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1 Introduction
The casting of metals and the continuous improvement of materials and their produc-
tion and development processes are crucial for a society from an economic, social,
and cultural point of view. As available computer power and numerical algorithms
have drastically improved during the past 30 years, computer aidedmaterial design is
limited by the accuracy of available material property data serving as input parame-
ters. Current approaches seek to establish comprehensive material databases in order
to solve this problem. The present work aims, as an alternative, to gain a basic under-
standing on how thermophysical properties change as a function of alloy composition
and complexity. In order to reach this goal, data needs to be collected on density, sur-
face tension and viscosity as functions of alloy composition and temperature. Such
data is measured and discussed for pure liquid elements, liquid binary-, and ternary
alloys.

1.1 New materials

Throughout the history of human culture, the development and application of new
materials, in particular metals, have played crucial roles. New materials are respon-
sible for such Epochs as “stone-age”, “bronze-age”and “iron-age”, marking the great
phases in cultural evolution. For instance, gold is the first metal used on a regular
basis since 6000 BC. Nearly 2000 years later, copper and silver were discovered and
mined. After another 1800 years themining of tin and the production of bronze started
a new social, cultural, and economic era [1].

Gaining a technological advantage distinguishes between the rise and fall of en-
tire civilizations. The ancient Egyptian empire became mighty due to the availability
of weapons made from copper. Later on, the manufacture of improved iron weapons
made the Romans become superior over their neighbors.

Still nowadays, the development of a society strongly correlates with the degree
of maturity of its metal producing sector and other key industries. Developing coun-
tries, therefore, aim to build up these industries first. In Europe, the industrial rev-
olution went hand-in-hand with the development, production and improvement of
new metallic alloys such as cast iron, steel and brass. In 1860 more than 60 % of all
globally produced metal ores came from European mines [2].

Due to its rapid economic growth, China, at present, has become the world’s
largest steel producer, measured in tons per year, the world’s largest steel consumer,
steel exporter, and iron ore importer [2]. At the same time, China is the third largest
iron ore producer and the third largest steel importer [2]. Figure 1.1 shows the share of
the world largest countries in casting production. Among them, China as the largest
producer, covering 43 % [3].
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2 | 1 Introduction

Fig. 1.1. Leading countries in the world casting production [3].

The vastmajority ofmetals produced is gray iron, followedbyductile iron, non-ferrous
metals, and steels [3]. Among thenon-ferrousmetals, alumuniumbased alloys occupy
the largest share [3]. The production volume from casting is shown in Tab. 1.1.

Classically, metals and metallic alloys are used in the automotive industry, in
aerospace- and military applications, in railway applications, civil engineering, ship-
building, cutlery, wire products, for bridges, jewelry, toolmaking, mechanical and
technical engineering, for the production of cans, and for electromechanical applica-
tions.Market composition is shown in Fig. 1.2. Applications in automotive industry de-
mand almost 50% of cast metals in Europe [3; 4]. The engineering industry consumes
30 % of the cast metals and building and construction works demand 10 % [3].In Eu-
rope, the metals and metal products manufacturing sector is the largest among the
industrial economic sectors [4].

Throughout the member states, there are about 400,000 enterprises with ≈ 5 mil-
lion employees, corresponding to almost 4 % of the productive work force [4].

Within this sector, the foundry industry is an economic branch of key importance.
In terms of turnover, value added and number of employees, the foundry sub-sector
corresponds to about 5 % [4]. The German foundry industry generated a turnover of
12.8 billion EUR with 71,500 employees in 2013 [5].

As the vastmajority ofmetals and alloys are produced directly from themelt, cast-
ing is crucial for the entire manufacturing of metals and their products.

Hence, from an economic point of view, optimization of casting processes is of
tremendous importance. The basic physical understanding of the liquid phase is in-
dispensable for this purpose. The liquid phase is also involved in certain metal works
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Fig. 1.2. Main markets served by the European foundry industry [3].

Table 1.1. Casting production volume of metals in the categories gray iron, ductile iron, steel, and
nonferrous (NF) metals. Shown are the production numbers of the 10 largest producing countries in
2010 [3].

Product Volume (1000 t)

Grey Iron 38 723
Ductile Iron 20 560
Steel 8 998
NF metals 11 748

operation steps, such as welding, soldering, and joining. Liquid metals also seem to
become more and more important for the storage and transportation of energy, for
example, in automotive applications for recovering heat from exhaust fumes [4].

