the uncertainty of the mass has been estimated previously.

Table 2-3 summarizes the elementary calculations to determine the surface tension measurement
uncertainty. Here again, the nominal values chosen for the calculation correspond to typical values
measured in our experiments and the coverage factor has been chosen to k£ = 2 for the relation between

the extended and the standard uncertainties to get a confidence interval of about 95%: U(X)=ku(X).

Table 2-3. Uncertainty budget for the calculation of the surface tension measurement uncertainty

Value UX) u(X) (%)z %
M (mg) 20 0.1 0.05 6.25E-6 0.25 %
o (Hz) 200 1 0.5 6.25E-6 0.25 %
» (N/m) 1.25E-5 0.35 %

2.1.4.4 Uncertainty of viscosity
The same reasoning can be applied to the viscosity measurement, where the uncertainty of viscosity

is expressed by:

2 2 2 2
(u(n)) =<u(M)> +<u(ﬂ> +<”(ro)> Eq. (2-19)
n M r o

The uncertainty of viscosity depends on the uncertainties of mass u (M), the damping constant u ("),

and the average radius of the spherical droplet u (7). The calculation of ry is given as

_rh-l-rv
ro= 3

Eq. (2-20)

As it has been observed the uncertainties of 7, and r, are very close (Uncertainty of density), the
uncertainty of 7o may be assumed equal to them.

: . . : 72 .
However, there is currently no proper solution for the uncertainty of /. This value ( % ) is

temporarily ignored before the problem is solved.
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Similarly, Table 2-4 summarizes the elementary calculations to estimate the viscosity measurement

uncertainty.

Table 2-4. Uncertainty budget for the calculation of the viscosity measurement uncertainty

Value UX) u(X) (%X))Z %X)
M (mg) 20 0.1 0.05 6.25E-6 0.25 %
o (mm) 3.71E-6 0.19 %
7 (Pass) 9.96E-6 0.31 %

So far, a series of scripts for optimizing data processing that integrated precise image processing, the
estimation of uncertainties, the comparison of frequencies, curve fitting, and calculations of density,

surface tension, and viscosity were created.
2.2 Molecular dynamic simulation

2.2.1 Introduction of classical molecular dynamics

Classical molecular dynamic (MD) is a computer simulation method that is used to study the physical
motion of atoms and the evolution of the atomic configuration of a complicated system. The velocities,
positions, and trajectories of atoms and molecules are determined by numerically integrating

Newton’s second law of motion [Leach, 1996].

2
F(t)=ma(t)=m dd:gt) Eq. (2-21)

Boltzmann's formulations of statistical mechanics relate the trajectories of atoms to equilibrium
thermodynamic properties. Linear response theory can extract time-dependent properties such as
transport properties. The Hamiltonian of a system is its total energy which equals the sum of kinetic
energy and potential energy. It is derived from the potentials or force fields which include all the
electronic, ionic, and electron-ion interactions and depends on the positions of atoms. In MD
simulations, a system can be researched at an atomic resolution on short time- (femtosecond,
picosecond, microsecond) and length- (angstrom) scales and the processes and mechanisms in the
system do not need to be assumed. The most noteworthy is that thermodynamic properties of the
system depicting the driving force for atomic interactions are obtained by MD simulations, which can
express the energetic relationships between different possible states of the system. MD simulations

based on experimental conditions, correct parameters, and reasonable settings, may lead to the
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discovery of new physical mechanisms [Goodman, 2015]. So the classical MD simulation is a bridge
between theory and experiments, occupying an important position in biology, chemistry, and

materials science. It is also widely applied in the study of glass structure [Pedone, 2009].

2.2.2 The Algorithm of molecular dynamics

It is extremely difficult for the Newton equation of a multi-particle system to be solved analytically,
so one needs to find a solution with the help of the numerical integration method. In this case, the
finite difference method can be performed to solve the equation of motion.

To solve Eq. (2-21), forces on each particle are specified in a form of the potential energy functions,

as shown below:
F(r(®) = -VU(r(®)) Eq. (2-22)

Eq. (2-21) is integrated by the Velocity Verlet algorithm [Swope et al., 1982] which uses the Taylor
series expansion to define positions, velocities, and forces at time t + ot as shown in Eq. (2-23) and

Eq. (2-24) below:

F(t+ 56)=r(f)+ov(t)+ %F(z)étz Eq. (2-23)

w(t+ o) =v(f)+ ﬁ [F(t+ 5t)+F(£)]0F Eq. (2-24)

The Velocity Verlet algorithm needs to store the coordinates, velocities, and forces of each time step.
The time step of this algorithm involves two time steps which are necessary to calculate the force
after a coordinate update and before a velocity update. Compared with the Verlet algorithm and the
Leap-frog algorithm, the Velocity Verlet algorithm is the best in accuracy and stability, which is the
one preferred by many MD packages, such as LAMMPS, DL POLY, and GROMACS.

2.2.3 Boundary condition

MD simulations are generally applied in small systems with an appropriate number of particles, due
to the limitation of the computing power. This results in the so-called “size effect” in which the
simulated system has fewer particles than the real one. To reduce the impact of the size-effect problem,
MD simulations usually use periodic boundary conditions which divide into one, two, and three
dimensions. For molecular dynamics simulation, the selection of appropriate boundary conditions
requires considering two aspects. First, in order to decrease the amount of computation, the simulated
cell should be as small as possible, and the simulated cell should be large enough to exclude any

possible dynamic disturbance that may affect the results. In addition, the simulated cell must be large
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enough to satisfy the reliability requirements of statistical processing. Secondly, physical coupling
problems such as volume change, strain compatibility, and systemic stress balance should be
considered.

For most of the simulations discussed in this thesis, the MD simulations of glass melt focus on
structural evolution and the calculations of thermophysical properties. Meanwhile, the simulation
objects are macromolecular liquids. The periodic boundary condition was therefore optimum for MD

simulations in this work.

2.2.4 Ensemble theory

MD is at heart a statistical mechanics technique: the MD trajectory is an effort to sample the ensemble
microstates, that is the different atomic configurations [Du et al., 2022]. Molecular dynamics includes
equilibrium and non-equilibrium simulation, which must be carried out under a certain ensemble.
According to the characteristics of the research object, the ensemble commonly used includes the
microcanonical NVE ensemble, the canonical NVT ensemble, and the isothermal-isobaric NPT
ensemble.
The microcanonical NVE ensemble is a statistical ensemble that is isolated and has no exchange of
energy between the particles and the environment. In this ensemble, the number of particles N, the
systemic volume V, and the total energy of the system are constant. Although microcanonical
integration provides a very convenient framework for studying the evolution of systems, this
ensemble is not commonly used to derive system properties, because of the difficulty to obtain
experimentally an isolated system.
The canonical NVT ensemble shows possible microstates of a closed system that are in thermal
equilibrium with a surrounding heat bath of fixed temperature [Du et al., 2022]. In the NVT ensemble,
the number of particles N, the systemic volume V, and temperature T are constant. and the total
energy of the system is zero. The closed system can exchange heat either with the environment or
with other systems that are described by any ensemble at the same temperature and it can describe
real systems more accurately than the microcanonical NVE ensemble.
The isothermal-isobaric NPT ensemble as a common ensemble is used in MD simulations of
homogenous liquids, where the number of particles N, the systemic pressure P, and the systemic
temperature T remain constant, allowing the volume and the total energy to change., The pressure
value can be adjusted by the volume of the scaling system since the pressure P of the system is
conjugate with its volume V. At present, many methods of regulating pressure are based on this
principle.
For various simulation purposes, different ensembles can be generally used in combination for
simulations. The NVT ensemble and the NVE ensemble were applied in different relaxation stages
for studying the structure of Strontium Aluminosilicat glass [Charpentier et al., 2018]. Hu et al [ Hu
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et al, 2020] predicted the densities and elastic moduli of SiO»-based glasses by MD simulations. And
NVT, NPT, and NVE ensembles all were employed in his simulated process. In this thesis, NVT and
NPT ensembles were employed in the simulated process, considering the real experimental condition

and calculations of thermophysical properties.

2.2.5 A new-form hybrid potential applied in MD simulations

2.2.5.1 Born model

In the classical non-quantum simulations, the nature of bonds between atoms in solids is the key to
understand the interatomic forces at work in materials. For oxide and halide glasses, the bonding is a
mixture of ionic and covalent characters, and their solid-state physics can be approached via the Born
model [Born et al., 1955; Born et al., 1988; Du et al., 2022].

Inorganic glass-forming materials generally may exhibit ionic and covalent bondings. For instance,
the common Si-O bond is quite rigorously shown in the electron-sharing nature of covalent bonds,
and the [S104] tetrahedral structure is a demonstration of predominantly covalent bonding. Meanwhile,
the sharing of electrons between Si and O atoms is not complete. The atoms in silicates tend to have
a residual net charge, which is the reason for glass-forming materials with ionic-covalent bonding
[Du et al., 2022]. Moreover, alkali and alkaline earth modifiers are stronger cationic, which exhibit
ionic bonding in glasses. The mixed ionic-covalent nature of bonding in inorganic solids atomistic
simulations forms the basis of the Born model of solids [Du et al., 2022].

In the Born model, atoms are defined as point charges where short-range forces and Coulombic forces
are acting between atoms. The total energy of the structure is generally named the lattice energy

which can be represented as below:

q9.4;
Bunice= ) ~=4 ) Vi) + ) U0+ Widy) + - Eq. (2:25)
y

where the first term expresses Coulombic interactions; the second term is pair interactions of atoms,
which is the largest contribution to the overall lattice energy; the third and fourth terms represent
bond-bending and torsional bond energy contributions.

The atoms are charged in the Born model, which is its key feature, compared with the models of rare
gas or fluids. That would need to calculate a large number of electrostatic interactions. In addition,
the parameter //r associated with the long-range coverage is mathematically slow to converge. The
calculation of Coulombic forces is likely the most time-consuming process in evaluating the lattice.
In this thesis, the Ewald summation [Ewald, 1921; Ziman, 1972] which takes advantage of the
periodic lattice structure to rearrange the expression for the total energy into a readily evaluated form

was utilized to solve the mathematical problem of the slow converging sum » g/r.
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2.2.5.2 Potential

In classic MD simulations, the total potential associated with the glass system includes long-range
electrostatic forces and short-range forces. As noted above, Coulombic force is the long-range
interaction between charged atoms. For efficient MD simulations, the cutoff for long-range
interactions is restricted to 12 A.

The short-range interactions contain repulsive force and Van der Waals attractive force. The
generation of the repulsive force is derived from the overlap of electron clouds (Pauli Exclusion
Principle). Induced dipole moments cause Van der Waals interaction. The short-range interactions
are generally specified by empirical potential energy functions. So appropriate interatomic potentials
are crucial to successful MD simulations of glasses.

The Born model was optimized over the past few decades, where an n-th power law repulsion was
replaced by an exponential expression. Combined expressions representing both the exponential
repulsion and the dispersive attraction were known as Born-Mayer-Huggins (BMH) [Born et al., 1932;
Huggins et al., 1933] or Buckingham [Buckingham, 1937] potentials. The BMH and the Buckingham
potentials were widely used in MD simulations of oxide systems, such as the CaO-Al>O3-TiO> system
[Jakse et al., 2021], the CaO-Al,03-S10; system [Bouhadja et al., 2013], the SrO -Al,03-S10> system
[Charpentier et al., 2018], etc.

The Buckingham potential and BMH potential are shown in Eq. (2-26) [Charpentier et al., 2018] and
Eq. (2-27) [Jabraoui et al., 2017], respectively.

Uj(r) = Adjexp | -— 5 Eq. (2-26)
i/ Ty
_ ry(aita)\ Gy Dy rioi\ Cy Dy
Uy(r) =1, (bi+by) exp (b)) —6+7=AU€XP =)t Eq. (2-27)
Tij T ij i ij

It must be highlighted that only cation-anion pairs were given the short-range interactions in the
Buckingham potential [Kieu et al., 2011; J. Du et al., 2022], whereas no short-range interaction was
assumed between cations and cations due to the long separation distance between them [Fa et al.,
2005]. But this does not mean there is no short-range interaction at all. In fact, there is a maximum
repulsive force that serves as the limit at low atomic separation [Morris et al., 2020], and Morris et al
used a standard ZBL potential for small atomic separations in MD simulation. In addition, as we
mentioned above, the BMH potential is homologous with Buckingham potential. Note that, apart
from the 7" term, the BMH potential after simple recasting and Buckingham expressions both contain
the same number of variable parameters and are effectively mathematically equivalent [Du et al.,

2022]. BMH potential does have a unique advantage that is the parameters for individual atoms can
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be defined in principle [Xu et al., 2010], rather than for atom pairs as in Buckingham form. Combining
with the BMH potential can fix the deletion of no short-range interaction between cations and cations
in Buckingham by utilizing the hybrid potentials form of LAMMPS. Therefore, in this study, the
hybrid potentials composed of Buckingham potential and BMH potential are first combined to be
applied in interatomic interactions. The final results demonstrate that the hybrid potential is more
appropriate and precise in the CaO-AlO; system and the CaO-Al203-Si02 system (details in Section
3.3.2.1 and Section 4.3.2.1).

2.2.6 Simulator and analysis tools

LAMMPS which focuses on materials modeling is a popular classical molecular dynamics code and
an acronym for Large-scale Atomic/Molecular Massively Parallel Simulator. LAMMPS has been
widely used to simulate liquid, solid, or gaseous particle systems. Further, it can simulate the structure
evolution and thermodynamic properties of organic polymer, biomacromolecule, metal alloy, and
glass by defining atomic number, interatomic potential, boundary condition, etc.

LAMMPS runs on single processors or in parallel using message-passing techniques and spatial
decomposition of the simulation domain, which brings up to be easy to modify or extend with new
functionality [Plimpton, 1995]. However, LAMMPS is not perfect in every way. The disadvantage is
that there are no graphical interfaces and data processing imperfections. So we need a software-
OVITO pro visualization tool [Stukowski, 2010] and self-created scripts based on Python to process

simulated data.

2.3 Structure parameters

Considering the various applications of molten oxide systems, the main challenge confronting
researchers working in melts science is to determine the correlations among composition, structure,
and eventual properties. For this purpose, molecular dynamic simulations which can predict the
structure and thermophysical properties are gradually becoming an extremely tool for molten glass
studies. In this section, we will introduce the characteristics of melt structures and the statistical

distribution of parameters for analyzing structure.

