
 

 

  

  

 

 
 

mophysical properties of liquid Al-  

  

Von der Fakultät für Georessourcen und Materialtechnik  

der Rheinisch-Westfälischen Technischen Hochschule Aachen 

 

zur Erlangung des akademischen Grades eines  

Doktors der Naturwissenschaften 

 

genehmigte Dissertation 

vorgelegt von M.Sc. 

 

Johanna Wessing 

  

aus Bergisch Gladbach 

 
 
Berichter:  PD Dr. rer. nat. Jürgen Brillo 
    Univ.-Prof. Dr.-Ing. Andreas Bührig-Polaczek 
 
 
 
 
Tag der mündlichen Prüfung: 30. Mai 2018 
 
Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online 
verfügbar 

 



 

 

  

 



 

 

  

 

 

 

Nothing in life is to be feared, 

it is only to be understood. 

Now is the time to understand 

 

 Marie Curie (1867-1934) 
 





 

 

  

Abstract 

The central objective of this work was to study thermophysical properties of liquid Al, Ti, 

as well as the creation and completing of materials databases with systematically varied 

compositions in the binary Al-Ti system. Also, it has been found that thermophysical 

property data on the binary Al-Ti system are also a good starting point for investigations 

on multicomponent alloys and industrially used compounds, as well as the need for 

thermophysical data for materials processing. The overall method used for the 

measurements of this work was electromagnetic levitation (EML). As Al-Ti alloys are 

highly reactive and generally show high evaporation at elevated temperatures, conventional 

container-based techniques render vast difficulties. Therefore, contact-free electromagnetic 

levitation methods offer many advantages, enable to minimize error sources and measure 

with high accuracy. The measurements were performed at the German Aerospace Center 

(DLR), Institute of Materials Physics in Space in Cologne, Germany and at the Fukuyama 

lab at Tohoku University in Sendai, Japan. 

High-temperature density, , measurements as a function of temperature were performed 

over the whole Al-Ti composition range. The data were analyzed concerning the density at 

liquidus temperature, ,  the molar volume, , the density temperature coefficients, , 

the thermal volume expansion coefficient, , and the excess molar volume, . For all Al-

Ti compositions, the density, , decreases linearly with increasing temperature. 

Additionally,  decreases gradually with increasing Al mole fraction from 4.12 gcm-3 to 

2.30 gcm-3 for pure Ti and Al, respectively. It was found that Al-Ti exhibits significantly 

large negative values for the excess molar volume. It was suggested that shrunk Al radii 

upon mixing contribute to that mechanism. 

The normal spectral emissivity, , of four compositions in the Al-Ti system was measured 

in dependence of the wavelength and temperature. It was found that all compositions show 

negligible temperature dependence. The emissivity results at a wavelength of 940 nm, 

amount to 0.30, 0.32, 0.40 and 0.37 for Al70Ti30, Al50Ti50, Al20Ti80 and Ti, respectively. 

The composition dependence of the emissivity results of the Al-Ti melts is in very good 

agreement with literature data of binary and multi-component Al-Ti-based alloys. The 

obtained values were used as input data for the isobaric heat capacity measurements,  , 

of this work, analogously conducted of the same four compositions of liquid Al-Ti melts 

as a function of temperature. For all compositions, the isobaric heat capacity shows 

negligible temperature dependence with average values of 57.59, 46.20, 54.61 and 48.50 

JK-1mol-1 for Al70Ti30, Al50Ti50, Al20Ti80 and Ti, respectively. The composition dependence 

of the isobaric heat capacity results at constant pressure was compared to results by the 

Neumann-Kopp rule and literature. The deviation between the measured values and the 

Neumann-Kopp rule, the excess heat capacity, , was evaluated, exhibiting positive 

values for all compositions. 



 

 

 

High-temperature viscosity,  of liquid Al50Ti50 was measured as a function of temperature 

during parabolic flight measured in the DLR g-EML facility, TEMPUS. The results were 

fitted by an Arrhenius law with 2.23 mPas and 104 Jmol-1 corresponding to the 

Arrhenius fit parameters,  and , respectively. The isothermal viscosity at 1750 K 

shows a positive deviation from the linear composition dependence of the pure elements. 

The Hirai model, the Kaptay model and the Kozlov model were calculated to predict the 

composition dependence of the viscosity in the Al-Ti system with the closest agreement of 

the experimental results found with the Kozlov model.  

The surface tension, , of ten compositions in the Al-Ti system was measured as a function 

of temperature, including Al50Ti50 surface tension data obtained under microgravity 

conditions. For all compositions the surface tension decreases linearly with rising 

temperature yielding linear fit parameters; the surface tension at liquidus, , and the 

surface tension temperature coefficient, . In addition, within the measured composition 

range, the surface tension increases gradually with decreasing, XAl at the respective liquidus 

temperatures. The isothermal surface tension at T=1950 K is in good agreement with 

predictions according to the Butler and the Chatain model for subregular nonideal solutions. 

A positive excess surface tension, , was evaluated over the whole composition range 

with a suppressed surface segregation of the surface-active component Al due to 

interatomic attractions. 

Additionally, the influence of oxygen on Al and Ti melts was investigated with regards to 

the surface tension. Surface tension measurements were conducted as a function of time, 

the oxygen partial pressure in the surrounding gas and chemical addition of oxygen to Ti 

in the form of TiO2. For all composition, the surface tension results showed a negligible 

dependence on the oxygen partial pressure over the measured range. However, with 

increasing chemical addition of oxygen to Ti in the form of TiO2, the surface tension 

decreased gradually. All results for Ti-O were fitted by the Belton/Szyszkowski adsorption 

equation. Overall it was suggested in the case of liquid Ti, that the reduction of the surface 

tension of occurs at higher oxygen concentrations than assumed and covered (  10 

Pa). Concerning liquid Al, the maximum oxygen partial pressure boundaries in the chamber 

. The Al surface tension 

ding literature 

results. It was suggested that these measurements relate to oxide free surfaces with either 

zero or minor adsorbed oxygen particles.  

Finally, all thermophysical properties investigated in this work were compared with special 

regards to excess properties and the relations to the enthalpy of mixing, , and the 

Gibbs free energy of formation, . Overall it was shown that liquid Al-Ti alloys generally 

exhibit highly nonideal behaviour for all investigated thermophysical and thermodynamic 

properties. Most of the properties are directly or indirectly interacting, however, no unified 

trend over all properties could be observed as the range of processes contributing are too 

wide-ranging.



 

 

 

Kurzfassung 

Die primäre Zielsetzung dieser Arbeit war es, thermophysikalische Eigenschaften von Al, 

Ti und binären Al-Ti-Schmelzen zu untersuchen und damit Datenbanken zu diesem System 

zu vervollständigen. Zusätzlich hat sich gezeigt, dass sich das binäre System Al-Ti als 

geeigneter Ausgangspunkt für mehrkomponentige und industriell verwendete Al-Ti-

Legierungen anbietet und damit einem Bedarf an thermophysikalischen Daten in der 

Materialverarbeitung entgegenkommt. Die Grundlage für alle Messungen dieser Arbeit war 

die elektromagnetische Levitation (EML). Da Al-Ti-Legierungen sehr reaktiv sind und bei 

erhöhten Temperaturen stark abdampfen, können herkömmliche, Behälter gestützte 

Verfahren zu Schwierigkeiten führen. Die EML Technik bietet den Vorteil des 

berührungsfreien Messens, wodurch Fehlerquellen minimiert werden und mit hoher 

Genauigkeit gemessen werden kann. Die Messungen dieser Arbeit wurden am Deutschen 

Zentrum für Luft- und Raumfahrt (DLR), am Institut für Materialphysik im Weltraum in 

Köln, Deutschland und am Fukuyama Lab an der Tohoku Universität in Sendai, Japan 

durchgeführt. 

Dichtemessungen, , in Abhängigkeit der Temperatur wurden über den gesamten 

Zusammensetzungsbereich von flüssigen binären Al-Ti-Legierungen realisiert. Die Dichte 

von allen Al-Ti-Legierungen nimmt mit zunehmender Temperatur linear ab und verringert 

sich mit steigendem Al-Molanteil. Im ganzen System stellt sich ein signifikant negatives 

molares Exzessvolumen ein. Dies kann dadurch begründet werden, dass sich während des 

Mischens die Atomradien zwischen den Al-Atomen verkleinern, was auf makroskopischer 

Ebene zu einem reduzierten molaren Volumen führt. 

Die Emissivität, , von Al70Ti30, Al50Ti50, Al20Ti80 und Ti wurde in Abhängigkeit der 

Wellenlänge und der Temperatur gemessen. Bei allen Verbindungen zeigt sich eine 

vernachlässigbare Temperaturabhängigkeit. Die Ergebnisse in Abhängigkeit der 

Zusammensetzung stimmen sehr gut mit Literaturdaten zu binären und 

mehrkomponentigen Al-Ti-Legierungen überein. Die daraus gewonnenen Werte wurden 

als Eingangsparameter für isobare Wärmekapazitätsmessungen verwendet.  

Entsprechend den Emissivitätsmessungen wurden Wärmekapazitätsmessungen an 

denselben flüssigen Al-Ti-Verbindungen durchgeführt. Hierbei zeigt sich ebenfalls eine 

vernachlässigbare Temperaturabhängigkeit. Die Wärmekapazitätsergebnisse in 

Abhängigkeit des Al-Molanteils wurden mit Literaturergebnissen und der Neumann-Kopp 

Regel verglichen. Die Abweichung zwischen den Messwerten und der Neumann-Kopp-

Regel, die Exzesswärmekapizität, , wurde ausgewertet und zeigt durchgehend positive 

Werte. 

Die Viskosität, , von flüssigem Al50Ti50 wurde als Funktion der Temperatur in reduzierter 

Schwerkraft in der DLR g-EML Anlage, TEMPUS während eines Parabelfluges 

gemessen. Die Ergebnisse wurden mit einem Arrhenius Fit angepasst. Die isotherme 

Viskosität bei 1750 K zeigt eine positive Abweichung von der linearen 



 

 

 

Viskositätsabhängigkeit zwischen den reinen Elementen. Zusätzlich wurden 

Viskositätsmodelle nach Hirai, Kaptay und Kozlov in Abhängigkeit der Zusammensetzung 

berechnet, wobei sich die engste Übereinstimmung der Messergebnisse mit dem Kozlov-

Modell erkennen lässt.  

Oberflächenspannungsmessungen, , wurden an zehn Al-Ti-Verbindungen in 

Abhängigkeit der Temperatur realisiert, einschließlich Messungen an Al50Ti50, die unter 

Mikrogravitationsbedingungen durchgeführt wurden. Bei allen Verbindungen sinkt die 

Oberflächenspannung linear mit steigender Temperatur ab und erhöht sich mit sinkendem 

Al-Molanteil. Die isotherme Oberflächenspannung bei 1950 K zeigt eine sehr gute 

Übereinstimmung mit den Modellen nach Butler und Chatain für subreguläre nicht-ideale 

Lösungen in Abhängigkeit der Zusammensetzung. Bei allen Legierungen ist eine positive 

Exzessoberflächenspannung, , erkennbar, zurückzuführen auf eine unterdrückte 

Oberflächensegregation der oberflächenaktiven Komponente Al durch interatomare 

Anziehungen. 

Außerdem wurde der Einfluss von Sauerstoff auf die Oberflächenspannung von Al- und 

Ti-Schmelzen untersucht. Die entsprechenden Messungen wurden in Abhängigkeit der 

Zeit, des Sauerstoffpartialdrucks des umgebenden Gases und der chemischen Zugabe von 

Sauerstoff zu Ti in Form von TiO2 durchgeführt. Bei allen Zusammensetzungen und über 

den gesamten gemessenen Bereich zeigen die Oberflächenspannungsdaten eine 

vernachlässigbare Abhängigkeit vom Sauerstoffpartialdruck. Allerdings nimmt die 

Oberflächenspannung mit zunehmender chemischer Zugabe von Sauerstoff im Ti-O-

System logarithmisch ab, was sich mit der Belton/Szyszkowski Adsorptionsgleichung 

angepasst werden kann. Daraus lässt sich schließen, dass eine Reduktion der 

Oberflächenspannung von flüssigem Ti bei höheren Sauerstoffpartialdrücken stattfindet als 

angenommen und durch die Messungen abgedeckt (  10 Pa). Im Fall von flüssigem 

Al wurden im Rahmen der Arbeit maximale Sauerstoffpartialdruckgrenzen für eine 

saubere" Oberfläche berechnet. Die Oberflächenspannungsmessergebnisse für saubere  

Bedingungen zeigen eine sehr gute Übereinstimmung mit entsprechenden Literaturwerten. 

Daraus kann die Schlussfolgerung gezogen werden, dass diese Messungen auf oxidfreie 

Probenoberflächen mit keinem oder geringfügig absorbierten Sauerstoff hinweisen.  

Abschließend wurden alle thermophysikalischen Eigenschaften, die in dieser Arbeit 

untersucht wurden, im Hinblick auf Exzesseigenschaften und den Zusammenhang mit der 

Mischungsenthalpie, , und der Gibbs-Energie, , analysiert. Insgesamt konnte 

gezeigt werden, dass Al-Ti bei allen untersuchten Eigenschaften in der Regel ein sehr nicht-

ideales Verhalten zeigt. Hierbei interagieren die meisten Eigenschaften direkt oder indirekt. 

Trotzdem konnte kein einheitlicher Trend beobachtet werden, da das Spektrum der 

beitragenden Prozesse zu umfangreich ist. 
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The term metal comes from the Greek word métallon, translating to mine, quarry, metal  

[1]. A metal is commonly understood as a solid material, that looks shiny and opaque with 

good electrical and thermal conductivity. Metals can be defined according to their position 

in the periodic table, and respective subgroups exist, including alkali metals, alkaline earth 

metals, transition metals, and rare earth metals [2]. Humans have been fascinated by metals 

for centuries and have used them for tools, jewelry, in medicine and science, for weapons 

and various other industries. Some of the best-known metals include gold and silver which 

have been used by humans since the end of the Stone Age [2]. Much later at the end of the 

18th century, aluminum and titanium were discovered which has added incredible value to 

the human species in many uses including science and engineering, such as components 

with automotive and aerospace applications.  

1.1  

There is a constant demand for high-end materials with specific properties designated for 

various applications and industries. Al-Ti binary and multi-component alloys have been 

extensively studied as potential solutions to fulfill those needs. Al-based alloys form the 

basis for most industrial lightweight casting alloys due to their low densities, low cost, good 

castability, good processability, excellent oxidation and corrosion resistance [3-6]. 

Especially Al-Ti based alloys additionally exhibit high melting points, low ductility, and 

high tensile strength even at elevated temperatures [7, 8]. 

These properties make Al-Ti intermetallic compounds particularly interesting for 

applications in the automotive and aerospace industries [9]. They are used as exhaust valves 

for car engines, turbocharger rotors, and aero-engine gas turbine blades, where the low 

density helps to reduce emissions [8-10]. Moreover, Ti-based alloys find medical 

applications as bone implants, because of their biocompatibility and corrosion resistance 

[7]. 

1.2  

As the vast majority of material components are produced from the melt directly, the 

properties of the liquid phase are crucial to know as input parameters for numerical 

simulations of casting processes [10]. Consequently, they play a key role, linking the 

experimental work and the modeling [11]. Among the properties relevant in this context, 
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density, surface tension, viscosity, emissivity, and heat capacity of the liquid phase are of 

pronounced importance [12].  

Density and the thermal expansion coefficient of liquids are important for the discussion of 

thermodynamic properties and belong to the fundamental material properties. Their 

knowledge gives access to the compressibility, the thermal pressure coefficient and other 

microscopic parameters, such as the packing in the hard-sphere model and is crucial for 

casting processes [13]. Moreover, they are used as input data for the determination of other 

properties from the measured raw data, such as surface tension and emissivity. Surface 

tension plays a critical role for the castability of an alloy, as well as for the mold-filling 

capability, which is often problematic in Ti-based alloys. From a scientific point of view, 

density and surface tension provide insights into processes on the atomic scale [7]. Similar 

to density and surface tension, viscosity data are needed for the modeling of different 

casting processes in metal production, powder production by spray forming, and welding 

[14]. Emissivity and heat capacity are important input data for estimating the heat loss to 

ambient air and the contributions to the heat transfer in the liquid. Additionally, emissivity 

data are needed for the noncontact modulation laser calorimetry to estimate the laser 

absorptivity for accurate heat capacity measurements [15-19]. 

Despite the technical importance of the knowledge about these properties, corresponding 

data are sparse. The main reason for this is the high chemical reactivity of liquid Al-Ti 

alloys paired with a large solubility of oxygen. Thus, investigations with conventional 

container based techniques are challenging, and adequate inert substrate materials that 

show negligible interactions with the sample are rare [7, 20].  

Nevertheless, there are container-based methods which have been used to investigate 

thermophysical properties of pure Al and Ti, as well as their binary and multicomponent 

alloys, such as the pendant and sessile drop method for density and surface tension 

measurements [21]. In the cases of emissivity and heat capacity, among the methods used 

are He-Ne laser ellipsometry, pulse heating and differential scanning microscopy (DSC) 

[22].  

For each investigated property more information about used methods in literature is 

provided in the respective chapters, 5.1, 5.2, 5.3, 5.4 and 5.5. All methods and the method 

abbreviations are listed in the section Method abbreviations. For a more comprehensive 

review, a detailed study on high temperature measurements and methods has been 

published by Fukuyama et al. [22]. 

Oxygen may influence thermophysical properties, which is especially pronounced with 

regards to the surface tension [7]. Depending on the metal only a few ppm of oxygen can 

cause a decrease of the surface tension by several percents, and a reversal of the temperature 
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coefficient sign from negative to positive, as reported for Ag [23]. Previous studies have 

suggested that Ti melts might be sensitive to oxygen impurities due to the high oxygen 

solubility in liquid Ti [20, 24]. Studies on liquid Al, on the other hand, suggest that already 

very low oxygen partial pressures in the sample surrounding atmosphere may lead to oxide 

formation in the melt [25]. 

1.3  

To avoid pollution of the materials due to reactions with the container walls, levitation 

methods with a contact-free technique offer many advantages. Using these techniques, the 

negative effects of the high chemical reactivity of the material are minimized, and it is 

possible to measure over broad temperature ranges including deep undercooling of the 

melts far below their equilibrium melting temperature [7]. There are numerous different 

levitation techniques such as; acoustic, aerodynamic, electrostatic (ESL), and 

electromagnetic levitation (EML). The latter is used for the measurements of this work. 

Each technique has its advantages and disadvantages making them preferable for different 

materials and applications. For electrically conducting samples, EML is a very suitable and 

relatively simple technique compared to for example ESL, enabling a stable positioning of 

the material in a high-frequency magnetic field under inert gas atmosphere [4, 24].  

In the case of viscosity and some materials, this is the only possible method to measure the 

viscosity of the melt. As in the case of Al-Ti, the use of ESL is highly challenging due to 

pronounced evaporation under vacuum conditions. However, to ensure that no magnetic 

damping and turbulent fluid flow occur, the use of EML to measure the viscosity is only 

possible in microgravity [26]. Conventional techniques, such as the oscillating cup 

viscometry [27] entail the difficulties for highly reactive systems. 

Although electromagnetic levitation is  error 

contributions due to the reasons mentioned above, surface oscillation and translational 

motions of the sample may engender uncertainties in temperature and radiance 

measurements. Moreover, melt convections such as buoyancy and Marangoni convection 

induced by non-uniform temperature distributions must be taken into account as they may 

significantly influence the caloric measurement results [19, 28]. Therefore, Kobatake and 

Fukuyama et al. developed a technique to suppress transitional motions, surface 

oscillations, and melt convection in the materials, reported in references [16, 17]. The 

emissivity and heat capacity measurement data presented in this work were carried out 

using this method, combining electromagnetic levitation with the use of a static magnetic 

field. 
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Even though electromagnetic levitation avoids pollution of the materials due to reactions 

with the container walls, the interactions with residual gas components of the surrounding 

environment can still not be excluded [27, 29]. As mentioned before, particularly the role 

of oxygen needs to be considered, for example, monitoring the oxygen content which is 

discussed extensively in section 5.6. 

1.4  

The research of this work is focused on thermophysical properties of Al, Ti, the binary Al-

Ti system, and the creation and completion of materials databases with systematically 

varied compositions in the binary Al-Ti system [30]. However, to understand 

multicomponent systems, their binary basis must first be understood [7]. Therefore, the 

binary system Al-Ti is also a good starting point for investigations on multicomponent 

alloys and industrially used compounds and their need for thermophysical data for materials 

processing.  

Even though electromagnetic levitation techniques have been established for many years 

[31] and despite the technical relevance of Al-Ti alloys, even for the binary system Al-Ti, 

few data exist. Only in the case of emissivity, a study over the whole Al-Ti composition 

range has been performed before [32]. Therefore, the goal of the present work is to deliver 

accurate density (section 5.1), emissivity (section 5.2), heat capacity (section 5.3), viscosity 

(section 5.4) and surface tension (section 5.5) data on binary liquid Al-Ti alloys and 

additionally consider the influence of oxygen with regards to the surface tension (section 

5.6). 
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2  

In this chapter, the theoretical background is explained to understand the mechanisms of 

thermophysical properties of liquid metals. Using thermodynamics and processes on 

atomic scales, it builds the foundation to interpret the experimental results presented in 

chapter 5. In chapter 3, the experimental methods for the measurements of the 

corresponding thermophysical properties are introduced.  

To gain an understanding of the properties of unary and binary systems, it is crucial to 

take a closer look at the terms ideal solution, non-ideal solution and excess properties.  

In the following sections 2.1, 2.2, 2.3, 2.4 and 2.5 the properties density, molar volume, 

emissivity, heat capacity, surface tension, and viscosity will be introduced, respectively, 

with one focus on the mixing behavior of binary alloys. Additionally, the influence of the 

gas phase being in equilibrium with the liquid metals will be looked at in section 2.6. 

2.1  

Concerning density and molar volume in this work, ideal and non-ideal solutions will be 

distinguished. Excess properties are parameters that characterize the non-ideal behavior 

of mixtures. An ideal solution defines solutions with no excess properties, e.g., excess 

free energy, . For non-ideal solutions, different definitions exist. Up to now, there 

is no definite rule if a system shows non-ideal behaviour and if the excess properties are 

negative or positive. But generally, alloy systems with atoms that are chemically similar 

tend to have excess volumes close to zero, while de-mixing systems often feature positive 

excess molar volumes and mixing systems typically show strong negative excess molar 

volumes [30].  

The Gibbs free energy, G, is an important thermodynamic value related to density and 

molar volume. Upon mixing, the Gibbs free energy can be related to the volume, V, the 

pressure, P, the entropy, S, the temperature, T, the chemical potential of component i in 

the mixture, i, and the number of moles of component i, ni by [33]: 

 
(2.1) 

For mixtures with different components i with the mole fraction can be 

defined by the Gibbs free energy, , of the pure component i and the Gibbs free energy 

of formation, : 
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(2.2) 

The mixing free energy determines whether mixing at a constant temperature, T, and 

pressure, p, is a spontaneous process, combining two physical effects, the enthalpy of 

Hmix, and the entropy S.  

 (2.3) 

The enthalpy of mixing is the enthalpy liberated or absorbed from a substance upon 

mixing, and the entropy of mixing describes the change in the total entropy of the system 

due to the mixing process.  

From the Gibbs free energy of formation, , and mixing free energy of the ideal solution, 

, the corresponding excess free energy, , can be defined 

written in a Redlich-Kister form with binary non-vanishing interaction parameters, 

 [30, 34]. 

 

 

 

(2.4) 

Here,  and the upper bound of summation, , are material-

specific parameters of mixing components i and j with  defining the mole fraction of 

component i, j in a mixture. Based on Eqs. (2.1) and (2.4), the molar volume of the 

mixture, V, can be equally expressed as the molar volume, Vi, of the pure component i 

and by an additional molar excess volume, VE, which is caused by interactions between 

the particles: 

 
(2.5) 

Generally, VE depends on the temperature and the mole fraction. In compliance with  

in Eq. (2.4), VE is given by the following Redlich-Kister-type approach for binary alloys 

with components i, j [30]: 



2 Thermophysical properties of liquid metals 

7 

 

 

(2.6) 

The fit parameters  are material-specific and represent the 

interactions between the elements i and j in the alloy melt and can be approximated as a 

linear function of the temperature: 

 (2.7) 

Excess properties are zero for ideal solutions, hence . Applying this to Eq. 

(2.7), leads to  

 
(2.8) 

On the other hand, a mixture with zero excess properties is not necessarily ideal as the 

pressure dependence of  of liquid alloys may not be sufficiently known. Consequently, 

a system exhibiting at a certain pressure may still belong to the class of non-ideal 

solutions when its partial derivative with respect to the pressure, p, is not equal zero [30]. 

Eq. (2.8) is referred to as ideal law following Vegards law [35] originally describing the 

change of lattice constants in crystalline materials in dependence of the composition.  

The density, , of a pure component with atoms, i, can be defined as the molar mass, , 

divided by the molar volume, : 

  (2.9) 

For mixtures, the density can be derived from Eq. (2.9) as 

 
(2.10) 

Within a limited temperature interval including the liquidus point, the density,  and 

the molar volume,  of a liquid metal can be considered as linear functions of the 

temperature, T: 

 (2.11) 



2 Thermophysical properties of liquid metals 

8 

 

 (2.12) 

In Eqs. (2.11) and (2.12),  and  are the density and molar volume at the liquidus 

temperature, , respectively and  is the density temperature coefficient .  The 

thermal expansion coefficient, , can be expressed by [7]: 

 
(2.13) 

The experimental methods used in this work to measure the density and obtain the molar 

volume will be introduced in section 3.4, and the corresponding results will be presented 

in section 5.1. 

2.2  

Another important thermophysical property is emissivity. The emissivity of liquid metals, 

as well as the heat capacity, is among the properties used as input data for numerical 

simulations. Furthermore, the emissivity is indispensable for the determination of the heat 

capacity and the thermal conductivity. The emissivity of the surface of a material can be 

described as the effectiveness in emitting energy as thermal radiation, which may include 

visible and infrared radiation. The normal spectral emissivity of a sample, , is 

defined as the ratio of the normal spectral radiance emitted from the sample, , to 

the theoretical black-body radiance from  law, , at the same wavelength, 

, and temperature, T [28, 36]: 

 
(2.14) 

The value of  can be estimated radiation, which is 

expressed as the following equation: 

 
(2.15) 

In Eq. (2.15),  (W m2) and  (m K) are constants.  

The experimental methods for the emissivity measurement are described in section 3.6 

and the corresponding results presented in section 5.2. 
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2.3  

The eat capacity, , is an extensive material property equal to the ratio of heat added to 

or removed from a material to the resulting temperature change. Concerning different 

definitions, the molar heat capacity refers to the heat capacity per unit mole and the 

specific heat capacity is the heat capacity per unit mass of a material.   

Generally, heat capacity can be related to the enthalpy, H, for constant pressure as 

follows: 

 
(2.16) 

When a binary liquid alloy system with components, i and j, is considered, the heat 

capacity is expressed as:  

 
(2.17) 

Where  denotes the enthalpy of the pure components and  the enthalpy of mixing. 

For a binary ideal solution, , the following expression is obtained for the ideal 

heat capacity : 

 
(2.18) 

Additionally to the case of an ideal solution with , when the temperature 

dependence of the mixing enthalpy, , consequently it leads to a vanishing 

mixing parameter, . Therefore, the composition dependence in this case 

can be analogously expressed by Eq. (2.18), which is called Neumann-  

The deviation of the heat capacity from the Neumann-Kopp relation indicates an excess 

heat capacity, , resulting from a temperature dependence of the mixing enthalpy of the 

i, j-binary liquid alloy system: 

 
(2.19) 

With this formalism, similar to the one for the excess molar volume (section 2.1),  may 

be fitted analogously with a Redlich-Kister polynomial: 

 

(2.20) 
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With  being material-specific interaction parameters of vth order which 

can be determined by fitting Eq. (2.20). 

The experimental methods for the heat capacity measurement are introduced in section 

3.7 and the corresponding results discussed in section 5.3. 

2.4  

Surface energy is a macroscopic property originating from interactions between interfaces 

of different thermodynamic phases. Regarding interactions between a liquid in contact 

with a gas phase, it is called surface tension and equals the energy per surface area, A 

[37]. Those interactions are based on microscopic processes which can be related to 

differences in pressure,  [37, 38]. 

 

Figure 2.1: Schematic image of particles in a liquid droplet interacting with the surrounding particles in 

the gas phase. The arrows indicate the interactions between the particles.  

Each phase consists of particles interacting with their neighboring atoms. This interaction 

is isotropic in the bulk phase. However, as there are comparatively fewer neighbors in the 

gas phase, the interactions of an atom on the surface with the gas phase are significantly 

lower than the interactions of the atom with the bulk. Therefore, atoms located on the 

surface are generally on a higher energy level. Consequently, there is a resulting force 

directed towards the liquid phase and atoms surging towards the surface must counteract 

with this force [38].  Thus creating a surface area, A, requires mechanical work, 
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, which can be expressed according to Gibbs as the change in the free energy, G, by 

the surface tension,  [30, 39]: 

 
(2.21) 

Where V denotes the volume and T the temperature. Eq. (2.21) provides a differential 

equation for evaluating the surface tension for any droplet form. There are different 

analytical thermodynamic approaches to calculate the surface tension of alloys, which 

primarily differ in the description of the surface [40]. In the following, some of those 

corresponding models will be introduced. 

2.4.1 Gibbs formalism 

The Gibbs formalism is commonly regarded as correct and a very basic description of 

surfaces processes. According to the Gibbs formalism, the surface (S) is considered as the 

plane between a bulk phase of a liquid phase (B) and the gas phase (G), schematically 

shown in Figure 2.2. Both phases are homogeneous with constant number densities,  

and , of particles type, i. With  being the volume of the bulk and  the volume of 

the gas phase, the number of moles in the bulk phase, can be defined as   and 

in the gas phase as , respectively [30, 41].  The phases are separated be the 

so-called Gibbs dividing plane which denotes an abrupt change in the number density. 

However, realistically this change can be assumed to be more like a gradual transition 

within a limited zone, , of a few atomic diameters. The total number of moles, in 

the entire system of Figure 2.2 is disturbed by this transitional area and a deviation or 

excess number of moles, , is added to the sum of the number of moles in the two 

phases,  [30]. Depending on the position of the dividing plane the excess number 

of moles, , can be zero, negative or positive. The fundamental definition of the molar 

free energy of the surface,  for a mixture of N components, called the Gibbs-Duhem 

relation for surfaces is given by [30, 41]: 

 
(2.22) 

In Eq. (2.22),  is conform to the molar entropy,  is the molar volume,  is the pressure, 

 is the surface area of the surface phase and  defines the chemical potential of 

component i. In relation to the surface tension the molar fraction  is differentiated into 

 and , where the index   mark the amount of element i in the surface and 

bulk, respectively. In Eq. (2.22),  stands for the mechanical work needed to create 
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new surface of an area, . Based on this equation different relations for surface processes 

can be derived.  

 

Figure 2.2: Schematic illustration of the number density change between the bulk liquid phase (B) and the 

gas phase (G), separated by a gradual transition zone describing the surface (S). Based on Fig. 4.1 by Brillo 

[30]. 

Correspondingly to the density, the surface tension, , can be expressed as a linear 

function of temperature, provided that the temperature interval considered is sufficiently 

small [7]: 

 (2.23) 

In Eq. (2.23), is the surface tension at the liquidus temperature, , and  is the 

corresponding constant temperature coefficient. The latter is related to the entropy 

difference, , between the surface and the bulk phase as follows [30]: 

 
(2.24) 

For a binary ideal solution, EG = 0, the following expression is obtained for its ideal 

surface tension, ideal [7, 42]: 

 (2.25) 

The deviation from the ideal surface tension,  is called excess surface tension,  

as can be seen by the following equation: 

 (2.26) 

Analogously to the excess molar volume and the excess heat capacity in the sections 2.1 

and 2.3, respectively, E may be fitted by a Redlich-Kister polynomial: 
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(2.27) 

With  being temperature-dependent material-specific interaction 

parameters [7].  

2.4.2 Butler Model 

To quantitatively compare measured surface tension data, Butler introduced a model to 

estimate the surface tension of alloys by approximations [43]. Different to the Gibbs 

formalism, the Butler model neglects the gas phase and considers the surface as a separate 

thermodynamic phase. This phase is based on a monolayer of atoms in equilibrium with 

the bulk, illustrated in Figure 2.3 [30, 43]. 