Developed (western) countries are now facing new challenges: As cheap labor
power and low fixed costs cause a shift of production to Asia, western steel and metal
plants are no longer running at full capacity [6; 7]. At the same time, issues of energy
effectiveness, CO2 reduction, the saving of resources, sustainability and productivity
become urgent [6].

In order to save resources of naturally available metals, new techniques of scrap
recycling need to be developed. Parts of themetals andmetal productsmanufacturing
sector are highly energy consumptive. Energy costs for metals and their products ac-
counted in 2006 for 4.4%of thepurchase of goods and services in theEuropeanUnion.
With respect to the casting sector only, this figure is nearly twice as high (7.2 %). Again,
this puts a special focus on the liquid phase from a developers point of view [4; 6].
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While low production costs serve as an advantage for developing countries, devel-
oped, i.e. western, countries can play on their technological and scientific infra-
structure. The high education standard in Europe, in particular, of engineers and sci-
entists, is a great advantage compared to low cost developing countries.

European commission has recognized this situation and proposed a number of
possible measures [4]. Among which, the development of new specialized products,
i.e. high-tech materials, as well as the development of new production processes for
the casting industry, play emphasized roles. As an example for new, specialized prod-
ucts, alloys with certain properties, such as low density and high tensile ductility
are used for aerospace applications. The development of new techniques of scrap
recycling, and/or casting processes, could tremendously save resources and energy
[4] which significantly contributes to CO2-reduction, the increase of productivity and
competitiveness.

The future development of new materials and new casting processes is essen-
tial for economic, technological, environmentalenvironmental progress, and social
progress.

1.2 Materials and process design

Estimated costs of newproduct development anddemonstration in the European steel
industry are around 55–75 billion EUR yearly [4].

One reason for such a large sum is that alloys intended for certain applications
are developed in trial-and-error procedures where compositions and/or production
processes are varied until the desired properties are obtained. In view of the fact, that
most alloys used in technical applications are multicomponent, it becomes clear that
this kind of development is highly time and money consuming.

“Computer Aided Materials Design from the Melt” might offer an alternative.
During the past 20–30 years, computer power and algorithms, have drastically im-
proved. Commercial software tools like ProCASTTM, MAGMASOFTTM, StarCASTTM [8],
MICRESSTM, DICTRATM, PANDATTM, FactSageTM, ThermoCalcTM, just to name a few,
have become standard in industrial casting simulation and materials development.

ProCASTTM, MAGMASOFTTM, and StarCASTTM are based on finite element meth-
ods (FEM) combined with an engine for the simulation of fluid flow, and partially
with models about heat exchange and diffusion. They are used in order to simulate
the casting process and the thermal and mechanical performance of the product on a
macroscopic scale. DICTRATM is a tool for the 1-dimensional modelling of diffusion in
multiphase systems. Packages like MICRESSTM employ the phase field method. This
method allows simulation of processes and structures on a microscopic (μm-) scale.
For instance, the morphology of dendrites can be predicted.

In this context, one often speaks of a multi scale approach. The atomic scale,
hereby, can be covered by molecular dynamics (MD) simulations, Monte Carlo (MC)
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Fig. 1.3. “Computer Aided Materials Design from the Melt” is a multi scale business. Simulations
are performed on an atomic (nm) scale, on a micro-meter scale, where dendrites and grains can be
observed, and on the macroscopic scale of the dimensions of the work piece.

simulations, or quantummechanical ab initio methods. The relation between the dif-
ferent length scales is illustrated schematically in Fig. 1.3.

The philosophy behind products like PANDATTM, FactSageTM, and
ThermoCalcTM is slightly different from the multi scale approach. Instead of
simulating structures with spatial resolution, these packages calculate phase equilib-
ria using the CALPHAD method. In the CALPHAD method, each phase is represented
by parameterizations of the corresponding free energies, G, which are obtained from
assessments of experimental phase diagram and thermodynamic data. Macroscopic
properties of a single phase material can further be derived via a suitable model
from its free energy, provided, such a model exists. For instance, if G was known as
function of pressure, P, the molar volume can be obtained from ∂G/∂P.

Recently, it has been demonstrated that CALPHAD and phase field methods can
successfully be joined [9].