2.3.1 Radial distribution function

The radial distribution function (RDF) is necessary for describing the structure of glass [Du et al.,
2022], which counts the number of atoms in a shell of thickness at a range of interatomic distance
from a reference atom. Radial distribution functions (RDF) are utilized to determine the short-range
order and long-range disorder of molten systems and to establish a correlation between the local
atomic structure and macroscopic properties. RDF can be derived from MD simulations and
experimental measurements (neutron or X-ray diffraction). The comparison of RDFs from MD

simulation and neutron diffraction can be a condition to verify the rationality of MD simulations. The
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RDF g;ji(r) gives the normalized probability of finding an atom of type j in a shell of thickness dr at a
distance r from a reference i atom. The RDF gji(r) can be written as [Li et al., 2017; Du et al., 2022]:

Ne; dny(r)

Eq. (2-28
4’V dr - ( )

g,(n=

where N and Vrepresent the total number of atoms and volume of the simulation box, respectively;
ci 1s the concentration of 1 atomic species;

dn(r) denotes the number of atoms located at distances lying between » and r + dr.

2.3.2 Coordination number

The coordination number (CN) of one atom type to the other one provides insight into the arrangement
of atoms, which can be described as the number of nearest neighbors of atom type i surrounding atom
type j. For instance, Al atoms in the CaO-Al>O3 system can have 4-, 5-, and 6-coordinate with oxygen

atoms, as shown in Figure 2-10.

(a) (b) (c)

Figure 2-10. Visual representations of (a) 4-coordinated Al, (b) 5-coordinated Al, and 6-

coordinated Al.

The mean CN is calculated by integrating the corresponding RDF [Li et al., 2017], providing the
mean number of the neighbor atoms j present within the coordination sphere with the radius » of the

central atom i:
47rNj r
CN,-j(r)=7 j gl.j(r)rzdr Eq. (2-29)
0

The value of 7 is named the cutoff value, obtained from the first minimum after the first strong peak

on RDF.
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2.3.3 Structure factors

The structure factors can represent scattered waves from all atoms in the unit cell, reflecting the
specific distribution of atoms and the internal structure of the crystal/melt, which is often measured
by neutron diffraction. The difference between experimental and model total scattering structure
factors is used as the acceptable level for simulations. Therefore, to study the structure on
intermediate-length scales and verify MD simulations, the structure factors are computed to be
compared with the structure factors from neutron diffraction. The partial structure factor has a relation
with the corresponding partial pair RDF, as illustrated in Eq. (2-30) [Hennet et al., 2016a; Li et al.,
2017],

R .
SQ)=1+4mp j SmQ(—rQr)rz(gii(r)—l)dr Eq. (2-30)

0

where Q is the scattering vector, p is the average atom number density, and R is the maximum value

of the integration in real space. The total structure factor(Sy(Q)) can be expressed [Li et al., 2017]:

-1

ij=1 Lj=1

where ¢; is the fraction of atom i and b; is the neutron scattering length of the species.

2.3.4 Bond angle distribution and bond length distribution

Bond angle distribution (BAD) is an important characteristic parameter of the intermediate range to
study the distribution of the angle a;;(6) formed by an atom & with two adjacent atoms i and j. BAD
can be calculated by OVITO visualization tool, where the cutoff value for calculating BAD is the
same as the cutoff value used to calculate CN as discussed earlier.

The bond length between a central atom & and its nearest neighbors can be estimated from the position
of the first peak in the RDF g(r) [Sukhomlinov et al., 2017]. The bond length distribution in the time-
averaged distributions was evaluated by using the software OVITO pro visualization tool [ Stukowski,

2010].

2.4 Conclusions

The Python scripts used for data processing have optimized the measurements and improved the
accuracy of density, surface tension, and viscosity well. In classical MD simulation, the hybrid

potential is created to define the interaction between atoms in the CaO-Al>O; and the CaO-AlOs-
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Si0; systems, based on Buckingham, BMH, and Coulombic potentials. Furthermore, structure factors,
radial distribution functions, and coordination numbers were utilized for analyzing the basic
information of network structure, which lays the foundation for in-depth analysis of the structural
parameters of the melts. The specific conclusions are as follows:

1. The script, based on the Canny edge detection algorithm, can detect the edge of the droplet
and reconstitute the outline of the droplet. The horizontal and vertical radius can be
determined well, which is greatly beneficial for improving the data accuracy.

ii.  The Fourier transform-based script allows for the calculation and extraction of frequencies
of harmonic oscillation and damped oscillation. Based on this calculation, the deviation
between the excitation frequency and the resonant frequency can be determined, which
can be used to check the reasonability of the measurement of surface tension and viscosity.

iii.  The script integrated with Monte Carlo methods can successfully estimate the uncertainty
of the measurements, where the relative standard uncertainty of density, surface tension,
and viscosity are 0.69 %, 0.35 %, and 0.31 %, respectively.

iv.  In the hybrid potential, the Buckingham potential is used to define the short-range
interaction between cations and anions; the short-range interaction between cations is
defined by the BMH potential; the Coulombic potential is responsible for the long-range

interaction between ions.
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Chapter 3. The correlation between thermophysical
properties and structural evolution of molten calcium
aluminates investigated by aerodynamic levitation and

molecular dynamics simulation

Résumé du Chapitre 3

Peu d'études ont été rapportées sur les propriétés thermophysiques (densité, tension superficielle et
viscosité) des masses fondues de (CaO)x(Al203)1x depuis les points de fusion jusqu'aux ultra-hautes
températures et sur la corrélation entre les propriétés thermophysiques et I'évolution structurelle. Dans
ce chapitre, des mesures systématiques in situ de la densité, de la tension superficielle et de la viscosité
des masses fondues de (CaO)x«(Al203)1x sont effectuées par lévitation aérodynamique avec la
méthode d'oscillation des gouttelettes sur une large gamme de températures.

En méme temps, des simulations de dynamique moléculaire combinées aux résultats de
caractérisation rapportés précédemment ont permis d'explorer la structure des produits fondus
(CaO)x(Al203)1x. Les facteurs de structure S(Q) des produits fondus de (CaO)x(Al2O3)1-x ont été
calculés a partir de simulations MD en utilisant différents potentiels (le potentiel hybride combing, le
potentiel de Buckingham et le potentiel BMH), qui ont été comparés a S(Q) de la diffraction
neutronique expérimentale. La comparaison montre que les résultats calculés de S(Q) des fondus de
(Ca0)x(Al203)1-x, basés sur le potentiel hybride combiné, sont en bon accord général avec les mesures
expérimentales. En outre, les fonctions de distribution de paires totales (PDF) et les nombres de
coordination des fondus de (CaO)x(Al>O3)1-x ont €té calculés, sur la base du potentiel hybride combiné,
ce qui était également en bon accord avec les résultats précédents de RMN. Les résultats ci-dessus
vérifient la pertinence des simulations MD et fournissent un support précis pour l'analyse suivante
sur la structure des produits fondus (CaO)x(Al2O3)1-x.

Des simulations MD des masses fondues (CaO)x(Al203)1x ont été effectuées pour chaque
composition et pour quatre températures (1800, 2200, 2600, et 3000 K). Nous calculons les
distributions de longueur de liaison (BLD), les distributions de longueur de liaison (BAD), les especes
d'oxygene, la compensation de charge et les liaisons d'oxygene insatisfaites et nous révélons le double
role des cations Ca®" pour prédire le degré de polymérisation du réseau dans les fusions de
(Ca0O)x(Al203)1x a différentes températures et R (le rapport molaire de CaO a ALO3).
L'augmentation de la température entraine une diminution de I'oxygene de pontage et du degré de
compensation de charge, tandis qu'une tendance opposée est observée pour l'oxygene non de pontage
et I'oxygene tri-cluster. L'augmentation de R conduit a une augmentation de I'oxygéne non pontant et

a une diminution de l'oxygene tri-cluster, alors que l'oxygéne pontant montre d'abord une
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augmentation puis une diminution spectaculaire. Le double role des cations Ca?" dépend du rapport
CaO/ALOs: (i) R < 1, les cations Ca" agissent de préférence comme compensateurs de charge, ce
qui augmente le degré de polymérisation ; (ii) R > 1, les cations Ca>" deviennent progressivement
dominants en tant que modificateurs de réseau, ce qui entraine une diminution de l'oxygeéne de
pontage et de 'oxygene tri-cluster et une forte augmentation de 1'oxygene non pontant, réduisant ainsi
le degré de polymérisation.

Sur la base des paramétres structurels, la corrélation entre les propriétés thermophysiques et
I'évolution de la structure dans les fusions de (CaO)x(Al>O3)1-x est révélée a différentes températures
et R, dont les principales conclusions sont les suivantes :

i.  L'amélioration de la température et de R entraine un changement de la distribution des
longueurs de liaison, et une diminution de l'intensit¢ de la BAD Al-O-Al et du degré de
polymérisation, ce qui diminue la connectivité des [ AlO,] entre eux pour augmenter le volume
et réduire la densité des masses fondues (CaO)x(Al2O3)1-x. L'influence de p(Al203) > p(CaO)
sur la densité des masses fondues (CaO)x(Al203)1x est également non-négligeable.

ii.  Avec la diminution de R, le contenu des liaisons oxygénées modifiées non satisfaites causées
par la compensation de charge augmente, ce qui compense l'influence de la diminution de Al-
O-n[Ca] et fait augmenter la tension superficielle. Avec 'augmentation des températures, les
contenus totaux de 2Al-O-n[Ca], 3AI-O-n[Ca], et 2Al-O-[Al] ne montrent qu'une 1égére
diminution et le changement de Al-O-n[Ca] peut étre négligeable, ce qui entraine une 1égeére
diminution de la tension de surface.

La viscosité n des masses fondues de (CaO)x(Al203)1x grimpe puis diminue de CA2 a C3A, car I'un
des roles des cations Ca®* est de compenser la charge a faible teneur en CaO, ce qui entraine une
augmentation incessante du degré de polymérisation (CA2-CA). Au contraire, l'autre role des cations
Ca?" est de modifier le réseau pour réduire le degré de polymérisation en augmentant davantage R
(CA-C3A). L'augmentation de la température peut diminuer la teneur en oxygéne de pontage et le
degré de compensation de charge, ce qui réduit le degré de polymérisation et entraine une baisse de

la viscosité des fusions de (CaO)x(AL2O3)1-x.

Abstract of Chapter 3

Few studies have been reported on the thermophysical properties (density, surface tension, and
viscosity) of (CaO)x(Al203)1x melts from melting points to ultra-high temperatures and the
correlation between thermophysical properties and structural evolution. In this chapter, systematic in-
situ measurements of density, surface tension, and viscosity of (CaO)x(Al203)1x melts are performed
by aerodynamic levitation with the droplet oscillation method over a wide temperature range.

Meanwhile, molecular dynamic simulations combined with the previously reported characterization

results explored the structure of the (CaO)x(Al203)1x melts. Structure factors S(Q) of the
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(Ca0O)x(Al203)1-x melts were calculated from MD simulations by using different potentials (the
combined hybrid potential, Buckingham potential, and BMH potential), which compared to S(Q)
from experimental neutron diffraction. The comparison shows that the S(Q) calculated results of
(Ca0O)x(Al203)1x melts, based on the combined hybrid potential, are in good overall agreement with
the experimental measurements. Furthermore, total pair distribution functions (PDF) and
coordination numbers of the (CaO)x(Al203)1.x melts were calculated, based on the combined hybrid
potential, which was also in good agreement with previous NMR results. The above results verify the
relevance of the MD simulations and provide accurate support for the following analysis on the
structure of (CaO)x(Al2O3)1-x melts.

MD simulations of the (CaO)x(Al2O3)1x melts were carried out for each composition and for four
temperatures (1800, 2200, 2600, and 3000 K). We calculate bond length distributions (BLD), bond
length distributions (BAD), oxygen species, charge compensation, and unsatisfied oxygen bonds and
reveal the dual role of Ca®" cations in predicting the degree of network polymerization in
(Ca0)x(Al203)1-x melts at different temperatures and R (the mole ratio of CaO to AlLO3).

Rising temperature causes a decline in bridging oxygen and the degree of charge compensation, while
an opposite trend is observed for non-bridging oxygen and tri-cluster oxygen. Increasing R leads to
an increase in non-bridging oxygen and a decrease in tri-cluster oxygen, where bridging oxygen
shows an increase first and then a dramatic decrease. The dual role of Ca®" cations depends on the
CaO/ALOs: (i) R < 1, Ca*" cations preferentially act as charge compensators, which increases the
degree of polymerization; (ii) R > 1, Ca?' cations as network modifiers gradually become dominant,
which causes the decrease in bridging oxygen and tri-cluster oxygen and a great increase in non-
bridging oxygen, reducing the degree of polymerization.

Based on the structural parameters, the correlation between thermophysical properties and structure

evolution in the (CaO)x(Al203)1x melts is revealed at different temperatures and R.

3.1 Introduction

Calcium aluminates have been considered a valuable and promising glass system, due to their
numerous applications such as setting agents of cement, optical glass, corrosion of refractories, and
photomemory materials|Hafner et al., 1958; Onoda et al., 1970; Lines et al., 1989; De Bilbao et al.,
2014, 2018; Liu et al., 2020]. Accurate knowledge of thermophysical properties (density, surface
tension, and viscosity) of the (CaO)x(Al203)1-x melts is significant for industrial applications. The
influence of structure evolution on the thermophysical properties of calcium aluminates has always
been a hot topic of interest. In calcium aluminates, Ca>" cations can be network modifiers or charge
compensators and AI*" with various coordination numbers as a non-typical network former cation
can form a series of [AlOs] polyhedrons [Akola et al., 2013], which leads to the complicated and

changeable structure and glass-forming process. It is still challenging to clarify the correlation
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between thermophysical properties and structure, due to the immeasurability of these properties and
the particularity of the structure evolution at high temperatures. Therefore, an in-depth understanding
of the correlation of structure-thermophysical properties is of particular importance for potential
applications of Al,03-CaO-based glasses.

For the (CaO)x(Al2O3)1x melts, to the best of our knowledge, only the density and viscosity of
Ca0+ALO3 (CA) melt were measured by Kargl et al. [Kargl et al., 2015]. And Liu et al. [Liu et al.,
2020] only reported the viscosity of (CaO)x(Al203)1.x melts at high temperatures. Therefore, it is
important to optimize measurements and propose complete thermophysical properties values. It will
provide a valuable reference for scholars who study the thermophysical properties of melts.

It is generally recognized that the thermophysical properties of glass melts are closely correlated to
structural evolution. The density is related to factors, such as the degree of polymerization and the
twining degree of structural units, which can affect microvolume. Surface tension which reflects the
structural difference between the ionic groups of the surface and bulk at the micro level is extremely
sensitive to the melt structure [Zhang et al., 2021b]. Meanwhile, Zhang et al. [Zhang et al., 2021b]
proposed unsatisfied oxygen bonds (UOBs) which formed from the oxygen anions locking of fewer
adjacent cations to provide stabilizing force at the surface layer. The content of UOBs with higher
energy has a great influence on surface tension. Additionally, it is generally believed that viscosity is
related to the network modifier and former of a melt, especially the degree of polymerization of the
network structure.