 

 

Figure 2.3: The Butler model: The surface of a liquid is considered as a separate thermodynamic phase 

consisting of a monolayer of atoms in equilibrium with the bulk with the molar fractions,  and , of 

the component, i, relating to the surface and bulk, respectively. Based on Fig. 4.2 by Brillo [30]. 

2.4.2.1 Ideal solution 

A special case of the Butler model is the ideal solution. With  being the surface tension 

of the pure component,  and  the mole fractions of component i in the surface (S) 

and bulk (B) phase, respectively,  defining the area one mole of atoms of type, i, 

occupies, R the universal gas constant and T the absolute temperature, the surface tension 

of an ideal solution, , can be written as [30, 43]: 
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(2.28) 

In the case of a binary alloy with components i, j Eq. (2.28) can be solved analytically 

assuming an approximation for the mole area . Consequently, the surface 

concentration of components i and j relates as following: 

 
(2.29) 

 
(2.30) 

The segregation factor, , can be written as 

 
(2.31) 

Negative values for  indicate that  and surface segregation takes place. In 

order to minimize the energy for the whole system and taking into account that creating 

surface area requires energy, the component with the smaller surface tension segregates 

to the surface layer, in this case, component i [30].  

2.2.2.2 Sub-regular solutions 

As for most systems the excess free energy, , the ideal solution does not model 

the surface tension correctly. In order to predict the surface tension of those sub-regular 

solutions the Butler model for ideal solutions can be extended by terms for the partial 

excess free energies,  and , of the surface and bulk, respectively [7, 30, 43]: 

 

 

 

(2.32) 

Eq. (2.32) can be solved by equating both sides of the formula and substituting 

. Solving Eq. (2.32), then, by minimization of the right-hand side yields the surface 

tension of the alloy and the concentration in the surface layer, . The partial molar 

surface area, , of the pure liquid component, i, can be approximated by the following 
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expression from the molar volumes of the pure elements, Vi, the Avogadro number, 

, and the geometrical factor, : 

 (2.33) 

Here, the value of  corresponds to an assumed atomic arrangement in the surface 

similar to an fcc (111) plane with a coordination number in the bulk of z = 12. In this work 

the value of  = 1.0 as proposed by Kaptay [44] is used. The main assumption of the 

Butler model is the approximation of the surface excess free energy by EGS
i(T, SXi) = 

EGB
i(T, SXi). Here, the factor  relates to the reduced coordination of atoms in the surface 

layer and corresponds to the ratio of the coordination numbers of atoms in the surface and 

the bulk, respectively. In this work, a value of 0.75 as suggested by Tanaka and Iida [45] 

is used to comply with the Chatain model which is also applied.  

2.4.3 Chatain model 

The Butler model may be criticized for its restriction to neglect concentration gradients 

perpendicular to the surface and, thus, consider the surface as a phase of a single 

monolayer. However, it has been shown recently [46] that this phase does not necessarily 

need to be a monolayer, as originally stated by Butler [7]. On the other hand, the Chatain 

model [47, 48] directly considers a concentration gradient with multiple layers, n = 1 ... 

k, of different compositions, , in each layer, n, as schematically shown in Figure 2.4.  

 

 

Figure 2.4: The Chatain model: Schematic illustration of the surface and bulk of a liquid with the surface 

displaying a concentration gradient with multiple layers, n = 1 ... k, of different compositions, , in each 

layer, n approximating the concentration of the bulk, , with increasing n. Based on Fig. 4.4 by Brillo 

[30]. 
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In the bulk phase, the atoms of the liquid are assumed to form a cubic lattice with a 

coordination number, z = 12, and a lateral coordination number, zl = 6 [7]. The resulting 

number of neighboring atoms in the adjacent atom layer counts zv = 3.  

From these relations the surface free energy of a regular solution is expressed as [7, 46]: 

 

 

 

 

 

(2.34) 

With the regular solution constant, , defined as following: 

 
(2.35) 

Eq. (2.34) is solved by minimization of the right-hand side using a random sampling 

Monte Carlo algorithm. This procedure yields the surface tension of the alloy and the 

composition, , in each layer and therefore, more detailed information about the 

surface composition than the Butler model. Furthermore, the Chatain model is in 

agreement with the Gibbs adsorption isotherm, as described in section 2.4.1. Besides the 

advantages of the Chatain model when investigating surface transitions, the model can be 

criticized for some mathematical inconsistencies. Additionally, only the first Redlich-

Kister coefficient  is considered, neglecting that for the accurate description 

of some systems a higher coefficient order is required with linear or logarithmic 

temperature dependence.  

2.4.4 Egry model 

To investigate the influence of compound formation in alloy systems, Egry [49] 

introduced a simple model that is based on the ideal solution approximation. The model 

is based on the assumption that compounds do not segregate to the surface. Therefore, in 
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the binary system with a potential compound composition AlnTim, the segregation factor 

would then be enhanced by an additional contribution, as follows: 

 
(2.36) 

The aforementioned parameter  is defined in Eq. (2.33). Here,  is an adjustable fit 

parameter, related to the energy of a single bond in the compound, based on the 

assumption that the surface segregation factor is the ratio between the energy gained by 

surface segregation and the thermal energy, assuming that . This leads to a 

definition of the surface tension [49]: 

 
(2.37) 

 

2.4.5 Empirical models 

An empirical model has been introduced by Allen [50]: 

 

(2.38) 

The surface tension at the liquidus temperature,  is related to the molar mass, , and 

the density, , at the respective liquidus temperature, . The Allen model has been 

modified by Kaptay [51] in which the so-called cohesive energy is linked to the surface 

free energy and the liquidus temperature and two empirical parameters  and . 

 
(2.39) 

With  and  already defined in section 2.4.2, and the parameters and 

. 

By differentiation of Eq. (2.39) Kaptay [51] also gives an estimation for the temperature 

coefficient,  [30]: 

 
(2.40) 
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Here,  denotes the molar heat capacity and  the thermal volume expansion coefficient 

[30]. 

The experimental method used in this work for the surface tension measurement and the 

corresponding results are presented in the sections 3.8 and 5.5, respectively. 

2.5  

Shear viscosity is an important parameter in rheology used to describe the dynamic of 

fluids on a macroscopic scale. Commonly, it is associated with the thicknesses of a 

liquid. It provides a measure for the internal friction of a fluid as the resistance of a liquid 

against shear flow [52, 53].  

For the definition of the viscosity, a small volume of a liquid is considered, confined 

between two parallel plates with areas, A. If, as illustrated in Figure 2.5, one plate is 

sheared with force, ,  in direction , the plate moves in the same direction with a 

velocity, . In the perpendicular direction, , a velocity gradient, , results from the 

inner friction of the liquid, proportional to the stress, . The coefficient, , relating both 

parameters describes the shear viscosity [30]: 

 (2.41) 

 

Figure 2.5: Schematic setup of a sheared liquid volume confined between two parallel plates with areas, 

A, with shear force, , in direction . Applying a shear stress, , in direction  induces a gradient, , 

in the perpendicular direction, . Based on Fig. 5.1 by Brillo [30]. 

2.5.1 Temperature dependencies 

There are numerous and partly non-compliant approaches to relate the viscosity to 

temperature. Among the most frequently used ones are the Vogel-Fulcher-Tammann law 
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(VFT) for glass-forming systems and the Arrhenius law, used in this work. Using the 

Arrhenius law, the viscosity, , can be expressed as a function of temperature, T, by a 

pre-exponential factor, , the activation energy, , and the molar gas constant, R, as 

following: 

 
(2.42) 

The Arrhenius law offers the advantage that a straight line is obtained if  is plotted 

against  with a slope . The pre-exponential factor, , corresponds to an 

asymptotic viscosity for . 

2.5.2 Composition dependencies  

There are numerous models predicting the viscosity as a function of the alloy 

composition, e.g., relating it to the enthalpy of mixing, , or the excess free energy, 

 [54]. In this chapter, the models used in section 5.4 to predict the composition 

dependencies of viscosity in the binary Al-Ti system are introduced, counting models by 

Hirai [55], Kozlov/Romanov/Petrov [56] (in the following abbreviated Kozlov model) 

and Kaptay [57]. The Brillo/Schick model [30, 58] is not used in this work due to lack of 

available input data for the activation energy, , and the pre-exponential factor, , of 

the pure element Ti. 

The semi-empirical model by Hirai [55] was originally derived to predict the viscosity of 

pure elements but has also been used in the case of alloys [30]. Here, the viscosity is 

defined by the liquidus temperature , the molar mass, , the density,  and the universal 

gas constant, R = 8.314 JK-1mol-1. 

 

(2.43) 

The Kozlov model [56] is derived entirely from physical principles, giving a relation 

between the viscosity and the enthalpy of mixing, , the mole fraction, , and the 

viscosities, , of the pure elements, i and j, as atomic vibration frequencies: 

 
(2.44) 

Kaptay [57] modified an approach by Seetharaman [30, 59] that used the activation 

energy, , the excess free energy, , and the molar volume, , by adding a semi-
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empirical parameter, , estimated from properties of pure metals and relating it 

to the enthalpy of mixing, .  

 
(2.45) 

Here,  Js denotes the Planck  constant and  6.023 1023 mol-1 the 

Avogadro number. The Gibbs energy of activation, , for the viscous flow of the pure 

component i, is expressed by the molar volume, , of the pure component i as 

 
(2.46) 

The experimental methods for the viscosity measurement are introduced in section 3.9 

and the corresponding results discussed in section 5.4. 

2.6  

Oxygen is one of the most prominent surface-reactive elements in liquid metals, and it 

can drastically affect the thermophysical properties of melts. The effect can be especially 

pronounced with regards to the surface tension of metallic melts. Generally, it can be said 

that the interactions between the liquid metal interface and the oxygen molecules in the 

gas phase are very complex, which has been extensively described by Gasser [60]. As a 

first step, collisions of the gas molecules with the melt surface occur. Depending on the 

amount of energy lost, the gas molecule may still be able to leave the liquid interface with 

a lower velocity or be trapped and adsorbed on the surface. In the case of liquid surface 

adsorption, so-called chemisorption takes place, signified by a chemical bond between 

the gas molecule (adsorbate) and the metal surface (adsorbent) with an exchange of 

electrons. A typical value for the enthalpy of chemisorption amounts to about -400 kJ 

mol-1 [60]. In the following liquid and solid oxides may be formed between the adsorbate 

and adsorbent [60]. On the other hand, evaporation could set in, directly from the 

chemisorbed stage or with physisorption as a transitional state [60]. Which of these 

processes occur generally depends on the temperature and the oxygen concentration in 

the ambient gas, as will be discussed in the following sections 2.6.1 and 2.6.2. 

Additionally, the oxide on the surface and the bulk are in exchange, and the oxide may 

dissolve depending on the respective solubility limit of oxygen. 

Figure 2.6 shows a metal in different states [61]. Figure 2.6 

surface with no adsorbates or oxides which can only be achieved by very low ambient 

oxygen concentrations or high temperature, with metal-specific values. Figure 2.6 b) 
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displays an adsorption state, where individual oxygen molecules are adsorbed on the 

surface of the metal. In Figure 2.6 c) adsorbed oxygen molecules and formed oxides are 

Figure 2.6 d) indicates an oxidized state with a 

continuous oxide film covering the surface [25, 61]. 

 

Figure 2.6: , as an example Al, with different states of oxygen adsorption and oxide cover: 

a) formed oxides d) 

oxidized state with a continuous oxide film. 

In the following respective sections 2.6.1 and 2.6.2, the adsorption of oxygen on the 

surface of a liquid metal and the formation of newly formed molecule species as oxides 

are described in more detail. The process of evaporation and the results obtained in this 

work will be discussed in section 5.6. 

2.6.1 Adsorption of oxygen 

Oxygen partial pressure or oxygen fugacity is a measure for the effective concentration 

of oxygen in the gas phase. To describe the influence of the oxygen partial pressure in the 

sample surrounding atmosphere on the adsorption of oxygen, different approaches have 

been made. Based on the Gibbs-Duhem relation for surfaces in Eq. (2.22), the Gibbs 

isotherm can be derived for constant temperature and pressure [30, 39]: 

 
(2.47) 

Where  (mol/cm2), describes the adsorption of component i, which can be 

interpreted as an excess surface density. In Eq. (2.47),  stands for the chemical potential 

of a solution i, as a function of the chemical potential of the standard (bulk) state, , the 

molar gas constant, R, the temperature, T, and the activity, :  
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 (2.48) 

Another isotherm, the Langmuir isotherm, is based on the assumption that the energy of 

adsorption of a species is independent of the atomic arrangement and coverage of this 

species on the surface. For a unary adsorbate system, constant temperature and single site 

occupancy, it can be denoted as [62]: 

 
(2.49) 

In this equation,  symbolizes the fractional coverage of the adsorbate, i, with 

, where  is the statured surface excess concentration of the surface-active 

component, i, for an adsorption at full coverage. The equilibrium constant of the oxygen 

adsorption is denoted by . The equivalent to the oxygen partial pressure (gas phase), 

is given in the liquid phase by the activity, . Based on the Eqs. (2.47), (2.48) and (2.49) 

the Gibbs adsorption isotherm can be rewritten as [30, 41, 62]: 

 
(2.50) 

On integration upon one integration limit as the pure adsorbent, the following, so-called 

Belton/Szyszkowski equation, for the surface tension of a liquid metal adsorbent, the 

influence of the oxygen adsorption on the surface tension can be derived from the surface 

tension of the pure adsorbent,  [62-64]: 

 (2.51) 

In Eq. (2.51) the activity, , of the surface-active component, i, is taken into account. To 

also include the adsorbate dissolution from the atmosphere into the melt in Eq. (2.51), the 

oxygen partial pressure, , should be discussed, considering the oxygen molecules in 

the gas phase, , and the adsorbed oxygen in the melt,  [23, 62].  

 
(2.52) 

The activity, , can be expressed by the oxygen partial pressure, : 

 

(2.53) 
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Where , is defined as the standard state of oxygen. Combining 

Eqs. (2.51) and (2.53) the following relation between the surface tension of a liquid 

metallic adsorbent and the oxygen adsorbate can be made under the condition that the 

oxygen partial pressure, , thus, lies below or equal to the saturated oxygen 

partial pressure,  [23]: 

 (2.54) 

The activity coefficient, , of oxygen in the liquid component, i, can be assumed to equal 

one for most metals, obeying w, for high oxygen solubilities [64]. Regarding 

the other parameters in Eq. (2.54), as described further in section 3.10, the surface tension, 

, can be measured as a function of the oxygen partial pressure, . However the pure 

surface tension, , the saturated surface excess concentration, , and the respective 

equilibrium constant, , may be given by literature or be unknown and thus, be 

evaluated as fit parameters (see section 5.6) [23].  

2.6.2 Formation of oxides 

New molecule species may be formed in the form of oxides either subsequent to the 

adsorption as liquids or solids on the liquid surface or in gaseous form inside the gas 

phase close to the interface. The oxides may undergo further processes such as further 

oxidation, condensation 

surface to the gas phase and diffusion both in the liquid and in the gas phase. All these 

molecular events may influence the interface behavior and the thermophysical properties 

[65]. 

The formation of oxides can be predicted by thermodynamics, by calculating which 

products of a reaction are stable with regards to the temperature and the conditions in an 

equilibrium state. By these means, however, no prediction can be made concerning the 

speed needed for the respective reaction to take place [66].  

A general oxidation reaction with  denoting the metal,  being the metal oxide and  

being the stoichiometric coefficient of the respective component, i, can be given in the 

form of: 

 (2.55) 

By the law of mass action, the equilibrium constant of the reaction, , can be defined by 

the respective the activities, , as:  
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(2.56) 

This equation yields the oxygen partial pressure, . Activities of solid and pure liquid 

components can be approximated as one and, consequentially, be neglected in Eq. (2.56). 

The equilibrium constant can also be defined by the respective Gibbs free energy of 

formation, , the temperature, T, and the universal gas constant, R. In combination with 

Eq. (2.56) therefore, the oxygen partial pressure,  (bar), can, then be related as: 

  (2.57) 

Additionally, the equilibrium constant of the reaction can be calculated as the sum of the 

individual reactants  involved in the reaction: 

 
(2.58) 

With the Gibbs free energy of formation depending on the enthalpy of mixing, , the 

temperature, T, and the entropy of formation, , as  , it can be derived 

that [66]: 

  (2.59) 

Plotting the values of   against 1/T results in a straight line with  being the slope and 

 being the y-intercept, giving the so-called Ellingham-Richardson diagram as shown 

in Figure 2.7 [67]. The slope of the line changes when any of the materials involved 

experience a phase transition, e.g., melting or evaporation. Most metals are instable at 

high temperatures and oxides are formed from the reaction between a metal and oxygen 

above the corresponding critical oxygen partial pressure. Thus, the Gibbs free energy of 

formation is negative for most metal oxides [66, 68]. The scale on the right side of the 

diagram in Figure 2.7 denotes the oxygen partial pressure, , and is used to determine 

the oxygen partial pressure in equilibrium with the metal and metal oxide at a given 

temperature. If the oxygen partial pressure is higher than the equilibrium value, the metal 

will be oxidized, if it is lower than the equilibrium value, the oxide will be reduced. The 

position of the line for a given reaction in the Ellingham diagram shows the stability of 

the oxide as a function of temperature [66]. The lower the position of the straight line in 

Figure 2.7, the more stable the oxide is and formed at lower oxygen partial pressures. As 

it can be seen among the most stable oxides, Al2O3 can be counted [68]. 
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The experimental procedures related to an oxygen control and monitoring and the results 

obtained in this work will be discussed in the sections 3.10 and 5.6, respectively. 

 

Figure 2.7: Ellingham diagram: Graph showing the temperature dependence of the stability of compounds 

generally used for the evaluation of the reduction of metal oxides and sulfides in dependence of the oxygen 

partial pressure. Taken from the work by Hasegawa [69] with Copyright granted by Springer Nature 

(License number 4264740668537). 

2.7  

In this chapter, the theoretical background concerning density and molar volume (section 

2.1), normal spectral emissivity (section 2.2), heat capacity (section 2.3), surface tension 

(section 2.4), viscosity (section 2.5) and oxygen partial pressure (section 2.6) was 

established. In the subsequent chapter 3, the corresponding experimental method will be 

introduced. 
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3  

This chapter represents a conjunction chapter between the theoretical background 

introduced in chapter 2 and the experimental results presented in chapter 5. Its function 

is to create an understanding of how to measure and evaluate thermophysical properties 

of liquid metals. 

In the following sections 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.6, 3.8, 3.9 and 3.10 the terms 

conventional techniques, electromagnetic levitation (EML), electromagnetic levitation in 

microgravity, optical dilatometry, static magnetic field, normal spectral emissivity 

measurement, non-contact modulated laser calorimetry, oscillating drop method, 

viscosity measurement and oxygen control and monitoring will be introduced, 

respectively.  

3.1  

Conventional techniques for the measurement of thermophysical properties of liquids are 

container-based which means that the liquid is in contact with a crucible, holder or 

substrate, as exemplarily described in section 1.2. Among those techniques, the bubble 

pressure method, the oscillating cup method and resistive pulse heating can be counted 

as acclaimed methods for the different property measurements. Another example is the 

sessile drop method, which can be used to evaluate the surface tension of a liquid droplet 

with regards to its contact angle on a substrate. In chapter 5, as part of a literature 

comparison with results of the present work, different techniques are listed for density, 

surface tension, emissivity and heat capacity measurements in the respective sections. A 

comprehensive overview of the methods has been given by Fukuyama and Waseda [22].  

3.2  

Conventional techniques are based on contacts with containers and holders leading to 

disadvantages at high temperatures where the chemical reactivity of a melt may result in 

contamination with the container material. Especially, for materials with a high chemical 

reactivity, among them Al-Ti alloys, this can be very critical. For these materials, contact-

free levitation techniques offer vast advantages. Among those advantages, the techniques 

make it possible to avoid heterogeneous nucleation on container walls and thus, undercool 

the melts far below their equilibrium melting temperature. Additionally, it allows access 

to high temperatures, broad temperature ranges, and processing of highly reactive 
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samples.  There are many different levitation techniques, such as acoustic, aerodynamic, 

electrostatic (ESL), and electromagnetic levitation (EML), as shown in Figure 3.1. Each 

technique has its advantages and disadvantages making them preferable for different 

materials and applications. For electrically conducting samples, EML is a very suitable 

and easily applied technique compared to e.g., ESL, enabling a stable positioning of the 

material in a high-frequency magnetic field under inert gas atmosphere [4, 24, 43]. 

 

Figure 3.1: Photograph of an electromagnetically levitated liquid iron sample at a temperature of about 

1873 K. Copyrights granted by C. Karrasch and taken from reference [70] Fig. 4.1.  

3.2.1 Electromagnetic levitation technique 

Electromagnetic levitation was first introduced by Westinghouse [71] who filed the 

technique for a patent in 1954. The EML principle is intrinsically stable and is based on 

the Lorentz force, , acting on an electrically conducting sample with a magnetic flux 

changing over time. A magnetic field, , is induced which is counter-directed to the 

primary field and the repulsive Lorentz force acts with . Where  

describes the magnetic dipole moment induced in the sample [70, 72]. 

In more detail, the Lorentz force can also be expressed as a function of the magnetic 

permeability, , the radius of an approximately spherical sample, , a dimensionless 

quantity , with  being the skin depth of the field  depending on 

the frequency, , an efficiency ratio,  and the electrical resistivity,  [30, 73, 74]: 

 
(3.1) 
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In this equation the term  equals the volume, V, of the sample and  being 

defined as: 

 
(3.2) 

To steadily levitate the sample, the Lorentz force, , must equal the weight force, , of 

the sample, consequently:  

 (3.3) 

Where  denotes the gravitational acceleration, V  its density. 

From Eqs. (3.1) and (3.3) the following equation for a spherical sample can be derived. 

 
(3.4) 

From Eq. (3.4) it becomes obvious that the density of the sample plays an important role 

in the levitation process. Here, small densities mean that only a small force has to act on 

the sample to levitate it [30, 73]. 

Different from other levitation techniques, such as ESL, for EML the positioning and 

inductive heating are not generally decoupled. This is due to the fact that the oscillating 

field induces eddy currents in the sample and for finite electrical conductivity the heating 

power, , is absorbed through ohmic losses. Hence,  can be expressed as [30]: 

 
(3.5) 

In this case,  expresses the efficiency ratio of the absorption of power [73]: 

 
(3.6) 

Therefore, in Eq. (3.5)  and the heating of the sample depend on the power density 

 and the volume of the sample, V. For a perfect insulator, q = 0, 

consequentially  and  equal zero and neither positioning nor heating takes place, 

respectively [30, 74]. 

3.2.2 Experimental setup 

Figure 3.2 shows a schematic illustration of an electromagnetic levitation setup, which is 

explained in detail in reference [72]. The EML setups at the DLR-MP and the Fukuyama 

lab, consist of an inside vacuum chamber which can be evacuated by a rotary pump in 
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high frequencies (150-450 kHz) through the coil with a generated power of 5-10 kW [70]. 

The sample is repelled by the magnetic field and positioned in its potential minimum. 

Due 

a perfect sphere, which has been described in references [75, 76]. Originating from an 

initially spherical sample shape, the forces acting on the levitated sample are high in the 

middle part and relatively low in the top and bottom part, the resulting shapes are flat at 

the top and elongated at the bottom. Since the electromagnetic force field enters the 

levitated specimen up to the skin depth, fluid flow occurs in the liquid state, which may 

be turbulent and needs to be taken into account. The effect may be homogenizing, e.g., 

concerning the temperature profile of the sample. On the other hand, it may also lead to 

disturbances, such as strong sample rotations [30, 77].  

For emissivity and heat capacity measurements at the Fukuyama lab, a direct current (dc) 

magnetic field of 3-5 T, using a superconducting magnet was additionally imposed to 

suppress the fluid flow and the resulting surface oscillations and translations, as described 

in more detail in the sections 3.5, 3.6 and 3.7 [22].   

3.2.3 Temperature control 

Depending on the material and the available power, the samples can reach temperatures 

far above their melting point, restricted by evaporation. Overheating may be applied to 

get rid of pollutions and potential volatile oxide layers. Since, for EML, the positioning 

and heating are not generally decoupled, additional temperature control is provided by an 

adjustable cooling flow of inert gas, admitted to the samples via the sample holder which 

functions also as a nozzle [7].  

After the completion of the melting process for all temperature dependent measurements 

(density, surface tension, emissivity and heat capacity), first, an initial temperature was 

set and afterwards step-wise decreased by increasing the gas cooling flow. Each 

measurement was then carried out at a certain temperature with a deviation to the previous 

temperature of about 5-20 K. For all measurements that were not dependent on the 

temperature, e.g., dependent on time or the oxygen partial pressure, as described in 

sections 3.8 and 3.10, respectively, the temperature was kept as stable as possible with 

respect to temperature fluctuations.  

The sample temperature, T, is measured using an infrared pyrometer with a sampling rate 

of 100 Hz directed towards the specimen from the side. The pyrometer measures the 

radiation intensity from the sample using the  

temperature, T. The accuracy of the pyrometer is approximately ± 3  [7, 70]. As the 

spectral  emissivity is generally not known, the pyrometer signal, TP, needs to be 

recalibrated with respect to the known liquidus temperature, TL, and the apparent liquidus 
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pyrometer temperature, TL,P. The apparent pyrometer liquidus temperature is identified 

during the measurement by an increase in the slope of TL,P, as shown in Figure 3.3, which 

appears, when the melting process is completed, and the sample reaches its liquidus 

temperature, TL [28]. The recalibration of T can be obtained using the following relation 

[78]:   

 
(3.7) 

Provided that the sample  emissivity at the operating wavelength remains constant over 

the investigated temperature interval, Eq. (3.7) gives a good approximation for the 

temperature of metallic melts [79]. For the pure elements and alloys, the values for the 

liquidus temperature, TL, are shown, e.g., in Table 1 and Table 3 and taken from reference 

[34], [80], using the CALPHAD approach to evaluate thermodynamic data [28]. The data 

and the used model are taking recent experimental results into account [80]. Furthermore, 

the data have been used in the previous work by Wessing et al. [28]. The phase diagram 

of the binary system of Al-Ti is shown in Figure 4.1, respectively [28].  

As an example, Figure 3.3 shows a typical temperature profile of a levitated sample 

during the cooling and solidification phase. As a first step, the electromagnetically 

levitated sample is heated up above its respective liquidus temperature by about 50-100 

K to melt the sample. Additionally, this strategy enables further purification of the sample 

if volatile impurities, such as oxides a . In the following, 

the temperate is reduced step-wise using He gas flow 

At each temperature step, the properties of the liquid phase are investigated, such as 

density and emissivity as explained in sections 3.4 and 3.6, respectively. Also, 

measurements at temperatures below the liquidus temperate in the undercooled region are 

carried out which is indicated in Figure 3.3. During the recalescence process, latent heat 

is released when the sample solidifies which is marked by a temperature increase up to 

the liquidus temperate which also signifies the end of each measurement.  

At the Fukuyama lab, the setup also comprises a fiber-coupling type CW laser diode with 

a heating laser wavelength of 940  3 nm, connected to a glass fiber holder. Preheating 

the sample by laser irradiation may be necessary to overcome critical instabilities at lower 

temperatures before inducing the electromagnetic field. Additional heating during the 

measurement may be needed if the provided field is not strong enough to reach the aimed 

temperature [22, 36]. 
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Figure 3.3: Temperature profile of a Al50Ti50 sample during levitation, including an undercooled region 

and the solidification (marked by the recalescence). 

Electromagnetic levitation is the basis for all measurement techniques used in this work 

and will be discussed in more detail in the respective sections of this chapter with respect 

to the properties investigated. 

3.3  

Electromagnetic levitation under microgravity conditions allows measuring high-

temperature surface tension and viscosity of melts, as described in the respective sections 

3.8 and 3.9. The experimental setup in the g-EML TEMPUS facility, as shown in Figure 

3.4, is similar to the DLR-MP 1g-EML facilities. The main difference is that for 

experiments performed under microgravity conditions the positioning and heating can be 

decoupled. Thus, the weak quadrupole positioning field and the strong dipole heating 

field with frequencies of 150 kHz and 400 kHz, respectively, can be superpositioned or 

operated autonomously. Therefore, the electromagnetic field under microgravity 

conditions is about 100-1000 times weaker with respect to terrestrial conditions [81].  As 

a consequence, fluid flow can be reduced significantly and, potentially resulting 

disturbances are minimized [70].  
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The company NOVESPACE performs the parabolic flight campaigns in Bordeaux, 

France. To create microgravity conditions of about 10 g, a specially converted aircraft 

flies parabolic maneuvers which are shown schematically in Figure 3.4. Initially, the 

airplane ascends on a parabolic trajectory with an angle up to 47° creating hyper-gravity 

conditions. At the injection point the aircraft transitions to a free-falling phase while 

establishing reduced gravity conditions for 22 seconds at each parabola. Eventually, at 

the recovery point, is regained 

after a secondary hyper-gravity phase of 20 seconds. 

 

Figure 3.4: Schematic illustration of a parabolic flight maneuver. 

In the TEMPUS facility, samples are processed in a specimen changing cup facility to not 

lose any samples in between parabolas. Analogously to the DLR-MP EML, the 

temperature is monitored with a single-color pyrometer, and the sample is monitored by 

cameras to record images for the analysis, using the in-house software TeVi [53]. 

Since 2014 an equivalent g-EML is also installed on the International Space Station 

(ISS) when ESA astronaut Alexander Gerst implemented the setup during his first 

mission (Figure 3.5).  

 

  

Figure 3.5: Left-hand side g-EML TEMPUS facility and operators. Right-hand side Alexander Gerst is 

working on the g-EML on the ISS. The picture is taken from reference [82] with copyrights granted by 

DLR/ESA.  
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3.4  

The optical dilatometry method, as described and further developed by Brillo et al. [72, 

73, 83, 84], is used to study density, molar volume, and thermal expansion by measuring 

its volume. Although optical dilatometry can be combined with different levitation 

techniques, the following description of the procedure is the one used at the DLR-MP 

facilities in combination with EML experiments [30, 83]. The setup of the corresponding 

optical system is shown schematically in Figure 3.6. 

 

 

Figure 3.6: Schematic diagram of the optical setup used for the optical dilatometry method. Picture based 

on Fig. 2.6 by Brillo [30]. 

In this setup, a polarized laser beam is produced by a He/Ne-laser. A collimator redirects 

the laser beam so that a parallel beam of 25 mm diameter is produced which illuminates 

the sample from the rear. A polarization filter facilitates a variation of the light intensity 

[30]. Due to scattering and diffractions in the chamber, the laser beam is deflected, and 

non-parallel components may lead to interference, diffraction and noise patterns [30, 83]. 

To remove those error patterns an optical Fourier filter is attached, consisting of a lens 

(80 mm focal length) and a pinhole (Ø = 0.5 mm). The interference filter together with 

the pinhole additionally removes contributions from the thermal radiation of the sample. 

This setup enables to obtain a sharp shadowgraph image on a uniform background with a 

contrast independently of the brightness of the sample [30, 83].  

Figure 3.7 shows the laser beam directed from the left-hand side onto the sample creating 

lateral shadow images recorded by a digital charge-coupled device (CCD). The obtained 

shadowgraph images are analysed by an edge detection algorithm that determines the 

radius, , in dependence to the drop centre (x0, y0) and the azimuthal angle  [7, 30]. 
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Figure 3.7: Shadowgraph image of an electromagnetically levitated sample displayed upside down due to 

the arrangement of the focusing lens. The sample s edge curve is marked, and the black regions at the top 

and bottom represent the shadows of the windings of the coil. The picture is taken from reference [30], Fig. 

2.7 with copyrights by Walter de Gruyter GmbH & Co KG. 

For the evaluation and to eliminate the influence of surface oscillations the obtained 

curve, , is averaged over 1000 frames. Subsequently, a Legendre polynomials of 

is fitted [7, 30, 83]: 

 
(3.8) 

In Eq. (3.8), the brackets <..> denote averaging over time, Pl the l-th Legendre 

polynomial, and al are coefficients determined by the fit. Under the premise of the 

 axial symmetry in mechanical equilibrium [84] the volume is calculated as 

following [7, 30]: 

 
(3.9) 

Here, VP is the volume in pixel3 units with the real droplet volume,  being related 

to the pixel volume, , by a scaling factor, , with . The scaling factor, q, 

can be obtained by a calibration procedure described in Ref. [83] using differently sized 

ball bearings. Finally, the density is calculated with respect to the sample mass, M, by 

.  