Therefore, exploring the structural evolution of (CaO)x(Al203)1x melts is the other key to
understanding the correlation after solving the measurements of thermophysical properties. There
were considerable research efforts regarding the structural transformations, the chemical shift, and
structural units of (CaO)x(Al203)1-x melts that have been persistently studied in our laboratory since
the 1990s. Poe et al. [Poe et al., 1994] performed 2’ Al NMR and Raman spectra on (CaO)x(A1203)1x
melts and revealed the influence of oxygen exchange between neighboring polyhedral units on
viscous flow and the lead role of AlO, polyhedral units on the vibrational time scale. Luga et al. [luga
et al., 2005] utilized high-resolution solid-state NMR to study the structural units of the CaO*2A1,03
(CA2) crystalline phase, indicating the isotropic chemical shift of Al, the unambiguously different
bonding connections between O and Al, and the formation of OAl; tri-cluster. Massiot et al. [Massiot
et al., 1995] found that the [AlO4] tetrahedron units could dissociate to generate [AlOs] and [AlO¢]
polyhedrons in liquid CA by the study of high-temperature ?’A1 NMR. Meanwhile, there were also
numerous diffraction researches on the Al,O3-CaO system, which have been performed by neutron
diffraction, fast X-ray scattering, time-resolved synchrotron x-ray diffraction to determine the

structure factors, the coordination number (CN) of Oxygen around Al, the Al-O and Ca-O bond
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lengths. The above studies have laid foundations for understanding the structure of the
(Ca0)x(Al203)1-x melts from the perspective of experimental tests.

In addition, molecular dynamic (MD) simulation in recent years has been developed to be an effective
method on the atomic scale for studying network structure, structural evolution, and structure-
properties correlation in glasses [Du, 2015]. Drewitt et al. [Drewitt et al., 2012] studied the structure
transformations on vitrification of the fragile glass-forming material CA with the aid of neutron
diffraction and MD simulations during the quenching, revealing the evolution of Al-polyhedrons and
coordination numbers of Ca. Cristiglio et al. [Cristiglio et al., 2010] analyzed the structures of
3Ca0+ALlO3 (C3A), CA, and CA2 melts, based on the structure factors, the total pair correlation
functions, and the bond angle distributions of O-Al-O and O-Ca-O, by Neutron diffraction and Ab
initio MD simulation. Liu et al. [Liu et al., 2020] utilized MD simulation to reproduce the viscosity
and coefficients of thermal expansion of the (CaO)x(Al2O3)i-x melts. Although the above studies
demonstrated the function of cations, the formational discipline of polyhedral units, bond angle
distribution, and calculation of viscosity and density in (CaO)x(Al2O3)1x melts, to date, there is still
no analysis of the correlation between structure and thermophysical properties.

Herein, surface tension and viscosity of molten C3A, 12Ca0+*7A1,03 (C12A7), CA, and CA2 and
their density were completely measured by ADL with the droplet oscillation method (DOM) at
temperature ranges of 1900-2700 K and 1450-2600 K, respectively, which compared with
thermophysical properties of (CaO)x(Al203)1-x melts from previous studies in a benchmark approach.
Meanwhile, we deeply demonstrate by molecular dynamic (MD) simulations how temperature and
R=CaO/Al,03 (mole/mole) variations affect the structural transformations of C3A, C12A7, CA, and
CA2, combined with the previous measurements and studies on the structure of calcium aluminates.
Based on the structural analysis of the atomic scale, the correlation between structural evolution and
thermophysical properties of (CaO)x(Al203)1-x melts will be explored from the angles of bond length
distribution, the bond angle distribution, network modifier, charge compensation, oxygen species,

and unsatisfied oxygen bonds at different temperatures and R.
3.2 Experiment and MD simulation

3.2.1 Preparation of the (CaO)x(Al2O3)1x samples

CaO and Al,O3 (ALMATIS, CT3000 SG, 99.8%) were used as raw materials to prepare samples of
the (CaO)x(Al203)1x melts. CaO was obtained from full calcination of CaCO3 powder (ALFA
AESAR, 99.0%) at 1273 K for 12 h by using the Muffle furnace (Nabertherm, Germany). The pre-
calcination can ensure the complete decomposition of CaCO; powder. The component of C3A,
C12A7, CA, and CA2 are shown detailedly in Table 3-1. Two kinds of powder were mixed
completely for 0.5 h by using an agate mortar and pressed into pellets under 9.5 MPa. The pellets
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were placed in a drying oven for 12 h at 373 K. Each pellet was crushed into small pieces after drying.
Aerodynamic levitation (ADL) was utilized to premelt the pieces into spherical samples of 16.2 £ 1
mg and a diameter of 2 = 0.2 mm. Meanwhile, liquidus temperatures of C3A, C12A7, CA, and CA2
were calculated by thermodynamic software FactSage® 8.1 [Bale et al., 2016], shown in Table 3-1,

where FTOxid and FactPS databases were chosen.

Table 3-1. Composition of prepared melts (mol.%) and liquidus temperatures (K).

CaO ALO3 Liquidus temp
Melts System Sample No. R=CaO/AL0;

(mol.%)  (mol.%) (K)

C3A 75.0 25.0 3.0 2197

CI2A7 63.2 36.8 1.7 1638

Ca0-AlL03

CA 50.0 50.0 1 1877

CA2 33.0 67.0 0.5 2038

3.2.2 Measurements by aerodynamic levitation

The measurements, principles, and methods of data processing were detailedly described in Section

2.

3.2.3 MD simulations

Well-defined crystal structures from Materials Project [Jain et al., 2013] and AMCSD databases
[Re3data.Org, 2014] for C3A, C12A7, CA, and CA2 were utilized as initial configurations of MD
simulations, creating 5940, 5664, 5600, and 5760 atomic ensembles, respectively. Detailed

information is shown in Figure 3-1, and their lattice parameters are detailedly listed in

Table 3-2.

Figure 3-1. Initial configurations of C3A, C12A7, CA, and CA2.
70



Table 3-2. Lattice parameters and atom number of C3A, C12A7, CA, and CA2.

Lattice parameters

Number of atoms

Materials Total
a(A)  bA) A« )  y®)  Ca Al O

C3A 7.668  7.668  7.668 90.000 90.000 90.000 1620 1080 3240 5940

CI2A7 12,120 12.120 12.120 90.000 90.000 90.000 1152 1344 3168 5664

CA 8.707 8.040 10.378 84.986 90.000 90.000 800 1600 3200 5600

CA2 7.887  7.887 5497 76.638 76.638 69.289 480 1920 3360 5760

As mentioned above (Section 2.2.5), choosing appropriate potential functions is the key to the correct

results of MD simulation. In MD simulations of the CaO-Al>O3 system, the combined hybrid potential

composed of Buckingham potential and BMH potential was first combined to apply in interatomic

interactions of calcium aluminates. The Born-Mayer-Huggins (BMH) which contains the inter-core

short-range repulsion and the van der Waals attraction, was applied to describe Ca-Ca, Ca-Al, and

Al-Al pair interactions. Buckingham potential was utilized to define the pair interactions of Ca-O,

Al-O, and O-O. In addition, all the atomic pairs were overlayed by long-range Coulombic interactions

at the same time. All parameters for BMH and Buckingham are given in Table 3-3. The long-range

Coulombic interaction was calculated by the Ewald-sum summation method with a precision of 106,

using 8 A as a cutoff distance to evaluate repulsive forces with periodic boundary conditions and 12

A for the long-range Coulombic interactions.

Table 3-3. Parameters of the BMH potential [Bouhadja et al., 2013] and the Buckingham potential
[Charpentier et al., 2018; Hu et al., 2020; Liu et al., 2020] for the CaO-Al>O3 system.

BMH Potential
Pair A= fo(bi+b) p=(bi+b)) o=(ai+a;) C D
(eV) (A) (A) (eV-AS) (eV-A®)
Ca'**—Ca!? 0.0035 0.0800 2.3440 20.9856 0
Ca' 2 —Al'S* 0.0032 0.0740 1.9572 17.1710 0
AlS_ A8 0.0029 0.0680 1.5704 14.0498 0
Buckingham Potential
Pair
A (eV) p(A) C (eV+AS)
Ca'**—Q'* 7747.0000 0.252600 93.100
All¥ Q> 12201.4170 0.195628 31.997
o!'>—0'* 2029.2200 0.343645 192.580
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The MD simulation processes used the canonical ensemble (NVT) where the number of particles (N),
the system volume (V), and temperature (T) are constant [Bouhadja et al., 2013; Wang et al., 2021].
The time step was set to 1 fs for all the simulations. Each simulated process took 2490 ps, which
included relaxation, heating up, cooling down, and heat preservation to reproduce the experimental
process, as shown in Figure 3-2. Each simulation was started at 1800K and kept 50 ps for relaxation
to mix the system enough and eliminate the effects of the initial distribution. The temperature was
heated up to 4000 K (200 ps) and kept 200 ps, then it began to cool down, which experienced
successively four temperature points: 3000 K, 2600 K, 2200 K, and 1800 K in sequence. This
annealing protocol leads to a nominal quenching rate of 5 K/ps. Each temperature point was kept 400
ps for relaxation to calculate structure and transport information, including structural factors, total
pair distribution function (PDF), and coordination number. And the simulation trajectories were

analyzed with the visualization software OVITO pro [Stukowski, 2010].

T2=3000K ™\
Run: 400ps )

T,=2600K
Run: 400ps A Run: 80ps
NVT

B

T}ZZOOK : Al,05-CaO system )

; ) T,=4000K
Run: 400ps MD simulation Run: 200ps
NVT =
%, >
b &
2 N
%, 4
$
<8
T(=1800K T=1800K
Run: 400ps Relaxation:50py
NVT Start /
End —~

Figure 3-2. The diagrammatic drawing of the MD simulations process

3.2.4 Computational objects

To deeply understand our simulated results of C3A, C12A7, CA, and CA2, it is useful to remind
several key definitions should be indicated in advance (Figure 3-3): (i) Al atoms are surrounded by
O atoms to form [AlOx] polyhedrons; (ii) non-bridging oxygens (NBO) are defined as only joining
one Al atom and one or more Ca atoms (Al-O-nCa, n > 1); (ii1) free oxygens (FO) are only connected
by Ca atoms (O-nCa); (iv) tri-cluster oxygens (TCO) means that an oxygen atom is shared by three
[AlOn] polyhedrons and connected by n Ca atoms (3Al-O-nCa); (v) bridging oxygens (BO) is that an
oxygen atom as a bridging atom is shared by two [AlO4] polyhedrons; (vi) the degree of charge

compensation in structure was defined with the ratio of total specific oxygen atoms to all oxygen
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atoms, where the specific oxygen atom is shared by multiple AlO, polyhedrons and connected by n

Ca atoms (mAl-O-nCa,m>2,n>1).

a¥
) ‘ Non-bridging oxygen

Figure 3-3. The definitions of structure parameters in the network structure of (CaO)x(A1203)1x

melts: bridging oxygen (BO), Non-bridging oxygen (NBO), tri-cluster oxygen (TCO), free

oxygen (FO), charge compensator, and network modifier.

3.3 Results

3.3.1 Experimental results: density, surface tension, and viscosity of the

(Ca0)x(Al203)1x melts over a wide temperature range
The density for melts composed of the CaO-Al>O3 system in a wide temperature range (from 2600 to
1450 K) is shown in Figure 3-4 (a), with the density of CA (Ar) measured by Kargl et al. [Kargl et
al., 2015], chosen as referenced data. It can be noted that the latter were obtained using Argon as
levitation gas, whereas the mixture gas (20% O and 80% Ar) was utilized in the present work. As
shown in reference [Kargl et al., 2015], the levitation gas influences drastically the temperature
dependence of the CA density and the experimental data in this work is lower, compared to the
referenced data, which agrees with the description of the influence of levitation gas from Kargl et al.
Meanwhile, the density of (CaO)x(Al2O3)1-x melts increases distinctly during the whole free cooling
process. And the difference (0.263 g/cm®) in the density of C3A at 1450 K and 2550 K is the largest
among these four compositions. For C12A7 and CA, the density difference from 1450 to 2550 K is
0.181 £ 0.01 g/cm?>. The density of CA2 increases the least during the whole cooling phase, from
2.646 to 2.761 g/cm’. Moreover, the density increases with decreasing R. The density of the CA2
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melt containing the most AlO3 content is highest than that of the other melts. In contrast, the density

C3A with the lowest content of Al,O3 is the lowest. Generally, it illustrates that the density change

of (Ca0)x(Al203)1-x melts was caused by the synthetical influence of temperature and R.
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Figure 3-4 Temperature-dependent density, surface tension, and viscosity of the (CaO)x(Al203)1x
melts: (a) the density p versus T; (b) surface tension y versus T; (c1) viscosity # versus T; (c2)

log(n) versus Tm/T.

The liquid Al,O3 data measured by Langstaff et al. (ADL with DOM) was selected as the reference
data since the surface tension of (CaO)x(Al2O3)1x melts measured by levitation technique is not
reported in previous papers. The surface tension of (CaO)x(Al203)1-x melts at different temperatures
in comparison with the reference liquid Al,O3 data are shown in Figure 3-4 (b). The surface tension
of C3A, C12A7, CA, and CA2 slightly decreases as the temperature rises from 1950 to 2700 K.
However, except for CA2 (0.599-0.5886 N/m), the surface tensions of CA, C12A7 and C3A are
0.585-0.577 N/m (CA), 0.581-0.580 N/m (C12A7), and 0.558-0.553 N/m (C3A), respectively, while
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the differences are less than 0.01 N/m, which means the temperature has a slight influence on the
surface tension. Compared to the effect of temperature, the composition of (CaO)x(Al203)1-x melts
has a greater influence on surface tension. With decreasing R, the surface tension of melts increases
obviously. The surface tension of C3A with the lowest content of Al>O3 is the lowest, compared to
the other compositions. On the contrary, the surface tension values of CA2 are the highest over the
entire interval temperature.

The viscosities of (CaO)x(Al2O3)1x melts at high temperatures lie in a narrow range (Figure 3-4 (c1)).
For the sake of observation and comparison, viscosity versus temperature is expressed in log(n)
versus Tm/T, which is compared to viscosity data from ADL with DOM by Liu et al. [Liu et al.,
2020], as described in Figure 3-4 (c2). The log(n) versus Tm/T shows a linear relationship, which
illustrates the viscosity of melts exponentially decreases as the temperature rises, in agreement with
Arrhenius law [Roller, 1986]. This exponential correlation between the viscosity of melts and
temperature verifies the description of studies [Duchesne et al., 2013; Wu et al., 2015; Wu et al.,
2015]. As expected, the viscosity of melts declines gradually with the increase in temperature. It
should be pointed out that the composition of (CaO)x(Al203)1-x melts has crucial effects on viscosity.
At the R < 1, the viscosity # of molten CA2 and CA increases with increasing R. However, as R
increases further (from CA to C3A) and CaO is gradually abundant in melts, the viscosity # of melts
dramatically declines, especially, from C12A7 to C3A. R affects the ratio of former to modifier in
network structure, causing structural evolution. Therefore, it is necessary to explore the influence of

R on structural evolution to understand the relationship between viscosity and network structure.
3.3.2 Simulation results

3.3.2.1 Structure factors and Radial distribution functions of (Ca0)x(Al203)1x melts.

3.3.2.1.1 Structure factors

Figure 3-5 (A1-A4) shows the comparison of structure factors S(Q) of C3A and CA2 at 2170 K
[Drewitt et al., 2011], C12A7 at 1723 K [Hannon et al., 2000; Akola et al., 2013], and CA at 1973 K
[Hennet et al., 2016b] from experimental neutron diffraction and S(Q) calculated from MD
simulations by using different potentials, expressed by colored circles and colored solid lines,
respectively. The conjectures of the combined hybrid potential function are verified by the
comparison of structural factors. By observing the comparison of S(Q) in Figure 3-5, there is a
relatively larger shift error on the structural factors calculated from a single potential (Buckingham
or BMH), compared with that from experimental measurements. The calculated results of S(Q) of
(CaO)x(Al203)1x melts, based on the combined hybrid potential, are in good overall agreement with

the experimental measurements, except for a little discrepancy at the low-Q zone for S(Q), which
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systematically validates the correctness and applicability of the combined hybrid potential in MD
simulations of the (CaO)x(Al203)1x melts.

(©) (d)
Figure 3-5. The comparison between experimental S(Q) (colored circles) [Hannon et al., 2000;

Drewitt et al., 2011; Hennet et al., 2016b] and simulated S(Q) (colored solid lines), where

simulated structure factors are based on BMH potential, Buckingham potential, and
BMH&Buckingham hybrid potential. (a) C3A: S(Q) at 2170 K; (b) C12A7: S(Q) at 1723 K; (¢)
CA: S(Q) at 1973 K;; (d) CA2: S(Q) at 2170 K.

3.3.2.1.2 Radial distribution functions

To further verify the applicability of the combined hybrid potential, the total pair distribution
functions of C3A, CA, and CA2 were calculated from MD simulations at 2100 K as well, as shown
in Figure 3-6. And the radial distribution functions (RDF) of Al-O and Ca-O in C3A, CA, and CA2
are shown in Figure 3-7. Compared with the neutron diffraction study of molten calcium aluminates

(C3A, CA, and CA2) at 2100 K reported by Cristiglio et al [Cristiglio et al., 2010], for all pair
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correlation functions of (CaO)x(Al203)1x melts from MD simulations, the first peak in Figure 3-6
which is the nearest neighbor Al-O distance is observed at 1.77 + 0.03 A, (neutron diffraction: 1.82
+ 0.03 A), the corresponding results are also in Figure 3-7. It is interesting to note that the second
peak was found at 2.33 = 0.03 A for the curve of C3A in Figure 3-6. However, the visualization of
the second peak gradually becomes less obvious with decreasing CaO content from C3A to CA2. The
Ca-O correlations were possibly the main reason for this phenomenon. The third peak, namely the
nearest-neighbor O-O distance, was found at 2.92 + 0.03 A on the curve C3A in Figure 3-6. Further,
the third peak gradually shifts to lower r (2.90 + 0.03 A) from C3A to CA2. The peak values are
basically in the experimental range from neutron diffraction and the shifts of peak values from C3A
to CA2 are also in agreement with experimental measurement. This is one of the accurate supports

for the following MD simulation analysis of (CaO)x(Al2O3)1-x melts structure.
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Figure 3-6. Total pair distribution functions for (CaO)x(Al203)1x melts (C3A, CA, and CA2) at

2100 K. The upper curve are shifted up by 0.5 for clarity.
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Figure 3-7. Radial distribution functions of Al-O, Ca-O, O-O in (a) C3A, (b) CA, and (c) CA2 at
2100 K.
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We also calculated the coordination numbers (CN) of Al-O and Ca-O by corresponding to radial
distribution functions, shown in Figure 3-8. As noted above, the first trough value (r = 2.48 + 0.02
A ) of the Al-O RDF curves in Figure 3-7 is the cutoff radius between Al atoms and O atoms. The
same description is suitable for Ca-O (r = 3.35 = 0.05 A) and O-O (r = 3.95 £ 0.07 A). The integral
values at the cutoff radii are the ordinates corresponding to the platform CN curves, which are average
CN between Al atoms and O atoms. As evident in Figure 3-8, the curves of CNai.o have a wide and
smooth platform, compared with curves of CNca.0 and CNo.o, which indicates the Al-O coordination
in structure is more stable [Li et al., 2017; Wu et al., 2021]. Based on the curves of CN, the average
CN of Al-O and Ca-O in C3A, CA, and CA2 can be calculated, where the average CN of Al-O are
42 +0.1 (C3A),4.1 £0.1 (CA), and 4.1 £ 0.1 (CA2), respectively, and the average CN of Ca-O is
about 6.0+ 0.3 (C3A),6.0+£0.3 (CA), and 6.0 + 0.3 (CA2). All the parameters of the nearest-neighbor
distance and coordination number from measurements and simulations are summarized in Table 3-4.
The comparison results are that the pair distribution functions, coordination numbers, and the nearest-
neighbor distance of atoms from MD simulations meet an agreement in error range with those
parameters of C3A, CA, and CA2 reported by Cristiglio et al [Cristiglio et al., 2010]. The above-
mentioned results verify the reasonability of the MD simulations and provide accurate support for the

following MD simulation analysis on the structure of (CaO)x(Al2O3)1-x melts.
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Figure 3-8. Coordination numbers of (a) AI-O and (b) Ca-O in C3A, CA, and CA2
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Table 3-4. The nearest-neighbor distance and coordination numbers of Al-O and Ca-O from neutron
diffraction data [Cristiglio et al., 2010] and MD simulation results.
MD Exp
rao (A)  CNaro  rcao(A)  CNcao raro(A)  CNao  rcao(A)  CNcao
(+0.03) (+=0.1) (£0.03) (=04) (x0.03) (£0.5) (x0.05 (£0.5)

C3A 1.77 4.2 2.33 6.1 1.82 4.5 2.30 5.7
CA 1.77 4.1 2.34 6.0 1.82 4.4 2.32 54
CA2 1.76 4.1 2.36 6.0 1.82 4.1 - -

In order to deeply understand the structures of C3A, C12A7, CA, and CA2, the structural parameters
are calculated, strictly in accordance with the partial RDF. The partial RDF is shown as follows.
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Figure 3-9. Radial distribution functions of Al-O, Ca-O, and O-O of (CaO)x(Al203)1-x melts at
1800, 2200, 2600, and 3000 K.

3.3.2.2 Bond length distribution, chemical bond count, and bond angle distribution of
(Ca0)x(AL203)1x melts at 1800, 2200, 2600, and 3000 K.

MD simulations were carried out for each composition and for four temperatures (1800, 2200, 2600,

and 3000 K). If structural parameters have a similar trend, we would choose a composition and a

temperature as examples to illustrate this trend.
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Bond length distribution (BLD) and bond angle distribution (BAD) show the range of bond length
and bond angles, respectively, presenting for a particular atomic triplet. BLD and BAD which are
along with radial distribution function and coordination number are important parameters to
understand insight into the arrangement of atoms in the structure of a material. Counting the number
of chemical bonds is beneficial to directly understanding the changing of bond energy in the melt

along with composition and temperature. These structure parameters are listed in detail below.

3.3.2.2.1 Bond length distribution

The bond length distribution of (CaO)x(Al203)1x melts at different temperatures (1800 K, 2200 K,
2600 K, and 3000 K) is shown in Figure 3-10, which are divided into two groups for comparing the
difference of BLD along with composition and temperature. Figure 3-10 (a-d) shows the temperature-
dependent BLD of C3A, C12A7, CA, and CA2 at different temperatures. The first and second peaks
in Figure 3-10(a-c) are the BLD of AI** bonded to O located at 1.76 + 0.02 A and the BLD of Ca*"
bonded to O* located at 2.36 + 0.02 A, respectively. The BLDs of Al-O and Ca-O end at 2.05 + 0.02A
and 2.99 + 0.05 A, which means the bond length of Al-O <2.05 = 0.02 A and Ca-O bond length <
2.92 +0.05 A, respectively. The peak of BLD of Ca-O in CA2 is gentle, compare with C3A, C12A7,
and CA. That is because there is less content CaO in CA2. This result also corresponds to the total
pair distribution function of CA2 in Figure 3-6, where the second peak of the total pair distribution
function corresponding to the near-neighbor Ca-O distance is not visible in CA2. In Figure 3-10(d),
the first and second peaks are the BLD of AI** bonded to O* located at 1.76 + 0.02 A and the BLD
of Ca?" bonded to O* located at 2.45 + 0.03 A, respectively. The BLDs of Al-O and Ca-O end at 2.15
+0.02 A and 2.83 £ 0.05 A. Meanwhile, the peak values of BLD corresponding to Al-O are gradually
increasing (1800 K, from 1.38 to 2.14) with increasing the content of Al,O3 from C3A to CA2. On
the contrary, the peak values of BLD corresponding to Ca-O are decreasing (1800 K, from 1.44 to
0.47) along with decreasing CaO. In addition, the areas under the Al-O peak and the Ca-O gradually
decrease from 1800 K to 3000 K in Figure 3-10(a-d). It probably expresses that increasing
temperature can reduce the count of the Al-O bond and Ca-O bond. It accords that elevated
temperature can increase the energy and ionic motion of the system, causing some chemical bonds to
break.

Figure 3-10(e-h) shows the composition-dependent BLD. The first and second peaks are mostly
located at 1.76 + 0.02 A and 2.36 + 0.05 A, respectively. The area under the first peak successively
becomes small from CA2 to C3A. On the contrary, the area of the second peak successively increases
from CA2 to C3A. The content changes of CaO and Al2Os result in this phenomenon. The area
difference caused by chemical composition is more obvious, compared with that of the effect of
temperature. This result demonstrates that composition has a greater influence on the BLD of the

(Ca0O)x(Al203)1-x melts than that of temperature.
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Figure 3-10. Bond length distribution (BLD) of (CaO)x(Al203)1x melts after normalization along
with temperature (cutoff <4 A):1. composition (a) C3A, (b) C12A7, (c) CA, (d), CA2; 2.
temperature (e) 1800 K, (f) 2200 K, (g) 2200 K, (h) 3000 K.

3.3.2.2.2 Chemical bond count

To verify the effect of composition and temperature on bond energy, Al-O bonds and Ca-O bonds

which are ensemble averages taken over all the timesteps in the MD trajectory are counted in

simulations of (CaO)x(Al>O3)1-x melts at different temperatures. It is to express the change of bond

energy, and the results were plotted in Figure 3-11. As R decreases, the average amount of the AI-O

bond increases, while the Ca-O bond number decreases. Taking composition as constant, Ca-O bonds

and Al-O bonds slightly decrease with increasing temperature. Taking C12A7 as an example, Al-O

and Ca-O bonds in this melt decrease respectively from 5390 to 5272 and from 6849 to 6596 with

increasing temperature (1800-3000 K). On the whole, no matter which composition, the amount of

Al-O bond and Ca-O bond just slightly decreases with increasing temperature.
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3.3.2.2.3 Bond angle distribution

In addition, the total bond angle distribution (BAD) of O-AI-O, Al-O-Al, and O-Ca-O in
(CaO)x(Al203)1-x melts also was studied at different temperatures (1800, 2200, 2600, 3000 K), as
shown in Figure 3-12, which are divided into two groups for comparing the difference of total BAD
along with composition and temperature. Figure 3-12 (a-d) shows the temperature-dependent BAD
of C3A, CI12A7, CA, and CA2. And Figure 3-12 (e-h) shows the composition-dependent BAD at
1800, 2200, 2600, 3000 K. Here, we take BAD of O-Al-O, Al-O-Al, and O-Ca-O in C12A7 and at
2200 K as an example to describe relevant explanations.

In Figure 3-12 (bl), with increasing temperature, the intensity of the main peaks of O-Al-O BAD of
C12A7 is gradually decreasing and the positions of the main peaks shift from 105.5" to 101.5". The
FWHM of these peaks gradually enlarges. In Figure 3-12 (b2), the intensity of the main peaks of Al-
O-Al BAD becomes low and their positions shift to low angles with rising temperature. On the
contrary, the shoulders located at 94.5 + 2" are gradually increasing with an increase in temperature.
In Figure 3-12 (b3), the intensity of the main peaks of O-Ca-O BAD are sightly decreasing and their
positions shift to high angles with increasing temperature. It is interesting to note that a broad feature
centered around 82° exhibits in the O-Ca-O BAD at 1800 K.

In Figure 3-12 (f1), the main peaks of O-Al-O BAD are located at 102.5 = 1° (C3A, CA, and CA2)
and 104.5 £ 1" (C12A7). With decreasing R, the intensity of main peaks and their full width at half
maximum (FWHM) are gradually higher and broader, respectively. In Figure 3-12 (f2), the main
peaks of Al-O-Al BAD are at 120.5 + 3° and the shoulders are located at 94.5 + 2°. With increasing
R, the intensity of the main peaks becomes low. The main peaks of O-Ca-O BAD are located at 66.2
+1°(C12A7, CA, and CA2) and 72.5 + 1° (C3A), respectively. The broad features appear at BAD in
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Figure 3-12 (f3), where their width and angle location depend on R. With increasing CaO, the

intensity of the main peaks of O-Ca-O BAD is increasing. Based on the description of the results, R

has a greater influence on the bond angle distribution of (CaO)x(Al>O3)1-x melts than temperature.
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Figure 3-12. Bond angle distribution (BAD) of O-Al-O, Al-O-Al, and O-Ca-O of the
(CaO)x(Al203)1-x melts. Composition: (a) C3A, (b) C12A7, (c) CA, (d) CA2; Temperature: (e)
1800 K, (f) 2200 K, (g) 2600 K, (h) 3000K.

The O-Al-O BAD is related to Al coordination numbers, which reflects the bonding of an Al atom
and two O atoms in [AlO,] units. The fraction of [AlO,] species in the (CaO)x(Al2O3)1.x melts at
2200K and in C12A7 at different temperatures are shown in Figure 3-13 (al, a2). The O-Ca-O BAD
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is related to Ca coordination numbers. Here the Ca coordination number in C12A7 is shown in Figure

3-13 (b), to help discuss the evolution of O-Ca-O BAD in C12A7.
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Figure 3-13. Factions of [AlOy] species and Ca coordination number: (al) Factions of [AlOy]
species in C12A7 at different temperatures; (a2) Factions of [AlOn] species in the
(Ca0)x(Al203)1x melts at 2200 K; (b) Ca coordination number in C12A7.