Concerning the accuracy of the optical dilatometry method, it is necessary to consider the 

error sources. Among the sources of strong sample movements, mass loss due to 
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evaporation, errors in the temperature reading, and uncertainties in the calibration can be 

counted which are also inter-dependable [83]. The effect of mass loss can be severe 

because mass and density are directly proportional to each other and additionally, the 

mass loss might lead to changes in the chemical composition and thus, in density. To 

discard the effect of mass loss, measurements with critical mass loss have been neglected, 

as described in chapter 4. Strong sample movements might lead to a break of axial 

symmetry which is the pre-condition for Eq. (3.9). To eliminate a consequential error 

contribution, a critical form factor as a measure for the distortion of a sample in each 

measurement has been evaluated. Following the above-described procedure and provided 

that the error contributions mentioned are avoided, the obtained results are accurate 

within  and  for the density and molar volume, 

respectively, as derived in the Appendix. 

Based on these experimental methods the density has been measured with the 

corresponding results presented in section 5.1. 

3.5  

For the measurements at the Fukuyama lab of the normal spectral emissivity, heat 

capacity and surface tension, analogously to the density investigations, electromagnetic 

levitation (EML) was used for the measurements. Moreover, melt convections such as 

buoyancy, magneto-hydrodynamic (MHD) and Marangoni convection induced by non-

uniform temperature distributions and observed in electromagnetically levitated samples 

must be taken into account as they may significantly influence the caloric measurement 

results [16]. Kobatake and Fukuyama et al. developed a technique combining EML with 

non-contact modulated laser calorimetry with the use of a static magnetic field to suppress 

transitional motions, surface oscillations, and melt convection in the materials [19, 22, 

85]. As can be seen in Figure 3.8, the setup comprises a coil that is fixed in the center of 

a superconducting magnet with a 220 mm bore (6T220-CSM; SHI, Japan). The 

superconducting magnet induces a dc magnetic field opposed to the convection in the 

liquid melt, thus suppressing surface oscillation and translational motions. Up to 5 T static 

magnetic field can be applied at the Fukuyama lab [19, 36].  
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Figure 3.8: Schematic illustration of the experimental facility at the Fukuyama lab. The figure is taken 

from reference [86], Fig. 1 by Watanabe et al. with Copyrights granted by Springer Nature with the licence 

number 4265020121885. 

3.6  

As Kobatake et al. [15] have described in detail, the normal spectral emissivity can be 

obtained by directly measuring the radiance emitted from a molten droplet as a function 

of the wavelength and temperature using a spectrometer. For the radiance measurements, 

a multichannel spectrometer (USB2000; Ocean Optics Inc., FL) is used with a grating 

monochromator that provides a wavelength range of 530-1100 nm [15, 36].  The optical 

resolution lies within 4.0 mm. The optical system comprises a window, a collective lens, 

and a beam splitter. A carbon diaphragm of 2 mm diameter and 50 mm lengths is 

positioned 750 mm above a quasi-blackbody and is connected to the spectrometer through 

a glass fiber. For the temperature measurements, a single-color-optical pyrometer of 1350 

nm wavelength with 1100-1500 nm bandwidths is used [15, 85].  

3.6.1 Calibration of the spectrometer 

The spectrometer can be calibrated with a quasi-blackbody using the relation between its 

spectral radiance and the corresponding output intensity of the pyrometer as given by Eq. 

(2.14). A schematic illustration of the quasi-blackbody made of graphite is shown in 
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Figure 3.9. The emissivity of graphite is higher than 0.9 and through the aspect ratio of 

the cavities an emissivity higher than 0.998 is provided [15, 28]. As can be seen in the 

figure there is one cavity at the top, used for the calibration of the spectrometer, and one 

at the bottom, used for the pyrometer, both of 5 mm width and 35 mm depths. Each cavity 

is surrounded by a copper metal bath to achieve a homogeneous temperature distribution 

and additionally enabling calibration of the pyrometer using a kink in the temperature 

signal during the melting process (see section 3.2.3). The quasi-blackbody is supported 

by a quartz glass tube of 10 mm diameter positioned in the center of a levitation coil and 

inductively heated [15, 22, 88]. Different to the actual levitation measurements a 

symmetric solenoidal coil was used to provide uniform heating of the quasi-blackbody 

[15].  

3.6.2 Experimental setup 

The experimental setup for the measurement, as can be seen in Figure 3.8, complies with 

the one of the calibration, but instead of the quasi-blackbody, a metallic sample is 

positioned in the center of the levitation coil. For emissivity measurements, EML is 

combined with a static magnetic field, as described in section 3.5, to suppress the 

translational and oscillation motions of the metallic droplet. As reported by Kobatake et 

al. [15], the static magnetic field of 1.5-3 T used for the measurements does not influence 

the measured values of the emissivity. In contrast, it is an effective means as it reduces 

the standard deviation of the temperature which is a sensitive factor for the emissivity 

measurements. Analogously to the temperature dependent density measurements, each 

measurement is carried out at a certain temperature (compare sections 3.2 and 3.4) [15, 

36]. 

The uncertainty of the normal spectral emissivity, , is mainly caused by the 

uncertainties of the radiance, the wavelengths of the spectrometer and the temperature 

measurement, as discussed in detail in the Appendix. 

The corresponding results for the emissivity measurements and experimental errors are 

presented in section 5.2. 
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Figure 3.9: Schematic illustration of a quasi-blackbody. The figure is taken from reference [86] Fig. 2, by 

Watanabe et al. with Copyrights granted by Springer Nature with the licence number 4265020121885. 

3.7  

Fukuyama et al. [16] have described in detail how the heat capacity can be obtained using 

non-contact modulated laser calorimetry. The measurements have been carried out at the 

Fukuyama lab with means of EML (see section 3.2) in combination with a static magnetic 

field (section 3.5) with the same experimental setup as for the emissivity measurements 

(see section 3.6). For further experimental details, please refer to the corresponding 

chapters. A simplified heat flow model of non-contact modulation calorimetry in the 

present study is presented in Figure 3.10 [19, 22] resembling a model developed by 

Wunderlich and Fecht [87], illustrating the correlations between heat flow parameters as 

presented by the following equations. 

 (rad s-1), by a modulated laser (compare section 3.6.2 for the laser model and 

corresponding wavelength) with a laser power of  (Wm ) per unit area 

[18]. The temperature response is measured at the bottom of the droplet by a pyrometer. 

The modulation laser light is invisible to the pyrometer. The heat balances in this system 

include a laser-irradiated part and a laser non-irradiated part, as schematically illustrated 

in Figure 3.10 [17]. 
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Figure 3.10: Heat flow model for the noncontact modulated laser calorimetry, illustrating the correlations 

between the heat flow parameters as presented in this section. The figure is based on figures in the works 

by Fukuyama et al. [16] and by Wunderlich and Fecht [87]. 

The heat balance at the laser-irradiated part is given by: 

 

 

 

(3.10) 

And for the laser-nonirradiated part: 

 

 

 

(3.11) 

In these equations, Sh is the fraction of the irradiated surface area that is heated by the 

laser, Vh represents the volume fraction corresponding to Sh, Cp (JK-1mol-1) denotes the 

isobaric heat capacity, T (K) the absolute temperature,  (W) the power input from the 

levitation coil,  is the absorptivity of the heating laser, A (m2) gives the surface area of 

the droplet, hconv (Wm-2K-1) is the forced convection heat transfer coefficient of a gas 

surrounding the sample droplet, Kc (WK-1) is the thermal conductance for conductive heat  

transfer from the laser irradiated part to the non-irradiated part, Kr (WK-1) is the thermal 

conductance for radiative heat transfer from the sample  surface to the heat reservoir in 

vacuum,  is the hemispherical total emissivity and  (Wm-2K-4) is the Stefan Boltzmann 
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constant. The subscripts h and l relate to the laser-irradiated part and non-irradiated part, 

respectively [16]. The sample temperature is expressed by the sum of the initial 

temperature, T0 Tdc (dc component) and the 

modulation amplitude,  (ac component) [19, 22]: 

 (3.12) 

Assuming the internal thermal transfer derived from the thermal conductivity of the 

sample to be much higher than the external thermal loss caused by both radiation and 

buoyancy-driven convection heat transfer of the ambient gas, it can be followed that 

, with . Under this pre-condition and by solving 

Eqs. (3.11) and (3.12) the temperature amplitude, , and the phase shift,  (°), are 

[18]: 

 

(3.13) 

and  

 
(3.14) 

With  expressing a correction function,  signifying the external thermal relaxation 

time attributable to the radiative and conductive heat transfer in the ambient gas and  

is the internal thermal relaxation time attributable to the conductive heat transfer in the 

sample. The relaxation times are defined as [16]: 

 
(3.15) 

and 

 
(3.16) 

The term  in Eq. (3.13) represents the laser input power absorbed by an object 

and it does not matter how it is evaluated in detail. In this work, it is assessed 

quantitatively using the products of the laser power and absorptivity at a laser wavelength 
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 absorptivity, , can be expressed as the 

emissivity,  (compare sections 2.2 and 3.6). The distribution of the laser intensity is 

Gaussian with an e  radius of the laser beam being 2 mm for sample droplets of 4-6 mm 

radius. In this case, the effect of the sample curvature on the absorptivity was ignored [16, 

19]. 

The condition , which satisfies , is achieved by a proper choice 

of the modulation frequency. The heat capacity can be determined from the temperature 

amplitude, , from Eq. (3.13). Given this condition, the correction function, , as a 

function of the modulation frequency exhibits a maximum value close to unity. 

Consequently, the term, , displays a maximum value depending on the modulation 

frequency. For the corresponding modulation frequency, the phase difference equals 90°, 

as can be evolved from the condition that . Therefore, the heat capacity is 

determined experimentally from the temperature amplitude, with the satisfaction of the 

above mentioned requirements [16-19, 22]. 

The uncertainty of the molar heat capacity at constant pressure is discussed in detail in 

the Appendix. All heat capacity results with the corresponding experimental errors using 

the experimental methods described in this section are discussed in section 5.3. 

3.8  

The oscillating drop method [84] in combination with EML can be applied to determine 

the surface tension. For the measurements at the Fukuyama lab, the method was also 

combined with a static magnetic field, as described in section 3.5. In this case, the static 

magnetic field was used in the initial levitation phase to stabilize the sample during the 

melting process and turned off afterwards. In the case of the DLR-MP, the surface tension 

was measured as a function of temperature as described in section 3.2.3, while at the 

Fukuyama lab time-dependent measurements at constant temperature were conducted. 

For the latter, the temperature was kept stable within experimental fluctuations, and the 

surface tension of Ti was obtained repeatedly during one measurement after certain time 

intervals, as presented in section 5.6.2.2. However, in both laboratories, the oscillating 

drop method was applied. 

The oscillating drop method is based on the fact that the surface tension acts as a restoring 

force for surface oscillations of liquid drops. The time-dependent geometrical 

deformation of a liquid sample due to its surface oscillations can be described as normal 

modes by spherical harmonics  [38, 75]: 
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(3.17) 

With  being the radius of the droplet depending on the time, t, the polar angle, , and 

azimuthal angle, . Here,  denotes the time dependent deformation with  l and 

being the integers of the spherical harmonics marking the oscillation modes [75, 

83]. The sample oscillations are observed by means of a digital complementary metal 

oxide semiconductor (CMOS)-camera directed at the sample from above. Self-excited 

surface oscillations originate under gravitational conditions from turbulent flow in the 

sample while being exposed to an electromagnetic field. Under microgravity conditions, 

the surface oscillations are excited by induced pulses, e.g., heating pulses. The schematic 

setup for monitoring the surface oscillations can be seen in Figure 3.11 [38].  

 

Figure 3.11: Schematic profile of the optical setup used to measure the surface tension by electromagnetic 

levitation. Based on Figure 3 by Brillo et al. [72]. 

The camera has a pixel resolution of 400x400 and operates at a frequency of 400 Hz. A 

series of  frames is recorded for each surface tension measurement and 

investigated temperature. This gives a good compromise between the quality and operational 

constraints, as longer exposure times could lead to greater evaporation. Conversely, a higher 

sampling rate requires a reduction in the spatial resolution of the taken images, due to limited 

data rates between the camera and hard disk. The pictures are analyzed by means of digital 
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image processing, extracting the following parameters as a function of time, t,: the center 

of mass with respect to the x- and y-direction as x0(t) and y0(t), respectively, the visible 

droplet area, A(t), and two perpendicular radii, rx(t) and ry(t) [30]. By fast Fourier 

transform (FFT), those parameters are transformed yielding frequency dependent 

characteristic spectra (compare section 3.8.1) of the sample radii, , comprising the 

 

For the relation between the surface tension, , and the surface oscillations, , Rayleigh 

proposed the following equation, pre-conditioning a spherical non-rotating sample of 

mass, m [75]: 

 
(3.18) 

Premising spherical symmetry and incompressibility of the liquid, the frequencies in Eq. 

(2.27) do not depend on the index m and the mode l = 0 does not appear. The mode l = 1 

corresponds to a translational oscillation of the entire droplet. Therefore, the fundamental 

oscillation mode is l = 2, which is called Rayleigh-frequency, , with a five-fold 

degenerate (-2, -1, 0, +1, +2) [73]: 

 (3.19) 

with 

 
(3.20) 

For sample masses around 1 g,  is typically in the order of 40 Hz [73], [30]. 

Oscillation modes with l > 2 are well separated due to their distinctly higher frequencies 

and are often not visible, because of their strong damping. Opposed to the pre-conditions 

by Rayleigh [75], under terrestrial conditions the droplet has to be considered as non-

spherical and slightly rotating, as relatively strong field gradients are acting to 

compensate the gravitation, acting on the sample with an additional magnetic pressure on 

[75] have investigated this influence 

theoretically and shown that in this case the Rayleigh-frequency, , splits up into three 

frequencies, ,  and  [75]: 

 
(3.21) 
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(3.22) 

 
(3.23) 

Here,  are the shifted surface oscillation frequencies for l = 2, g denotes the gravitational 

acceleration and  the radius of the sample, which is assumed to be spherical. 

Additionally, the three translational frequencies, , can be identified from the 

s centre in the three spatial directions, x, y, z, and thus, the mean 

quadratic translational frequency, , can be calculated as [73, 75]: 

 
(3.24) 

In practise, due to the sample rotation the pairwise degeneration of and is 

annulled and thus, five peaks at different frequencies can be distinguished in the spectrum 

under terrestrially gravitational conditions. From the five surface oscillations, the three 

translational frequencies while combining Eqs. (2.28)-(2.33) with a correction function 

for terrestrial conditions, the surface tension,  can be determined, using the sum formula 

by Cummings and Blackburn [75]: 

  
(3.25) 

3.8.1 Oscillation modes 

From the fast Fourier transform (FFT) analysis, as described in section 3.8, the frequency 

dependent spectra can be obtained of the translations and oscillations in the x- and y-

direction, FFT  and FFT , of the area, , of the sum, 

FFT , and of the difference, FFT , of  the two perpendicular 

radii,  and . A typical spectrum of the translations is shown in Figure 3.13. The 

frequencies  and  appear as pronounced peaks at approximately 5-12 Hz. For a 

perfect coil, both frequencies would be identical, though, realistically, they show small 

deviations. The vertical movement along the z-axis is visible in the spectrum of the area 

, as the apparent size changes when the sample moves towards the camera. 

To identify  which is not always pronounced relatively to the background noise, the 

relation  can be used. 
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Figure 3.12 visualizes the different oscillation modes and the corresponding (x, y, z)-di-

rection dependent expansions. The figure illustrates how an expansion in one direction 

can be distinguishable in one FFT-analysis while it vanishes in another.  

 

Figure 3.12: Geometry of oscillation mode l = 1, according to Eq. (2.26) illustrating the oscillations in 

different directions depending on the mode, m. The figure is taken from reference [38] by J. Schmitz. 

This leads to selection rules [76] which make it possible to identify the characteristic 

frequencies, , in the frequency dependent spectra with the oscillation modes. For 

example, for  the peak is suppressed in the FFT of the sum, as the deviations of 

perpendicular radii from a circle eliminate each other. Consequently, for the  

oscillation mode, the sum of perpendicular radii, , is a constant, which 

vanishes through a fast Fourier transform. Furthermore for  the peak is suppressed in 

the FFT of the difference, FFT . Finally, the peaks appearing in both the 

sum and the difference spectra belong to  [30, 76]. In Figure 3.13 an oscillation 

spectrum is shown comprising the five oscillation peaks of the sum and the difference of 

the FFT. 

After the different oscillation and translational modes are identified, the Rayleigh-

frequency, , can be determined using Eq. (3.25).  
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Figure 3.13: Frequency spectra of the sum (solid line) and difference (dashed line) signal of two 

perpendicular radii of the surface oscillations of a liquid Ti sample converted by fast Fourier transform 

(FFT). 

In a conservative approach, the maximum error of the surface tension using this procedure 

allows a margin of /  5.0 % assuming numerical errors for the parameters in Eq. 

(3.25) [30]. The uncertainty for the frequency is estimated as 0.5 Hz, which has shown to 

be the upper limit. Other error sources are similar to the ones of the density measurement, 

counting evaporation, mass loss, strong sample rotation and uncertainties in temperature 

determination. Thus, analogously to the density measurements, the mass loss must be 

monitored, and the sample rotation controlled to preclude these potential error 

contributions. The purity of the sample and the environment can have a significant 

influence on the surface tension. Some materials are highly sensitive to surface active 

species, such as oxygen and sulfur. However, in many systems, the actual error of the 

surface tension in dependence of the concentration or temperature is much smaller than 5 

%, and thus a statistical error will be given in this work when possible [30]. 

The corresponding results for the surface tension measurements based on the 

experimental method as introduced in this chapter will be presented in section 5.5. 
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3.8.2 Oscillating drop method in microgravity (TEMPUS) 

Surface tension measurements under microgravity conditions as described in detail in [89, 

90] are conducted on parabolic flights performed in the TEMPUS facility, analogously to 

viscosity measurements as introduced in the following section 3.9. The TEMPUS facility 

is described in section 3.3 and, more detailed in various works, e.g. [31]. For the surface 

tension measurement in microgravity, the oscillating drop technique in combination with 

EML is used analogously to measurements under terrestrial conditions as described in 

this section 3.8. However, different to terrestrial measurement conditions, the spherical 

symmetry and incompressibility of the liquid can be premised. Consequently, the surface 

tension can be calculated from the Rayleigh-frequency, , based on Eq. (3.18) 

neglecting the correction function for terrestrial conditions. 

3.9  

The oscillating drop technique (section 3.8) can also be used for the determination of 

viscosities by either using ESL or EML techniques under microgravity conditions 

(section 3.3) to ensure that no magnetic damping or fluid flow occur [26]. The latter has 

been performed, e.g., on the ISS or, as in the case of this work in the TEMPUS facility 

during parabolic flights.  

The analysis of the viscosity is based 

of the oscillations of a liquid viscous droplet [31, 76]. As under microgravity conditions, 

no self-excited oscillations occur, the oscillations are induced by pulses on the surface of 

the droplet, generated through the heating circuit of the TEMPUS facility during the free 

cooling phase. The pulses are superimposed to the vertical positioning field with a 

frequency close to the  eigenfrequency, which corresponds to the sample ass 

with an amplitude of 0.4 - 2 kV. If the initial radius of a droplet, , undergoes small 

oscillations over time, , the oscillations can be described as following [31, 53]: 

 (3.26) 

The damping constant, , can be calculated by fitting the amplitude, , the angular 

frequency, , and the phase shift,  to the radius data. With the damping constant, the 

viscosity of an axisymmetric (n = 2 and m = 0 mode) surface oscillation induced by a 

single excitation, can be calculated from its density [30, 31, 76]. 

 
(3.27) 
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Viscosity measurements using EML in combination with the oscillating drop technique 

in microgravity are technically challenging and susceptible to error sources. Vibrations 

resulting from the aircraft during parabolic flights might cause additional forces on the 

levitated sample and disturb the free damping behavior. Additionally, multiple 

oscillations modes can occur, particularly at lower temperatures close to the liquidus 

temperature and for viscosities lower than 20 mPas, as in the case of Al-Ti [53]. These 

distributions cause uncertainty in the analysis of the damping constant.  

From Eq. (3.27), the uncertainty of the viscosity can be calculated from the uncertainties 

of the density, the sample radius, and the damping constant by error propagation, as 

discussed in detail in the Appendix. Based on these experimental methods the viscosity 

has been measured with the corresponding results presented in section 5.4. 

3.10  

When measuring thermophysical properties of liquid metals, especially with regards to 

the surface tension, a consideration of the influence of oxygen partial pressure is crucial, 

as already introduced in section 2.6. To investigate this influence, means are needed to 

monitor or even control the oxygen partial pressure. By those means not only the results 

of the different properties can be related to the oxygen partial pressure, but also results 

can be obtained revealing insight into the processes on an atomic scale, as adsorption and 

oxide formation (compare section 2.6). In the following chapter, the means used in this 

work to investigate the oxygen partial pressure processes are presented.  

3.10.1 Oxygen ion pump 

The oxygen partial pressure can be monitored and controlled through on oxygen ion pump 

based on an ionic conductor. The ionic conductor needs to be operated in a temperature 

range high enough to establish O2 transport through an electrolyte and low enough to 

suppress electronic conduction. For ionic conductivity, the oxygen flux, , can be 

defined using the electric current, I, and the Faraday constant, F, (96485 C mol-1) as [63, 

91, 92]: 

 
(3.28) 

Under the condition that the oxygen flow, , is comparatively low with respect to the 

total gas flow, , the resulting oxygen partial pressure can be expressed in dependence 

of the latter and also taking the total pressure, , and the initial oxygen partial pressure, 

, in the carrier gas into account [63, 92]: 
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(3.29) 

Through the Nernst equation, given by  

 
(3.30) 

describing a relation between the electromotive force, , and the ratio of the oxygen 

partial pressure, , to the oxygen partial pressure of a reference gas (ambient air), ,  

with R being the universal gas constant and T the temperature. Thus, through Eq. (3.30) 

it is possible to monitor and actively set the oxygen partial pressure by measuring or 

applying a respective voltage  [63, 92].  

Figure 3.14 shows a schematic picture of an oxygen ion pump using YSZ (Yttrium-

stabilized Zirconia) tubes. In the case of an oxygen partial pressure monitoring, the 

potential induced by a certain oxygen partial pressure can be measured, and in turn, the 

acting oxygen partial pressure can be evaluated. For an active oxygen partial pressure 

controlling, the carrier gas is delivered through the inlet into the active area, where an 

electric current, I, is applied. In dependence of the polarity, then the pump either enriches 

or depletes the oxygen concentration in the carrier gas. The system at the DLR-MP, 

controlling the oxygen partial pressure actively, normally comprises two ion pumps, 

whereas the large electrode is used to pump oxygen to achieve certain pressures, while 

the small electrode is used to monitor the resulting oxygen partial pressure [63, 91]. 

 

Figure 3.14: Schematic profile of a YSZ based oxygen ion pump. An electric current is applied at the inlet 

area, which enriches or depletes the oxygen concentration in the carrier gas depending on the polarity. The 

figure is taken from reference [63], Fig. 1 by Schulz et al. (Elsevier copyright license number 

4265221154584). 

3.10.2 Oxygen control system (OSC) 

For the measurements carried out at the Fukuyama lab, an oxygen ion pump (ROX-530 

Canon Machinery Inc.) is used to measure the oxygen partial pressure of the introduced 
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high purity gases and buffer gas mixtures (see section 3.10.4). This way a constant oxygen 

partial pressure, , of about 10  Pa in the inlet gas throughout the measurements can 

be assured [23]. 

At the DLR-MP, the  is controlled using two YSZ tubes which are operated as an 

oxygen ion pump and sensor, respectively. The oxygen control system (OSC) is 

schematically shown in Figure 3.15.  

The OSC is positioned at the top of the EML facility. Normally, the OSC would be 

implemented as close to the sample as possible to ensure that the actual oxygen partial 

intentionally, as it serves as a prototype for the OSC additio -EML on the ISS 

with an equivalent setup as the one at the DLR-MP (section 3.3). 

First, the inlet gas is passing through the ion pump, called the OLS pump. It is functioning 

as a pump but also includes an oxygen partial pressure sensor to improve the stability of 

the control algorithm and providing additional information about the system. Figure 3.15 

illustrates the setup of the device with a large pumping area of about 125 cm2 and a small 

inner sensor area of about 3 cm2, both coated with platinum [63]. 

Subsequently, the gas is introduced into the chamber and then, after leaving the chamber 

is monitored by an additional potentiometric system sensor (SS1), measuring the oxygen 

partial pressure in the outlet gas. The sensor consists of a platinum coated outer electrode 

of 3 cm2 and an inner electrode with the general design similar oxygen pumps [63]. 

The oxygen pump has a high resolution of at least 10-3 mm3min-1 compared to 

conventional mass flow controllers which adjust the oxygen flow with an uncertainty of 

about 50 mm3min-1. In combination with the oxygen sensor, it enables precise control of 

the oxygen partial pressure ranging from 10-7 to 10 Pa [63].  

Both the oxygen ion pump and the sensor are operated at 873 K to enable high oxygen 

ion mobility and long-term stability of the system. The YSZ tubes are enclosed in large 

thermal insulation blocks to minimize the temperature gradients. The temperature is 

monitored close to the oxygen sensors used as input data for the calculations in Eq. (3.30) 

and expected to be uniform within these areas. To shield the OSC electronics from the 

potential electromagnetic noise of the EML-facility, the OSC consists of a robust, 

customized construction. Furthermore, resistive temperature sensors are used instead of 

commonly used thermocouples [63].  

The pumping current, I, of up to 40 mA is set by pulse width modulation control, based 

on a PID algorithm. The algorithm and control device has been developed in cooperation 

with Michal Schulz and the Clausthal University of Technology [63]. Respective PID 

parameters are adjusted for different oxygen partial pressures due to the strong 

nonlinearity of . Additionally, the system features a cascade PID controller, which 

enables to adjust the PID parameters manually and independently for both sensors. The 
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controller provides an accuracy of about 1 µA. The OSC can be operated using a manual 

operation device or a computer program. The program shows the trend of the oxygen 

partial pressure of the OLS and SS1 as a function of time, the manual device provides 

only the instantaneous values of the  [63].  

 

Figure 3.15: Schematic setup of the EML facility connected to the OSC (oxygen control system ) and gas 

flow directions between the devices. 

Prior to an experiment, the oxygen control system is started, and the temperature 

increased until it reaches its operative temperature of 873 K. Once the OLS and SS1 have 

reached the operative temperature, target values for the  either at the inlet (OLS) or 

outlet (SS1) system can be set. For an oxygen partial pressure dependent measurement, 

normally low initial values are set and increased during the measurement. To achieve 

even lower values at the beginning of the measurement, sublimation pumps can be used 

before and during the measurement, as explained in the next section 3.10.4. To establish 

a certain value, the OLS system starts pumping oxygen until the respective value is 

reached. Ideally, in the case of an equilibrium state, the oxygen partial pressure in the 

inlet would equal the one in the outlet after a sufficiently long pumping time to exchange 

the gas in the chamber completely. Deviations may indicate a leak in the experimental 

setup,  oxygen sources or absorbers in the chamber including the sample itself [63]. 

In the case of Ti and Al, the surface tension measurements, , cover a  range of 

about 10-7 - 10 Pa. The -range limitations depend on the quality of the vacuum, the 

gaseous atmospheric composition, the OSC capabilities and the sample itself as it might 

adsorb or emit oxygen. The accuracy of the  values and adjustable steps additionally 

depend on the PID parameter settings for at the respective . 
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3.10.3 Sublimation pumps 

An additional method to control and reduce the oxygen partial pressure is the use of 

sublimation pumps. Sublimation pumps contain filaments through which a high current 

of 20-40 A is passed. The current causes the filaments to reach the sublimation 

temperature of its respective material. The filaments typically consist of highly reactive 

components which react with the atmospheric gas, extract oxygen from the gas and, hence 

reduce the oxygen partial pressure. At the Fukuyama lab, a pump with magnesium 

filaments is used, and at the DLR-MP, a titanium sublimation pump is operated, shown 

in Figure 3.16. 

 

Figure 3.16: Picture of the titanium sublimation pump used at the DLR-MP. 

3.10.4 Oxygen equilibrium in buffer gas mixtures 

To further reduce the oxygen partial pressure, buffer gases can be used, such as Ar-5% 

H2 at the Fukuyama lab. Then, Eq. (3.30) describing the oxygen partial pressure based on 

the Nernst equation, has to be adjusted and the gas equilibrium taken into account. In 

hydrogen-containing atmospheres, water is formed in the presence of oxygen [63]: 

 
(3.31) 

With the equilibrium constant 

 
(3.32) 

 

In this equation, ,  and  are the partial pressures of ,  and , 

respectively. The equilibrium constant, , is temperature dependent and can be 

evaluated from the Gibbs free energy of formation of H2O. 

The OSC sensor cannot measure the 

temperature instead, it detects the of an atmospheric gas introduced into the oxygen 
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sensor at its operative temperature. The  of the mixture gases was calculated as a 

function of temperature using the Gibbs free energy of formation of , assuming the 

ratio of  and to be constant with varying temperature [93]. 

The experimental results presented based on the method procedures related to an oxygen 

control and monitoring as presented in this section are discussed in section 5.6. 

3.11  

In this chapter, the experimental methods used for conventional techniques (section 3.1), 

electromagnetic levitation under gravitational (section 3.2) and microgravity conditions 

(section 3.3), optical dilatometry (section 3.4), static magnetic field (section 3.5), normal 

spectral emissivity (section 3.6), non-contact modulated laser calorimetry (section 3.7), 

oscillating drop method (section 3.8), viscosity measurement (section 3.9) and oxygen 

control and monitoring (section 3.10) were introduced. The corresponding sample 

preparation, procedures, and analysis will be explained in chapter 4. 
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4  

As a first step of the sample preparation, the aimed sample mass and volume of the pure 

or alloy sample must be determined. Typically, the alloy samples have diameters of 3-10 

mm and masses of approximately 0.5-1 g, depending on the levitation facility and coil, 

the density of the sample and the temperature range limitations like the melting point and 

evaporation at high temperatures, as described in section 3.2.3 [53]. The weight 

calculations in dependence of the molar ratios of the alloys, Al-Ti and Ti-O are described 

in section 4.1.1 and 4.1.2, respectively, including also a description of the material-

specific sample preparations. After the corresponding amounts of the materials are 

obtained, the components are melted together by arc melting. Subsequently, an ultrasound 

bath in propanol is used for cleaning and the removal of scales. Large differences in the 

melting temperatures, especially in the case of Al (933 K) and Ti (1941 K) may present 

a challenge for the processing of the liquid alloys, due to partially intense evaporation of 

the component with the lower melting point. This may cause a shift in the sample  mass 

and its composition. These effects may limit the accuracy of the experimental results. 

Therefore, the mass loss of each sample is evaluated before and after each measurement 

and, if it exceeds 0.1 % of the initial sample mass, the results are dismissed. 

4.1.1 Binary alloys Al-Ti 

For the Al-Ti measurements, Alfa Aesar products, aluminum, and titanium, both of 

99.999 % purity are used with liquidus temperatures at 933 K and 1941 K, respectively. 

Samples with different molar ratios of Al:Ti, are chosen over a brought composition 

range:  Al, Al80Ti20, Al70Ti30, Al60Ti40, Al50Ti50, Al40Ti60, Al30Ti70, Al25Ti75, Al20Ti80 and 

Al10Ti90 and Ti. The Al-Ti phase diagram can be seen in Figure 4.1, and the corresponding 

liquidus temperatures are taken from reference [80].  

To calculate the mass, , of the components corresponding to the desired molar ratios, 

, with i denoting the components Al and Ti, the following relation can be used: 

 
(4.1) 

Here,  sta  the molar 

masses of Al and Ti, which are 26.982 gmol-1 and 47.867 gmol-1, respectively. 
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Figure 4.1: Phase diagram of the liquid Al-Ti system, taken from reference [80] (Elsevier copyright license 

number 4265230007269). 

The titanium material is given in the form of a rod of 12.7 mm diameter which is cut into 

discs with a thickness according to the approximated desired weight. For the cutting of 

titanium, an ISOMET 1000 precision diamond saw is used, in combination with a lube 

solution (volume ratio of 1/20 lube and 19/20 water) to avoid heating due to friction. As 

aluminum is relatively easy to cut, the use of a wire cutter is sufficient to divide pieces 

into the approximate right size. Subsequently, all pieces are limed and polished using a 

polishing machine and SiC papers of medium grain size to remove possible oxide layers 

on the surface. To prepare a correct Al-Ti mass ratio, the mass of Al is further adjusted 

using finer-grained liming paper until accuracy of fourth-order decimal is achieved. The 

pieces are cleaned in an ultrasound bath in isopropanol to avoid contamination, e.g., 

through remaining SiC-particles. Afterwards the samples are treated further as described 

in section 4.2 and stored in isopropanol until the measurement to avoid oxidation. As a 

first step of the levitation experiment, all samples are briefly heated up to a temperature 

of at least TL+100 K. This procedure allows further purification through evaporation of 

volatile Al-oxides.  
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4.1.2 Binary alloys Ti-TiO2  

For the preparation of Ti-O samples with defined amounts of oxygen, pure titanium and 

titanium oxide powder are used. The titanium used for these samples is the same as for 

the Al-Ti samples. The titanium (IV) oxide of the chemical formula TiO2 (rutile) is a 

product of Sigma-Aldrich with a high purity of 99.995% and a molar mass,  = 78.87 

gmol-1. Samples with different molar ratios of Ti:O were used, counting Ti99O1, Ti97O3, 

Ti94O6, Ti86O14 and Ti74O16. The Ti-O phase diagram can be seen in Figure 4.2 and the 

corresponding liquidus temperatures are taken from reference [94].  

 

Figure 4.2: Phase diagram of the liquid Ti-O system, taken from reference [24] by Belyanchikov with the 

copyright license number 4265230759036 granted by Springer Nature. 
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To calculate the needed masses of pure Ti and TiO2 to obtain samples with certain molar 

ratios of Ti:O, the following calculations have been made.  

The weight ratio, , of component i, is defined as   with , thus, based 

on Eq. (4.1) the respective molar ratio,  can be denoted as: 

 

(4.2) 

The formation of the dioxide, TiO2, can be expressed by the following reaction:  

 (4.3) 

If  and  respectively define the number of atoms of component i and the total 

number of atoms involved in a reaction (4.3) before the reaction takes place and  and 

the corresponding numbers of atoms after TiO2 is formed, then Eqs. (4.4) and (4.5) 

are valid: 

 (4.4) 

 (4.5) 

 The initial contributions of the oxide can then be written as their resulting contributions 

to the alloy components Ti and O, with   and  and, 

subsequently, Eq. (4.5) can be evolved to 

 (4.6) 

and the molar ratio,  and , of Ti and O can thus, be defined by the initial ratios, 

 and , of Ti and TiO2 as: 

 
(4.7) 

And  
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(4.8) 

The titanium used for the Ti-O samples is prepared in the same way, as described in 

section 4.1.1. As the TiO2 is given in powder form, it can easily be weighted in desired 

quantities. The Ti pieces and TiO2 powder are melted in the same procedure as the Al-Ti 

and pure samples, by arc-melting with special attention paid to mass loss during the 

melting process due to the loss of fine-grained TiO2 particles. 

4.2  

After the experiments, the solidified Ti-O samples were analysed according to standard 

metallographic procedures to provide additional insight into the properties and processes 

of the liquid samples. 

4.2.1 Scanning electron microscope (SEM)  

The solidification microstructures were investigated using a DLR-MP in-house scanning 

electron microscope (SEM) LEO 1530 VP. The device is equipped with an Oxford 

Instruments energy dispersive X-ray analysis (EDX) apparatus for the measurement of 

the relative composition variations of the different phases observed in the samples [95]. 

A corresponding computer program analyses the results and visualizes the overserved 

sample surface instantaneously. For the SEM investigations, the respective spherical 

samples need to be cut in half and embedded in PolyFast bedding material. Furthermore, 

and uncontaminated plane.  

4.2.2 Oxygen analysis 

To investigate the oxygen content after the measurement, the Ti-O samples were analysed 

by an oxygen-nitrogen analysis. For the samples at the DLR-MP, the analyses were 

performed by the company Umicore with a Leco TC-600 device. Concerning the samples 

at the Analytical Research Core for Advanced Materials 

conducted the measurements using a Leco TC-436 device.  

is needed for the analysis. The investigated 

specimen is put in a closed tin capsule and placed in a Ni basket, positioned in a graphite 

crucible. Subsequently, the sample material is heated under He as a carrier gas. Under the 

heating process, the whole feed is melted, and the entire oxygen contained in the sample 

is set free from its binding elements. As a result, the oxygen reacts with the graphite from 
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the crucible and transforms into CO or CO2 gas. These gases are analysed by an infrared 

measuring cell, and the observed signal is transferred into the total oxygen content.  

4.3  

Subsequent to the introduction of this work, the theoretical background and the 

experimental methods were introduced in chapter 2 and 3, respectively. Subsequently, in 

this chapter, the corresponding sample preparation and procedures for the binary systems 

Al-Ti (section 4.1.1) and Ti-TiO2 (section 4.1.2) were established, as well as the sample 

analysis techniques (section 4.2). By this, the foundation has now been laid to proceed to 

the results and discussion in chapter 5. 
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5  

In this chapter, the results of the experimental methods introduced in chapter 3 are 

presented. The results and discussions for high temperature density (section 5.1), normal 

spectral emissivity (section 5.2), isobaric heat capacity (section 5.3), high temperature 

viscosity under reduced gravity (section 5.4), high temperature surface tension (section 

5.5) and the influence of oxygen on the surface tension (section 5.6) are reported in the 

respective sections. Each section begins with a short outlook on the respective data and 

discussions and ends with a summary. 

The dependencies of the properties, such as temperature, composition and oxygen partial 

pressure dependencies are displayed and compared to models, for example, the Butler 

model [43] in the case of the surface tension data. Furthermore, the accuracy of the data 

and the experimental and statistical uncertainties as reasoned in the respective sections of 

chapter 3 are addressed.  

For the measurements, different devices have been used for the respective properties (see 

chapter 3) counting the DLR-MP EML-facility, the EML-facility of the Fukuyama lab 

and the g-EML TEMPUS facility during parabolic flight. 

5.1  

In this section, the results of the high-temperature density measurements at the DLR-MP 

EML-facility are presented and discussed concerning the temperature and composition 

dependencies in the Al-Ti system. Additionally, the calculated ideal molar volumes of the 

alloys and the evaluated real molar volumes are provided and discussed concerning 

excess properties. The data of this chapter have been published before in the publication 

Density, Molar Volume, and Surface Tension of liquid Al-Ti by Wessing and Brillo [7], 

and some parts of this chapter including graphics are based on evaluations and discussions 

of the publication above. The reuse of data, graphics, and content was granted by a 

Springer copyright license with the number 4127610503802. This section is based on the 

sections 2.1 and 3.4 of this work, where the respective theoretical background and the 

experimental methods have been introduced. 

5.1.1 Results 

As discussed in the Appendix, the uncertainties of the density and molar volume are 

assumed to be /  = /   ± 1.0 %. 
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Figure 5.1 shows measured density data of liquid Al-Ti samples in dependence of the 

temperature, ). Each measurement was conducted over a broad temperature range, of 

150-500 K. This range included up to 200 K undercooling below the respective liquidus 

temperature, limited by the nucleation of the solid phase at low temperatures and by mass 

loss due to evaporation at sufficiently large temperatures. The illustrated alloy 

compositions range with Al mole fractions, XAl varies from 0 to 100 at.-%. 

 

Figure 5.1:  Measured density data, , of liquid Al-Ti (symbols) and their linear fits (lines) versus 

temperature, T, in compliance with Eq. (2.11). The data fits of the pure elements relate to mean values over 

all measurements of Al and Ti. The inset shows a magnified portion of the figure for Al-mole fractions XAl, 

ranging from 10 to 50 at.-%. Based on Fig. 2 by Wessing et al. from reference [7] with the Springer 

copyright license number 4127610503802. 

For all compositions depicted in Figure 5.1, the density, , decreases linearly with 

increasing temperature. Additionally, the density changes gradually with XAl with pure 

Al exhibiting the lowest density, and Ti the largest, whereas the density values of the 

alloys lie within these two extremes [7].The experimentally obtained values of (T) are 

fitted by Eq. (2.11) with the fits shown in Figure 5.1 by the solid lines, yielding values 

for L and T for each measurement. The resulting data, as well as the thermal expansion 

coefficient,  calculated from these data via Eq. (2.13), are listed along with the 
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corresponding liquidus temperatures in Table 1, containing the data for Al and Ti and 

Table 3 for the binary alloys [7]. 

In Table 1 the mean value of L for liquid Ti amounts to 4.12 (± 0.04) gcm-3, 

corresponding to a relative deviation of 1 %. The respective density temperature 

coefficient, T, scatters around -2.85 (± 1.24)  10-4 gcm-3K-1. The thermal expansion 

coefficient,  shows a mean value around 0,69  10-4K-1 within 0,30  10-4K-1, hence equal 

to a 43% relative uncertainty for both T and [7]. 

Comp. TL (K) L (gcm-3) T                

(10-4gcm-3K-1) 

 (T = 1873K) 

(gcm-3) 

10-4K-1) 

Ti 1941  4.14 -1.48 4.15 0.36 

Ti 1941 4.15 -4.4 4.18 1.06 

Ti 1941  4.06 -3.14 4.08 0.77 

Ti 1941  4.13 -2.38 4.14 0.58 

Ti 1941  4.12 ± 0.04 -2.85 ± 1.23 4.14 ± 0.04 0.69 ± 0,30 

Al 933  2.32 -2.52 2.08 1.09 

Al 933 2.28 -1.88 2.10 0.82 

Al 933 2.29 -2.14 2.09 0.93 

Al 933  2.30 ± 0.02 -2.18 ± 0.32 2.09 ± 0.01 0.95 ± 0,13 

Table 1: Parameters TL, L, T, , the interpolated density  (T = 1873 K) and their mean values in bold 

font of pure liquid Al and Ti. The table is based on Table 6 in reference [7]. 

In the case of Al, L deviates around a mean value of 2.30 gcm-3, within ± 0.02 gcm-3, 

corresponding to a relative uncertainty of ± 0.09 %. The respective values of T show a 

mean of -2.18  10-4 gcm-3K-1, within ± 0.32  10-4 gcm-3K-1, according to ± 15 % relative 

deviation. The corresponding values for are distributed with 15 % relative uncertainty 

around 0,95 (± 0,13  10-4K-1 [7]. 
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Comp. L (gcm-3) T (10-4gcm-3K-1) Reference Method 

Al 2.37 -2.6 Brillo et al. [96] A 

Al 2.39 -3.9 Schmitz et al. [6] BP 

Al 2.37 -2.6 Kobatake et al. [25] SD 

Al 2.38 -3.3 Kobatake et al. [97] SD 

Al 2.37 -3.1 Butler et al. [43] G 

Al 2.38 -2.3 Kaptay et al. [44] G 

Al 2.38 -2.3 Tanaka et al. [45] R 

Al 2.37 -3.1 Tanaka et al. [98] R 

Al 2.36 -3.3 Gebhardt et al. [99] EML 

Al 2.36 -3.0 Gebhardt et al. [99] EML 

Al 2.29 -2.5 Gebhardt et al. [99] EML 

Al 2.36 ± 0.03 -2.91 ± 0.50   

Ti 4.17 -2.2 Kaptay et al. [46] ESL 

Ti 4.10 -9.9 Wynblatt et al. [47] ESL 

Ti 4.21 -5.1 Cummings et al. [75] ESL 

Ti 4.14 -2.25 Tanaka et al. [45] R 

Ti 4.29 -2.3 Antion  et al. [48] WE 

Ti 4.1 -3.3 Gebhardt et al. [99] EML 

Ti 4.17 ± 0.07 -4.18 ± 3.02   
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Table 2: Parameters T and L and its mean values in bold font for the density of pure Al and Ti selected 

from the literature. The references and methods are specified in the fourth and fifth column, and the method 

key can be found in Method abbreviations. The table is based on Table 3 in reference [7]. 

Table 2 contains data for L and T, and their mean values selected from the literature 

along with the references and used method. Figure 5.2 and Figure 5.3 show the 

corresponding dependencies (T) according to Eq. (2.11) of the literature data, the results 

of this work and the work of Wessing et al. [7] for Al and Ti, respectively.  

 

Figure 5.2: Temperature-dependent density, (T), of liquid Al by Eq. (2.11). The corresponding L and 

T data are taken from this work and [7] (solid line) as a mean value of all measurements, literature data 

(non-solid lines with references given in Table 2) and the corresponding mean value at the liquidus 

temperature (933 K), including error bars showing the statistical uncertainty. 

In the case of pure Al (Table 2 and Figure 5.2) the mean value of the density-temperature 

coefficient, T, of the present work, -2.18 (± 0.32)  10-4 gcm-3K-1, agrees well with the 

respective mean value of the selected literature data of -2.91 (± 0.5)  10-4 gcm-3K-1 within 

the uncertainty. However, the L mean value for pure Al of the present work of 2.30 (± 

0.02) gcm-3, lies below the errors bars of the mean value, 2.36 (± 0.03) gcm-3, given by 

literature [7].  

In the case of Ti, the mean values of the literature data shown in Table 2 and Figure 5.3 

amount to 4.17 (± 0.07) gcm-3 for L and -4.18  10-4 (± 3.02)  10-4 gcm-3K-1 for T, 
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respectively. Therefore, the data for both parameters L and T presented in the present 

work, [7] (Table 1) are in good agreement with the literature and lie within the error for 

the mean value of pure Ti [7].  

 

Figure 5.3: Temperature-dependent density, (T), of liquid Ti by Eq. (2.11) plotted with L and T data 

taken from this work, [7] (solid line) as a mean value of all measurements, literature data (non-solid lines 

with references given in Table 2), the corresponding mean value at the liquidus temperature (1941 K) with 

error bars showing the statistical uncertainty. 

In the case of the binary alloys Al-Ti, the values of L and T, obtained by the data fit 

depicted in Figure 5.1, as well as the corresponding liquidus temperature, L, and the 

thermal expansion coefficient,  are shown in Table 3. The values of L change gradually 

with increasing XAl. Except for Al40Ti60, Al60Ti40, and Al90Ti10, all compositions were 

measured more than once, and, in these cases, the observed scattering in L, T and  was 

in the same order of magnitude as for the pure elements [7].  

Generally, the precise determination of T and, consequently of  is highly sensitive to 

the accuracy of the data points determined at the margins of the temperature intervals. 

These data points are most exposed to the impact of potential sources of error, such as 

evaporation at high temperatures, or possible oxide formation, inter alia, at lower 

temperatures. In the case of this work, this led to relatively large deviations in both values 

of up to 43 % (Table 1 and Table 3).  
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However, the magnitude of the variation among the different values for T and  over all 

compositions (Table 3), XAl, lies within the deviations for one composition. Therefore, it 

is justified to claim that with respect to the experimental accuracy of the data, T is 

basically constant with a mean value of -3.83 (± 1.6) 10-4 gcm-3 [7]. 

This is in accordance with , for which a mean value of 1.18 (± 0.5)  10-4 K-1 is found 

over all compositions. This is illustrated in Figure 5.4 by the values of the thermal 

expansion coefficient,  with a relative uncertainty of 43 % plotted against the mole 

fractions, XAl, ranging from 0 to 100 at.-%. However, considering the  value of 0.35  

10-4 K-1 for XAl = 40 at.-% an outlier, one might interpret a trend that shows the lowest  

values for the pure elements and relatively higher values for the binary alloys. Moreover, 

it has to be taken into account that the mean values for the pure components amount to 

0.69 and 0.95 10-4K-1 for Ti and Al, respectively which indicates an additional 

progression of over the composition range. 

 

Figure 5.4: Thermal expansion coefficient,  with a relative statistical uncertainty of 43 % against the 

corresponding mole fractions, XAl, ranging from 0 to 100 at.-%.  

 



5 Results and discussion  

68 

 

Comp. TL (K) L (gcm-3) T (10-4gcm-3K-1)  (T = 1873 K) 

(gcm-3) 

10-4K-1) 

Al10Ti90 1962  3.91 -4.98 3.96 1.27 

Al10Ti90 1962  3.82 -2.78 3.84 0.73 

Al20Ti80 1948  3.63 -3.91 3.66 1.08 

Al20Ti80 1948 3.67 -3.17 3.69 0.86 

Al25Ti75 1941 3.69 -5.49 3.73 1.49 

Al25Ti75 1941  3.65 -3.37 3.67 0.92 

Al25Ti75 1941  3.61 -5.53 3.65 1.53 

Al30Ti70 1915  3.52 -7.57 3.55 2.15 

Al30Ti70 1915  3.53 -3.2 3.54 0.91 

Al40Ti60 1853  3.37 -1.18 3.36 0.35 

Al50Ti50 1757 3.34 -4.91 3.36 1.47 

Al50Ti50 1757 3.38 -4.51 3.32 1.33 

Al60Ti40 1721 3.13 -5.56 3.04 1.77 

Al70Ti30 1689 2.91 -3.53 2.85 1.21 

Al70Ti30 1689 2.88 -3.37 2.82 1.17 

Al80Ti20 1654 2.69 -5.82 2.57 2.16 

Al80Ti20 1654 2.69 -5.58 2.57 2.07 

Al90Ti10 1562  2.46 -3.41 2.36 1.39 

Table 3: Parameters TL, L, T, and the extrapolated density  (T = 1873 K) of the investigated liquid 

alloys AlXTi100-X. The table is based on Table 5 in reference [7]. 
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5.1.2 Discussion 

In addition to the values above, Table 1 and Table 2 also display the isothermal density 

calculated from Eq. (2.11) at T =1873 K. This temperature was chosen as an intermediate 

temperature with respect to all temperature ranges covered by the experiments. From the 

Tables it can be seen that (T = 1873 K) decreases monotonically from Ti = 4.14 (± 

0.04) gcm-3 to Al = 2.09 (± 0.01) gcm-3 upon increasing XAl [7]. 

In section 2.1 the term isothermal molar volume, V, was introduced, which can be derived 

from the mass density by Eq. (2.9) with the molar masses, in the case of Al and Ti 

accounting to 26.98 gmol-1 and 47.87 gmol-1, respectively. In contrast to the mass density, 

the molar volume is an additive quantity. If only the mass density is considered, effects 

originating from the packing and ordering of atoms could be obscured by the mass 

differences between the pure elements, Al and Ti. Therefore, to illustrate and understand 

how the density changes with composition, to consider the isothermal molar volume 

instead of the mass density is more insightful [7].  

 

Figure 5.5: Molar volumes in dependence of the mole fraction, XAl, at T = 1873 K (solid circles), molar 

volumes extrapolated to a temperature range below (hollow circles) and above (half-solid circles) 

measurement conditions. The lines show the ideal molar volumes (dotted line) and fitted molar volumes 

with one fit parameter, 0V, (solid line) and two fit parameters, 0V and 1V, (dashed-dotted-dotted line), 

following Eq. (4, 5). The Figure is taken from reference [7], Fig. 3. 
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In Figure 5.5, the molar volume at 1873 K is considered and plotted versus XAl. Due to 

the aforementioned temperature range boundaries, for some alloys, 1873 K lies outside 

the actual measured temperature range, and the values were derived from an extrapolated 

density through Eq. (2.11). This is reasonable, as the precise location of the phase 

boundaries is not crucial in this context, but the properties of the stable (or metastable) 

melt are of primary interest. As can be seen from the figure, the measured molar volume, 

V, generally increases with an increasing mole fraction, XAl, between the respective mean 

values of the pure elements Ti and Al from 11.54 cm3mol-1 to 12.92 cm3mol-1. Starting 

on the right side in Figure 5.5 at the molar volume of Al, V steeply decreases with 

increasing XAl, for XAl > 30 at.-%. Whereas, for XAl  30 at.-%, there seems to the tendency 

that V only slightly increases. However, this tendency is beyond the scatter of the 

experimental data [7]. 

Figure 5.5 additionally shows the calculated ideal molar volume, Videal, at T = 1873 K as 

a function of Al concentration, XAl. The ideal molar volume was calculated by Eq. (2.8) 

using the averaged density values of the pure components presented in this work, [7] at T 

= 1873 K, as  and  [7]. The deviation between the 

measured molar volume, V, and the ideal molar volume, Videal, is defined as the excess 

molar volume, VE, in Eq. (2.5) and depicted in Figure 5.6. In Figure 5.5, V (XAl), as well 

as the Redlich-Kister polynomial fits of zeroth (  and first (  order by Eq. 

(2.6) are displayed. The fitted, temperature-dependent excess parameters, 0Vand 1V, are 

listed in Table 4 [7]. 

v vV (T) (m3mol-1)

0 0.00247 T - 6.55516 

1 -0.001 T + 4.3711 

Table 4: Coefficients vV (T) of Redlich-Kister type polynomial fit, following Eq. (2.6) for fitted excess 

molar volumes, VE. The table is based on Table 7 in reference [7]. 

With respect to Videal, the fitted V values exhibit a negative deviation, which corresponds 

to a negative excess molar volume apparent in Figure 5.5. In the case of a fitted excess 

molar volume with N = 0 in Eq. (2.6),  a concave progression is exhibited, with the 

maximum negative excess molar volume of around -0.37 10-6m3mol-1 for an Al 

concentration, XAl  at.-% (Figure 5.5).  

In the case of an excess molar fit with N = 1 (Figure 5.5 and Figure 5.6), V steeply 

increases with increasing Al concentration with a maximum negative excess molar 

volume, VE
 -0.8 10-6m3mol-1, for XAl = 67 at.-%. For XAl < 16 at.-%, V only slightly 

decreases and shows a minor local maximum at XAl = 16 at.-%. Then, for at.-% < XAl 
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< 60 at.-%, V slightly decreases. Finally, V slightly increases again with increasing Al 

concentration for XAl > 60 at.-% until its final value is reached for pure Al [7]. 

Both non-ideal fits are in good agreement with the data, in contrast to the ideal molar 

volume Videal. Consequently, referring to the density and molar volume, it is justified to 

report that Al-Ti is a highly non-ideal system with distinct negative excess molar 

volumes.  Among the fits of zeroth and first order, the fit of first-order reproduces the 

data, as well as the data trend more accurately. Therefore, two fit parameters, 0V and 1V, 

should be considered when describing the excess molar volume in the binary Al-Ti system 

[7].  

When drawing a literature comparison, among other binary Ti-containing systems two fit 

parameters are generally used to fit molar volume data quantitatively and qualitatively 

well, as in the case of Cu-Ti [100, 101]. However, a positive excess volume has been 

found in the Cu-Ti system. Nonetheless, negative excess molar volumes have been found 

in other Al-containing systems such as Al-Ni [7, 12], Al-Fe [12], Al-Ag [84] and Al-Cu 

[102].  

 

Figure 5.6: Fitted excess molar volumes, VE
 (Eq. (2.6)), of first-order fits at T = 1473 K (dotted 

line), 1673 K (dashed line) and 1873 K (solid line). 

Overall, the results of this work, [7] are in good agreement with literature data. This can 

also be consolidated by the investigations by Peng et al. for the Al-Au system [103]. 

According to Peng et al., non-ideal mixing behavior occurs due to apparent decreasing 

atomic radii of the Al atoms in the Al-Au system, leading to a shrunken close packing, 

especially of the Al-Al pairs [104]. Taking this into account, similar processes in the Al-
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Ti system are likely. Further investigations, e.g., MD simulations, experiments with 

neutron and X-ray scattering could provide a wider insight to confirm these processes. 

Figure 5.6 illustrates plotted and fitted isothermal excess molar volumes, VE, as a function 

of the Al concentration, XAl, for different temperatures, T = 1473 K, 1673 K, and 1873 K. 

Based on its definition, the excess molar volume for the pure elements Al and Ti equals 

zero in Figure 5.6 [7]. 

For all temperatures, the values show a concave shape with a maximum negative value 

of up to VE  -1.05  10-6m3mol-1 for XAl  60-70 at.-%. With increasing temperatures, the 

maximum negative excess molar volumes are shifted to higher Al concentrations while 

they are decreasing in their maximum value. This shift indicates that at lower 

temperatures relatively higher efficient packing and interactions take place. Whereas at 

higher temperatures, pronounced atomic mobility and dynamics suppress those 

interactions and entropy becomes the dominant factor [7]. 

In this section, the results for density and molar volume have been presented and 

discussed. It has been found that Al-Ti is a highly non-ideal system showing non-ideal 

density and molar volume in the composition dependence. Significantly highly negative 

values are found for the excess molar volume, which is in good agreement with other 

binary Ti-containing systems. A comparison with other properties and their composition 

dependence will be conducted in the next chapter 6, and finally, all results will be briefly 

summarized in chapter 7. 

5.2  

The following section addresses the measurement results obtained at the EML-facility of 

the Fukuyama lab for normal spectral emissivity which are also taken as input data for 

the isobaric heat capacity evaluation presented in section 5.3. The temperature and 

composition dependencies are discussed and compared to literature results. This section 

is based on the sections 2.2 and 3.6 where the respective theoretical background and the 

experimental methods have been introduced. 

5.2.1 Results  

Figure 5.7 shows the relation between th

and the output count intensity of the spectrometer at 800 and 940 nm wavelengths. From 

the calibration of the linear dependence of the spectral radiance on the output count 

intensity, the respective sample radiance at a certain temperature and wavelength can be 

determined.  
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Figure 5.7: Relation between the spectral radiance and output count intensity of the spectrometer at 800 

nm (diamonds) and 940 nm (triangles) wavelength.  

Comp.  (K)  T-range (K) 

Al70Ti30 1689 0.3026  0.0063 1706 - 1815 

Al50Ti50 1757 0.3150  0.0026 1734 - 1838 

Al20Ti80 1948 0.4006  0.0061 1949 - 1987 

Ti 1941 0.3675  0.0053 1933 - 1970 

Table 5: Composition, liquidus temperature and normal spectral emissivity as an average over the 

measured temperature range with the respective standard deviations of the Al-Ti melts at 940 nm 

wavelength. 

Figure 5.8 shows the measured emissivity data of Ti, Al20Ti80, Al50Ti50, and Al70Ti30 in 

dependence of the wavelength. Each alloy was measured at different temperatures as 

indicated by the different continuous lines of data points for the respective alloys with the 

alloy specific temperature ranges displayed in the figure and listed in Table 5. As can be 

seen from Figure 5.8, in the case of Ti and Al20Ti80 the normal spectral emissivity, , 

decreases slightly with increasing wavelength, . For Al50Ti50 the normal spectral 

emissivity stays constant over the wavelength range while for Al70Ti30 an overall increase 

of the normal spectral emissivity can be observed with increasing wavelength. The latter 
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however, seems to show an almost constant wavelength dependence in the range above 

800 nm. 

 

Figure 5.8: Normal spectral emissivity of Ti (green triangles), Al20Ti80 (black circles), Al50Ti50 (red 

squares) and Al70Ti30 (blue diamonds) in dependence of the wavelength. 

Based on these results at a wavelength of 940 nm, Figure 5.9 shows the normal spectral 

emissivity of the Al-Ti melts along with the respective experimental error as a function 

of temperature, as discussed in section 3.6. The depicted experimental temperature range 

covers 1706-1987 K over all compositions and measurements with the alloy specific 

temperature ranges listed in Table 5.  

For all alloys a negligible temperature dependence is exhibited and, therefore, a constant 

value over the investigated temperature range assumed. This validates the temperature 

measurement approach (section 3.2.3) using a single-color pyrometer calibrated at the 

liquidus temperature and assuming the wavelength to be constant over the investigated 

temperature range. However, it must be noted that for Ti, Al20Ti80 and Al70Ti30 one outlier 

from the constant mean value is visible within each alloy measurement, which will be 

discussed in the Discussion of this chapter. The corresponding results for the average 

emissivities are listed in Table 5, along with the experimental error, as described in the 

Appendix, the liquidus temperature, and the investigated temperature range. The same 

values serve as input data for the heat capacity evaluation as presented in section 5.5. 
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Figure 5.9: Experimental results (symbols) and average values (solid lines) of the normal spectral 

emissivity at 940 nm wavelength of Ti (green triangles), Al20Ti80 (black circles), Al50Ti50 (red squares) and 

Al70Ti30 (blue diamonds) in dependence of the temperature of Al-Ti melts. The error bars show the 

expanded uncertainty as discussed in the Appendix. 

5.2.2 Discussion 

The wavelength dependence of the normal spectral emissivity was introduced in the 

Results section of this chapter and depicted in Figure 5.8. As described in this section, 

different trends for the respective alloys can be observed. Generally, the emissivity of 

pure, uncontaminated metals has been reported to be almost constant but slightly 

decreasing with increasing wavelength except for the upper wavelength range above 

about 1  [105]. This has been found for example in the cases of Cu [28], Fe [36], Ag 

and Au [88]. Few data exist on the dependence of the emissivity on the wavelength of Al-

Ti alloys. Only in the case of pure Ti, a corresponding study has been reported by 

Teodorescu et al. [105], which is, however, focused on the wavelength region of 1-

As discussed in the work by Watanabe et al. [88], an emissivity increase upon melting 

and a negative wavelength dependence can be theoretically derived from the work by 

Grass [106] which is an approximation based on the Drude model [15, 36, 88]. In the case 

of Ti and Al20Ti80 the negative wavelength dependence of the emissivity is, therefore, in 

good agreement with theory and literature. On the other hand, the trend observed for 

Al50Ti50 and Al70Ti30 with constant and overall positive wavelength dependence, 
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respectively is not consistent. In these cases, an error contribution in the calibration, 

measurement or due to contamination could be indicated, and it would be recommended 

to repeat the wavelength dependent measurements of the emissivity to neglect these 

factors. However, in this section, the emissivity at a constant wavelength of 940 nm will 

be discussed. In this wavelength range, both alloys show almost constant wavelength 

dependencies. Additionally, it will be found in this section that the measured data are in 

good agreement with other reported results. Overall it is therefore suggested, that the 

wavelength dependence of the emissivity of Al50Ti50 and Al70Ti30 might require further 

investigation. However, in this context, it is negligible concerning the emissivity at a 

wavelength of 940 nm which seems to be reasonable and accurate within the experimental 

error. 

As mentioned in the Results section of this chapter and shown in Figure 5.9, for Ti, 

Al20Ti80, and Al70Ti30, one outlier beyond the experimental error from the constant mean 

emissivity over the investigated temperature range must be noted, respectively. The 

outliers show a deviation to smaller emissivities. As Watanabe et al. [88] investigated, 

the emissivities of liquid metals are generally larger than those of the respective solids. 

Therefore, the outliers might indicate the presence of oxide particles 

surface that could reduce the emissivity, as the Al-Ti system is highly sensitive to oxygen 

(compare section 5.6). On the other hand, it could mean that the experimental error was 

evaluated as too low and higher temperature error contributions must be taken into 

account (see error propagation for emissivity in the Appendix). 

Figure 5.10 displays the composition dependence of the emissivity of the Al-Ti melts 

taken as an average value over the investigated temperature range from Table 5. The 

largest emissivity is found for Al20Ti80 and the lowest for Al70Ti30 ranging from 0.4006 

± 0.0061 to 0.3026 ± 0.0063. The data show good agreement with literature data for Ti 

by Qin et al. [107], Al-Ti alloys by Krishnan et al. [32] and the technical alloy Ti-6Al-4V 

[8] reported by Boivineau et al. which are listed in Table 6, along with the respective 

measurement method, temperature range and references.  

The data and data trend of the emissivities for Al-Ti alloys measured by Krishnan et al. 

using electromagnetic levitation coincide well with the results of this work over the whole 

composition range. Nevertheless, on the Ti-rich side, the results of this work for Ti and 

Al20Ti80 show higher values than the value and trend given by Krishnan in the range of 0 

at.-% < XAl < 40 at.-%. In the case of Ti, the value given by Krishnan of 0.309 is exceeded 

by the value of this work of 0.3675 by about 19 %. Lower emissivity values could imply 

the presence of oxide by Krishnan which 

can lead to lower emissivity values. The literature data result given by Qin et al. [107] for 

pure Ti of 0.303 agrees well within 7 % with the data of this work. Additionally, the 
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indicated data trend in this region by the result of Boivineau et al. seems to correspond to 

the results of this work for an Al ratio equal or smaller 6 at.-%. Nonetheless, one must 

keep in mind that even a comparatively small addition of V in the technical alloy Ti-6Al-

4V might lead to significant deviations in the emissivity compared to the binary Al-Ti 

alloys.  

 

Figure 5.10: Composition dependence of the normal spectral emissivity of Al-Ti melts of experimentally 

obtained results of this work (right-pointing triangles) and literature data (Table 5 and Table 6). 

Generally, the emissivity and its wavelengths dependence are dominated by two major 

mechanisms. In the longer wavelength range, intraband transitions of free electrons play 

the dominating role in the optical property while with decreasing wavelength the 

contributions of free carrier adsorption with interband transitions increase [28, 108]. 