A snapshot taken from the MD simulation is shown in Figure 3-14 to visualize and discuss the origin

of the main peaks observed in BAD.
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Figure 3-14. A snapshot is taken from the MD simulation of the structure of the C12A7 melt

illustrating the origin of the main peaks observed in the bond angle distributions shown in Figure

3-12.

3.3.2.3 Oxygen species, the degree of charge compensation, and unsatisfied oxygen

bonds of (Ca0O)x(Al203)1-x melts at 1800, 2200, 2600, and 3000 K.

3.3.2.3.1 Oxygen species

To understand deeply the effect of structure on thermophysical properties, bridging oxygen (BO),
non-bridging oxygen (NBO), tri-cluster oxygen (TCO), and free oxygen (FO) were defined (Section
3.3.2.1) and analyzed in each MD simulation for the (CaO)x(Al>O3)1-x melts.

The contents of BO, NBO, TCO, and FO, in C3A, C12A7, CA, and CA2 at 1800, 2200, 2600, and
3000 K are described in Figure 3-15. By analyzing Figure 3-15(a)(b)(c)(d), the content of BO in
C12A7, CA, and CA2 gradually increases (C3A: 0.375 to 0.408, C12A7: 0.533 to 0.640, CA: 0.532
to 0.635, and CA2: 0.495 to 0.570) with decreasing temperature. The content of TCO gradually
increases (C3A: from 0.023 to 0.064, C12A7: from 0.049 to 0.114, CA: from 0.20 to 0.288, and CA2:
0.357 to 0.410) with increasing temperature (1800-3000 K). The content of NBO in C3A reduces
with increasing temperature. For other compositions, the NBO just slightly increases with increasing
temperature. The content of FO is seemingly not sensitive to temperature.

Meanwhile, we can find that the trends of BO, NBO, TCO, and FO contents in the (CaO)x(Al203)1x
melts at 1800 K, 2200 K, 2600 K, and 3000 K are extremely similar by observing Figure 3-15
(e)(H)(g)(h). So taking the trends of BO, NBO, TCO, and FO in (CaO)x(Al203)1x melts at 2200 K as
an example, it describes and explains the evolution of oxygen species. The content of NBO and FO
in the (CaO)x(Al203)1x melts gradually increases with an increase of R: NBO dramatically increases

(0.079-0.450), and there is an obvious increase (0.021-0.098) for FO from C12A7 to C3A. On the

87



contrary, the content of TCO decreases (0.385-0.055) with increasing R (from CA2 to C3A). It is

worth mentioning that the content of BO increases firstly from 0.533 to 0.587 and then decreases to

0.395 with increasing R, C12A7 (BO = 0.587) is an obvious turning point for (CaO)x(Al>O3)1-x melts.
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Figure 3-15. Oxygen speciation BO, NBO, TCO, and FO in (CaO)x(Al203)1.x melts. 1)
temperature-dependent BO, NBO, TCO, and FO in (a) C3A, (b) C12A7, (c) CA, and (d) CA2 at
different temperatures; ii) composition-dependent BO, NBO, TCO, and FO in (CaO)x(A>O3)1x

melts at (e-f) 1800, 2200, 2600, and 3000 K.

Table 3-5. The trends of BO, TCO, NBO and FO with x (x=R/Temperature)

3 -
(0xy ge;‘ species) BO  TCO NBO (C3A) NBO (others) FO
X
x=R +, - - + ~ 0’+
x = Temperature - + - ~+ ~0
“+: increase “-”: decrease “~”: constant “~0”: tending to zero

3.3.2.3.2 The degree of charge compensation

Ca?" cations play a dual role in (CaO)x(A1203)1x melts as network modifiers and charge compensators.
As charge compensator, the Ca®" cation offers unbalanced charges for specific oxygens which are
connected to two or more network-forming [AlO,] polyhedrons. By counting the ratio of these
specific oxygen atoms to all oxygen atoms, the degree of charge compensation was obtained and
listed in Figure 3-16. The degree of charge compensation in each composition decreases with
increasing temperature while that of C3 A is not sensitive to the temperature. Compared with the effect
of temperature, the degree of charge compensation in (CaO)x(Al203)1x melts increases firstly and
then decreases with increasing R, where CA is the turning point for this process. In addition, based
on the comparison and analysis of results, R has a greater influence on the degree of charge

compensation than temperature.
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Figure 3-16. The degree of charge compensation of the (CaO)x(Al203)1-x melts at different

temperatures.

3.3.2.3.3 Unsatisfied oxygen bonds

Surface tension is considered to be related to UOBs at the surface layer of the melt. However, the
present MD simulations focus more on the bulk phase and the following interpretation is an initial
attempt to explore the relationship between surface tension and UOBs, thus laying the foundation for
a more precise study of the surface layer in future studies. In addition, the description of UOBs is still
abstract. Further understanding, the definition of modified UOBEs is reified as follows: partial oxygen
ions forming stable bonds with network-formed cations still need network-modified cations to keep
charge balance and partial NBOs are bonding with modifying cations, which forms modified
unsatisfied oxygen bonds; Additionally, it is worth noting that in the (CaO)x(Al203)1-x melts, charge

compensation of [AlO4] is accomplished by the formation of three coordinated oxygens (as known

as TCO) [J. Du et al., 2022].
Specific classifications are
2Al1-O-n[Ca] (an oxygen atom bonding with two Al atoms connects n > 1 Ca atoms),
3Al-O-n[Ca] (an oxygen atom bonding with three Al atoms connects n > 1 Ca atoms),
2AI-O-[Al] (an oxygen atom bonding with three Al atoms),
Al-O-n[Ca] (an oxygen atom bonding with one Al atom connects » > 1 Ca atoms),
where [atom] is as a charge compensator. For the CaO-Al>O3 system, the O-Ca and pure Al-O-Al are
categorized into satisfied oxygen bonds (OBs).
Modified UOBs and OBs in the (CaO)x(Al2O3)1x melts at different temperatures are shown in Figure
3-17. Figure 3-17 (a-d) expresses temperature-dependent UOBs and OBs in C3A, C12A7, CA, and
CA2. with increasing temperatures, the content of 2Al-O-n[Ca] is gradually decreasing and the
contents 3Al-O-n[Ca] and 2AIl-O-[Al] are increasing. The changes of Al-O-n[Ca] and OBs are
slightly increasing, while the AI-O-n[Ca] of C3A decreases. The fraction of OBs is slightly increasing
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with increasing temperature. However, the total content of the UOBs caused by charge compensation
(2A1-O-n[Ca], 3Al-O-n[Ca], and 2AI-O-[Al]) is only slightly decreasing in C12A7, CA, and CA2.
From Figure 3-17 (e-f), with decreasing R, the OBs decrease first and then increase, while the total
content of modified UOBs has an opposite trend. Further, the content of Al-O-n[Ca] is reducing,
while the contents of 3AI1-O-n[Ca] and 2AI-O-[Al] are gradually increasing. The content of 2Al-O-
n[Ca] climbs up and then declines, which correspondings to the content change of BO. It is worth

mentioning that the total content of the modified UOBs caused by charge compensation is gradually

increasing.
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Figure 3-17. Fraction of oxygen bonds (normalization) in the (CaO)x(Al2O3)1x melts.
Composition: (a) C3A, (b) C12A7, (c) CA (d) CA2; Temperature: () 1800 K, (f) 2200 K, (g)
2600 K, (h) 3000 K.

3.4 Discussions

3.4.1 The influence of temperatures and R=CaO/Al:O; on the structural
parameters of (CaO)x(Al2O3)1x melts

Based on the results of the structural parameters, the effects of temperature and R on the structure of
the (Ca0O)x(Al203)1x melts are observed. Increasing temperature can improve the energy and atomic
motion of the system, which causes some bonds to break free from the bondage of the interaction,
thereby breaking some bond connections. It results in the peaks of BLD gradually decreasing with an
increase in temperature. With increasing R, CaO content and Al,Os; content are increasing and
decreasing, respectively, corresponding to the changes of BLDs of AI-O and Ca-O.

The O-AI-O BAD is related to the Al coordination number, which is in agreement with the content
of [AlOy] species. The O-Al-O bond angle in a perfect tetrahedron is equal to cos™'(-1/3) = 109°. The

existence of threefold, fivefold, and sixfold coordinated Al species makes the peaks of O-Al-O BAD
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shift away 109°. An obvious decrease of [AlOs] in the C12A7 melt causes an increase in the weight
ratio of [AlO4], which makes the peak of BAD shift towards 109°, compared to the other three
compositions. With decreasing R, the FWHM of the main peak is larger with higher Al,Os;
concentration reflecting the greater content of [AlOx] polyhedron. The AI-O-Al BAD reveals insight
into how the [AlOy] are relative to each other [Zhao et al., 2019]. The peak at = 120.5° in the Al-O-
Al BAD arises from corner-shared polyhedrons. The peaks at =~ 94.5" may indicate twofold rings
representing AlOw,s) polyhedrons shared by an edge. Further analysis shows the bridging oxygens are
concentrated around 120° and the peaks at = 90° arise from configurations that involve oxygens with
three nearest Al neighbors (TCO) [Drewitt et al., 2011]. With increasing R, the intensity of the main
peaks and shoulders reduces, where the change of the shoulders is in agreement with the evolutions
of TCO in the (CaO)x(Al203)1x melts at 2200 K. It means that the intensity of the AI-O-Al BAD is
related to the total content of BO and TCO.

The main peaks of O-Ca-O BAD around 67 originate from Ca bonded to two O atoms of the same
[AlO4] tetrahedron forming distorted triangles. In addition, the broad features in BAD arise from Ca
connected to two O atoms of two different [AlOxs] polyhedrons. This kind of O-Ca-O bonding is
related to charge compensation, corresponding to a broad angle range.

With increasing temperature, the weight ratio of [AlO3], [AlOs], and [AlOgs] are gradually increasing,
which makes the intensity of the main peaks of O-Al-O BAD lower and FWHM broader. TCO and
BO are respectively increasing and decreasing with rising temperature, corresponding to the intensity
of the shoulders at 94" and the main peaks around 125" in Al-O-Al BAD have respectively an increase
and a decrease. The O-Ca-O BAD at 1800 K exhibits a broad feature centered around 82" possibly
indicative of distorted sixfold octahedra [Drewitt et al., 2011], which is consistent with an increase in
sixfold coordinated Ca species (Figure 3-13 (b)). The intensity and FWHM of the peaks are probably
related to the influence of temperature on charge compensation.

In the influence of temperature on oxygen species in (CaO)x(Al2O3)1-x melts, a possible explanation
for an increase of BO and a decrease of TCO with decreasing temperature is as follows: tri-cluster

oxygen which is shared by three AI**

cations belongs to an unstable configuration. The higher
temperature can maintain the formation of tri-cluster oxygen configurations. Once the temperature
goes down, tri-cluster oxygen configurations could resolve into BO or NBO configurations with
lower energy. Furthermore, the explanations for the influence of composition on oxygen species
depend on the network former/modifier (Al2O3/CaO) ratio. The CA2 melt with the lowest CaO
content has the highest TCO content than the other compositions. Whereas TCO as unstable
configurations would be cut into BO or NBO by network modifier cations (Ca?"). So at the lower R,

it is prior for the high content of TCO to be resolved and transformed into BO or partial NBO with

increasing CaO content, which causes an increase in their content. With further increasing R, when
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the CaO network modifier is abundant and the content of TCO is low, Ca*>" would cut more BO in
the network to unceasingly generate NBO. It leads to a dramatic decrease in BO and a continuous
increase in NBO from CI12A7 to C3A. Meanwhile, CaO as network modifiers can reduce the
polymerization degree of melts to increase NBO and generate FO as well. The dual effects lead to a
bigger increasing range of NBO than that of BO and FO.

Although Ca?" cations are network modifiers for breaking the network in the whole process, they are
prior as charge compensators at the lower R, since Ca®" cations are absent and anionic polymer groups
need charge balance. With improving R, Ca?" cations become plentiful in melts, while the charge
compensation also reaches the upper limit. Further increasing R, Ca** acts as network modifiers to
destroy BO and decrease the polymerization degree of [AlO,] polyhedrons. These above aspects
cause Ca’" cations to wreak havoc on the network of the melt, which corroborates the sharp decline
of charge compensation and BO content from C12A7 to C3A.

In order to facilitate a more in-depth analysis, the partial skeleton of the network structure, the dual
roles of Ca**, the evolution of charge compensators, and network modifiers on the structure were
singled out from a virtualized system, described in Figure 3-18. In the following discussion section,
we will combine our experimental thermophysical properties with the evolution of structural
parameters in MD simulations, bringing out the correlations between the structure and thermophysical

properties in (CaO)x(Al203)1x melts.

Ca?* as network modifier

@ ()

Figure 3-18. Partial skeletons of network structure and evolutions of charge compensators and

The positions of BO and TCO in the network

network modifiers in the structure of (CaO)x(Al2O3)1-x melts: Process A: the black dot line
describes a ring formed by AlO, polyhedrons; Process B: 1 represents a position of BO and 2 for
TCO.
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3.4.2 The influences of R=Ca0/Al;O3 and temperatures on the thermophysical
properties of (Ca0)x(Al203)1x melts

3.4.2.1 Density

From the R point of view, compositional variation in (CaO)x(Al>O3)1-x melts has a significant effect
on bond lengths, bond angles, microstructural units, and oxygen network structures. With increasing
R, Al-O bonds decrease and Ca-O bonds increase, plus the length of Al-O bonds is shorter than that
of Ca-O bonds, which causes the increase of micro-volume in (CaO)x(Al203)1.x melts. From CA2 to
C3A, the intensity of the Al-O-Al BAD is gradually decreasing, which means a decrease in the
connectivity of [AlOx] each other to possibly reduce the twining degree of [AlO,]. Because there are
many rings consisting of [AlOn] polyhedrons in the melts with low R that are derived from edge-
sharing and corner-sharing of [AlOx] polyhedrons [Akola et al., 2013], as shown in Figure 3-18. The
decrease in the connectivity of [AlO,] would decrease this type of polymerization connectivity. In
addition, abundant tri-cluster oxygen (TCO) configurations with a high polymerization degree are
also in (CaO)x(AL203)1x melts with low R. Ca?" cations as network modifiers could cut off the ring
of [AlOx] polyhedrons, the TCO configurations, and bridging oxygens (BO), which generates more
and more non-bridging oxygen (NBO) and microstructural units to reduce the polymerization degree
of network structure. Accordingly, a mass of smaller microstructural units can lead to an increase in
volume. Meanwhile, the density of Al,O3 (3.97 g/cm?) is more than CaO (3.34 g/cm?®), which is a
non-negligible reason. These could be explanations for why the density decreases successively with
increasing R.