Generally, the emissivity of metals increases with increasing interband transitions. The 

absorption edges due to the direct interband transition have been reported to lie in the 

ultraviolet (10 - 400 nm) and infrared (780 nm - 1 mm) for Al and Ti, respectively with 

the alloy system assumed to be in between these ranges [32]. Especially on the Al-rich 

site in the Al-Ti system, the emissivity measured at 940 nm might consequently lie in the 

intraband dominated range. To validate the weighting of the contributing mechanisms in 

future works, it is suggested to theoretically calculate the emissivity as a function of 

wavelength by applying the Drude model. The Drude model gives accurate predictions 



5 Results and discussion  

78 

 

in the longer wavelength region where intraband transitions are dominating. Experimental 

results complying with the Drude model consequently indicate that this mechanism plays 

the crucial role in the measured wavelength range. 

Comp.  T-range (K) Reference Method 

Ti 

Al40.3Ti59.7 

Al50.8Ti49.2 

Al61.4Ti38.6 

Al82.5Ti17.5 

Al90Ti10 

Al95Ti5 

Al 

0.309 

0.326 

0.335 

0.29 

0.192 

0.123 

0.07 

0.083 

1800 Krishnan et 

al. [32] 

He-Ne laser el-

lipsometry at 

632.8 nm 

Ti-6Al-4V 0.435 - -5T TL - 2920 Boivineau et 

al. [8] 

Pulse heating 

and fast laser 

polarimeter at 

684.5 nm 

Ti 0.393 1847 - 2430 Qin et al. 

[107] 

EML and par-

tial-radiation 

pyrometer op-

erating at 650 

nm 

Table 6: Composition, normal spectral emissivity along with the respective temperature range, reference 

and method of literature results for unary, binary and multi-component Al-Ti melts. 

In this section, the results for normal spectral emissivity have been presented and 

discussed. The results agree well with literature data [32] over the whole measured 

composition range. Emissivity is an important input parameter for the calculation of the 

isobaric heat capacity which is presented in the following section. 

5.3  

In the following section measurement results obtained at the EML-facility of the 

Fukuyama lab for the isobaric heat capacity are presented. The temperature and 

composition dependencies are discussed and compared to literature results. Additionally, 

the composition dependence of the isobaric heat capacity is compared to the Neumann-
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Kopp rule and its deviations related to isothermal excess heat capacity. This section is 

based on sections 2.3 and 3.7 where the respective theoretical background and the 

experimental methods have been introduced. 

5.3.1 Results  

A typical example of the temperature response during the isobaric heat capacity 

measurement in the ac steady state is presented in Figure 5.11 for pure Ti with the 

modulation frequency 0.3 Hz (1.88 rad s-1). The temperature amplitude Tac, and the 

phase shift, , are measured by changing the modulation angular frequency, , to obtain 

the corresponding relations -  and - Tac. 

 

Figure 5.11: Modulated laser power,  (dotted line), and temperature response, Tac (solid line), at steady 

state in the non-contact modulated laser calorimetry with a modulation angular frequency of 0.1 Hz (0.75 

rad s-1). 

For Ti at 2015 K, these relations and their fits are shown in Figure 5.12 in dependence of 

the modulation frequency. The value of Tac exhibits a maximum value around  = 0.1 

Hz (0.75 rad s-1), where the phase satisfies the requirement of  = 90°. The relaxation 

times c and r can be determined by fitting  by Eq. (3.14), leading to values of 0.49 and 

6.11, respectively. The correction function, f, can then be evaluated as a function of the 

modulation frequency corresponding to 0.93 at 0.1 Hz.  

Consequently, substituting the correction function, f, and Tac in Eq. (3.13) leads to the 

heat capacity, CP as shown in Figure 5.13. The figure depicts the isobaric molar heat 
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capacity data of liquid Al70Ti30, Al50Ti50, Al20Ti80 and pure Ti along with the respective 

experimental errors, as discussed in the Appendix. For all compositions, the heat capacity 

shows negligible temperature dependence. The respective average values are given in 

Table 7 along with the respective standard deviations at constant pressure.  

 

Figure 5.12: Phase shift,  (black triangles), and angular average increase in temperature of the ac 

component, ac (blue crosses), of liquid Ti at 2015 K as a function of the modulation angular frequency. 

The solid lines represent the nonlinear least squares fitting to the experimental results. 

Comp.  (K)  (JK-1mol-1) Investig. T-range (K) 

Al70Ti30 1689 57.59  1.47 1665 - 1770 

Al50Ti50 1757 46.20  1.22 1765 - 1886 

Al20Ti80 1948 54.61  1.31 1930 - 2030 

Ti 1941 48.50  0.72 1930 - 2030 

Table 7: Composition, liquidus temperature and average heat capacity over the measured temperature 

range along with the respective standard deviations of the Al-Ti melts at constant pressure. 
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Figure 5.13: Experimental results (symbols) and linear fits (dashed lines) of the isobaric heat capacity of 

Ti (triangles), Al20Ti80 (circles), Al50Ti50 (squares) and Al70Ti30 (diamonds) in dependence of the 

temperature. The error bars show the expanded uncertainty as discussed in the Appendix. 

5.3.2 Discussion 

Figure 5.14 shows the composition dependence of the average heat capacity of the Al-Ti 

melts as given in Table 7. The largest values for the heat capacity are found for Al70Ti30 

of about 57.59 ± 1.47 Jmol-1K-1 and the lowest for pure Al70Ti30 of about 46.20 ± 1.22 

Jmol-1K-1. The error bars show the experimental uncertainty as discussed in the Appendix. 

Also shown are literature data for Al, Ti and technical alloys Ti-6Al-4V and Ti-44Al-

8Nb-1B which are listed in Table 8 along with the respective measurement methods, the 

temperature range, and references. For Ti, the result of this work is in good agreement 

with the literature data given by NIST-JANAF reference data [109] and Qin et al. [107]. 

Only the value given by Cagran et al. [9] lies significantly below the value given in this 

work and the other literature data by about 27 %.  

For Al-Ti alloys the data on heat capacity are sparse, and thus, the data for the technical 

alloys is shown. The data on Ti-6Al-4V vary strongly from 35.5 Jmol-1K-1 by Reiter et al. 

[110] to 52.6 Jmol-1K-1 by Boivineau et al. [8]. Especially the data given by Kaschnitz et 

al. [111] and Boivineau seem to be in good agreement with the data and data trend of this 
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work. However, when comparing these data, it should not be disregarded that the addition 

of V in the technical alloy Ti-6Al-4V might lead to deviations in the heat capacity 

compared to the binary Al-Ti alloys.  

 

Figure 5.14: Composition dependence of the heat capacity at constant pressure of Al-Ti melts of 

experimentally obtained results of this work (right-pointing triangles), a linear composition dependence 

based on the Neumann-Kopp rule (dashed line) and literature results (Table 7 and Table 8). 

The same applies to the heat capacity value for Ti-44Al-8Nb-1B by Cagran et al. which 

deviates significantly from the result of the heat capacity of Al50Ti50 given in this work 

by about 22 Jmol-1K-1. Nevertheless, besides the composition differences, it can be also 

taken into account that Cagran et al. underestimate the heat capacity value of Ti, with 

respect to other reference values and literature data. The dashed line in Figure 5.14 illus-

trates the ideal heat capacities of Al-Ti according to the Neumann-Kopp relation, calcu-

lated by Eq. (2.18), with  Jmol-1K-1 and  Jmol-1K-1 taken from 

the NIST-JANAF reference data [109]. The data from the Thermocalc software [112] for 

the Al-Ti heat capacities for Al-Ti comply well with the Neumann-Kopp rule and seem 

to be determined from the same reference data derived from the enthalpies of mixing. All 

values for the heat capacity values of Al-Ti exceed the values for the ideal heat capacities 

with a maximum for Al70Ti30 amounting to a difference of 20.1 Jmol-1K-1.  
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Comp.  (JK-1mol-1) T-range (K) Reference Method 

Ti 

Al 

 

47.24 

31.75 

 

1939 - 3631 

720 - 3000 

 

NIST-JA-

NAF [109] 

derived from 

enthalpy meas-

urements in 

crucibles 

Ti-6Al-4V 52.63 TL - 2920 Boivineau et 

al. [8] 

differential 

scanning calo-

rimeter (DSC) 

Ti 43.79 1847 - 2430  Qin et al. 

[107] 

derived from 

enthalpy meas-

urements by 

levitation-drop 

calorimetry 

Ti 

Ti-44Al-8Nb-1B 

Al 

35.28 

26.65 

31.76 

1800 Cagran et al. 

[9] 

pulse-heating  

Ti-6Al-4V 35.52 

39.68 

1650 

1900 

Reiter [110] ms pulse-heat-

ing 

Ti-6Al-4V 43.51  over T-

range 

1400 - 2300 Kaschnitz et 

al. [111] 

ms and µs 

pulse-heating  

Table 8: Composition, isobaric heat capacity along with the respective temperature range, reference and 

method of literature results for unary, binary and multi-component Al-Ti melts. 

The deviation between the ideal heat capacity and the measured heat capacity is called 

excess heat capacity, , and defined by Eq. (2.19). Figure 5.15 depicts the excess heat 

capacity of Al-Ti with respect to an ideal heat capacity calculated by the Neumann-Kopp 

rule using the aforementioned NIST-JANAF reference data for Al and the Ti result of this 

work given in Table 7. The excess heat capacity is positive for all compositions. The 

dashed line in Figure 5.15 illustrates a fit of the excess heat capacity by a Redlich-Kister 

polynomial in accordance with Eq. (2.20) with the fit parameters, c, c and c, listed in 

Table 9.  
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Figure 5.15: Composition dependence of the excess heat capacity at constant pressure of the Al-Ti melts. 

The squares symbolize fitted values of the linear temperature dependencies, and the dashed line shows a 

Redlich-Kister fit with fit parameters listed in Table 9. 

v vc (m3mol-1)

0 24.30 

1 89.01 

2 245.09 

Table 9: Redlich-Kister type fit parameter of v-th order used for the excess heat capacity fit illustrated in 

Figure 5.15. As the heat capacity is assumed to be constant over temperature, consequently, the fit 

parameters are not dependent on temperature, either.  

Considering all data, the result of positive excess heat capacity in the Al-Ti system is 

highly interesting and opposed to the literature results for multi-component industrially 

used Al-Ti based alloys. However, with regards to the lack of comparable data in the 

binary Al-Ti system, the sensitivity of Al-Ti alloys to contamination and the resulting 

influence on its properties, further validation in future works is required. For example, 

the presence of non-visible oxides on a sample during one measurement might 

significantly influence the molar heat capacity and in the following composition 
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dependent data trend. Therefore, it is suggested for future works to investigate the molar 

heat capacity of more compositions in the Al-Ti system to verify the trend of the 

composition dependent excess heat capacity fit. Nonetheless, as for all compositions, a 

unified positive excess molar volume has been found, it is justified to claim that the molar 

heat capacity of the binary Al-Ti system shows positive deviations from the Neumann-

Kopp rule. This is in agreement with other metallic systems such as Fe-Ni where a 

positive deviation from the Neumann-Kopp rule over the entire composition range was 

found accordingly by Watanabe et al. [86]. 

In this section, the results for the isobaric heat capacity have been presented and 

discussed. It was found that generally high isobaric heat capacity results were obtained in 

this work with respect to literature data. Positive excess heat capacity is shown over the 

whole measured composition range. A comparison with other properties and their 

composition dependence will be conducted in chapter 6. 

5.4  

High-temperature viscosity results of Al50Ti50 obtained under reduced gravity ( g) in the 

TEMPUS facility (compare section 3.3) during parabolic flight are thematised in this 

section. The temperature dependence of the data is fitted according to Arrhenius law and 

compared to literature data for the viscosity of Al and Ti. Different models, e.g., the Hirai 

model [55] are applied to illustrate possible composition dependencies in the Al-Ti 

system. This section is based on the sections 2.5 and 3.9 where the respective theoretical 

background and the experimental methods were introduced. 

5.4.1 Results 

Figure 5.16 shows measured viscosity data,  of liquid Al50Ti50 obtained under reduced 

gravity conditions at three different temperatures. The data, ranging from 5.73 mPas to 

6.88 mPas and the respective uncertainties are listed in Table 10 along with the 

corresponding temperatures. The uncertainties as discussed in the Appendix, vary up to 

about 10%, as depicted in Figure 5.16. The data are fitted by Arrhenius law (Eq. (2.42)), 

as introduced in section 2.5.1 with the fit parameters,  and , given in Table 10. It 

should be noted that the fit can only be validated within the measured temperature range. 

As a comparison and due to non-available data for the viscosities of the binary system 

Al-Ti, literature data for the pure elements Al, reported by Assael et al. with the 

corresponding Arrhenius fit [14] and data for Ti given by Agaev [113] and Paradis et al. 

[114] are shown. Except for the data given by Paradis et al. as a linear function over a 
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temperature range of 1750-2050 K, all literature values lie below the results presented in 

this work.  

 

Figure 5.16: High-temperature viscosity data of liquid Al by Assael et al. (star symbols) and the 

corresponding Arrhenius fit (solid line) [14], Ti reported by Agaev (circles) [113] and Paradis et al. (dotted 

line, valid for 1750-2050 K) [114] and Al50Ti50 g results and Arrhenius fit of the present work (squares 

and dashed line) valid for the measured temperature range 1574  1843 K. 

T (K)  (mPas)  (mPas)  (mPas)  (104 Jmol-1) 

1574 6.88 0.43 2.23 1.27 

1578 6.82 0.44   

1843 5.73 0.50   

Table 10: Al50Ti50 g viscosity data, , and uncertainty, , at the respective temperature, T, of the present 

work and corresponding  and  Arrhenius fit parameters. 

The data by Paradis et al. [114] intersect with the Arrhenius fit of the Al50Ti50 data at 

about 1843 K, showing lower viscosity values for Ti with respect to the alloy at higher 

temperatures and higher viscosities at temperatures below 1843 K. The viscosities for Ti 
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are given respectively as 4.4 mPas and 2.2 mPas at about 1943 K by Paradis and Agaev 

et al. Respectively, the data by Assael at al. [14] are presented as chemical reference data 

for the viscosity of liquid Al, taking values from 0.87 mPas to 1.30 mPas over the meas-

ured temperature range.  

5.4.2 Discussion 

In Figure 5.17 additional literature data for the isothermal viscosity of Al and Ti are 

depicted as a function of mole fraction, XAl, including the results of this work for Al50Ti50. 

All data, except the one given by Agaev et al. [113] at 1943 K, have been calculated for 

1750 K by Arrhenius law, according to Eq. (2.42) using the data reported for  and  

in the respective references. The calculated and reported values for the viscosity, along 

with the corresponding temperatures, methods and references are listed in Table 11.  

The viscosity for Ti reported by Paradis et al. [114] is distinctively higher than the one 

given by Agaev et al. [113], varying about 54% (at different temperatures). In the case of  

Al, the viscosity is more uniform, scattering around a mean value of 0.6 (± 0.05) mPas, 

corresponding to a relative uncertainty of 8% among the reported literature data at 1750 

K. The viscosity value for Al50Ti50 of this work of 5.31 mPas exceeds the mean values of 

the pure elements almost by a factor of 1.4 and 9 for Ti and Al, respectively. Moreover, 

the value is twice as large as the respective value calculated on the basis of linear 

dependence between the pure elements, indicating a positive excess behaviour of 

Al50Ti50. However, it is not possible to draw any other conclusions concerning excess or 

ideal behaviour and a general trend in the composition dependence of the viscosity, due 

to a lack of additional reference data of viscosities in the binary system Al-Ti. 

Furthermore, Figure 5.17 illustrates various models for the composition dependence of 

the viscosity in the Al-Ti system, including an ideal, linear dependence between the 

viscosities of the pure elements of 0.65 mPas and 5.69 mPas for Al and Ti, respectively. 

The models, as introduced in section 2.5.2, have been calculated for 1750 K and as input 

parameter for the pure elements, the reference data by Assael et al. for Al [14] and the 

data given by Paradis et al. for Ti [114] of 0.65 mPas and 5.69 mPas, respectively, are 

used. The data by Dessai et al. [115] are employed for the enthalpy of mixing, , as 

input parameter needed for the calculations of some viscosity models. The input data for 

the molar volume, , taking an excess molar volume into account, are taken from this 

work, as presented in section 5.1. As can be seen from Figure 5.17, the models predict 

highly varying viscosity values and trends in the Al-Ti system. The reason for the strong 

differences among the models lies within the different weighting of the parameters, in 

particular with partially negative or positive pre-exponential factors of the parameters 

, V and M. 



5 Results and discussion  

88 

 

The Hirai model [55] (Eq. (2.43)) and the Kaptay model [57] (Eq. (2.45)) depicted in 

Figure 5.17, fail to predict the experimental data of this work completely. For the 

corresponding composition Al50Ti50 both models show negative deviations with respect 

to a linear dependence between the viscosities of the pure elements and underestimate the 

experimental data by 48% and 73%, respectively. A general positive viscosity deviation 

from the linear composition dependence can be found for the Kozlov model [56] (Eq. 

(2.44)) which seems to depict the trend of the measured data approximately. However, 

for the corresponding composition Al50Ti50, the Kozlov model underestimates the data by 

28% and lies, therefore, beyond the experimental uncertainty of 9%.  

 

Figure 5.17: Literature data for the viscosity for Ti by Agaev et al. [113] and Paradis et al. [114], for Al 

reported by Assael et al. [14], Kobatake et al. [97], Mills et al. [116], Sato et al. [117], Kehr [118], Kawai 

et al. [119] and g viscosity results of the present work for Al50Ti50. Additionally, composition dependence 

predictions are depicted, according to models by Hirai [55], Kozlov [56] and Kaptay [57]. All models and 

literature data besides the value by Assael et al. [14] at 1941 K were calculated for 1750 K (compare Table 

11). 

Overall, it can be observed that none of the models fits the experimental value for Al50Ti50 

of 5.31 mPas within the experimental uncertainty of 9%. As described in the sections 3.3 

and 3.9, electromagnetic levitation in combination with the oscillating drop technique in 

the TEMPUS facility under microgravity conditions was used to measure the viscosity of 
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liquid Al50Ti50. Viscosity measurements at constant temperature are not possible in the 

TEMPUS facility. To elucidate the influence of internal flow in the sample induced by 

heating pulses, viscosity measurements can only be determined upon free cooling in the 

TEMPUS facility. Therefore, the measurements are performed over a cooling phase of 

about 1 s with a temperature decrease of 30-40 K, which leads to increased uncertainty in 

the temperature determination [53]. Nonetheless, the residual fluid flow might also 

influence the accuracy of the viscosity. Additionally, the uncertainty of the viscosity is 

influenced by vibrations transferred from the airplane to the TEMPUS facility due to the 

unpredictable wind, weather and flight conditions. These vibrations can lead to position 

instabilities [53].  

Comp. T (K)  (mPas) Method Reference

Ti 1943 2.2 C Agaev [113] 

Ti 1750 5.69 OD Paradis [114] 

Al 1750 0.59 R Assael [14] 

Al 1750 0.65 OC Kobatake [97] 

Al 1750 0.57 OC Mills [116] 

Al 1750 0.53 OC Sato [117] 

Al 1750 0.63 OC Kehr [118] 

Al 1750 0.63 OC Kawai [119] 

Al50Ti50 1750 5.31 g-OD Present work 

Table 11: Viscosity data of liquid Al, Ti reported in the literature and Al50Ti50 microgravity data of this 

work, along with the respective temperature, method, and references. The key to the method abbreviations 

in the fifths column can be found in section Method abbreviations.  

Overall, microgravity measurements in the TEMPUS facility offer the great opportunity 

to conduct comparative and complementary viscosity measurements for ground-based 

experiments [53]. However, in cases like liquid Al-Ti alloys where ground-based results 

are rare or not existing, the large error in the microgravity measurement renders it neces-

sary to repeat measurements for verification. Additionally, it is suggested to measure the 
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viscosity over the whole composition range of the binary Al-Ti alloy system to validate 

the composition dependent trend of the isothermal viscosity. 

In this section, the results for high-temperature viscosity under reduced gravity have been 

presented and discussed. The viscosity of one composition, Al50Ti50 has been measured 

in the Al-Ti system. The results show higher values compared to literature results found 

for the pure components which would indicate a positive excess viscosity with regards to 

a linear viscosity dependence. Concerning model predictions, all models used failed to 

predict the data. The Kozlov model is the only model predicting the approximate viscosity 

trend in agreement with the measured result. However, it underestimates the value for 

Al50Ti50 by far by about 28%. It is suggested to repeat the measurement to verify the data 

and to measure over the whole Al-Ti composition range. A comparison with other 

properties and their composition dependence will be conducted in the next chapter 6, and 

finally, all results will be briefly summarized in chapter 7. 

5.5  

In this section, the results of the high-temperature surface tension measurements as a 

function of temperature at the DLR-MP EML-facility are shown and compared to 

literature data. Additionally, different models are applied such as the Chatain [47] and 

Butler [43] model, compared to the composition dependence in the Al-Ti system and 

related to non-ideal behaviour and interatomic processes. The data of this chapter were 

published before in the publication Density, Molar Volume, and Surface Tension of liquid 

Al-Ti by Wessing and Brillo [7] and some parts of this chapter including graphics are 

based on evaluations and discussions of the aforementioned publication. The reuse of 

data, graphics, and content was granted by a Springer copyright license with the number 

4127610503802. This section is based on the sections 2.4 and 3.8, where the respective 

theoretical background and the experimental methods have been introduced. 

5.5.1 Results 

Figure 5.18 shows measured surface tension data,  plotted versus temperature of pure 

Ti and the binary liquid alloys Al-Ti, as already reported in the preceding work by 

Wessing and Brillo [7]. In order to visualize the complete composition range of the 

system, the figure also shows linear regression lines of the data of pure Al taken from the 

publications by Kobatake et al. [25, 96]. Therefore, the depicted Al-mole fraction, XAl, in 

Figure 5.18 ranges from 0 to 100 at.-%.  

Each measurement was carried out over a broad temperature range of 100-250 K, 

including up to 200 K undercooling below the respective liquidus temperature. 
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Corresponding to the measurements of other properties of the liquid phase, e.g., density, 

surface tension measurements are restricted by the same temperature range boundaries 

[7]. 

For all compositions, the surface tension decreases linearly with rising temperature. In 

addition,  changes gradually with the composition, exhibiting an increase with 

decreasing XAl with the lowest values observed for pure Al and the highest results for pure 

Ti [7]. Besides the data measured at the DLR-MP, surface tension values for XAl = 50 at.-

% obtained under microgravity conditions in the TEMPUS facility on board of a parabolic 

flight (as described in section 3.3) are illustrated in Figure 5.18. The data fits in 

accordance with Eq. (2.23) are represented in Figure 5.18 by the solid lines. The obtained 

values for L and T together with the corresponding liquidus temperatures TL are listed in 

Table 12 and Table 13 for the pure elements and the alloy system, respectively. In the 

case of Al, the data, refer to the data of the work by Kobatake et al. [25, 96].  

 

Figure 5.18: Literature surface tension data, , of liquid Al [30, 96] and measured surface tension results 

of liquid Ti, Al-Ti (symbols) and their linear fits (lines) in dependence of temperature, T, following Eq. 

(2.23). The spheres illustrate data measured in microgravity. The inset shows a magnified portion of the 

figure for Al-mole fractions XAl ranging from 0 to 40 at.-%. Based on Fig. 6 by Wessing et al. [7]. 

As shown in Table 13, the values of L change gradually with increasing mole fraction, 

XAl. In the case of T, the margin over all compositions is around 55 %, while the 
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magnitude of variation among the data of each composition is also around 20 - 60 %. 

Therefore, it is reasonable to conclude that  is essentially constant, with a mean value 

of (-2.51 (± 1.37))  10-4Nm-1K-1 within the experimental accuracy [7]. 

Additionally, Table 12 and Table 13 show the isothermal surface tension calculated from 

Eq. (2.23) at T = 1950 K, chosen from the middle of the total range of temperatures 

covered by the experiments. Correspondingly to the density data, some of the extrapolated 

values, (T = 1950 K) outlying the measured temperature range for some alloys, which 

is not relevant in the context. As can be seen from the Tables, upon increasing XAl, (T 

=1950 K) decreases from Ti = 1.56 (± 0.02) Nm-1 to Al = 0.71 (± 0.01) Nm-1 [7]. 

Comp. TL (K) L (Nm-1) T (10-4Nm-1 

K-1) 

(T = 1950 K)  

(Nm-1) 

Reference

Ti 1941  1.56 -0.62 1.56 [7], present 

work 

Ti 1941 1.58 -2.49 1.57 [7], present 

work 

Ti 1941 1.54 -1.85 1.54 [7], present 

work 

Ti 1941 1.56 ± 0.02 -1.65 ± 0.95 1.55 ± 0.02 Average 

value 

Al 933 0.98 -2.71 0.70 [96] 

Al 933  0.87 -1.46 0.72 [25] 

Al 933 0.92 ± 0.08 -2.09 ± 0.88 0.71 ± 0.02 Average 

value 

Table 12: Melt composition, references, parameters L, T, and the extrapolated isothermal surface tension 

(T = 1950 K) with the mean values in bold font. The data relate to the results of this work, [7] and literature 

results in the case of Ti and Al, respectively.  
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Comp. TL (K) L (Nm-1) T (10-4Nm-1K-1) (T = 1950 K) (Nm-1) 

Al10Ti90 1962  1.52 -4.34 1.53 

Al10Ti90 1962 1.46 -5.81 1.47 

Al20Ti80 1948  1.35 -3.29 1.35 

Al20Ti80 1948  1.28 -2.18 1.28 

Al25Ti75 1941  1.30 -2.42 1.30 

Al25Ti75 1941  1.36 -3.38 1.36 

Al30Ti70 1915  1.34 -3.38 1.33 

Al30Ti70 1915  1.33 -4.24 1.31 

Al40Ti60 1853  1.24 -1.79 1.23 

Al50Ti50 

( g) 

1757  1.24 -6.46 1.11 

Al50Ti50  1757  1.07 -2.86 1.01 

Al60Ti40 1721 0.96 -0.68 0.95 

Al70Ti30 1689  0.94 -1.80 0.89 

Al80Ti20 1654  0.92 -1.61 0.88 

Al90Ti10 1562  0.89 -3.14 0.77 

Al90Ti10 1562  0.81 -0.23 0.80 

Table 13: Melt composition, parameters L, T, and the interpolated surface tension (T = 1950 K) of the 

investigated liquid alloys AlXTi100-X. 
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In Figure 5.19 the isothermal surface tension data at T = 1950 K are plotted in dependence 

of XAl. In the range of XAl < 20 at.-% in Figure 5.19, (T = 1950 K) decreases with con-

centration. For 20 at.-%.  XAl 30 at.-%, there seems to be the tendency, that (T = 1950 

K) is approximately constant, however, this tendency is beyond the scatter of the experi-

mental data. Finally, for compositions, XAl > 30 at.-%, (T = 1950 K) steeply decreases 

with XAl, featuring a concave shape until its final value is approached at XAl = 100 at.-% 

[7]. 

 

Figure 5.19: Measured isothermal surface tension, , of liquid Al-Ti alloys and Al literature data [25, 96], 

in dependence of the mole fraction, XAl, at 1950 K. The squares show the extrapolated measured surface 

tension data, the lines represent the data fits with two fit parameters, 0u and 1u, (dashed-dotted-dotted line, 

Table 14). Additionally, surface tension values calculated with the Butler model [43] for subregular 

solutions with ideal (dotted line) and non-ideal mixing behaviour (dashed line) and the Chatain model [47, 

48] for subregular solutions (solid line) are shown. Based on Fig. 7 by Wessing et al. [7]. 

5.5.2 Discussion 

Moreover, Figure 5.19, illustrates a comparison of the experimental data to model 

calculations for the isothermal surface tension,  (T = 1950 K). Analogously to the molar 

volume in chapter 5, the data are fitted by a Redlich-Kister type polynomial of first order 

(N = 1) based on Eq. (2.27) with the corresponding fit parameters, 0u(T = 1950 K)  and 
1u(T = 1950), listed in Table 14. The fit is in good agreement with the data and the data 
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trend. However, for 10 at.-% < XAl <30 at.-% it does not reproduce the kink, and the 

surface tension is slightly overestimated [7].  

As can be seen from Figure 5.20, the empirical model by Allen [50], introduced in section 

2.4.5, is not in good agreement with the data and overestimates the surface tension almost 

over the entire composition range of the binary system Al-Ti. Only for XAl 10 at.-%, the 

isothermal surface tension  (T = 1950 K) lies within the experimental error. 

Consequently, the model fails to describe the data correctly. 

In the case of an ideal solution in accordance with Eq. (2.28), the model follows a concave 

form, with the highest values found for pure Ti and lowest values for pure Al. The model 

underestimates the surface tension for all alloys except for Al90Ti10. Analogously to other 

properties, for example, density and heat capacity, the Al-Ti system does consequently 

not show ideal solution behavior concerning surface tension [7]. 

A far better agreement is achieved by the calculations of the Butler model [43] and the 

Chatain model [47, 48] for subregular non-ideal solutions, introduced by Eq. (2.32) and 

Eq. (2.34), respectively, with the temperature dependent interaction parameters, LAl,Ti(T), 

listed in Table 14. Both models succeed to predict the data, and the data tendency, with 

positive excess values exhibited relative to the ideal solution [7]. The predictions by the 

Chatain model [47, 48], are generally in good agreement with the measured data and 

follow the kink for an Al concentration around 25-50 at.-%. However, for 40 at.-% < XAl 

<70 at.-% the model overvalues  (T = 1950 K) by 5-12 %. For Al concentrations greater 

than 70 at.-%, the Chatain model lies within the error bars, but the model shows a negative 

kink in this interval, while in contrast, the data follow a minor positive kink. Overall, the 

Butler model describes the data accurately, in particular in the composition range of 25 

at.-  XAl -%, following the data within all error bars. Nonetheless, for 

compositions 25 at.-% < XAl < 50 at.-%, the Butler model underestimates the data by 5-

16 % and does not reproduce the kink, featured in this interval [7].  

v vL (Jmol-1) vu(T) (Nm-1mol-1)

0 41.972T - 118048 -2.18327  10-4 T + 0.21604 

1 19.704T - 23613 -0.00136 T + 2.8091 

2 - 13.844T + 34757  

Table 14: Temperature-dependent parameters vL used for the calculations of the subregular solution 

models by Butler Eq. (2.32) and by Chatain Eq. (2.34) and coefficients vu(T) being temperature dependent 

material-specific interaction parameters for the excess surface tension of a  Redlich-Kister type polynomial 

of the first order, fitted by Eq. (2.27). 
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In Figure 5.20, calculations based on the compound formation model, proposed by Egry, 

Eq. (2.37), for an ideal behaviour with no compound formation and potential compound 

formations with Al2Ti, Al3Ti and Al11Ti5 compositions are shown. The compound for-

mation can be particularly evident in systems with intermetallic phases at the respective 

compositions, as both processes are triggered by the pronounced attraction between 

unlike atoms. In the Al-Ti phase diagram different intermetallic compounds, i.e., TiAl, 

TiAl3, TiAl2, Ti5Al11 Ti3Al5, Ti2Al5, and Ti9Al23/Ti8Al24 have been identified. However, 

their individual stability ranges in dependence on composition and temperature have not 

been clarified up to now [80, 120, 121]. 

 

Figure 5.20: Isothermal measured surface tension, , of liquid Al-Ti and literature data for pure liquid Al 

[25, 96], in dependence of the mole fraction, XAl, at 1950 K (black squares). The lines represent calculations 

based on the compound formation model by Egry [49], introduced in section 2.4.4 for an ideal behaviour 

with no compound formation (solid line) and non-ideal behaviour with compound formation present at 

different compositions AlnTim.  

Generally, the model by Egry (Figure 5.20) exhibits a concave shape, with a distinct un-

derestimation up to 16% in the case of ideal behavior. For a predicted compound for-

mation, the model shows a kink to higher  (T = 1950 K) values at the respective com-

pound formation composition AlnTim, with XAl (at.-%) = 100  n/(n + m). In the range of 

the compound formation composition, the model generally overestimates the data, in 
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particular for Al2Ti and Al3Ti. The model neither fits the value accurately nor does it 

 

Even though only the calculations for three potential compositions for compound 

formations are shown in the figure; the model has been evaluated for all possible 

compound formation compositions, as taken from the intermetallic phases in the system. 

For all compositions, the model fails to reproduce the data and data trend. Thus, it can be 

said, that no compound formation occurs in the liquid Al-Ti system that affects the surface 

tension in agreement with the Egry model. That is in agreement with other Al containing 

systems, e.g., Al-Au [96, 104] and Al-Cu [122]. 