As we analyzed earlier, regarding the effect of temperature on the density of (CaO)x(Al203)1x melts,
the increasing temperature can cause to break off some Al-O bonds and Ca-O bonds and make some
atoms in a free state. In addition, the increasing temperature leads to a decrease in BO content and an
increase in TCO. Here, further analysis is necessary for these two opposite influences. In glasses
network structure, BO and TCO can be connection points to form a network skeleton, shown in Figure
3-18: process B. However, the formation of TCO and the breaking of BO are different impacts on the
polymerization degree of network structure. From Figure 3-18, if position 1 was broken, its
destructiveness on the connection of the network skeleton probably is more than the formation of
TCO at position 2. So the decrease in BO content can not only counterbalance the influence of the
TCO formation but also generate microstructural units and reduced the degree of polymerization.
Meanwhile, increasing temperature causes a decrease in the total content of BO and TCO, which
means a decrease in the connectivity of [AlO4] polyhedrons, making some structural units in a
dissociated state. Furthermore, Ca®" cations as charge compensators can promote the compactness of
[AlO4] polyhedrons in the network structure. Improving temperature leads to a decrease in the degree

of charge compensation. More structural units in a dissociated state would decrease the twining
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degree of each other to promote volume increase. The above explains why the temperature rise causes

the decrease in density of the (CaO)x(Al,03)1x melts.

3.4.2.2 Surface tension

It is necessary to mention that 2A1-O and 3AI1-O express an O atom shared by two [AlOy] units and
an O atom shared by three [AlO,] units, respectively. The contents of 2A1-O-n[Ca], 3Al-O-n[Ca],
and 2Al-O-[Al] are related to the change of BO and TCO, respectively, where Al-O-n[Ca] is equal to
NBO. The oxygen atoms are shared by multi-[AlO,] units, where the forming groups more require
extra compensating charges to maintain the electrical neutrality of the network due to the
electronegativity of the anionic units. Thus, 2A1-O-n[Ca], 3Al-O-n[Ca], and 2AI1-O-[Al] could have
a greater influence on surface tension than Al-O-n[Ca]. With decreasing R, the total content of
modified UOBs shows an increase first and then a decrease. Furthermore, decreasing R results in a
decrease in the content of Al-O-n[Ca] and an increase in the content of 3A1-O-n[Ca] and 2A1-O-[Al],
where the content of 2AI-O-n[Ca] shows the same trend with BO (climb up and then decline).
However, the total content of the modified UOBs caused by charge compensation is gradually
increasing. In CA2, although the content of modified UOBs is lowest, the total content of the modified
UOBs caused by charge compensation is highest, leading to the largest surface tension. Additionally,
in C12A7, CA, and CA2, increasing temperature causes an increase in the content of 3Al-O-n[Ca],
2A1-O-[Al], Al-O-n[Ca], and OBs, and a decrease in the content of 2AI-O-n[Ca]. However, the total
content of the UOBs caused by charge compensation is slightly decreasing with an increase in
temperature. This and an increase of OBs not only counteract the influence of the slight increase in
Al-O-n[Ca] but also lead to a slight decrease in surface tension. C3A has a slight difference from
other compositions. In C3A, a decrease in the content of Al-O-n[Ca], a slight increase in OBs, and a
slight increase in the content of the UOBs caused by charge compensation result in a slight decrease
in the surface tension. Based on the above description, the clear influence ratio of different UOBs on

surface tension is still a challenging issue for future study.

3.4.2.3 Viscosity

R and temperature have a great influence on the viscosity of (CaO)x(Al2O3)1x melts as well, as shown
in Figure 3-4 (c2). It is generally recognized that viscosity is related to the degree of polymerization
of the network structure. So the impact factors on the degree of polymerization, such as BO, NBO,
and the charge compensation, are crucial for studying the viscosity of melts.

At the lower R, TCO configurations are numerous in CA2 melts. One role of Ca** cations as network
modifiers can break off unstable TCO configurations into BO or NBO, which causes the increase of
BO and NBO, and the decrease of TCO. As we analyzed the influence of the formation of TCO and
the breaking of BO on the network skeleton, the effect of breaking TCO configurations on the

skeleton of the network structure is rather limited as well. However, at the lower R, Ca’" cations as
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charge compensators are dominated in melts. The degree of charge compensation gradually increases
from CA2 to CA, shown in Figure 3-16. From Figure 3-18, Ca?" cations as charge compensators can
make the network structure closer, which increases the degree of polymerization in melts. With
unceasingly improving R, the CaO composition is up to high content and [AlO.] polyhedrons are
decreasing. Ca®" cations as network modifiers would dominate the structure of melts after the charge
compensation achieves a saturation state. As more rings formed by [AlOx] polyhedrons are opened
by network modifiers, the degree of charge compensation in C3A is less than that in CA2. Ca** cations
which are used as charge compensators may also be transformed into network modifiers. During this
process from C12A7 to C3A, the content of BO suddenly reduces and NBO content dramatically
increases, which results in a sharp decrease in polymerization degree. It is interesting to note TCO in
the process from C12A7 to C3A decreases relatively slowly, which could confirm the above
description about the role exchange of network modifiers and charge compensators. Furthermore, the
trends of BO and the degree of charge compensation are closely similar to the trend of experimental
viscosity, which reveals the consistent correlation of BO and the degree of charge compensation on
viscosity. The above analysis explains that the viscosity 7 of (CaO)x(Al2O3)1x melts increases firstly
and then decreases with increasing R, where CA is the turning point, #ci24a7 is between 7ca and 7ca2,
and the viscosity # of C3A is less than that of CA2.

Both BO and the degree of charge compensation decrease, and TCO increases, as the temperature
rise. In the structural evolution of (CaO)x(Al203)1-x melts, increasing temperature could improve the
system energy, which is beneficial for BO transforming to TCO. Also increasing temperature would
accelerate the atomic motion and break some Ca-O bonds, which causes a decrease in the degree of
charge compensation. The reductions of both structural parameters are detrimental to the
polymerization degree of the network structure. So improving temperature leads to a decrease in the

viscosity of (CaO)x(Al203)1-x melts.

3.5 Conclusions

Optimized measurements of the density (1450-2600 K), surface tension, and viscosity (1900-2700 K)
were proposed, which would promote the measurements of ADL with DOM and provide a valuable
reference for researching thermophysical properties of the (CaO)x(Al203)1x melts.

The structural evolution of the (CaO)x(Al2O3)1x melts system at different temperatures and R is
revealed by the MD simulations with modified potentials in conjunction with previous test
characterization (neutron diffraction and NMR). Furthermore, the influences of R and temperature on
BLD, BAD, oxygen species, the degree of charge compensation, and UOBs were explored, while the
correlation between BAD and coordination number, BO, TCO, and charge compensations was
revealed. Valuable conclusions about structural evolution were obtained by changing temperature

and R, as follows:
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ii.

The intensity of Al-O-Al BAD corresponds to the total content of BO and TCO, which may
be related to the connection of [AlOn] polyhedrons. Increasing temperature or R causes a
decrease in the connection of [AlO,] polyhedrons, which may make some structure units in
the dissociated state.

Ca?" cations show a dual role in the network structure of the (CaO)x(ALO3)1x melts during
the process of increasing R, where Ca** cations as charge compensators dominate from CA2
to CA; Ca’" cations as network modifiers dominate from CA to C3A. In the process of Ca®"
cations as charge compensators, Ca>* cations mainly replace the TCO to participate in charge
compensation, which is less destructive to the network structure. Ca®" cations, as network
modifiers, destroy BO structure and increase the content of NBO. Overall, the charge
compensation degree and the polymerization degree of the network structure show an increase

and then a decrease from CA2 to C3A.

The correlation between structure and thermophysical properties was deeply analyzed and obtained

the following conclusions:

1.

ii.

1il.

Improving temperature and R result in a change in bond length distribution, and a decrease in
the intensity of the AI-O-Al BAD and polymerization degree, which decreases the
connectivity of [AlOn] each other to increase the volume and to reduce the density of the
(Ca0)x(Al203)1x melts. The influence of paros > pcao on the density of the (CaO)x(Al203)1x
melts is non-negligible as well.

With decreasing R, the contents of modified UOBs caused by charge compensation are
increasing, which offsets the influence of the decrease in AI-O-n[Ca] and makes the surface
tension increase. With increasing temperatures, the total contents of 2A1-O-n[Ca], 3Al-O-
n[Ca], and 2AI1-O-[Al] only show a slight decrease and the change of Al-O-n[Ca] can be
neglectable, which results in a slight decrease in surface tension.

The viscosity 7 of the (CaO)x(Al203)1-x melts climbs up and then declines from CA2 to C3A,
because one of the Ca®" cations roles is as a charge compensator at the low CaO content,
leading to an unceasingly rise in the degree of polymerization (CA2-CA). On the contrary,
the other role of Ca** cations is a network modifier to reduce the degree of polymerization by
further increasing R (CA-C3A). Rising temperature can decrease BO content and the degree
of charge compensation, which reduces the degree of polymerization and causes a decline in

the viscosity of (CaO)x(Al203)1-x melts.
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Chapter 4. The correlation between thermophysical properties
and structural evolution of molten Ca0-Al>:O3-SiO: system studied

by aerodynamic levitation and molecular dynamics simulation

Résumé du Chapitre 4

Dans ce chapitre, des mesures systématiques in situ de la densité, de la tension superficielle et de la
viscosité des masses fondues CaO-Al2O3-S10; (rapport pondéral: CaO/Al,03=1, SiOz: 0-25 % en
poids) sont effectuées par lévitation aérodynamique sur une large gamme de températures. Les
simulations de dynamique moléculaire, combinées aux résultats de caractérisation rapportés
précédemment, permettent de vérifier I'applicabilité du potentiel hybride combiné aux oxydes fondus.
Les résultats montrent que le potentiel hybride combiné est approprié¢ dans les simulations MD du
systetme CaO-Al>0O3-SiO2 en utilisant une méthode de comparaison similaire a celle des facteurs
structurels S(Q), des fonctions de distribution totale et des nombres de coordination du Chapitre 3.
De méme, les paramétres structurels comprenant la distribution de la longueur de liaison (BLD), la
distribution de I'angle de liaison (BAD), les espéces d'oxygene (oxygene pontant : BO ; oxygeéne non
pontant : NBO ; oxygene tri-cluster : TCO), le degré de compensation de la charge, la connectivité
du réseau (especes Qi, clusters tétraédriques) et les liaisons oxygene insatisfaites (UOB) sont calculés
pour explorer I'évolution structurelle du systéme CaO-Al,03-SiO> a différentes températures et
teneurs en SiOx.

1) L'augmentation de la température peut accélérer le mouvement des atomes et rompre la
connexion de liaison partielle, ce qui diminue l'intensité du pic de la BLD. L'amélioration de
la teneur en SiO2 peut augmenter la teneur en liaison Si-O, ce qui entraine I'élargissement
progressif de la largeur a mi-hauteur (FWHM) du premier pic de la BLD et le déplacement de
I'emplacement du premier pic vers la valeur r basse.

i1) La BAD O-Al-O et la BAD O-Si-O sont liées aux polyedres [AlOn] (numéro de coordination
Al) et aux polyedres [SiOn] (numéro de coordination Si), respectivement. Et la BAD Al-O-
Al et la BAD Al-O-Si sont déterminées par Al-BO-Al et nAl-TCO, Al-BO-Si et nAl-TCO-
mSi.

ii1) L'augmentation de la température entraine une augmentation du BAD et une diminution du
BO, du degré de compensation des charges et de la connectivité du réseau. Au contraire,
I'augmentation de la teneur en SiO; entraine une diminution du NBO et une augmentation du
BO, du degré de compensation des charges et de la connectivité du réseau.

La corrélation entre les propriétés thermophysiques et la structure des fondus CaO-Al,03-Si0O: est
révélée, ce qui étend également l'applicabilité de la corrélation théorique obtenue au chapitre 3. Les

conclusions notables sont présentées comme suit:
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i.  L'amélioration de la température peut diminuer la teneur en BO et le degré de compensation
de charge, ce qui conduit a une diminution du degré de polymérisation. Cela provoquerait une
augmentation du micro-volume et une diminution de la densité. Bien que 1'augmentation de
la teneur en SiO» puisse améliorer le degré de polymérisation, la liaison Si-O pourrait étendre
considérablement la structure de la chaine, elle diminue le degré de torsion des polyedres pour
augmenter le micro-volume et diminuer la densité.

ii.  L'augmentation de la température entraine une augmentation du contenu des Al-O-n[Ca], Si-
O-n[Ca] et OBs, et une légere diminution du contenu des UOBs causée par la compensation
de charge. La diminution de la teneur en UOBs avec compensation de charge et 'augmentation
de la teneur en OBs pourraient compenser 1'effet de I'augmentation de la teneur en Al-O-n[Ca]
et Si-O-n[Ca], ce qui conduit a une légere diminution de la tension de surface. Avec
I'augmentation de la teneur en SiO», les polyedres UOBs liant [AlOs] qui contribuent le plus
a la tension superficielle sont progressivement remplacés par les tétracdres UOBs liant [S104],
plus une augmentation de la teneur en OBs. Il en résulterait une diminution de la tension
superficielle.

1ii.  L'augmentation des températures peut diminuer la teneur en BO et le degré de compensation
de charge et augmenter la teneur en NBO, ce qui est bénéfique a la diminution du degré de
connectivité du réseau et du degré de polymérisation. Ainsi, la viscosité du systéme CaO-
Al,03-S102 diminue avec I'augmentation de la température. Avec 1'augmentation de la teneur
en Si0», la teneur en BO et le degré de compensation de charge augmentent et la teneur en
NBO diminue, ce qui augmente le degré de connectivité du réseau et le degré de

polymérisation pour améliorer la viscosité du systeme CaO-Al,03-SiOz.

Abstract of Chapter 4

In this chapter, systematic in-situ measurements of density, surface tension, and viscosity of the CaO-
ALO3-S102 melts (weight ratio: CaO/AlOs=1, SiOz: 0-25 wt%) are carried out by aerodynamic
levitation over a wide temperature range. Molecular dynamic simulations, combined with the
previously reported characterization results, further verify the applicability of the combined hybrid
potential in oxide melts. The results show that the combined hybrid potential is appropriate in MD
simulations of the CaO-Al,03-Si02 system by using a comparison method similar to that of the
structural factors S(Q), total distribution functions, and coordination numbers in Chapter 3.