After consideration of all evaluated models, the Butler model for non-ideal solutions 

predicts the data most accurately in the Al-Ti system. For many systems, ideal solution 

models do not comply with the experimental data, as those models neglect the excess 

Gibbs energy, EG, (compare section 2.4.1 on Gibbs free energy). As a consequence, the 

models predict the data only based on the surface segregation of the surface-active 

component, e.g., Al in the case of Al-Ti. Here, the mechanism is described, that the 

component with the smaller surface tension becomes enriched in the surface layer in order 

to minimize the energy of the entire system. However, in the case of systems with E

0 also inter-atomic effects must be taken into account. For non-ideal solutions, two cases 

can be distinguished, namely EG > 0 with enhanced surface segregation and EG < 0. The 

latter refers to systems where the surface segregation of the surface-active component is 

suppressed due to interatomic attractions, consequently leading to an increased surface 

tension with regards to the ideal system. This is the case for many Al-systems, such as 

Al-Cu, Al-Ni, Al-Fe, and Al-Au, as reported by Brillo et al. [30] and strengthened by the 

results of this work for Al-Ti [7]. 

As displayed in Figure 5.21, the Butler model [43] and the Chatain model [47], [48] also 

allow us to evaluate the Al-content in the respective layers of the surface, , versus the 

Al-content of the bulk, , and to draw a direct comparison with the respective ratio in 

the ideal solution. Inherently, in the case of the Butler model, a monolayer is considered 

and for the Chatain model, multiple layers are taken into account. For all models, 

including the ideal solution, a general Al segregation is shown in an enriched Al-content 

in the surface versus the bulk. However, for  -%, it also becomes apparent that 

the concentration of the top layer is relatively depleted by Al, by up to 40 % for the Butler 

model and up to 60 % for the Chatain model with regards to the ideal solution, which 

signifies a suppressed segregation . For Al concentrations higher than 60 at.-% and 80 at.-

% in the case of the Butler model and the Chatain model, respectively, no further 

depletion is identifiable, and the models are in agreement with the ideal behavior [7]. 
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Figure 5.21: Calculated surface mole fraction, , as a function of the bulk mole fraction, , at T = 

1950 K using the ideal (dotted line) and non-ideal (dashed line) subregular solution model by Butler [43] 

and by Chatain [47, 48] (solid lines) for different layers, where layer 1  denotes the layer at the surface. 

The layer numbers increase with their distance to the surface. Based on Fig. 9 by Wessing et al. [7]. 

As depicted in Figure 5.21 and Figure 5.22, the Chatain model yields highly fluctuating 

values for Al enrichment and depletion in the surface layers, the so-called chemical 

layering. This is also apparent in Figure 5.22 illustrates the concentration, , of each 

layer plotted against the layer number, n, for Al50Ti50, at two different temperatures, T = 

1700 K and T = 1950 K. As expected, the first layer exhibits an enrichment of Al of 

around 25 % relative to the bulk. However, the second layer shows a depletion of Al of 

about 10 %. This oscillating behavior continues for both temperatures in the figure over 

the different layers, until, in the layer, n = 6, the bulk composition is approached [7]. 

These oscillations can be explained by a mechanism where the segregation of one 

component to the surface leads to an excess of the other component in the following layer 

and in turn, due to the negative excess free energy, the other component is then favored 

in the second layer. At low temperatures atomic dynamics are less dominant with respect 

to higher temperatures and, thus, enhanced interactions between atoms occur, which is 

indicated by the pronounced chemical layering at T = 1700 K. Chemical layering has been 

observed in several systems with negative excess free energy [7], for example in the cases 

of Al-Ni [5], Al-Au [96] and Al-Cu [122]. 
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Figure 5.22: Calculated ratio of the surface mole fraction, , to the bulk mole fraction, , at T = 1700 

K)  (triangles) and T = 1950 K (squares) in dependence of the layer number using the non-ideal subregular 

solution model by Chatain [47, 48]. Based on Fig. 10 by Wessing et al. [7]. 

The experimentally obtained values for the surface tension temperature coefficient, T, 

and the values calculated by the Chatain and Butler model, are plotted in Figure 5.23 

versus XAl. In section 5.5.1, T was assumed to be constant, with a mean value of -2.51 (± 

1.37) 10-4  Nm-1K-1. Therefore, the temperature coefficient predicted by the Butler model, 

with a mean value of -2.14 (± 0.89) 10-4  Nm-1K-1, is in better agreement with the 

experimental data than the one of the Chatain model with a mean value of -1.50 (± 0.21) 

10-4  Nm-1K-1. There appears to be the tendency that the experimental values for T 

slightly decrease for XAl < 40 at.-% and increase for higher Al concentrations with 

increasing Al concentration. Even though this trend corresponds well to the predictions 

of the Butler model, this tendency is beyond the scatter of the experimental data. 
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Figure 5.23: Surface tension temperature coefficient values, T, (Eq. (2.23)) in dependence of the mole 

fraction, XAl, of measured data at 1950 K (squares). The lines represent the calculated temperature 

coefficient values for the non-ideal subregular solution model by Butler [43] (dashed line) and by Chatain 

[47, 48] (solid line). In the case of Al, the data refer to the work by Kobatake et al. [25, 96]. Based on Fig. 

11 by Wessing et al. [7]. 

Figure 5.24 shows the excess surface tension values, E, versus XAl at 1950 K for the 

measured values and the values calculated from the Chatain and Butler model. The data 

are evaluated using Eq. (2.26), and the necessary input values for  are taken from 

the repective models. The highest excess surface tension is found for XAl -%, 

which amounts to 0.28 Nm-1. In the case of higher Al concentrations, the excess surface 

tension is significantly smaller, around 0.1 Nm-1. Overall, both models are in good 

agreement with the experimental excess surface tension data, respectively. The Chatain 

model reproduces the data within the experimental uncertainty, except for XAl -60 at.-

%, but overestimates the data, except for XAl > 80 at.-%. On the other hand, the Butler 

model undervalues the data, especially for XAl -% but lies within the error bars. In 

the range XAl -%, the Chatain model appears to be more accurate while the Butler 

model follows the data trend more precisely for XAl > 40 at.-%. Considering the data, the 

results shown in Figure 5.21 and the trend of the Butler model it could be assumed that a 

pronounced suppression of Al segregation only appears up to a certain Al concentration, 

of around 40 at.-% [7]. 
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Figure 5.24: Isothermal excess surface tension, E, of liquid Al-Ti as a function of the bulk fraction, XAl, 

at T = 1950 K. The symbols show the extrapolated measured surface tension data subtracted by the 

calculated surface tension values of the Butler [43] (squares) and Chatain  [47, 48] (triangles) models for 

ideal subregular solutions. The lines represent the excess surface tension, E,  (Eq. (2.26)), calculated as the 

difference between the Butler (dashed line) and Chatain (solid line) model for ideal and non-ideal 

subregular solution. In the case of Al, the data refer to the work by Kobatake et al. [25, 96]. Based on Fig. 

1 by Wessing et al. [7]. 

In Figure 5.25 the isothermal surface tension data of the binary Al-Ti system measured  

at the DLR-MP EML facility and the isothermal surface tension data of Al50Ti50 obtained 

under microgravity conditions in the TEMPUS facility during parabolic flight (as 

described in section 3.3), both at T = 1950 K, are shown as functions of the Al 

concentration. The data are in good agreement. However, the data accessed under 

microgravity conditions lie about 10% higher than the respective ground data for XAl = 

50 at.-%. Additionally, literature surface tension data of pure Al and Ti and some 

industrially used, binary and multicomponent alloys at equivalent temperatures are 

displayed. As aforementioned in section 1.1, multicomponent alloys on the basis of Al-

Ti are highly attractive industrially used materials, but only a few corresponding 

thermophysical data are reported in the literature.  As can be seen in Figure 5.25, the 

surface tension data of the binary system and the multicomponent alloys correspond well 

with deviations up to 10 %, in the case of Al6Ti90V4, reported by Egry et al. [10]. Those 

deviations lie within the same range of order as the relative uncertainties over the depicted 
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literature data of the pure liquids, e.g., 8 % for Ti and binary components, e.g., 24 % for 

Al80Ti20, as reported by Novacovic et al. [121] and in the present work. In conclusion, the 

data presented in the present work and the preceded work [7], provide accurate 

thermophysical properties data for binary Al-Ti alloys, as well as build a foundation for 

investigations and industrial processing of Al-Ti based multi-component alloys [7].  

 

Figure 5.25: Surface tension data,  of liquid Al [25, 96], Ti, Al-Ti in dependence of the mole fraction, 

XAl, of measured data at 1950 K and of industrially used Al-Ti based alloys at similar temperatures: Tiele 

=[102]=[102], Allen [123], Brillo [101], Arkhipkin [124], Paradis [125, 126], Kuppermann [127], Man 

[103], Nowak [11], Novakovic [121] and Egry [10]. The key to the method abbreviations can be found in 

section Method abbreviations. Based on Fig. 13 by Wessing et al. [7]. 

In this section, the results for high-temperature surface tension have been presented and 

discussed. It was found that all results are in good agreement with literature data and the 

predictions by the Butler and Chatain model. A highly non-ideal behavior was shown in 

the composition dependence showing a positive excess surface tension over the whole 

composition range with a suppressed surface segregation of the surface-active component 

Al. A comparison with other properties and their composition dependence will be 

conducted in the next chapter 6, and finally, all results will be briefly summarized in 

chapter 7. 
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5.6  

In the following section, the influence of the oxygen partial pressure on the surface 

tension is investigated. Oxygen adsorption on the surface of the sample can produce a 

reduction in the surface tension. Using electromagnetic levitation techniques, pollution 

from contact with a substrate or crucible is avoided. Hence, the level of impurities 

originating from processing is reduced to a minimum. However, it does not avoid contact 

with the gas phase; an oxygen-reduced sample surface can still be achieved as introduced 

in sections 2.6 and 3.10. However, due to the high affinity of oxygen to both elements, 

Al and Ti, the impact of potentially existing traces of oxygen on the surface tension needs 

to be discussed. Experimental surface tension results for Al and Ti in dependence of the 

oxygen partial pressure of the surrounding gas and chemical addition of oxygen to Ti in 

the form of Ti-O are presented. In the case of Ti-O, the results are fitted by the 

Belton/Szyszkowski adsorption equation introduced in section 2.6.1. Furthermore, 

calculations for the stability of Al-oxides in dependence of the oxygen partial pressure 

are presented along with a discussion for the surveyed oxygen partial pressure range. This 

section is based on sections 2.6 and 3.10, where the respective theoretical background 

and the experimental methods have been introduced. 

5.6.1 Results 

Before the results can be interpreted, the temperature dependent influence of buffer gas 

mixtures on the oxygen partial pressure in the sample surrounding atmosphere needs to 

be investigated, as introduced in section 3.10.4. This is necessary if the oxygen partial 

pressure is actively reduced as in the case of the Fukuyama lab with Ar-5% H2 processing 

gas and when the temperature in the sampl

temperature at the oxygen sensor. The oxygen partial pressure 

surrounding, , was evaluated using Eq. (3.31) with the Gibbs free energy of formation 

of H2O, as G = -246535 + 54.94 T Jmol-1 to calculate the corresponding temperature 

dependant equilibrium constant, . The oxygen partial pressure in the chamber at 

the position of the inlet gas during the measurement of  = 10-22 Pa, was measured by 

the oxygen sensor at the Fukuyama lab (section 3.10.2) at 988 K operating temperature. 

Based on these initial values, Figure 5.26 shows the oxygen partial pressure in the 

 

-

Ti system, the temperature can vary from 1600 to 2100 K, which leads to  values 

ranging from 10-12 to 10-6 Pa at the Fukuyama lab.  
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Figure 5.26: Temperature dependence of the sample oxygen partial pressure, , of buffer gas mixtures 

Ar-5% H2 used at the Fukuyama lab (solid line) estimated by Eq. (3.21). 

 

Figure 5.27: O The Figure is 

taken from the reference by Schulz et al. [63] with the DLR copyright license number 4215320209794. 



5 Results and discussion  

105 

 

At the DLR-MP, no buffer gases were used for the measurement. To neglect possible 

influences of H2 impurities in the high purity processing gases, Schulz et al. [63] investi-

gated the temperature dependence of the oxygen partial pressure of high purity gases, as 

illustrated in Figure 5.27. The study complies with the conditions of this work using high 

purity gases of 99.9999 vol.-% purity, with the total amount of hydrogen corresponding 

to  < 10-7 bar. Schulz et al. [63] report that, if  10-7 bar (10-2 Pa) measured at 

the sensor with an operating temperature of 873 K, temperature changes have a minor 

impact on the . As can be seen from Figure 5.28 and Figure 5.29, the oxygen partial 

pressure ranges covered in this work, amount to 10-7 Pa <  < 10 Pa and, therefore, lie 

partially in a range where the temperature may affect the oxygen partial pressure. Taking 

the temperature dependence of the oxygen partial pressure into account, the measured 

lower boundary of  10-11 bar (10-6 Pa) would correspond to an oxygen partial 

 10-8 bar (10-3 Pa) which reduces the meas-

ured oxygen partial pressure range to 10-3 Pa <  < 10 Pa. 

 

Figure 5.28: Surface tension measurements as a logarithmic function of the oxygen partial pressure in the 

chamber, , of liquid Al at a constant temperature within 0.5 % scattering (Table 24 in the Appendix). 

Exemplarily, the experimental uncertainty as introduced in section 3.8, is depicted by the errors bars within 

5 % uncertainty for one experiment. The oxygen partial pressure was measured by the potentiometric 

system sensor (SS1) at the outlet gas. 
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Figure 5.28 depicts surface tension data for Al as a logarithmic function of the oxygen 

partial pressure, , covering 4 individual experiments. The oxygen partial pressure 

depicted was obtained by the potentiometric system sensor (SS1), measuring the oxygen 

partial pressure in the outlet gas of the oxygen control system (OSC), as introduced in 

section 3.10.2. All oxygen partial pressure values reported in this section refer to the 

values measured by the sensor. All measurements were conducted at constant 

temperatures within 0.5% scattering, as referred to in Table 24 in the Appendix. The 

oxygen partial pressure in Figure 5.28 is directly measured and not corrected according 

to Figure 5.27, covering a range of 10-7 Pa < < 10 Pa. However, in Table 24 the 

corrected upper boundary values are appended in brackets in the column of the measured 

 boundaries. Taking the calculations by Schulz et al. into account the oxygen partial 
-3 Pa < 

< 10 Pa, respectively. As can be seen from Figure 5.28 the surface tension is constant 

over all measurements and varying oxygen partial pressures within the 5% experimental 

uncertainty (compare section 3.8) amounting to 0.82 ± 0.01 Nm-1. 

Figure 5.29 shows the surface tension data for pure Ti and Ti-O, listed in Table 16 and 

Table 25 in the Appendix as a logarithmic function of the oxygen partial pressure in the 

chamber, . Analogously to the measurements of Al (Figure 5.28), the oxygen 

partial pressure was measured at the outlet gas (SS1) at the sensor temperature of 873 K 

covering 10-6 Pa <  < 10 Pa. According to the calculations by Schulz et al. [63] and 

Figure 5.27, this corresponds to a sample oxygen partial pressure range of 10-3 Pa < < 

10 Pa. In the case of Ti, ten experiments have been conducted at constant temperatures 

within 0.5% scattering (Table 25 in the Appendix). Over all measurements and the entire 

oxygen partial pressure range, the surface tension exhibits negligible oxygen partial 

pressure dependence with a constant value of 1.52 ± 0.02 Nm-1.  

Concerning Ti-O, the samples have been prepared by addition of respective amounts of 

TiO2, as described in section 4.1.2. All compositions, Ti74O26, Ti86O14, Ti94O6, Ti97O3 and 

Ti99O1, show negligible oxygen partial pressure dependence and are therefore, basically 

constant over measured range. Generally, the surface tension values of the Ti-O melts 

(Table 16) lie below the ones of pure Ti, and with increasing O-ratio the surface tension 

gradually decreases, starting from 1.47± 0.01 Nm-1 in the case of Ti99O1 to the lowest 

value for Ti74O26 amounting to 0.97± 0.01 Nm-1. As can be seen in Figure 5.29 by the 5 

% relative uncertainty exemplarily illustrated for one measurement of Ti, this trend 

exceeds by far the experimental scattering, with up to 36 % variation between the surface 

tension of Ti and the Ti-O melts.  
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Figure 5.29: Surface tension measurements as a logarithmic function of the oxygen partial pressure in the 

chamber, , of liquid Ti and Ti-O at a constant temperature within 0.5 % scattering (Table 16 and Table 

25 in the Appendix). Analogously to Figure 5.28, the experimental uncertainty is shown by the errors bars 

within 5 % uncertainty for one experiment and the oxygen partial pressure was measured at the outlet gas 

at the sensor temperature of 873 K. 

5.6.2 Discussion 

In the following the results of section 5.6.1 will be discussed concerning the Al-O and Ti-

O system. 

5.6.2.1 Al-O system 

When considering the Al-O system, the conditions and boundaries for surface oxidation 

should be defined and discussed. In this context, the temperature and the oxygen partial 

pressure are the crucial triggers for the equilibrium conditions for Al-oxide formation. 

Additionally, it is important to distinguish the conditions in the chamber and the 

conditions in the vicinity of the sample which have been discussed in previous studies, 

e.g., by Eustathopoulos [29, 128, 129] and Ricci [65, 130-132]. The studies show that the 

 can be much smaller than the one in the 

surrounding gas in the chamber. Sophisticated models have been reported by the 
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aforementioned authors to explain the relation between the oxygen partial pressure on the 

, to the oxygen partial pressure in the chamber,  [25]. 

In particular, the studies by Kobatake et al. [25], Eustathopoulos et al. [128] and Molina 

et al. [133] are dedicated to the discussion of those models with regards to the Al-systems. 

In the following, the major processes leading to a reduced oxygen partial pressure in the 

are explained, and the equilibrium oxygen partial pressure for Al-oxide 

formation is calculated for five different temperatures, 1200 K, 1300 K, 1400 K, 1500 K 

and 1600 K, as shown Figure 5.30.  

One attributable reaction is the formation of Al-oxides on the pure liquid Al sample, also 

referred to as passive oxidation [61]:  

   (5.1) 

The equilibrium constant of the reaction as introduced in section 2.6.2 can be calculated 

as the sum of the individual reactants involved in the reaction, according to Eq. (2.58). 

As the equilibrium constants of pure components can be approximated as one and, thus 

be neglected when calculating the equilibrium constant of the entire reaction, it can be 

formulated as following, only taking the equilibrium constant of the solid oxide  

into account: 

 
(5.2) 

 

The data for the equilibrium constants have been taken from NIST-JANAF, 

thermochemical tables [109] and in the case of  at 1400 K amounts to 45.896. 

By the law of mass action, the equilibrium constant of the reaction, , can be defined by 

the respective the activities, , as described in section 2.6.2. Here, the equilibrium 

constant of the reaction is connected to the respective activities,  and , and the 

oxygen partial pressure, . As the activities of solid and pure liquid phases can be 

assumed as unity, 1, the following can be derived:  

 
(5.3) 

At 1400 K this leads to an oxygen partial pressure boundary for the oxide formation of 

 of . Respective values for additional 

temperatures are listed in Table 15. 
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Another significant reaction contributing to a difference in the oxygen partial pressure in 

, and the oxygen partial pressure of the chamber, , is the 

formation of Al-oxide gases from liquid Al and gaseous oxygen in the chamber. 

 
(5.4) 

This process describes active oxidation as referred to by Drevet et al. for silicon oxides, 

respectively [61], consisting of the direct transformation of incident oxygen to gaseous 

Al2O. Analogously to the reactions (5.1) and (5.2), the equilibrium constant of the 

reaction, as an example at 1400 K can be calculated as 

 
(5.5) 

Using the equilibrium constant, a relation between the partial pressure of oxygen to the 

one of Al2O, , in  can be defined as  

=  (5.6) 

Finally, the last essential reaction describes the gas-liquid-solid phase equilibrium on the 

 deoxidation through the formation of gaseous Al-oxides. 

 (5.7) 

Accordingly, the equilibrium constant of the reaction and consequently the Al2O partial 

pressure can be derived exemplarily for 1400 K as 

 
(5.8) 

and  

 
(5.9) 

respectively.  

Therefore, at 1400 K,  amounts to - 5.958 bar = - 0.958 Pa, assuming the activity 

of the solid  and the one of the pure Al equal one. This value defines the maximum 

Al2O partial pressure for a  surface, due to deoxidation. 
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The oxygen partial pressure 

oxidation, corresponding to Eq. (5.1) and deoxidation as described by Eq. (5.7). To 

quantitatively connect those counteracting processes and relate them to oxygen partial 

pressure boundaries, flow equations can be used. The oxygen flow on

surface,   (Eq. (5.1)), and the oxygen flow leaving the surface , (Eq. (5.7)), under the 

condition that , can be determined as  

  
(5.10) 

 
        (5.11) 

Here,  and  define the diffusion coefficients of oxygen and Al-oxide respectively 

and  is the thickness of the diffusion boundary layer in the gas. Assuming equilibrium, 

it is valid to claim that , therefore: 

 
(5.12) 

Resultantly, Eq. (5.12) yields the relation between the partial pressure of oxygen in the 

chamber and the one of Al-oxide on the sample  surface. 

 
(5.13) 

The maximum value for the Al2O partial pressure for a clean  surface as calculated in 

Eq. (5.9) can now be related to a respective oxygen partial pressure in the chamber, using 

the gas diffusion ratio of  3.45, as reported by Kobatake et al. [25]. As an 

example, at 1400 K, the critical oxygen partial pressure in the chamber, , for a 

 surface amounts to - 5.721 bar = -0.721 Pa. Respective values for additional 

temperatures are listed in Table 15. 

Finally, the combination of Eq. (5.13) with Eq. (5.6) provides a direct relation between 

the oxygen partial pressure on the surface in dependence of the oxygen partial pressure 

in the chamber as a result of the oxidation and deoxidation processes: 

 
(5.14) 
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With Eq. (5.14), the critical oxygen partial pressure in the , for 

a  surface can be calculated from the respective critical oxygen partial pressure in 

the chamber gas, , calculated above by Eq. (5.13). At 1400 K, the critical value in the 

chamber,  = - 5.721 bar corresponds to a significantly reduced oxygen partial 

 = - 30.343 bar = - 25.343 Pa. The respective 

boundary values for Al2O3 the critical and 

 values with regards to a clean surface  and the equilibrium constant  at 1200 

K, 1300 K, 1400 K, 1500 K and 1600 K are listed in Table 15. With increasing 

temperature, the oxygen formation boundary shifts to higher oxygen partial pressures, in 

the case of  from -3.08 to 1.21. Consequently, under measurement conditions, a 

 surface can either be achieved by an oxygen partial pressure decrease or by 

increasing the temperature.  

T (K) 1200 1300 1400 1500 1600 

 -32.59 -28.81 -25.58 -22.78 -20.33 

lean  

surface  

 -3.08 -1.81 -0.76 0.22 1.21 

 -32.35 -28.58 -25.34 -22.54 -20.10 

 10.47 9.86 9.33 8.87 8.46 

Table 15: Boundary values for Al2O3 and  

 surface and the equilibrium constant  at 1200 K, 1300 K, 1400 K, 

1500 K and 1600 K. 

The  , as a linear function (Eq. 

(5.14)) of the one in the chamber, , exemplarily at 1200 K, 1400 K and 1600 K is 

depicted in Figure 5.30. Additionally, the boundaries for Al2O3 formation, calculated 

from Eq. (5.1)  conditions based on Eqs. (5.4), (5.9), (5.13) and (5.14) are 

shown for 1400 K. As can be seen from the picture and the calculations, the Al2O3 

formation is starting to occur at . Nonetheless, for maximum values of 

up to  -25.34 and -0.76, indicated by the dotted lines in Figure 5.30, a 

. Above those values for the oxygen partial pressure, stable oxide 

formation is dominant at 1400 K. When comparing the  relations for 

different temperatures, it can be seen, that at a given  the oxygen partial pressure 

reduction in  is less dominant with increasing temperature. 
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Figure 5.30: The  , as a linear function (Eq. (2.58)) 

of the one in the chamber, , exemplarily at 1200 K, 1400 K and 1600 K. Additionally, the boundaries 

for Al2O3 formation, calculated from Eq. (5.1  

As presented in section 5.6.1, the surface tension data for liquid Al in dependence of the 

oxygen partial pressure in the chamber, are listed in Table 24 in the Appendix. The last 

column of Table 24 contains an evaluation of the surface condition of the respective 

measurements. For the evaluation, of the corrected oxygen partial pressure range, as 

discussed in section 5.6.1, and the calculations of this section as presented in Table 15 are 

taken into account. As can be seen from Table 24, the measurements conducted at 1601 

K and 1463 K can, therefore, be considered  while the measurement at 1271 K 

was performed under partly oxidising conditions. 

All literature data in Table 22 and Figure 5.31 for the surface tension at the liquidus 

temperature scatter around a mean value of L = 0.89±0.10 Nm-1 corresponding to a 

relative uncertainty of 11%, depicted by the red star in Figure 5.31. The statistical 

uncertainty of 11% lies far above the experimental uncertainty of up to 5% due to the 

large scattering of the data and data obtained at different measurement conditions. The 

corresponding mean surface tension temperature coefficient, T, amounts to 1.66 10-4N 
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m-1K-1, within ± 0.60 10-4Nm-1K-1. Most data lie within the standard deviation for the 

mean value of the surface tension at liquidus temperature.  

Figure 5.31 also shows a comparison of selected Al surface tension results as a function 

of temperature presented in this work and data reported by literature. The depicted values 

for (T), L and T (according to Eq. (2.23)) are given in Table 22 in the Appendix along 

with the respective methods and references. Additionally, the tables contain literature data 

which is not displayed in the figure to not overload it. 

The data by Ayushina [134] and Levin [135] underestimate the surface tension of Al by 

far with regards to the mean literature value, in the case of Levin up to 31%. Nonetheless, 

another result for Al is reported by Levin [135], L = 0.866 Nm-1, which agrees well with 

the mean literature value. On the other hand, the data given by for example Goumiri et al. 

[136], Cordovilla et al. [137] and Pamies et al. [138] and Kanian et al. [139] overestimate 

the mean literature data in the range of 25%. Molina et al. have discussed these values 

extensively in [133].  

In the case of Goumiri et al. [136], an approximate 20% increase in the oxygen partial 

pressure was found if during the measurement the oxygen cover of the sample was 

removed to a nearly  surface. Molina et al. [133] argue that even though a general 

increase in the surface tension accompanying the cleaning process is likely, the value 

presented by Goumiri et al. [136] might be overestimated by approximately 10-15%. 

Molina et al. [133]  suggest an overestimation of results by Goumiri et al. [136]  due to 

the measurement configurations of the used Auger chamber.  

Cordovilla and Pamies et al. [137, 138] report a value of   = 1.09 Nm-1 at 1073 K for an 

oxide-free surface and a reduced oxygen partial pressure, and a value of  = 0.87 Nm-1 at 

the same temperature in the case of a sample with an adsorbed oxygen layer covering the 

surface. However, in a later study [140] the authors stated that the high value could have 

been a consequence of the wetting of the capillary used to bubble argon into the liquid 

metal [133].  

Kanian et al. suggested a value of  = 1.05 Nm-1 at L = 933 K [139]. The authors used 

the oscillating drop method at high temperatures in the range of 1770 2170 K to remove 

Al-oxides on the surface. Due to likely evaporation at these temperatures, the accuracy of 

measurement might be affected. Additionally, the extrapolation of the measured values 

to the significantly smaller liquidus temperature may lead to a large error in L [133]. 

Almost exclusively, the data in Figure 5.31 stand for measurement conditions where no 

particular attention was paid to the oxygen partial pressure. Only the data reported by 

Kobatake et al. [58] and Molina et al. [133] 

by Molina et al. [133] measured for an oxygen saturated liquid surface represent 
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exceptions. In accordance with the calculations of this work, these data refer to results 

obtained in some cases under conditions below or above the equilibrium oxygen partial 

pressure for Al-oxide formation. The measurements by Kobatake et al. [58] were 

conducted with the same EML-device and oxygen control system (OSC) as the 

measurements of this work and the data of Kobatake [37] yield values of L = 0.98 Nm-1 

and T = -2.71  10-4Nm-1K-1. The oxygen partial pressure in the chamber, , was 

controlled at -1 Pa. Using the same models for the formation of oxides as presented in 

this chapter, Kobatake et al. argue that the value for  is below the equilibrium 

boundary for stable oxide formation 

[58].  

 

Figure 5.31: Al surface tension data in dependence of the temperature as a comparison between results of 

this work (circles) and selected literature data (lines) by Gouniri [141], Popel [142], Cordovilla [137], 

Pelzel [143], Pamies [138], Molina [133], Kanian [139] and Kobatake [58]. The used values for (T), L 

and T (according to Eq. (2.23)) are given in Table 22 and Table 24 in the Appendix with additional literature 

data. The star symbol corresponds to the mean literature value at L = 933 K.  

The data by Kobatake et al. are in good agreement with the results by Molina of L = 0.95 

Nm-1 and T = -2.4 -4Nm-1K-1, also representing Al surface tension data for an oxygen-

free surface [133]. In the case of Molina et al., the oxygen partial pressure was not actively 

was achieved due to high 
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vacuum conditions and measurements at high and low temperatures. Molina et al. [133] 

used the same calculations for boundary definitions of Al-oxide formation as presented 

in this work to attribute different temperatures to oxidation and de-oxidation state under 

the measurement conditions used. According to Molina et al. [133], the aforementioned 

value of L = 0.95 Nm-1 obtained at high temperatures relates to a  surface and 

values of L = 0.83 Nm-1 and T = -1.85  10-4Nm-1K-1 obtained at lower temperatures are 

associated with an oxidized state [133].  

Given a 10% reduction of the surface tension value by Goumiri et al. of 1.05 Nm-1, the 

result is in good agreement with  

conditions as presented in this study and by Molina et al. [133]  and Kobatake et al. [58].  

The data of this work presented in Table 24 for the surface tension of liquid Al at 1601 K 

are in really good agreement with the data 

by Molina et al. [133]  and Kobatake et al. [58] in a deoxidized state, respectively. 

Especially, the data by Kobatake et al. yield almost the exact values at the respective 

temperatures, within 0% and 2% deviation. In comparison with Molina et al., the data 

given in this work exceed the data slightly, by 1% and 3%, which lies within the general 

experimental uncertainty of 5%. All data associated with a deoxidized state overestimate 

the mean literature value by about 11%, thus lie outside the experimental uncertainty. 

However, it has to be taken into account that this value is subject to great data scattering 

and the above mentioned extreme and disputable values for much higher and lower 

surface tension are likewise contributing to the mean value. 

The data reported by Molina et al. [133] related to an oxygen saturated condition lie 

approximately 14% below the data reported by the same group for a de-oxidized state. 

This works  data obtained at 1271 K partly under oxidising conditions lie in between 

these two values by Molina and vary from both values about 7%. It agrees well with the 

majority of the literature results where no particular attention was paid to the oxygen 

partial pressure.  

As described in section 2.6.1, there are main states in the process of oxide formation on 

the surface of a material. On the one hand, there is the complete oxidation of the surface 

with a continuous oxide film of a thickness in the nanometer scale. The surface tension 

values measured in this condition may vary with the respective thickness of the oxide 

film. In an intermediate state, the continuity of oxide film is disturbed, and the surface 

contains some oxide compounds as well as some chemisorbed oxygen (section 2.6.1, 

[133]). The surface tension in this state may be affected by the number of formed oxides 

and chemisorbed oxygen on the surface.  
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At last -oxidized condition describes the complete lack of oxide particles 

on the surface. In this case, all oxygen is ideally removed from the surface, but 

realistically the surface still contains some minor pollution of adsorbed oxygen [133]. 

Considering these different states and variations within each state, it is understandable 

why the scattering in the reported surface tension results for liquid Al is so large. Most 

literature results are assumedly associated with disrupted oxidation and chemisorbed 

oxygen on the surface, assumedly varying with the respective amount or with the 

thickness of covering oxide films. The same applies for the result of this work at 1271 K; 

the surface condition might be associated with the intermediate state with disrupted 

oxides on the surface or with a continuous oxide film of a certain thickness. 