Likewise, structural parameters including bond length distribution (BLD), bond angle distribution
(BAD), oxygen species (bridging oxygen: BO; non-bridging oxygen: NBO; tri-cluster oxygen: TCO),
the degree of charge compensation, network connectivity (Q; species, tetrahedral clusters), and
unsatisfied oxygen bonds (UOBs) are calculated to explore the structural evolution of the CaO-ALO:s-

Si0; system at different temperatures and SiO> content.
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Increasing temperature can quicken the motion of atoms and break the partial bond connection, which
decreases the peak intensity of BLD. Improving SiO2 content can increase the content of the Si-O
bond, which causes the full width at half maximum (FWHM) of the first peak of BLD gradually
broaden and the location of the first peak shifts to the low r-value.

The O-Al-O BAD and the O-Si-O BAD are related to the [AlO4] polyhedrons (Al coordination
number) and [SiOy] polyhedrons (Si coordination number), respectively. And the Al-O-Al BAD and
the Al-O-Si BAD are determined by AI-BO-Al and nAI-TCO, Al-BO-Si and nAl-TCO-mSi.
Increasing temperature causes an increase in NBO and a decrease in BO, the degree of charge
compensation, and network connectivity. On the contrary, increasing SiO> content leads to a decrease
in NBO and an increase in BO, the degree of charge compensation, and network connectivity.

The correlation between thermophysical properties and structure of the CaO-Al>O3-SiO2 melts is

revealed, which also extends the applicability of the theoretical correlation obtained from Chapter 3.

4.1 Introduction

The excellent mechanical and optical properties of calcium aluminosilicate (CaO-Al203-Si02, CAS)
glasses have stimulated the interest of countless researchers over the years [ Wallenberger et al., 1994].
Calcium aluminosilicate glasses and melts also have been extensively applied in industries by virtue
of their wide range of glass-forming regions and refractory nature, such as in the production of cement
and glass, in metallurgy [Puertas et al., 2003; C. Li et al., 2010; Hennet et al., 2016a]. Industrial
applications of CAS melts are closely correlated to their thermophysical properties (density, surface
tension, and viscosity), while chemical composition and temperature have a great influence on
thermophysical properties. Therefore, it is relevant to explore the influence of chemical composition
and temperature on the thermophysical properties of CAS melts, which is beneficial for optimizing
compositions and synthesis conditions for designing CAS-based glasses for special purposes.

However, in situ measurement of the thermophysical properties of melts was not a straightforward
operation at ultra-high temperatures. In conventional contact methods, density and surface tension
are commonly measured by the sessile-drop apparatus [McClelland et al., 1995; Duchesne et al.,
2017]. The viscosity of melts is obtained by using the rotating Bob method [Chebykin et al., 2017],
the capillary method [Brooks et al., 2005], and the oscillating vessel viscometer [Brooks et al., 2005].
However, there is an insurmountable disadvantage in contact methods which is chemical interactions
between melts and the container at ultra-high temperatures. The conventional contact methods cause
generally heterogeneous nucleations at the container wall under supercooled conditions [Langstaff et
al., 2013]. On the contrary, aerodynamic levitation with laser heating and the droplet methods can
avoid perfectly this problem. Although Siafakas et al [Siafakas et al., 2018] measured the viscosity
of' Si0,-Ca0O-ALOs slags by ADL and Takahashi et al [ Takahashi et al., 2015] measured their density,

the lack of surface tension was still a pity for systematically studying CAS melts. The measurements
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of CAS melts in this work will fill in the blanks of surface tension and make the data of density and
viscosity complete.

In addition, the thermophysical properties of CAS melts have a strong dependence on the microscopic
structure [Mysen, 1990; Takahashi et al., 2015]. In calcium aluminosilicate glasses, both Al,O3 and

13" with different coordination

SiO2 contribute to the formation of the glass network together. A
numbers (CN =4, 5, and 6) can play a dual role (network modifier and network former), which would
unquestionably increase the complexity and variability of the network structure. So microscopic
structure of CAS melts was studied indefatigably in our lab. For instance, Neuville et al. [Neuville et
al., 2006] studied Al coordination numbers, Al species, and Al/Si tetrahedral distribution in the
network structure of calcium aluminosilicate glasses along with different ratios R=CaO/Al,O3 by
Raman spectroscopy and 2’Al MQ-MAS NMR. Hennet et al [Hennet et al., 2016a] respectively
measured structure factors of various CAS glass compositions at both room temperature and in the
liquid state by X-ray diffraction (room temperature) and Neutron diffraction with ADL (in-situ).
Neuville et al. [Neuville et al., 2004] investigate the degree of polymerization (Q") of the (AlO4)
tetrahedra and the distribution of Al in Q?, Q?, and Q* species by utilizing X-ray absorption near-edge
structure (XANES) spectroscopy at both Ca and Al K-edges. Although plenty of researchers
investigated the structural evolution of CAS, the correlation between structural evolution and
thermophysical properties is still blurred, due to the difficulty in in-situ measurement and
characterization of thermophysical properties and microscopic structure.

The large-scale Atomic molecular dynamic (MD) simulation is an effective and promising method
for deeply investigating network structure, O species, and polyhedral units in melts [Hu et al., 2020;
Su et al., 2020]. Su et al. [Su et al., 2020] utilized MD simulation and electromagnetic levitation to
reveal a Vogel-Fulcher-Tammann-type temperature-dependent viscosity for pure Zr in the
temperature range of 1600-2700 K. Hu et al. [Hu et al., 2020] developed a compositional property
database that overviews on the density and elastic properties of SiO»-based glasses by virtue of high-
throughput molecular dynamic (MD) simulations. Plenty of valuable studies describe that machine
learning techniques can provide an alternative method to bridge the thermophysical properties of
interest with its potential microscopic structure.

In this Chapter, aerodynamic levitation with the droplet oscillation technique is performed to measure
the density of CAS melts and their surface tension and viscosity during 1450-2500 K and 1850-2650
K, respectively. Combine with the previous experimental studies in our laboratory, we continued to
utilize molecular dynamic (MD) simulations to explore the correlation between structure and
thermophysical properties. Furthermore, CaO-Al,03-Si0; glasses synthesized from SiO2 (0-25 wt%)
and R=CaO/Al,03=1 (wt%). One of the purposes is to extend the CaO-Al,0O3 system to the ternary
system and verify that the obtained theory is applicable to the CaO-Al203-Si0: system. Based on the
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structural analysis of atomic scale, how the bond length distribution (BLD), the bond angle
distribution, charge compensation, bridging oxygen (BO), non-bridging oxygen(NO), and tri-cluster
oxygen (TCO) affect the structural evolution of CaO-Al,03-SiO> system. At the same time, the
theoretical correlation between thermophysical properties and the structural evolution of the CAS
system is explored, which further enriches and completes the theoretical interpretation of the
correlations presented in Chapter 3. All the results and analyses presented here may facilitate

scientific research on thermophysical properties and structural evolutions of melts.
4.2 Experiment and MD simulation

4.2.1 Preparation of the samples of the Al,O3;-CaO-SiO; system

Ca0, ALO; (ALMATIS, CT3000 SG, 99.8 %), and SiO2 (ALFA AESAR, -325 Mesh, 99.5% ) were
used as raw materials to prepare samples of the CAS melts. High-purity CaO power was obtained by
the same method described in Chapter 3. The samples of the CAS system are that, based on
CaO/ALLO3=1 (wt/wt), Si02 is sequentially increased from 0 to 25 wt% with an interval of 5 wt%.
The components of CASO, CAS5, CAS10, CAS15, CAS20, and CAS25 are shown detailedly in Table
4-1. Three kinds of powder were mixed completely for 0.5 h by using an agate mortar and pressed
into pellets under 9.5 MPa. The pellets were placed in a drying oven for 12 h at 373 K. Each pellet
was crushed into small pieces after drying. ADL was utilized to premelt the pieces into spherical
samples of 16.2 + 1 mg and a diameter of around 2 + 0.2 mm. Liquidus temperatures of CAS0, CASS,
CAS10, CAS15, CAS20, and CAS25 were calculated by the thermodynamic software FactSage® 8.1
[Bale et al., 2016], using FTOxid and FactPS databases (Table 4-1).

Table 4-1. Composition of prepared melts (wt.%) and liquidus temperatures (K).
Melts System  Sample No. CaO(wt.%) AbLOs3;(wt.%) SiO2(wt.%) Liquidus temp (K)

CASO 50 50 0 1638

CASS 47.5 47.5 5 1726

Ca0O-ALO:s- CAS10 45 45 10 1769
Si02 CAS15 42.5 42.5 15 1835
CAS20 40 40 20 1867

CAS25 37.5 37.5 25 1846

4.2.2 Measurements of aerodynamic levitation
The measurements, principles, and methods of data processing were detailedly described in

Section 2.
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4.2.3 MD simulations

In MD simulations of the CAS system, the initial configurations of CAS0, CASS, CAS10, CAS15,
CAS20, and CAS25 are created, based on the well-defined crystal structures of Cai2Al1403s3,
CazAlsSi012, CaAl>Si07 from the open-access database Materials Project [Jain et al., 2013]. This is
because the atom proportions of CASO and CASS5, CAS10 and CAS15, CAS20 and CAS2S5 are close
to CainAli4Osz3, CazAlsSiO12, and CaAlSiO;, respectively. The total atom number of each
configuration is around 10000. The configurations of the samples are detailedly shown in Figure 4-1

and Table 4-2.

(CAS10) (CAS15)
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Figure 4-1. The initial configurations of samples of the CaO-Al>03-Si0; system

Table 4-2. Information of compositions, densities, atom number, and simulation box of the

simulated samples

Number of atoms Periodic boundary conditions Density
Samples

Ca Al 0 Si X(A) Y(A) Z(A) a®y  BC) ()  (1800K)
CASO 2160 2520 5940 - 619142  58.2027 42.2486 109.2 109.2 110.0 2.64

CASS 2107 2314 5992 207 60.8019 57.1571 41.4896 109.2 109.2 110.0 2.63
CAS10 1842 2028 5648 382 61.5446 44.0156 49.3157 86.6 98.9 119.6 2.61
CAS15 1723 1900 5709 568 62.6465 44.8036 50.1986  86.6 98.9 119.6 2.59
CAS20 1720 1894 6167 803 55.7125 55.7125 48.4367 89.9 90.0 90.0 2.56
CAS25 1601 1760 6229 994 55.6667 55.6667 48.3968  89.9 90.0 90.0 2.54

In addition, an appropriate potential function is a condition precedent for successful MD simulations.
As described above (Section 2.2.5 and 3.2.3), the new-form hybrid potential which combines
Buckingham potential and BMH potential is possibly appropriate for the glass system with ionic
bonds and covalent bonds. Therefore, this combined hybrid potential is also applied in the CAS
system, where Buckingham potential is utilized to define the pair interactions of Ca-O, Al-O, Si-O,
and O-O; The Born-Mayer-Huggins (BMH) potential is employed to describe Ca-Ca, Ca-Al, Ca-Si,
Al-Al, Al-Si, and Si-Si pair interactions. All parameters for BMH and Buckingham are indicated in
Table 4-3.
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Table 4-3. Parameters of the BMH potential [Bouhadja et al., 2013] and the Buckingham potential
[Charpentier et al., 2018; Hu et al., 2020; Liu et al., 2020] for the CaO-Al>03-S10; system.

BMH Potential
Pair A= fo(bi+b;)) p=(bi+b)) o=(ait+a)) C D
(eV) (A) (A) (eVeA®) (eVeA®)
Ca'**—Ca!? 0.0035 0.0800 2.3440 20.9856 0
Ca' " —Al'8* 0.0032 0.0740 1.9572 17.1710 0
Ca'*—Si**" 0.0027 0.0630 1.8924 22.9907 0
AlS_ A8 0.0029 0.0680 1.5704 14.0498 0
Al _GSj24* 0.0025 0.0570 1.5056 18.8116 0
Si*#—Si*4* 0.0012 0.0460 1.4408 25.1873 0
Buckingham Potential
Pair
A (eV) p(A) C (eV+A)
Ca'**—Q!* 7747.0000 0.252600 93.100
Al'3* Q!+ 12 201.4170 0.195628 31.997
Siz+—0!# 13702.905 0.193817 54.681
o!'>—0'* 2029.2200 0.343645 192.580

In order to adjust and optimize the initial configurations, the isothermal-isobaric (NPT) which
includes a Nose—Hoover thermostat coupled to an isotropic barostat is used in the MD simulations of
the CAS system. The initial configurations were relaxed at 1800 K, meanwhile, the density of each
system was estimated and compared with the experimental results to determine the appropriately
simulated configurations to the maximum extent possible. The time step was set to 1 fs for all the
simulations. Each simulated process was similar to the MD simulations of the CaO-Al;0O3 system,
which took 2490 ps, including relaxation, heating up, cooling down, and heat preservation to
reproduce the experimental process. The detailed process of MD simulation is shown in Figure 4-2,
which also contains four temperature points: 3000 K, 2600 K, 2200 K, and 1800 K in sequence. Each
temperature point was kept 400 ps for relaxation and calculations of structural factors, total pair
distribution function (PDF), and coordination number. The simulation trajectories were analyzed by
the visualization software OVITO pro [Stukowski, 2010]. In this MD simulation, on the one hand,
the influence of the structural evolution of the CAS system on thermophysical properties is studied.
On the other hand, whether this hybrid potential is suitable for the CAS system would be further

verified.
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Figure 4-2 The diagrammatic drawing of the MD simulations process of the CAS system

4.2.4 Computational objects

4.2.4.1 Oxygen species and charge compensation

To deeply understand the simulated results of the CAS system, previous key definitions should be

modified and indicated in advance (Figure 4-3):

>
>

Al and Si as core atoms are surrounded by O atoms to form [AlOx] and [Si0,] polyhedrons;
Non-bridging oxygens are defined as only joining one Al atom or one Si atom and one or
more Ca atoms (Al-O-nCa and Si-O-nCa, n > 1),

Free oxygens are only connected by Ca atoms (O-nCa);

Tri-cluster oxygen (TCO) mean that an oxygen atom is shared with three polyhedrons,
such as three [AlOy], two [AlOy4] & one [SiOy], one [AlOy] & two [SiOy], and three [SiOn],
and meanwhile connected by n Ca atoms ([3Al-O]-nCa, [2A1-O-Si]-nCa, [Al-O-2Si]-nCa,
[3Si-O]-nCa, n > 1);

Bridging oxygens (BO) is that an oxygen atom as a bridging atom is shared by two
polyhedrons, such as two [AlOy], one [AlO,] & one [SiOn], and two [SiOy] polyhedrons;
The degree of charge compensation in structure is defined as the ratio of total specific
oxygen atoms to all oxygen atoms, where the specific oxygen atom is shared by multiple
polyhedrons ([AlO,] and [SiO4]) and connected by n Ca atoms ([xAl-O-ySi]-nCa, x,y > 1,

n=>1).
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Figure 4-3. The definitions of structure parameters in the network structure of the CAS system:

bridging oxygen (BO), Non-bridging oxygen (NBO), tri-cluster oxygen (TCO), free oxygen (FO),

charge compensator, network modifier, and network former.