In this section, the results on the influence of oxygen on the surface tension of liquid Al 

have been presented and discussed. All surface tension measurements of liquid Al as a 

function of the oxygen partial pressure have been found to be constant over the 

measurement range. The results of this work presented in this section and the one of 

Molina et al. [133]  and Kobatake et al. [58] for clean  conditions, respectively are all in 

very good agreement and it seems reasonable to say that these measurements relate to 

oxide-free surfaces with either zero or minor adsorbed oxygen particles. This is in good 

agreement with the calculated oxide formation boundaries as calculated in this section. In 

chapter 7, all results will be summarized. 

5.6.2.2 Ti-O system 

In the Ti-O system, different mechanisms are prevailing than in the Al-O system. 

Numerous studies on the Ti-O system have been conducted,  such as by Cancarevic et al. 

[144], Kornilov et al. [145], Murray et al. [94] and, among the most recent ones by 

Belyanchikov [24]. The latter author has performed a detailed thermodynamic analysis 

on oxygen in liquid and solid Ti showing that the removal of oxygen as free oxygen or 

volatile monoxides cannot be achieved under realistic measurement conditions as it 

requires very low residual pressures (e.g.  Pa at 2023 K) [24]. Therefore, de-

oxidation processes as in the Al-O system, leading to a reduced oxygen partial pressure 

 

Ti surface tension results of this work and literature as a function of the temperature, T, 

are depicted in Figure 5.32. The corresponding data of this work measured at constant 

temperature (within experimental scattering) have been shown before in dependence of 

the oxygen partial pressure, , in Figure 5.29 and are listed in Table 25 in the Appendix. 

Additionally, the temperature dependent results of Ti measured without consideration of 

the oxygen partial pressure, as presented in this work in section 5.5 are illustrated [7]. 

Moreover, Ti surface tension results obtained at the Fukuyama lab (Table 16) as a 
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function of time at constant temperature are included in Figure 5.32, as well as 

comparable literature data listed in Table 23 in the Appendix. The literature results by 

Brillo et al. [101] were obtained at the same EML facility as used in this work. For the 

surface tension of pure Ti, no comparable results for measurements under oxygen reduced 

atmosphere are published at this point.  

 

Figure 5.32: Liquid Ti surface tension values as a function of temperature of this work from the Fukuyama 

lab and DLR-MP and literature data by Brillo et al. [101], Kuppermann [127], Peterson et al. [146], Elyutin 

et al. [147], Arkhipkin et al. [124], Vinet et al. [148], Man et al. [103], Tiele et al. [102], Allen et al. [123], 

Paradis et al. [125], according to Eq. (2.23), Table 16, Table 23 and Table 25 in the Appendix. The star 

symbol corresponds to the mean literature value at L = 1941 K.  

All literature data scatter around a mean value of 1.55 (± 0.1) Nm-1 (red star in Figure 

5.32), corresponding to 6.5 % relative standard deviation, which exceeds the general 

experimental uncertainty of 5 %. The data by Allen et al. [123] and Kuppermann [127] 

overestimate the surface tension of Ti with respect to the mean literature value by up to 8 

%, while the data by Arkhipkin et al. [124] and Peterson et al. [146] underestimate the 

value by up to 10%. Among the results obtained at the Fukuyama lab, two respective 

values stand out, exhibiting smaller values than the other results within the same 

measurement. All measurements which were measured as a function of the oxygen partial 

pressure, , scatter around a mean surface tension value of 1.52 (± 0.02) Nm-1 (within 

2057.21 ± 74.88 K) which corresponds to 1.3 % relative standard deviation and therefore, 
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are basically constant (Table 23 in the Appendix). The data agree well with literature 

results, especially with the data by Paradis et al. [125] and Brillo et al. [101].  

Additionally, the data comply perfectly with the results obtained at the Fukuyama lab 

under reduced oxygen partial pressure (compare section 3.10.4) and the ones presented 

in section 5.6.1. As described before in section 3.2.2, for each measurement the 

experimental chamber was initially evacuated and backfilled with high-purity inert gases 

to avoid (oxygen) impurities. Nonetheless, in the case of the data presented in section 

3.2.2 for (T) of Ti, no particular attention was paid to the oxygen partial pressure, 

corresponding to most literature data. Thus, based on studies that oxygen may lead to a 

reduction of the surface tension [65], the result is surprising. Paradis et al. argued [125] 

that the reported results on pure and oxygen-free liquid Ti should be correct because the 

pronounced evaporation of liquid Ti might induce a self-purification process of the 

sample. However, this argument is subject to question [24]. 

The Ti-O phase diagram is presented in section 4.1.2 revealing that oxygen has a large 

solubility in solid titanium, of up to 32 at.- -titanium [145]. However, the oxygen 

solubility in liquid titanium in contact with Ti-oxides is significantly lower, as stated by 

Belyanchikov [24]. Among the oxides, the highest solubility is found for TiO2, which 

amounts to 1.7 wt.-% = 4.9 at.-% at 1943 K in the case of solid TiO2 and 1.4 wt.-% = 4.1 

at.-% at 2193 K in the case of liquid TiO2 [24]. The solubility limits are already reached 

at very low oxygen partial pressures, e.g.  Pa at 2023 K, the melting 

temperature of TiO2 [24]. Additionally, Belyanchikov reports that, Ti can practically not 

be reduced by any of the strongest deoxidizers known, i.e., Ba, Be, Ca, Ce, Hf, La, Mg, 

Sr, Zr, and Fe [7, 24]. Therefore, according to Belyanchikov [24], the oxygen 

concentration in liquid Ti should be maximum under realistic measurement conditions.  

To further investigate the oxygen concentration, some samples were analysed by the 

company Umicore with a Leco TC-600 device (section 4.2.2). The results are shown in 

Table 16 in the third row. All oxygen concentrations lie below the maximum value for 

the oxygen solubility of about 1.4 wt.-% = 4.1 at.-%  as reported by Belyanchikov [24]. 

Especially the unprocessed samples (description in the second row of Table 16) feature 

very low oxygen concentrations of about 0.1% and are, thus, smaller than the maximum 

value by a factor of 10 to 20. In general, the processed samples show slightly higher 

oxygen partial pressure values than unprocessed samples which means that the samples 

accumulate oxygen during the measurement. This is in good agreement with the 

assumption by Belyanchikov [24] that under real measurement conditions the oxygen 

partial pressure of Ti cannot be reduced. However, as it is not maximum even after 90 

min processing, it could mean that the process of oxygen adsorption on the liquid surface 

takes longer time under measurement conditions, e.g., low oxygen partial pressures. 
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Alternatively, it could mean that the calculations by Belyanchikov [24] could not be 

accurate for realistic conditions. 

Lab Comment O-analysis 

(at.-%) 

Measured time (min)  (Nm-1) 

DLR-MP no processing 0.12495 0  

DLR-MP measurement  0.46081  1.52 

Fukuyama lab arc melting 0.07909 0  

Fukuyama lab measurement 0.14795 15 1.50 

Fukuyama lab measurement 0.31646 45 1.45 

Fukuyama lab measurement 0.1678 60 1.48 

Fukuyama lab measurement 0.23046 90 1.50 

Table 16: Surface tension data of liquid Ti measured at the Fukuyama lab and the DLR-MP with the 

corresponding measurement times and oxygen concentrations of the analysed samples after the 

measurement. For were analysed before a measurement, 

either after the sample preparation but prior to arc melting (DLR-MP) or after the sample preparation and 

arc melting (Fukuyama lab). 

To further investigate if time-dependent oxygen adsorption influences the surface tension, 

respective measurements at the Fukuyama lab and sample analysis of measurements at 

the DLR-MP and the Fukuyama lab were performed, accordingly. At the DLR-MP two 

samples were analysed with respect to their oxygen concentration, one processed Ti 

sample after a standard measurement time of about 60 min and Ti material after the 

sample preparation but prior to arc melting (0 min), as described in the second row of 

Table 16. An equivalent analysis was performed at the Fukuyama lab for one sample after 

arc melting but before the measurement (0 min) and for four samples after a processing 

time of about 15 min, 45 min, 60 min and 90 min, respectively.  

The oxygen concentration is plotted against time in Figure 5.33 on the right y-axis. During 

the 45 min and 90 min measurements, the surface tension was measured every 15 min 

and the respective surface tension data (last row in Table 16) as a function of time is 

shown on the left y-axis. In the case of the 15 min and 60 min processing time, the 

corresponding surface tension values in the last row in Table 16 relate to the average 
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values of the 45 min and 90 min measurements at the respective time. For one surface 

tension measurement after 75 min, the experimental error of 5 % (section 3.8) is 

exemplarily shown. 

Considering the surface tension data obtained at the Fukuyama lab, in Figure 5.33 there 

seems to be a decrease from an initially high value of 1.50 Nm-1 after 15 min measurement 

to 1.45 Nm-1 after 45 min processing time. In the time interval from 45 min to 90 min, 

the surface tension increases again up to 1.50 Nm-1. This trend which is supported by both 

measurements of 45 min and 90 min time with up to 6.4 % decrease, lies, however within 

the experimental error of 5 % for each measurement. The value measured at the DLR-MP 

seems to support this trend but lies about 1.3 % higher than the results from the Fukuyama 

lab with a value of 1.52 Nm-1. However, as can be seen from Figure 5.32, the results from 

the DLR-MP systematically lie about 1-2 % higher than the respective ones at the 

Fukuyama lab, which lies far below the experimental error of 5 %. 

At the same time, the oxygen concentration undergoes the inverse trend to the surface 

tension from 0 min to 45 min with a maximum exhibited after 45 min of 0.3 at.-% oxygen 

concentration, corresponding to an increase of 113 %. From 45 to 90 min measurement 

time the oxygen concentration seems to stay constant at 0.24 (± 0.07) at.-%. Taking the 

data from the DLR-MP into account, a constant increase in the oxygen concentration from 

0 min to about 60 min measurement time could be indicated. However, considering that 

the results for the oxygen concentration of the DLR-MP samples only consist of two data 

points, the data trend might not be constant in between 0 min and 60 min after all.  

Nevertheless, the results suggest that there is an increase in the oxygen concentration over 

the measurement time. This increase might either stagnate after a certain measurement 

time, as indicated by the data from the Fukuyama lab, e.g., due to evaporation processes 

[125]. As another option, there might be a constant increase in the oxygen concentration 

until the maximum oxygen solubility is reached at 1.4 wt.-% = 4.1 at.-%. However, if 

oxygen is adsorbed constantly, this process must take longer than 90 min for completion, 

as the maximum oxygen concentrations detected after the measurements only amount to 

0.23 at.-% to 0.46 at.-%, thus below the theoretical maximum value.  

It has been reported in the literature [62, 65] that the surface tension generally decreases 

with increasing amount of adsorbed oxygen. This process seems to be applicable within 

the first 45 min in Figure 5.33. However, that the surface tension rises again after 45 min 

while the oxygen concentration increases or stays constant, seems to be counter-intuitive. 

This might indicate some interactions between the species in the bulk phase and the 

surface of the sample. A similar mechanism was reported by Iida et al. [149]. In the 

beginning, the solute is adsorbed on the surface with minimal or no exchange with the 

bulk causing a decrease in the surface free energy over time. Eventually, the oxygen from 
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the surface could migrate to the bulk, in turn leading to an increase in the surface tension 

again and a relative depletion of oxygen on the surface, while the overall oxygen 

concentration may continuously rise or stagnate. However, as mentioned before, the 

surface tension does not decrease sufficiently beyond the boundaries of the experimental 

error to provide a definite time-dependent progression.  

 

Figure 5.33: Surface tension (left y-axis) and oxygen concentration (right y-axis) of liquid Ti as a function 

of measurement time at the Fukuyama lab and the DLR-MP. 

Generally, the question remains if and how the oxygen concentration affects the surface 

tension and in what range of oxygen concentration. As could be shown in this study, the 

surface tension stays constant over the oxygen partial pressure ranging from 10-12 to 10-6 

Pa at the Fukuyama lab and from 10-6 to 10 Pa at the DLR-MP and oxygen concentrations 

between 0.08 at.-% (initial value after preparation) and 0.46 at.-%  (after the 

measurement) with the maximum oxygen solubility only reached at 1.4 wt.-% = 4.1 at.-

%. Up to now, there are no comparable literature results published relating the oxygen 

concentration to the surface tension of liquid Ti. Nonetheless, for other systems, e.g., Si 

[64], Fe [150], Ag [151] it has been reported that the saturated equilibrium oxygen partial 

pressure, , amounts to -14, -1, 7 with oxygen solubilities of 0.0018 wt.-%, 

0.35 wt.-%, 2 wt.-%, respectively. It is interesting, that among those materials the oxygen 

solubilities increase with increasing saturated equilibrium oxygen partial pressure. 

However, according to Belyanchikov [24], Ti does not really fit to these data with 
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saturated equilibrium oxygen partial pressure, of 10-13 Pa, close to the one of Si and on 

the other hand a high oxygen solubility of 1.4 wt.-%, similar to the one of Fe. 

Based on the comparison and the results of this work, the assumption can be made that 

there are three possibilities for the process of oxygen adsorption on liquid Ti and its 

boundaries. 

a) The reduction of the surface tension of liquid Ti occurs at lower oxygen 

concentrations than 0.12 at.-% and oxygen partial pressure, 10-12 Pa as covered by 

this work. This would mean that all measurements presented in this work were 

conducted in conditions above the threshold value for a saturated oxygen surface 

coverage (compare section 2.6.1), where the surface tension stays constant with 

increasing oxygen partial pressure and oxygen concentration in the bulk phase. 

This possibility is supported by the study of Belyanchikov [24] stating that the 

solubility limits should already be reached at very low oxygen partial pressures of 

10-13 Pa at 2023 K. All, or most literature data and industrial used Ti materials 

would, therefore, exhibit constant surface tensions values under the influence of 

oxygen on the surface. It is possible that the studies by Allen et al. [123] and 

Kuppermann [127] represent exceptions, as the respective surface tension results 

lie above the mean literature value (Figure 5.32). However, it seems unlikely to 

achieve realistic measurement conditions with oxygen concentrations smaller 

than 0.12 at.-% and oxygen partial pressures lower than 10-12 Pa [24]. 

Additionally, a counter-argument for this possibility is, that Belyanchikov [24] 

stated that already at 10-13 Pa at 2023 K the maximum solubility of oxygen in 

liquid Ti should be reached with 1.4 wt.-% = 4.1 at.-%, but only lower oxygen 

concentrations by a factor of 4 and more could be found for even higher oxygen 

partial pressures up to 10 Pa. 

b) The dissolved oxygen in liquid Ti does not significantly influence the oxygen 

partial pressure or only within the experimental error. Thus, such influence cannot 

be detected with the commonly used methods, and a much more sensitive method 

would be needed. In this case, the deviations in literature to lower (e.g., Arkhipkin 

et al. [124]) and higher (e.g., Allen et al. [123]) values might be coincidental and 

not related to the oxygen coverage on the surface or might indicate small 

variations in the amount of adsorbed oxygen. 

c) The reduction of the surface tension of liquid Ti occurs at higher oxygen 

concentrations than 0.46 at.-% and oxygen partial pressure of 10 Pa as covered by 

this work. This would be in good agreement with Fe where a comparable oxygen 

solubility of 2 wt.-% (in the case of Ti 1.4 wt.-%), goes along with a high saturated 

equilibrium oxygen partial pressure,  = 7. This would contradict 
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however Belyanchikov [24], reporting a much lower value for Ti of  

= -13. On the other hand, the process of maximum oxygen dissolution in the 

sample during the measurement could just take longer than most measurements, 

e.g., 90 min as in the case of this work and only after a certain threshold a 

significant surface tension reduction would be shown. This could be the case at 

least for measurement conditions with high purity Ti and low oxygen partial 

pressure atmospheres (e.g., through inert gas backfilling after chamber 

evacuation), as provided in most oxygen partial pressure studies. In this case, 

underestimated surface tension values with respect to the mean literature value for 

Ti, as e.g., reported Peterson et al. [146] and Arkhipkin et al. [124], might relate 

to a reduced surface tension after all, as possibly obtained under higher oxygen 

conditions.  

To further investigate the influence of higher oxygen concentrations, TiO2 was added 

actively to the Ti material during the sample preparation, as described in section 4.1.2. 

From the amount added, the oxygen concentration, XO (at.-%), was calculated, based on 

Eq. (4.8). The compositions as Ti1-XOX, the mean measurement temperature values, the 

respective surface tension, the measured and real (in brackets, compare section 5.6.1) 

 ranges, along with the oxygen concentration analysis values, (compare section 

4.2.2) are shown in Table 17. All measurements have been conducted above the liquidus 

temperatures of Ti (1941 K) and TiO2 (2023 K), respectively.  

Comp. T Ø (K)  (Nm-1) TL (K) 

[24] 

logPO2 

SS1 (Pa) 

min 

logPO2 

SS1 (Pa) 

max 

O 

analysis 

(at.-%) 

/SEM 

Ti74O26 2192.79 ± 3.64 0.97 ± 0.01 1680 -6 (-3) 0 SEM 

Ti86O14 2289.56 ± 2.93 1.17 ± 0.02 1690 -5 (-3) 1 14.83 

Ti94O6 2119.94 ± 6.85 1.32 ± 0.01 1710 -6 (-3) 1 6.85 

Ti97O3 2101.04 ± 3.61 1.39 ± 0.02 1745 -6 (-3) 0 3.63 

Ti99O1 2212.31 ± 5.10 1.47 ± 0.01 1880 -6 (-3) -3 
no 

analysis 

Table 17: Compositions, mean measured temperature values, the respective surface tension values, the 

measured and real (in brackets, compare section 5.6.1)  range, along with the oxygen concentration 

analysis values (if analysed, compare section 4.2.2) of liquid Ti1-XOX alloys.  

Figure 5.34 shows the surface tension values of the Ti-TiO2 mixtures as functions of the 

logarithmic oxygen concentration, logXO (at.-%), added (black squares) and analysed (red 

stars). Additionally, the table contains surface tension data from the Fukuyama lab (blue 
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triangles) and the DLR-MP lab (green circle) of pure Ti samples as a function of their 

analysed oxygen concentration, as listed in Table 16. The grey lines in Figure 5.34 

illustrate the oxygen concentration of the unprocessed samples. Interestingly, the 

analysed oxygen concentrations in the samples, Ti86O14, Ti94O6 and Ti97O3 agree well 

with the added values but exceed them in the range of 4% - 9%. This increase could be 

coincidental uniformly over the three measurements and lie within the analysis error or 

caused by the sample preparation or LECO analysis standards, but it seems that oxygen 

is dissolved in the Ti1-XOX samples during the measurements. 

 

Figure 5.34: Surface tension values of Ti-TiO2 mixtures as a function of the logarithmic oxygen 

concentration, logXO (at.-%), added (black squares) and analysed (red stars). Additionally, the table 

contains surface tension data from the Fukuyama lab and the DLR-MP for pure liquid Ti samples as a 

function of their analysed oxygen concentration as listed in Table 16. The grey lines signify the oxygen 

concentrations of the unprocessed samples. 

According to Belyanchikov [24], only the compositions Ti, Ti97O3 and Ti99O1 lie within 

the oxygen solubility boundary for liquid Ti in contact with liquid TiO2 of 1.4 wt.-% = 

4.1 at.-%. Neglecting the Ti data from the Fukuyama lab after 45 min where different 

processes might be apparent as discussed before, there seems to be a clear tendency of a 

decrease in the surface tension value with increasing oxygen concentration, from 1.48-

1.52 Nm-2 for pure Ti, followed by 1.48 Nm-2 in the case of Ti99O1 to a value of 1.39 Nm-

2 for Ti97O3. This supports strongly the assumption c) that the reduction of the surface 
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tension of liquid Ti occurs at higher oxygen concentrations than covered by this work and 

generally assumed.  

Concerning Ti74O26, Ti86O14 and Ti94O6, all compositions are in the range of the oxygen 

solubility in solid Ti (compare phase diagram Figure 4.2) but according to Belyanchikov 

et al. [24] exceed the maximum oxygen solubility in liquid Ti. Thus, as defined by 

Belyanchikov the mixtures should not be considered as liquid Ti with the respective 

amounts of dissolved oxygen but rather as liquid Ti in equilibrium with liquid TiO2. 

However, it should be noted, that the study refers to vacuum conditions and no 

comparison values are available for the inert gas atmosphere at approximately 1 bar. 

Nonetheless, in Figure 5.35, all data points of Figure 5.34 were considered as part of the 

binary Ti-O system. In Figure 5.35, the surface tension decreases logarithmically with 

increasing oxygen concentration, logXO (at.-%), from about 1.52 Nm-2 to 0.97 Nm-2. 

Moreover, the data were fitted by the Belton/Szyszkowski equation as defined in Eq. 

(2.51) [63]. Commonly, the Belton/Szyszkowski equation is used to describe the surface 

tension of a liquid metal adsorbent under the influence of oxygen adsorption, and thus as 

a function of the oxygen activity or oxygen partial pressure. Therefore, it is important to 

clarify that the data fit presented in Figure 5.35 and fit parameters listed in Table 18 as a 

function of the oxygen concentration, logXO (at.-%), cannot be directly compared to the 

respective fits in dependent of the oxygen partial pressure or activity. Nonetheless, a 

similar mechanism seems to take place, and the Belton/Szyszkowski fit describes the data 

accurately.  

However, it must be emphasized again, that logXO (at.-%), does not necessarily describe 

concentration in the bulk and the surface. Additionally, as reported by Belyanchikov et 

al. [24] above a value of 1.4 wt.-% = 4.1 at.-% the liquid system Ti-TiO2 and not Ti-O 

should be regarded. Even though the boundary value might be discussable, the depicted 

Ti-O and possibly Ti-TiO2 system in Figure 5.35 differs to a liquid sample under a certain 

oxygen partial pressure, where the surface and the bulk eventually reach natural boundary 

values for saturated oxygen. The shown system will only exhibit a final surface tension 

value in the case of pure TiO2, undergoing maybe several phases of surface tension 

values, actually describing two or more different liquid phases, Ti and Ti-oxides, in 

equilibrium. 
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Figure 5.35: Surface tension data of liquid Ti-TiO2 mixtures as a function of the logarithmic oxygen 

concentration, logXO (at.-%) fitted by the Belton/Szyszkoski equation (Eq. (2.51)). 

T Ø (K)  (Nm-1)   (10-6) 

2047.17 1.59 1.30 6.35 

Table 18: Fit parameters of surface tension data in dependence of the oxygen concentration, logXO (at.-

%), of liquid Ti-TiO2 mixtures (Figure 5.35) fitted by the Belton/Szyszkoski equation (Eq. (2.51)). 

The fit parameters in Table 18, , normally defining the saturated surface excess 

concentration of the surface-active component for full coverage adsorption and the 

equilibrium constant of the oxygen adsorption generally denoted by  (Eq. (2.51)) are 

not comparable with values of other system related to the oxygen partial pressure. 

However, the fit parameter for pure Ti, , provides a quantitatively comparable value. 

The value amounts to 1.59 Nm-1, which is slightly above the mean value for the surface 

tension of liquid Ti of 1.52 Nm-1 as reported in this work and slightly below the values by 

Kuppermann [127] of 1.68 Nm-1.  

To provide an insight into the structure of the solid samples, one Ti sample and one 

sample with the composition Ti74O26 was additionally analysed after the measurement. 

The samples were analysed by a Scanning Electron Microscope (SEM), as described in 

section 4.2.1, showing the microstructure of polished samples surfaces. The results are 



5 Results and discussion  

127 

 

depicted in Figure 5.36, with the Ti sample on the left side and the Ti74O26 sample on the 

right side. On the surface of the Ti sample one phase, A, is recognizable, the Ti74O26 

sample shows three apparent phases, A, B and C. The phases were additionally analysed 

with regards to their content (Table 19), and both samples are featuring different ratios of 

Ti and O in each phase. The SEM-analysis does not provide quantitative information 

about the concentration of the phases but may allow the comparison of the ratios between 

phases.  

Figure 5.36: SEM analysis of a Ti (left side) and Ti74O26 (right side) sample, showing the microstructure 

of the polished surfaces. In the Ti sample one phase, A, is recognizable, in the Ti74O26 three phases, A, 

B, and C, referring to different compositions as listed in Table 19. 

-Ti, as it is the 

low-temperature Ti phase in the corresponding composition range (compare phase 

diagram in section 4.1.2). Even though in the liquid state of Ti, the highest oxygen 

solubility only amounts to about 4.9 at.-% according to Belyanchikov [24], the 

conditions are very different for solid Ti at high temperatures with up to 33 at.-% 

oxygen solubility. In the composition range of Ti74O26, -Ti is the metastable phase at 

-Ti, TiO2 and Ti3O may be formed. 

This is in good agreement with the three phases observed in the Ti74O26 sample with 

different Ti-O ratios. 

Area Ti74O26 Ti 

Ti O Ti O 

A 72 27 85 14 

B 67 32   

C 66 33   
 

Table 19: Different phases A, B, C recognized in the samples Ti and Ti74O26 as shown in Figure 5.36 by 

SEM analysis with respective relative ratios between the phases. 
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In this section, the results for the influence of oxygen on the surface tension of liquid Ti 

have been presented and discussed. All measurements of the surface tension of liquid Ti 

as a function of the oxygen partial pressure have been found to be constant over the 

measurement range. Therefore, it is suggested in this work that the reduction of the 

surface tension of liquid Ti occurs at higher oxygen concentrations than covered (  

10 Pa). and generally assumed. Additionally, the surface tension of liquid Ti-TiO2 

mixtures have been measured, exhibiting logarithmic functions in dependence of the 

oxygen concentrations which were fitted by the Belton/Szyszkowski equation. In chapter 

7, all data will be summarized. 

5.7  

In this chapter 5, the results concerning high temperature density (section 5.1), normal 

spectral emissivity (section 5.2), isobaric heat capacity (section 5.3), high temperature 

viscosity under reduced gravity (section 5.4), high temperature surface tension (section 

5.5) and the influence of oxygen on the surface tension (section 5.6) were presented and 

discussed. In the following chapter, the different properties and their composition 

dependencies will be compared with special regards to the relations of the excess 

properties. 
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6  

In this work numerous thermophysical properties in the Al-Ti system have been 

investigated and discussed, such as density and molar volume (section 5.1), normal 

spectral emissivity (section 5.2), isobaric heat capacity (section 5.3), high temperature 

surface tension (section 5.5) and high temperature viscosity under reduced gravity 

(section 5.4). Some of these properties can be related directly, such as normal spectral 

emissivity is an input parameter for the calculation of the heat capacity and density is 

used for the evaluation of the isobaric heat capacity, the viscosity and the surface tension, 

respectively. Some inter-property relations might not be as apparent but based on similar 

mechanisms. In the following, the correlations between the properties will be discussed 

in more detail. Conclusively, an overall comparison between the composition 

dependencies of the excess and mixing properties will be presented. 

Thermophysical properties of liquid compounds can be influenced among others by the 

enthalpy of mixing, , and the Gibbs free energy of formation, , (section 2.1) and, 

therefore be correlated by those parameters. In these cases, overarching composition 

dependence tendencies might be exhibited and especially pronounced with regards to 

excess behavior. As a result, models using the enthalpy of mixing and the Gibbs free 

energy of formation or other thermophysical properties as input parameters can provide 

accurate predictions for the behavior of a material and its properties. 

For instance, in the case of the viscosity, the enthalpy of mixing and the Gibbs free energy 

of formation (e.g., Kozlov model Eq. (2.44), the density and molar volume (e.g., Hirai 

model Eq. (2.43)) are used as input data for the composition dependence modeling. 

Correspondingly, to predict the surface tension of solutions the commonly used models 

by Butler (Eq. (2.32)) and by Chatain (Eq. (2.34)) employ the Gibbs free energy of 

formation and the empirical model by Hirai (Eq. (2.39)) the molar volume, respectively. 

In another model by Kaptay (Eq. (2.40)) the heat capacity is correlated with the surface 

tension. 

To provide some more insights, it is interesting to look at the enthalpy of mixing and the 

Gibbs free energy of formation of liquid Al-Ti directly. Both parameters are temperature 

dependent and correlated by the entropy of formation, , as introduced in section 2.1. 

The enthalpy of mixing can be measured but is generally reported in the literature for 

certain temperatures only, as in the case of liquid Al-Ti by Desai et al. [115] for T = 2000 

K. However, the enthalpy of mixing as a function of temperature can be related to heat 
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capacity. Neglecting a temperature dependence of the excess heat capacity, , the 

enthalpy of mixing, , can be determined as a function of , the temperature, T,  

and originating from the given enthalpy of mixing at a certain temperature. 

Using Eqs. (2.17) and (2.19) and literature data reported by Desai et al. [115] for liquid 

Al-Ti at T = 2000 K, the temperature dependent enthalpy can be derived as follows: 

 

 

(6.1) 

Figure 6.1 shows literature data by Desai et al. [115] for  and the enthalpy 

of mixing calculated at 1800 K, 2100 K and 2200 K using Eq. (6.1). As can be seen in 

Figure 6.1, the enthalpy of mixing exhibits negative values over the whole Al-Ti 

composition range with a maximum around XAl -70 at.-% with decreasing 

temperature shifting to higher Al ratios. For systems with a positive excess heat capacity, 

as for Al-Ti, the enthalpy of mixing increases with increasing temperature, as can be seen 

in Figure 6.1. This shift indicates that at higher temperatures, pronounced atomic mobility 

and dynamics suppress interactions between atoms while the entropy and enthalpy of 

mixing increase, respectively.  

The relation between the excess molar volume and thermodynamic properties, such as 

the enthalpy of mixing, , the Gibbs free energy of formation, , and the entropy 

of formation, , have been investigated in previous studies, which has been summarized 

in detail by Watanabe et al. [152]. Scatchard suggested in his work [153] that a volume 

change upon mixing does not much effect the Gibbs free energy of formation but has a 

significant influence on the entropy of formation and enthalpy of mixing. In the following 

Kleppa [154] introduced expressions for the volume contributions to changes in the 

thermodynamic properties in relation to the thermal expansion coefficient, , and the 

isothermal compressibility,  [152].  

 
(6.2) 

 
(6.3) 

 (6.4) 
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Figure 6.1: Literature data by Desai et al. [115] at 2000 K (symbol-solid line) and calculated values of the 

composition dependence of enthalpy of mixing at 1800 K (dashed line), 2100 K (dotted line) and 2200 K 

(solid line). 

Various researchers have later criticized this as not being accurate for the processes in 

many systems [155, 156]. Kubaschewski and Alcock [157] and Iida and Guthrie [158] 

differentiated in their studies that compound forming systems are expected to exhibit 

negative values for , ,  and  and system with a miscibility gap generally 

display positive values for these parameters. Corresponding to the work by Watanabe et 

al. [152] covering over 16 binary systems, Figure 6.2 a) and b) show the correlations 

between , , as well as  and  for various binary alloys at 0.5 mole fraction, 

respectively. The values are taken from literature (see references below the picture) at 

various temperatures around the liquidus temperature range [152] and values for the Al-

Ti system have been added, accordingly.  

The excess free energy, EG, can be calculated by Eq. (2.4) as a function of concentration 

and temperature dependent material-specific interaction parameters listed in Table 14 at 

1873 K. The value for Al50Ti50 amounts to -9,86 KJmol-1 as displayed in Figure 6.2 a).  

 



6 Inter-property relations   

132 

 

 

Figure 6.2: Correlations between the excess molar volume and a) the Gibbs energy of formation and b) 

the enthalpy of mixing at 1873 K, based on a extensive literature review by Watanabe et al. [152] for binary 

liquids at 0.5 mol fraction for Fe-Ni [152, 159, 160], Fe-Co [152, 161-163], Ag-Co [163, 164], Ag-Au 

[152, 163], Cu-Au [163, 165], Cu-Fe [166, 167], Cu-Co [163, 165], Cu-Ni [166, 168], Al-Cu [84, 169, 

170], Al-Ag [84, 171], Al-Ni [84, 115], Fe-Si [152, 172], Ni-Si [152, 172], Bi-Sn [155], Sn-Tl [155] and 

Bi-Tl [155]. 
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The depicted value for  in Figure 6.2 b) for the binary alloy Al50Ti50 is taken from 

reference [115] by Desai and recalculated for 1873 K by Eq. (6.1) as -28.07 KJmol-1. The 

corresponding value for amounts to -0,67 cm3mol-1 (compare section 5.1.2).  

As can be seen from the figures,  and  generally increase with increasing . 

Additionally, most systems, including Al-Ti, agree with the observations by Iida and 

Guthrie [158] correlating negative values for  with negative values for  and  

and on the other hand positive values for all parameters. However, there are exceptional 

cases, including Fe-Ni reported by Watanabe et al. [152], where negative  are com-

bined with positive  and , as well as inversely. According to Watanabe et al. this 

can be attributed to local liquid structures. The relation  exhibits a narrower 

band-widths than the one of   and it seems reasonable to say that this contra-

dicts the assumptions by Kleppa [154] (Eq. (2.58)) that a volume change upon mixing 

does not significantly influence the Gibbs free energy of formation. Therefore, the -

 relation is an interesting indicator reflecting on equilibrium atomic arrangement, i.e., 

interatomic distance and atomic coordination [152]. The values for Al-Ti are in good 

agreement with the literature data, enqueuing well in the bands of  and 

 correlations. The system Al-Ti shows relatively intermediate to high negative val-

ues for all parameters, ,  and , respectively, indicating strong differences in 

the interaction energies and non-ideal mixing behavior. 

In Figure 6.3 a comparison between the excess properties, enthalpy of mixing, , 

Gibbs energy of formation, , excess molar volume, , excess heat capacity, , ex-

cess surface tension, , and excess viscosity, , of the liquid Al-Ti system at 1950 K is 

displayed. The enthalpy of mixing, , was derived from the values by Desai et al. 

[115] and calculated for the respective temperature by Eq. (6.1). The excess free energy, 
EG, was calculated by Eq. (2.4) with the temperature dependent parameters vL listed in 

Table 14.  

The values for , ,  and  designate the deviation from the ideal behaviour as 

discussed in the chapters 5.1.2, 5.3.2, 5.5.2 and 5.4.2, respectively. In the case of  the 

excess values relate to the fitted excess molar volumes by Eq. (2.6), of a Redlich-Kister 

type polynomial fit of first order with fit parameters vV(T) listed in  Table 4. Accordingly, 

the values for  were fitted by Eq. (2.19) with the fit parameters listed in Table 9. In the 

case of the surface tension, the depicted excess results describe the deviation between the 

ideal and non-ideal subregular solution by Butler (2.32) with temperature dependent pa-

rameters vL listed in Table 14.  
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Figure 6.3: Enthalpy of mixing, , Gibbs energy of formation, , excess molar volume, , excess 

heat capacity, , excess surface tension, , and excess viscosity, , as a function of composition in the 

liquid binary Al-Ti system at 1950 K. 

As for , the displayed excess behaviour relates to the deviation between the Kozlov 

model Eq. (2.44) and a linear dependence between the viscosities of the pure elements as 
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0.59 mPas reported by Assael et al. for Al [14]  and 4.03 mPas measured by Paradis et al. 

for Ti [114], respectively.  

Comparing all data with respect to their composition dependencies in Figure 6.3, no direct 

overall tendency is distinguishable, except that all properties feature highly non-ideal 

behaviour. In the case of ,  and  negative excess properties are exhibited, 

while ,  and  show positive deviations from the ideal behaviour. , ,  

and  have in common that only a single maximum or minimum is formed over the 

composition range. However, the position of the extrema seems to be on the Al-rich site 

in the case of  and , on the Ti-rich site for  and at a composition around 

Al50T50 for , respectively.  

On the other hand,  and  -  which 

is conditioned by the use of two fit parameter for the excess property fits as described in 

the respective chapters. These two properties show good agreement concerning the 

position of their local minima, which can be observed in the range of Al50T50 similar to 

, and their maxima which are formed at XAl  25 at.-% and XAl  75 at.-%.  

As can be seen from Figure 6.3 and described at the beginning of this section, similar 

processes, such as atomic interactions and energy minimisation, influence all 

thermophysical properties investigated in this work. Additionally, the properties can be 

directly or indirectly (e.g., via modeling) related to the thermodynamic properties  

and . However, the range of processes that contribute to the formation of the respective 

properties and their composition dependencies is too wide-ranging and additionally 

interacting to comprehend a unified trend over all properties. Nonetheless, as shown in 

this section and the respective sections about  (5.1),  (5.3),  (5.5) and  (5.4), it 

can be concluded that systems such as Al-Ti which exhibit highly non-ideal behaviour in 

one area, generally tend to feature non-ideal behaviour over all interacting thermophysical 

properties. 

In this section, a comparison between the thermophysical properties presented in this 

work and their respective composition dependence has been discussed. It can be summed 

up that Al-Ti generally exhibits highly non-ideal behaviour over all investigated 

thermophysical and thermodynamic properties. Most of these properties are directly or 

indirectly interacting. However, no unified trend over all properties can be observed as 

the range of processes contributing is too wide-ranging. In the following chapter 7, all 

data will be summarized. 
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7  

The central objective of this work was to study thermophysical properties of Al, Ti and 

to provide data for the creation and completion of materials databases with systematically 

varied compositions in the binary Al-Ti system [30]. In addition, it has been found that 

thermophysical property data on the binary Al-Ti system are also a good starting point 

for investigations on multicomponent alloys and industrially used compounds, as well as 

their need for thermophysical data for materials processing. Among the properties 

investigated, accurate data on density, molar volume, surface tension, viscosity, 

emissivity, and heat capacity measurements have been presented. Moreover, the influence 

of oxygen with regards to the surface tension has been discussed. Conclusively, an overall 

comparison between the composition dependencies of the excess and mixing properties 

has been presented with regards to the enthalpy of mixing and the Gibbs free energy of 

formation.  

The overall method used for the measurements of this work was electromagnetic 

levitation. As Al-Ti alloys are highly reactive and generally show high evaporation at 

elevated temperatures, conventional container-based techniques render vast difficulties. 

Therefore, contact-free electromagnetic levitation methods offer many advantages, 

enable to minimize error sources and measure with high accuracy. 

High-temperature density, , measurements as a function of temperature were performed 

at the DLR-MP over the whole Al-Ti composition range. The data were analyzed 

concerning the density at liquidus temperature, , the density temperature 

coefficients, , the thermal volume expansion coefficient, , the molar volume, , and 

the excess molar volume, . For all Al-Ti compositions, the density, , decreases 

linearly with increasing temperature. Additionally, the density changes gradually with Al 

mole fraction, XAl, with pure Al exhibiting the lowest density of 2.30 gcm-3, and Ti the 

largest of 4.12 gcm-3, at the respective liquidus temperatures. The density values of the 

alloys lie within these two extremes. It was found that Al-Ti exhibits significantly highly 

non-ideal behavior with large negative values for the excess molar volume with a 

maximum negative value of VE  -1.05  10-6m3mol-1 for XAl  60-70 at.-%. This is in good 

agreement with other systems, such as the Al-Au system [104]. It is suggested that shrunk 

Al radii upon mixing contribute to that mechanism. 

The normal spectral emissivity, , of four compositions in the Al-Ti system in dependence 

of the wavelength and temperature, covering a temperature range of 1706-1987 K was 

measured at the Fukuyama lab. It was found that all compositions show negligible 



Summary 

137 

 

temperature dependence at the investigated wavelength of 940 nm. The results validate 

the temperature measurement approach using a single-color pyrometer calibrated at the 

liquidus temperature and assuming the wavelength to be constant over the investigated 

temperature range. The emissivity results amount to 0.30, 0.32, 0.40 and 0.37 for Al70Ti30, 

Al50Ti50, Al20Ti80 and Ti, respectively. With respect to literature data of binary and multi-

component Al-Ti based alloys, the composition dependence of the emissivity results is in 

very good agreement, especially with the data by Qin et al. [107]. The obtained values 

were used as input data for the isobaric heat capacity measurements of this work.  

Analogously to the normal spectral emissivity, isobaric heat capacity, , measurements 

were conducted at the Fukuyama lab of the same four compositions of liquid Al-Ti melts 

as a function of temperature covering 1665-2030 K over all compositions. For all 

compositions, the heat capacity shows negligible temperature dependence with average 

values of 57.59, 46.20, 54.61 and 48.50 JK-1mol-1 for Al70Ti30, Al50Ti50, Al20Ti80 and Ti, 

respectively. The composition dependence of the isobaric heat capacity results at constant 

pressure was compared to results by the Neumann-Kopp rule and literature. The results 

of this work were found to be significantly higher than the available literature data on 

multi-component Al-Ti based alloys. The deviation between the measured values and the 

linear dependence, the excess heat capacity, , was evaluated, exhibiting positive values 

for all compositions with a maximum deviation for Al70Ti30 of about 21 JK-1mol-1. 

High-temperature viscosity,  of liquid Al50Ti50 was measured under reduced gravity 

conditions at three different temperatures during parabolic flight measured in the DLR 

g-EML facility, TEMPUS. The data vary from 5.73 mPas to 6.88 mPas in the 

temperature range of 1574-1843 K. The results were fitted by an Arrhenius fit with 2.23 

mPas and 1.27 104 Jmol-1 corresponding to the respective Arrhenius fit parameters,  

and . The isothermal viscosity at 1750 K was compared to available Al and Ti literature 

data by Assael et al. [14] and Paradis et al. [114] of 0.65 mPas and 5.69 mPas, 

respectively. With respect to the result of this work, a positive viscosity deviation of about 

2.2 mPas from the linear composition dependence of the pure elements was found. 

Moreover, the Hirai model [55], the Kaptay model [57] and the Kozlov model [56] were 

calculated to predict the composition dependence of the viscosity in the Al-Ti system. All 

models underestimate the experimental result of liquid Al50Ti50 by far. The closest 

agreement was found with the Kozlov model, predicting a value around 28% lower than 

the experimental result.  

The surface tension, , of ten compositions in the Al-Ti system was measured at the DLR-

MP as a function of temperature. The data include surface tension results on liquid 

Al50Ti50 obtained under microgravity conditions in the DLR TEMPUS facility. The 

respective data are in very good agreement with the results accessed under terrestrial 
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conditions. For all compositions the surface tension decreases linearly with rising 

temperature yielding linear fit parameters; the surface tension at the respective liquidus 

temperature, , and the surface tension temperature coefficient, . In addition, within 

the measured composition range, the surface tension changes gradually with the 

composition, exhibiting an increase with decreasing XAl with the lowest values observed 

for Al10Ti90 of 1.49 Nm-1 and the highest results for pure Ti of 1.56 Nm-1 at the respective 

liquidus temperatures. The isothermal surface tension as a function of composition was 

calculated at T = 1950 K and compared to model predictions. A good agreement with the 

experimental results was achieved by the calculations according to the Butler model [43] 

and the Chatain model [47, 48] for subregular non-ideal solutions. A positive excess 

surface tension, , over the whole composition range was found with a maximum for 

XAl  20-30 at.-% amounting to about 0.29 Nm-1at 1950 K. Relative to an ideal behavior 

a suppressed surface segregation of the surface-active component Al could be observed 

due to interatomic attractions. 

Additionally, the influence of oxygen on liquid Al and Ti melts was investigated with 

regards to the surface tension. Surface tension measurements were conducted at the DLR-

MP as a function of the oxygen partial pressure in the surrounding gas and chemical 

addition of oxygen to Ti in the form of TiO2. The oxygen partial pressure in the chamber 

was measured using an oxygen control system (OSC) and the measured range covered 

10-7 Pa <  < 10 Pa. For all compositions, the surface tension results showed a 

negligible dependence on the oxygen partial pressure over the measured range. However, 

with increasing chemical addition of oxygen to Ti in form of TiO2, the surface tension 

decreased gradually. Additionally, Ti surface tension measurements were performed at 

the Fukuyama lab as a function of time, exhibiting a decrease in the surface tension after 

45 min. Oxygen partial pressures values of 10-22 Pa were achieved at the Fukuyama lab 

with buffer gas mixtures of Ar-5% H2, which were corrected according to the temperature 

dependent influence of buffer gas mixtures. All results for Ti-O were fitted by the 

Belton/Szyszkowski adsorption equation. Overall it was suggested, that in the case of 

liquid Ti the surface tension reduction occurs at higher oxygen concentrations, than 

covered (  10 Pa) and generally assumed. Concerning Al, the temperature dependent 

oxygen partial pressure boundaries for surface oxidation were calculated to define the 

maxim  for a clean  

surface  

in very good agreement with corresponding literature results by Molina et al. [133] and 

Kobatake et al. [58]. It was suggested that these measurements relate to oxide free 

surfaces with either zero or minor adsorbed oxygen particles.  
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Finally, all thermophysical properties investigated in this work were compared with 

special regards to excess properties and the relations to the enthalpy of mixing, , 

and the Gibbs free energy of formation, . The enthalpy of mixing was calculated as a 

function of temperature based on the isothermal enthalpy of mixing by Desai et al. [115] 

at T = 2000 K and heat capacity results of this work. Overall it was shown that liquid Al-

Ti alloys generally exhibit highly non-ideal behaviour for all investigated thermophysical 

and thermodynamic properties. Most of the properties are directly or indirectly 

interacting, however, no unified trend over all properties could be observed as the range 

of processes contributing are too wide-ranging.  
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In this section, additional calculations and tables are provided accompanying the respec-

tive chapters of the main part of this work. 

A.1 Uncertainty of high-temperature density and molar volume 

This section A.1 is an addition to the sections 2.1, 3.4 and 5.1 on high-temperature density 

and molar volume. Based on the before discussed density error contributions in the 

described procedures and provided that the error contributions mentioned in section 3.4 

are avoided, the obtained density results are accurate within  [7, 30, 83]. 

This value corresponds to the uncertainty of the calibration [84]. Assuming this value, the 

uncertainty of the molar volume  

 
(0.1) 

can be determined according to a Gaussian error propagation:  

 
(0.2) 

Which leads to the uncertainty of the molar volume,  , equal to the one 

of the density.  

 
(0.3) 

 

A.2 Uncertainty analysis of the normal spectral emissivity  

This section A.2 follows the section 2.2, 3.6 and 5.2 on normal spectral emissivity. In the 

following, the error propagation of the normal spectral emissivity measurements is 

provided which were used for the respective error calculations. The uncertainty of the 

normal spectral emissivity, , is mainly caused by the uncertainty of the radiance, , 

the wavelengths, , the spectrometer and the uncertainty of the temperature measurement 

combining temperature fluctuations, , and the uncertainty attributed to the 

emissivity uncertainty of the pyrometer, .  

From Eqs. (2.14) and (2.15) the normal spectral emissivity can be expressed as: 
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(0.4) 

The combined standard uncertainty in normal spectral emissivity, , given in the 

following equation is based on the Guide to the Expression of Uncertainty in 

Measurement [173] with , ,  and  expressing the standard 

deviations of the radiance intensity, the wavelengths, the fluctuation of the temperature 

measurement of the sample and the accuracy of the pyrometer, respectively: 

 

(0.5) 

The respective partial derivatives of the radiance, , the temperature, , and the 

wavelengths, , can be derived as following: 

 

(0.6) 
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(0.7) 

Eqs. (0.6) - (0.7) lead to 

 

(0.8) 

The uncertainties, , of the respective contribution, , in the normal spectral emissivity 

of Ti at 940 nm are listed as an example in Table 20. The uncertainty in the sample 

radiance, , is derived from the product of the radiance-output count slope and the 

standard deviation of the output count intensity (Figure 5.7). The temperature uncertainty 

attributed to the fluctuation of the temperature, , has been evaluated from the 

temperature profile during the measurement and estimated as 2.11 K for liquid Ti. For the 

temperature uncertainty contribution due to the pyrometer uncertainty, , it 

was assumed that the emissivity used for the pyrometer has the same uncertainty as for 

the one evaluated at 940 nm, which implies an uncertainty of 2.78 K. The spectrometer 

has a resolution of 4 nm leading to an uncertainty of 2 nm in the obtained 

wavelength value. The corresponding error is shown in Table 20. 

Cause of uncer-

tainty in 

Standard uncer-

tainty  

Contribution  Contribution 

term to  

Sample radiance: 

 

21.40 Wm-2 m 245902.84 Wm-2 

m 

7.57418  10-9 

Wavelengths:  2 nm 940 nm 4.8209  10-5 

Temperature fluc-

tuations: 

 

2.11 K 1970 K 1.79174  10-11 

Pyrometer signal: 

 

2.78 K 1970 K 3.09361  10-11 
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Absolute combined standard uncertainty,  0.0027 

Expanded uncertainty, U = 2  0.0054 

Table 20: normal spectral emissivity uncertainty evaluation, exemplarily for liquid Ti at 1970 K. 

 

A.3 Uncertainty analysis of the isobaric heat capacity 

This section A.3 follows the sections 2.3, 3.6 and 5.3 on isobaric heat capacity. The error 

propagation of the isobaric heat capacity which was used for the respective error 

calculations will be presented in the following. The uncertainty of the molar heat capacity 

at constant pressure  was evaluated based on the following equations derived from 

Eq. (3.13): 

 

           

 

           

 

 

(0.9) 
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In Eq. (0.9),  denotes the combined standard uncertainty of the heat capacity. The 

contributions , , ,  and  are the uncertainties of the uncertainty 

contributions of the spectral emissivity, the laser power, the modulation frequency, the 

temperature amplitude and the sample mass, respectively. Analogously to the emissivity, 

the uncertainty contributions, , of the respective contributions, , of the heat capacity 

for liquid Ti is given as an example in Table 21. The evaluation of the uncertainty of the 

emissivity, , is explained in section A.2. The uncertainties in the laser power, , the 

modulation frequency, , and temperature amplitude, , are taken from reference 

[86] and assumed to be 0.03 W,  rad s-1 and 0.15 K, respectively. Concerning the 

uncertainty of mass, measurements exceeding a mass loss of 1% of the initial mass were 

not considered in this work, in order to reduce the error arising from the uncertainty in 

the mass, as well as to ensure a uniform sample composition of the alloys. Typical mass 

losses of up to 0.5% occurred; hence the uncertainty  is estimated to be   

Cause of uncer-

tainty in 

Standard uncer-

tainty  

Contribution  Contribution term 

to  

Normal spectral 

emissivity:  

0.00268 0.36636 5.3427  10-5 

Laser power:  0.03 W 14 W 4.59184  10-6 

Temperature am-

plitude:  

0.15 K 6.2897 K 5.68751  10-4 

Mass:  0.00158 g 1.31542 g 1.44273  10-6 

Modulation fre-

quency:  
  rad s-1 0.58774 rad  s-1 3.41888  10-7 

Absolute combined standard uncertainty,  1.1933 

Expanded uncertainty, U = 2  2.3866 

Table 21: Heat capacity uncertainty evaluation at constant pressure, exemplarily for liquid Ti at 1930 K. 
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A.4 Uncertainty analysis of high-temperature viscosity  

This section A.4 offers an addition to the sections 2.5, 3.9 and 5.4 on high-temperature 

viscosity. Based on Eq. (3.27), the uncertainty of the viscosity, , can be calculated from 

the uncertainties of the parameters density, , the sample radius, , and the damping 

constant, , by error propagation, as following.  

 

 

 

 

 

(0.10) 

As described in section A.1, the error in density can be assumed as . The mass 

of the sample was checked before and after the measurement to ensure that measurements 

with mass losses greater than 1% were precluded. As the mass is proportional to the third 

power of the radius, the uncertainty of the radius can be considered as . This 

leads to negligibly small contributions of  and  for the density and the 

radius, respectively. Thus, the uncertainty of damping constant yields the dominating 

term for the uncertainty of the viscosity. Here,  ist the fit uncertainty of , which is 

found to vary up to about 10% [53]. 

 

A.5 Literature data and experimental results on the influence of oxygen on the 

surface tension 

In this section A.5 additional tables with the experimental results obtained in this work 

and literature on the influence of oxygen on the high-temperature surface tension are 

presented, following the sections 2.6, 3.10 and 5.6 on the corresponding topic. 
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L (Nm-1) T (10-4Nm-1K-1)  Method Reference 

0.87 -1.2 SD Gouniri [141] 

1.05 At 973 K SD Goumiri [136] 

0.87 -1.5 SD Levin [135] 

0.61 -1.5 SD Levin [174] 

0.87 -1.5 SD Kolland [96] 

0.93 -1.46 SD Popel [142] 

0.88 -1.4 SD Paramonov [175] 

0.76 -1.5 SD Ayushina [134] 

0.83 -1.6 SD Bykova [176] 

0.87 -1.6 SD Yatsenko [177] 

0.87 -1.95 SD Eustathopolous [178] 

0.87 -1.5 SD Vatolin [179] 

0.83 -0.5 MBP Davies [180] 

1.1 

0.87 

At 1073 K 

At 1073 K 

MBP 

 

Cordovilla [137] 

 

0.87 -1.5 MBP Laty [181] 

0.91 -3.4 MBP Pelzel [143] 

0.87 -1.52 MBP Lang [182] 

1.09 

0.86 

At 973 K 

-1.2 

MBP 

 

Pamies [138] 

 

0.85 -1.5 MBP Saravanan [140] 

0.95 

0.83 

-2.4 

-1.85 

LD ( clean  cond.) 

LD (oxygen sat.) 

Molina [133] 

 

1.05 At 933 K GJ Kanian [139] 

0.98 -2.71 OD ( clean  cond.) Kobatake [25] 

0.89 ± 0.10 -1.66 ± 0.60   
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Table 22: Literature data of the surface tension, L, and surface tension temperature coefficient, T, of 

liquid Al, as depicted in Figure 5.31 according to Eq. (2.23) along with the used methods and references. 

L (Nm-1) T (10-4Nm-1K-1) Method Reference 

1.51 At 1940 K CR Elyutin [147] 

1.41 At 1941 K DC Arkhipkin [124] 

1.557 -0.156 ESL Paradis [125] 

1.525 At 1943 K  DW/PW Vinet  [148] 

1.48 At 1943 K  PD Man [103] 

1.49 -0.17 EML-OD Brillo [101] 

1.59 At 1953 K  DW Tiele [102] 

1.65 At 1953 K  PD Allen [123] 

1.39 At 1953 K  PD Peterson [146] 

1.68 At 1953 K   Levitation Kupperman [127] 

1.56 -1.65 EML-OD Wessing [7] 

1.55 ± 0.10 -0.65 ± 0.85   

Table 23: Literature data of the surface tension, L, and surface tension temperature coefficient, T, of 

liquid Ti, as depicted in Figure 5.32 according to Eq. (2.23) along with the used methods and references. 

T Ø (K)  (Nm-1) LogPO2 SS1 

(Pa) min 

LogPO2 SS1 

(Pa) max 

Surface 

condition 

1601.33 ± 4.03 0.82 ± 0.01 -6 (-3) 0 clean  

1462.67 ± 6.86 0.83 ± 0.01 -7 (-3) 0  

1270.77 ± 6.25 0.82 ± 0.01 -5 (-3) 1 Oxidation 

1440.68 ± 153.79 0.82 ± 0.01    
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Table 24: Surface tension results for liquid Al with the respective average of the measured temperature 

range, measured oxygen partial pressure boundaries and the evaluated surface condition, as discussed in 

section 5.6.2. 

T Ø (K)  (Nm-1) Log PO2 SS1 (Pa) 

min

Log PO2 SS1 (Pa) 

max

2114.84 ± 1.73 1.53 ± 0.01 -6 -1 

1945.83 ± 1.62 1.53 ± 0.02 -3 0 

2134.68 ± 6.63 1.49 ± 0.01 -6 0 

1922.67 ± 10.47 1.52 ± 0.01 -4 1 

2129.04 ± 3.51 1.53 ± 0.01 -5 0 

2108.52 ± 7.20 1.48 ± 0.02 -4 1 

2060.02 ± 3.84 1.54 ± 0.01 -5 1 

2036.80 ± 2.62 1.53 ± 0.02 -6 0 

2094.54 ± 2.41 1.53 ± 0.01 -6 0 

2025.17 ± 2.43 1.54 ± 0.01 -5 -4 

2057.21 ± 74.88 1.52 ± 0.02   

Table 25: Surface tension results for liquid Ti with the respective average of the measured temperature 

range and measured oxygen partial pressure boundaries as discussed in section 5.6.2. 
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 Stefan Boltzmann constant (Wm-2K-4)  

  

 Lorentz force (N) 

 constant number density in the bulk (mol-1) 

 constant number density in the gas phase (mol-1) 

 mixing free energy of the ideal solution (kJmol-1) 

 velocity gradient in direction  perpendicular to direction x 

 real droplet volume (cm3) 

 partial excess free energy of component i in the bulk (kJmol-1) 

 partial excess free energy of component i in the surface (kJmol-1) 

 excess free energy (kJmol-1) 

 forced convection heat transfer coefficient of a gas surrounding the sam-

ple droplet (Wm-2K-1)  

 adsorbed oxygen in the melt 

 Redlich-Kister volume parameter of -th order (cm3mol-1) at 0 K 

 linear temperature coefficient of Redlich-Kister volume parameter of -

th order (10-4cm3mol-1K-1) 

 Redlich-Kister coefficient of -th order for the free energy (Jmol-1) 

 Redlich-Kister volume parameter of -th order (cm3mol-1) 

  Redlich-Kister fit parameter of -th for the excess heat capacity 

 Redlich-Kister fit parameter of -th for the excess surface tension (Nm-

1mol-1) 



Abbreviations  

165 

 

 partial molar surface area of pure liquid i (m2mol-1) 

 molar surface area (m2mol-1)  

 magnetic field (T) 

 

 (Wm2)  

 

 (mK) 

 heat capacity (Jmol-1K-1) 

 excess heat capacity (Jmol-1K-1) 

 heat capacity of component i (Jmol-1K-1) 

 activation energy of component i in a mixture (Jmol-1) 

 activation energy (Jmol-1) 

 electromotive force (V) 

 shear force (N) 

 Gibbs energy of activation (Jmol-1) 

Gibbs free energy of the pure component I (Jmol-1) 

 oxygen flux (m3s-1)    

 total gas flow (m3s-1)    

 equilibrium constant of the oxygen adsorption  

 thermal conductance for conductive heat transfer from the laser irradi-

ated part to the nonirradiated part (WK-1)  

 

to the heat reservoir in vacuum (WK-1)  

 molar mass of component i (gmol-1) 

  number of atoms of component i involved in a reaction before the reac-

tion takes place  
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 total number of atoms involved in a reaction before the reaction takes 

place  

 Avogadro constant (6.023 1023 mol-1) 

upper bound of summation 

 number of atoms of component i involved in a reaction after the reaction 

takes place  

 total number of atoms involved in a reaction after the reaction takes place  

 partial pressure of  (Pa) 

 partial pressure of  (Pa) 

 saturated oxygen partial pressure (Pa) 

 oxygen partial pressure (Pa) 

 initial oxygen partial pressure in the OSC (Pa) 

 oxygen partial pressure in the chamber (Pa) 

 oxygen partial pressure of a reference gas (ambient air)  

 oxygen partial pressure in the vicinity of the surface (Pa) 

 laser power (Wm 2)  

 heating power (J) 

 l-th Legendre polynomial  

 total pressure in the chamber (Pa) 

 radius of the sample with spherical shape (m) 

 theoretical black-body radiance from Planck's law (Wm-2  

 normal spectral radiance emitted from a sample (Wm-2  

 sample radius (m) 

 fraction of the laser irradiated surface area during modulated laser calo-

rimetry  
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 molar entropy (JK-1) 

 segregation factor 

 initial sample temperature prior to heating (K) 

 temperature of the laser irradiated part during modulated laser calorime-

try (K) 

 liquidus temperature (K) 

 temperature of the laser non-irradiated part during modulated laser calo-

rimetry (K) 

 pyrometer signal (K) 

 volume of the bulk (cm3) 

 excess molar volume (cm3mol-1) 

 volume of the gas phase (cm3) 

 volume fraction corresponding to the laser irradiated surface area during 

modulated laser calorimetry  

 molar volume of component i (cm3mol-1) 

 molar volume of an ideal solution (gcm-3mol-1) 

 droplet volume in pixel units (pixel3) 

 mole fraction of component i in the n-th surface layer (at.-%) 

mole fraction of component i in a mixture (at.-%) 

 molar ratio of component i involved in a reaction after the reaction takes 

place (at.-%) 

 molar ratio of component i involved in a reaction before the reaction 

takes place (at.-%) 

 mole fraction of component i in the bulk (at.-%) 

 mole fraction of component i in the surface (at.-%) 

 geometrical factor 
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 activity coefficient of oxygen in the liquid component i 

 adjustable fit parameter used for the Egry model for compound for-

mation in alloy systems 

 Boltzmann constant (  JK-1) 

  magnetic dipole moment (NmT-1) 

 mass of component i (g) 

 total mass of a mixture (g) 

number of moles of component i in a mixture 

 number of moles in the bulk 

 number of moles in gas phase 

 shear velocity in direction x (ms-1) 

 weight ratio of component i with respect to the total mass of a mixture 

 lateral coordination number 

 vertical coordination number 

 adsorption of component i 

  the statured surface excess concentration of the surface-active compo-

nent i 

 single bond energy for a bond between atoms i and j (Jmol-1) 

 activity of component i 

 parameter of the empirical model by Allen ( ) 

 l-th edge curve coefficient  

 parameter of the empirical model by Allen ( ) 

 excess surface tension (Nm-1) 

surface tension of component i (Nm-1) 

 surface tension of an ideal solution (Nm-1) 
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surface tension at liquidus temperature (Nm-1) 

 pure surface tension with no adsorbed impurities (Nm-1) 

temperature coefficient of surface tension (10-4 Nm-1K-1) 

 pre-exponential factor for the temperature dependent viscosity by Arrhe-

nius law (mPas) 

 fractional coverage of the adsorbate i (m-2) 

 magnetic permeability (NA-2) 

 chemical potential of component i in the mixture 

 the chemical potential of the standard (bulk) state 

mass density of component i (gcm-3) 

mass density at liquidus temperature (gcm-3K-1) 

density temperature coefficient (10-4gcm-3K-1) 

 shear stress (Pa) 

 internal thermal relaxation time attributable to the conductive heat trans-

fer in the sample 

 external thermal relaxation time attributable to the radiative and conduc-

tive heat transfer in the ambient gas  

 

Rayleigh-frequency (s-1) with mode m = -2, -1, 0, +1, +2 

 surface oscillation frequency of mode m and l (s-1)  

 translational frequency in x-direction (s-1) 

 translational frequency in y-direction (s-1) 

 translational frequency in z-direction (s-1) 

enthalpy of mixing (kJmol-1) 

 average increase in temperature of the ac component due to laser heating 

(K) 
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 average increase in temperature of the dc component due to laser heating 

(K) 

Gibbs free energy of formation (kJmol-1) 

entropy of mixing (JK-1) 

 gradual transition zone between the gas phase and bulk of a liquid 

EG excess Gibbs energy (Jmol-1) 

FFT  fast Fourier transform (FFT) of the translations and oscillations of the 

area 

FFT

 

fast Fourier transform (FFT) of the translations and oscillations of the 

difference 

FFT

 

fast Fourier transform (FFT) of the translations and oscillations of the 

sum 

FFT  fast Fourier transform (FFT) of the translations and oscillations in the x-

direction 

FFT  fast Fourier transform (FFT) of the translations and oscillations in the y-

direction  

 Planck constant (  Js)  

 (surface) area (m2) 

 Faraday constant (96485 C mol-1)  

Gibbs free energy (kJmol-1) 

 enthalpy (kJmol-1) 

  efficiency ratio of the absorption of heating power  

 electric current (A) 

 equilibrium constant  

 power input from the levitation coil (W) 
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  efficiency ratio 

 universal gas constant (8.314 JK-1mol-1) 

Entropy (JK-1) 

 temperature (K) 

 molar volume (cm3) 

 semi-empirical parameter used for the Kaptay model of the composition 

dependence of the viscosity (  

 correction function of the modulated laser calorimetry 

 gravitational acceleration (9.81 m s-1) 

 chemical species (e.g., Al, Ti) 

 number of surface layers in the Chatain model 

 index 

 index of the surface layer in the Chatain model 

pressure (Pa) or (bar) 

 scaling factor (cm3pixel-3) 

 time (s) 

 regular solution constant (Jmol-1) 

 coordination number 

 phase shift  

mean translational frequency (s-1) 

 isothermal compressibility (Pa-1) 

thermal volume expansion coefficient 10-4K-1) 

surface tension (Nm-1) 

 skin depth of a magnetic field (µm) 

normal spectral emissivity  
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 shear viscosity (mPas) 

 wavelength (nm) 

 Microgravity (Nm-2) 

 factor accounting for a reduced coordination number in the surface  

mass density (gcm-3) 

 damping constant used for the determination of the viscosity (s-1)  

 azimuthal angle (°) 

 frequency (s-1), angular frequency (rad s-1) 
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A Archimedian methods 

BP maximum bubble pressure 

C capillary technique 

CR rise method 

DC draining crucible 

DW drop weight 

EML electro magnetic levitation  

ESL electrostatic levitation 

EW exploding wire technique 

G -absorption dilatometry 

GJ gas jet technique 

LD large drop technique 

OC oscillating cup viscometer 

OD oscillating drop technique 

PD pendant drop technique 

PW pedant wire 

R recommended data from a literature review 

SD sessile drop method 
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