4.2.4.2 Q, analysis and network connectivity

On has been defined and analyzed as a typical method to dominate the network structure of oxide
glasses. In this case, O, analysis is performed to explore the network connectivity of [SiO4] and [AlO4]
tetrahedra, where #n is the number of BO coordinating with a former atom of the glass network. The

mean Q, of the aluminosilicate network can be expressed as [Zhao et al., 2019]:

4
anz o Eq. (4-1)

where x, means the percentage of this type of O,. Furthermore, the network connectivity degree (NCD)

is calculated by Eq. (4-2),

2Ny,

N, Si
NCD= Qn_si NSi + 2NA / n_Al

Eq. (4-2
NoT2N, 9. (4-2)

where Ny; and N4 are the mole percentage of the Si atom and the Al atom in the CAS melt, respectively.
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4.3 Results

4.3.1 Experimental results of the CaO-ALO3-SiO: system

4.3.1.1 Density

The density for melts composed of the CaO-Al,03-Si0; system in a wide temperature range (from
2450 to 1450 K) is shown in Figure 4-4. The density of the CAS melts increases distinctly during the
whole free-cooling process. The density difference (0.175 g/cm?) of the CASS5 is the largest from
1450 to 2450 K, compared with the other compositions. The density differences of melts (from CASO-
CAS25) gradually reduce from 1450 to 2450 K, where the density difference (0.125 g/cm®) of CAS25
is the smallest. In Figure 4-4, the density curve of CASO seems to isolate and its slope is different
from that of the other compositions. The composition of SiO> may cause structural differences that
results in this phenomenon. With the addition of SiO» content, the density of the CAS melts
successively decreases, and it is worth mentioning here that the density gap decrease from CASO to
CASS is the largest. From the results, increasing temperature and the content of SiO> can contribute

to reducing the density of the CAS melts.
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CAS15
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Figure 4-4. The temperature-dependent density of the CAS system.

4.3.1.2 Surface tension

The surface tension (y) of the CAS system at a wide temperature range (from 1850 to 2650 K) is
shown in Figure 4-5. With increasing temperature, the surface tension of the CAS melts slightly
decreases, where the decreased interval of each composition is basically less than 0.01 N/m from

1850 to 2650 K. However, with increasing SiO., the surface tension of the CAS melts shows a clear

decrease. The order of surface tension of the CAS melts is y (CAS0) > y (CASS5) >y (CAS10) >y
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(CASI15) >y (CAS20) > y (CAS25), the higher the SiO; content, the lower the surface tension. From

the results, the SiO> content has a greater influence on the surface tension than the temperature.
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Figure 4-5. The surface tension of the CAS melts: y versus 7.

4.3.1.3 Viscosity

The viscosity of a similar composition (10 wt% SiO; + 44 wt% AlO3 + 46 wt% CaO) to the CAS10
melt was measured by Rotating bob methods and ADL with DOM, which was reported by Siafakas
et al [Siafakas et al., 2018]. Selecting this reported sample can be a reference for the viscosity of the
CAS10 melt since the CAS melts at high temperatures measured by ADL with DOM lacks a measured
benchmark. The comparison result is shown in Figure 4-6 (a). The viscosity of CAS10 during the
temperature range from 1950 to 2550 K is less than the result reported previously. The differences in
sample composition and the pyrometer (A = 1.45 um) caused the difference in corrected temperature
and may cause inconsistent viscosity.

The viscosities of the CAS melts at high temperatures are in a narrow range. For the sake of
observation and comparison, viscosity versus temperature is expressed in log(n) versus Tm/T. As
shown in Figure 4-6 (b). The log(n) versus Tm/T is also a linear relationship, which is the same as
the viscosity trend of the CaO-Al,O3 melts, the exponential decrease in the viscosity of the melts with
the temperature rising. Meanwhile, Figure 4-6 (c) shows the viscosity of the CAS melts at a wide
temperature range (1900 to 2600 K). The viscosity of the CAS melts declines with increasing
temperature, and the decreasing trend of viscosity is in agreement with the exponential relation of
viscosity and temperature. Increasing SiO> content can improve the viscosity of the CAS melts, where

the viscosity order is 7 (CAS0) < 7 (CAS5) < 57 (CAS10) < 57 (CAS15) < 7 (CAS20) < 5y (CAS25).
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Figure 4-6. The viscosity of the CAS system: (a) the comparison of viscosity; (b) log(#) versus
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4.3.2 Simulation results

4.3.2.1 Structure factors, correlation functions, and coordination number of the CaO-
AL Os3-SiO; system

4.3.2.1.1 Structure factors

Figure 4-7 shows the comparison of structure factors S(Q) of Cal2.44 (composition: 12 mol.% Si0;
+ 44 mol.% Al,O3 + 44 mol.% CaO; Temperature: 1923 K), Cal9.40 (composition: 19 mol.% SiO»
+ 40 mol.% Al,O3; + 41 mol.% CaO; Temperature: 1923 K), and Ca33.33 (composition: 33 mol.%
Si02 + 33 mol.% ALO3 + 34 mol.% CaO; Temperature: 1823 K) from experimental neutron
diffraction [Hennet et al., 2016] and MD simulations, where the structure factors from MD
simulations were computed by three kinds of potentials: the combined hybrid potential (BMH &
Buckingham), the Buckingham potential, the BMH potential. By observing comparison, three S(Q)s
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of MD simulations of Cal2.44 are in good agreement with experimental S(Q), except for a little
discrepancy at the low-Q zone for S(Q). There is a deviation at the first peak in the S(Q)s of Ca19.40
calculated from the Buckingham potential and neutron diffraction. For Ca33.33, the S(Q) computed
from the combined hybrid potential is the best agreement with the experimental S(Q) than that of the
S(Q)s computed from the Buckingham potential and BMH potential, in which the comparison
between the S(Q) computed from BMH potential and the S(Q) form neutron diffraction is the most
unsatisfactory. Overall, the above comparisons show that the combined hybrid potential is appropriate

for MD simulations of the CAS system.

Ca12.44 Ca19.40

BMH&Buckingham BMH&Buckingham

S (Q)

Ca33.33

BMH&Buckingham

Buckingham

S (Q)

Figure 4-7. The total structure factors S(Q) of the Cal2.44 (1923 K), Cal19.40 (1923 K), and
Ca33.33 (1823 K) melts from Neutron diffraction (colored circles) and MD simulation (colored
solid lines). The upper curve is shifted up by 0.5 for clarity.

4.3.2.1.2 Radial distribution functions and coordination number
Meanwhile, the total pair distribution functions of Cal2.44 (1923 K), Ca19.40 (1923 K), and Ca33.33
(1823 K) melts are calculated from MD simulations, as shown in Figure 4-8, which combines with

radial distribution functions (RDF) and structural parameters to compare with the experimental results.
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The RDF and coordination number (CN) are shown in Figure 4-9. The first peaks of the RDFs of Si-
O, Al-O, and Ca-O in the Cal2.44 melt at 1923 K are located at 1.60 + 0.02 A, 1.76 + 0.02 A, and
2.36 = 0.05 A, respectively. The CNs of Si-O and Al-O in Cal2.44 melt are 4.01 + 0.1 and 4.05 +
0.1, respectively. The first peaks of the RDFs of Si-O, Al-O, and Ca-O in Cal19.40 melt at 1923 K are
respectively located at 1.60 £+ 0.02 A, 1.76 £ 0.02 A, and 2.36 + 0.05 A. The CNs of Si-O and Al-O
in Cal9.40 melt are 4.02 + 0.1 and 4.06 + 0.1, respectively. For the Ca33.33 melt, similar results
about structural parameters are obtained as well: Si-O: 1.61 + 0.02 A and 4.00 £ 0.05, Al-O: 1.76 +
0.02 A and 4.05 £ 0.1, and Ca-O 2.36 £ 0.05 A. The structural parameters from MD simulations are
basically in agreement with that from experimental measurements, except the position of the first
peak of Si-O from MD simulations is slightly smaller than that of experiments. But this tiny difference
within the error range is neglectable. The detailed comparison of structural parameters is listed in

Table 4-4.

5 -
siV-0 AlV-0 0-0(Si0,) correlaf[ions with
1 j caV-o 0-O(AIO,) 2nd neighbours
4 j 0-O(Caly)
cation-cation
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1 2 3 4 5 6

r(A)

Figure 4-8. Total pair distribution functions for Cal2.44 (1923 K), Ca19.40 (1923 K), and
Ca33.33 (1823 K) melts. The positions of the various O-O correlations, as calculated assuming
SiO4 and AlOg4 tetrahedra and CaOg octahedra, are shown as a guide. The oscillations above r = 4
A arise from correlations between second neighbors. The upper curve is shifted up by 1 for

clarity.
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Figure 4-9. Radial distribution functions of Si-O, Al-O, Ca-O, O-O and coordination number of
Si-O and Al-O in Cal2.44, Cal9.40, and Ca33.33 melts.
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Table 4-4. The nearest-neighbor distance and coordination numbers of Cal2.44, Ca19.40, and

Ca33.33 from neutron diffraction (ND) data [Hennet et al., 2016] and MD simulation results.

T ) Method rsio (A)  raro (A)  rcao (A) CNsi-o CNato

(£0.02)  (£0.02)  (£0.05)  (£05)  (+0.5)
Cal2.44 MD 1.60 1.76 2.36 4.01 4.05
1923 ND 1.65 1.77 2.32 4.05 4.18
Cal9.40 MD 1.60 1.76 2.36 4.02 4.06
1923 ND 1.65 1.77 2.34 4.05 4.10
Ca33.33 MD 1.61 1.76 2.36 4.00 4.05
1823 ND 1.65 1.77 2.36 4.05 4.23

The above description further confirms that the combined hybrid potential (Buckingham and BMH)

has a better application in the CAS system. Therefore, in the same approach, the MD simulation with

the combined potential is also appropriate for the experimental samples of the CAS system.

In order to understand the structural evolution of CASO-CAS25, the structural parameters were

calculated, strictly in accordance with the RDF and CN of atoms. The RDF and CN are described as

follows.
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Figure 4-10. Radial distribution functions of Si-O, Al-O, Ca-O, and O-O in the CAS system at
1800, 2200, 2600, and 3000 K.
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Figure 4-11. The coordination number of Al, Si, and Ca atoms in the CAS melts.

4.3.2.2 Bond length distribution and bond angle distribution of the Ca0-Al;03-SiO;
system at 1800, 2200, 2600, and 3000 K

In this work, there are four simulating temperature points (1800 K, 2200 K, 2600 K, and 3000 K) for

the MD simulation of each composition. Due to trends similarity of structural parameters, we choose

a composition and a temperature as examples to be described.

4.3.2.2.1 Bond length distribution
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The total bond length distribution (BLD) composed of Al-O, Si-O, and Ca-O bonds in the CAS melts
at different temperatures during the r-value < 4 A are shown in Figure 4-12. Figure 4-12 (al-a6)
expresses the comparison of BLD of the individual melt at 1800, 2200, 2600, and 3000 K. The BLDs
of the CAS melts are similar. The peaks and troughs of BLD are basically located at the same r value.
Combined with the RDFs of Al-O and Ca-O, the first and second peaks of the total BLD mainly
represent the peak of BLD of Al atoms bonding to the first neighbor O atoms and the peak of BLD
of Ca atoms bonding to the first neighbor O atoms, respectively. With increasing temperatures, the
peak of BLD gradually reduces. It probably expresses increasing temperature can reduce the amount
of Al-O bonds and Ca-O bonds. Moreover, the full width at half maximum (FWHM) of the first peak
of total BLD gradually becomes wider from CASO to CAS25, where the FWHM of the BLD curve
of CAS25 is most visible. Combined with the RDF of Si-O, the bond length of Si-O is less than that
of Al-O. Increasing SiO> content results in the FWHM being wide. Figure 4-12 (b1-b4) shows the
comparison of BLD of the individual temperature for the CAS melts, which helps observe the
influence of composition on the BLD. The FWHM of the first peak is easily observed to become
wider with increasing SiO> content. Meanwhile, increasing SiO2 content causes the location of the
first peak to shift to a low r-value and the location of the second peak remains unchanged. Overall,

temperature and the SiO» content have an effect on the BLD of the CAS melts.
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Figure 4-12. Total bond length distribution (normalization) of Al-O, Si-O, and Ca-O in the CAS
system: (al-a6): CASO, CASS5, CAS10, CAS15, CAS20, and CAS25; (b1-b4): 1800, 2200, 2600,
and 3000 K.

4.3.2.2.2 Bond angle distribution

Bond angle distribution (BAD) of O-Al-O, Al-O-Al, Ca-O-Ca, O-Si-O, and Al-O-Si in the CAS melts
at 1800, 2200, 2600, and 3000 K were calculated, as shown in Figure 4-13. The peaks of O-AI-O
BAD of the CAS melts (CASO-CAS25) are located at 105.5 = 1°. With increasing temperature, the
intensity of the main peaks and their FWHM are gradually low and broad. With increasing SiO»
content, a decrease in Al>O3 content causes the intensity of the main peaks are gradually decreasing.
There are a shoulder and a peak on the Al-O-Al BAD curves, which are located at 92.5 + 2" and 125.5
+2°, respectively. With increasing temperature (1800-3000 K) and SiO» content (CAS0-CAS25), the
intensity of the peaks on the Al-O-Al BAD is gradually decreasing, while the intensity of the
shoulders is gradually increasing. In Figure 4-13 (a3), there are a peak and two shoulders in the O-
Ca-O BAD, where the peak is located at 67.5 = 1°. The two shoulders are located centered around 85°

and 115°, respectively. The intensity of the O-Ca-O BAD gradually decreases with rising temperature.
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It is interesting to mention that the intensity of the shoulder located centered around 85 is gradually
increasing with increasing SiO> content, where the intensity of this shoulder in CAS20 and CAS25
exceeds the intensity of the initial peak. However, the other shoulder located at 115° is gradually
invisible. The peaks of the O-Si-O BAD are located at 108.3 + 0.5° and sharper, compared to the
peaks of the O-Al-O BAD. With increasing temperature, the intensity and the FWHM of the peaks
gradually decrease and broaden. On the contrary, the intensity of the peaks increases with increasing
SiO; content. For the Al-O-Si BAD, a peak and a shoulder appear in the BAD curves, which are
located at 135.0 = 2" and 94.3 + 17, respectively. With increasing temperature, the intensity of the

peaks and the shoulders decreases and increases. Meanwhile, increasing SiO> content causes an

increase in the intensity of Al-O-Si BAD.
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