Currently, all these tools require information about thermophysical properties.
Themain limiting factor for the accuracy of the calculations is, in fact, the accuracy of
the experimentally measured input data. In many cases, this data are not even avail-
able. Unfortunately, this is especially true in the case of liquid metals. As the liquid
phase is involved in all casting simulations, this problem is severe.

The computer aidedmaterials design from themelt is still an ideal conception and
there are currently different approachesworking towards its full implementation. Two
of these approaches will be described in the following.
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1.3 Challenges

As one approach for the implementation of a computer aided materials design from
themelt, it has become customary to experimentally determine amaximum ofmacro-
scopic properties of materials of interest and store them into databases. Such a
database is then accessed by the simulation software. Projects aiming to establish
material property databases currently receive generous funding from the public and
private sector.

For instance, the comprehensive measurement of thermophysical properties of
different commercial alloys is the main goal of the ESA funded project THERMOLAB
[10]. Beside ground based, terrestrial experiments, it is also planned in this project
to carry out containerless measurements under microgravity conditions on board the
International Space Station ISS. Alloys of interest are Ni-based superalloys, Ti-based,
Fe-based, and Cu-based alloys for aerospace, biomedical, automotive, and electroni-
cal (soldering) applications, respectively. The THERMOLAB project is carried out un-
der participation ofDLR.Among the partners there are roughly 20 industrial ones from
foundry to simulation software developing companies.

However, this concept has also an inherent disadvantage: Namely that the prop-
erties of an alloy and it’s involved phases must be known in advance. The develop-
ment of new materials with a priori unknown properties and their prediction is not
advanced this way. The initial problem, thus, still remains.

Moreover, progress in predicting required property data from modeling suffers
currently from a severe lack of systematic experimental data of liquid alloys. Theword
“systematic”, hereby, implies that even benchmark data on simplemodel systems, i.e.
binary or ternary alloys, are missing.

At least for mono-atomic alloys, some thermophysical property data exists. Data
collections like Refs. [11]–[13], and [14] provide data on density, ultra sound velocity,
vapor pressure, viscosity, surface tension, electrical resistivity, and thermal conduc-
tivity for a large set of liquid metallic elements. However, even in the case of pure
elements, the currently available information is incomplete or outdated. The viscosity
of liquid gold may serve as an example: The most recent data is from 1956 deviating
from a previous measurement by more than 30 % and from our very recent data by
more than 100 % [15]. In other cases, plenty of results are available. However, they
partially contradict each other. The surface tension of liquid Si may serve as another
prominent example: Two classes of data sets exist in literature [16]. One indicating a
“small” value of the surface tension around 0.75 Nm−1 at the liquidus and another one
is in agreement with a rather “large” value of ≈0.84 Nm−1. The uncontrolled presence
of surface impurities seems to be the main cause for this non-unique behavior [16]. In
view of the significant industrial importance of Si, a final clarification is overdue.

The composition in binary alloys can also be varied. This leads to the expansion of
a 2D parameter space with an additional degree of freedom. At least, in themajority of
systems, information about their thermodynamics exist; like a known phase diagram
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and determined heats and free energies of mixing. Information about thermophysical
properties is significantly sparse.When thisworkfirst began in 2002, little data existed
ondensity and even less on viscosity. The situation canbe illustrated by the following:
Ref. [11] reports density data of ≈ 80 binary liquid alloys out of roughly 350 binary
systems that are listed. For only 20 out of these 350 systems, surface tension data is
known. A similar situation is evident from other data references, such as Ref. [13].

Information about liquid ternary systems is evenmore limited, i.e. systematic data
is available only in exceptional cases. Not only that thermophysical property data is
missing in most cases, also thermodynamic information, such as phase diagram and
heat of mixing, does not exist.

Due to this lack of systematic experimental thermophysical property data, it is
also not possible to validate existingmodels predicting them. These include computer
simulation techniques using specific model potentials, ab initio methods, and phe-
nomenological as well as semi-empirical models. Such models exist, for instance, in
the case of surface tension and viscosity. They will be introduced and discussed fur-
ther below. For the prediction of density, no thermodynamic relation exists up to now.
The current knowledge of how thermophysical properties of liquid alloys change as
a function of their composition, i.e. of the corresponding mixing relations, is still very
incomplete.

Generally, accurate experimental thermophysical property data is hard to obtain.
Themain reason is due to the increased chemical reactivity of liquidmetals, especially
at high temperature. Due to reactions with the container, the sample might become
contaminated and the results of the measurements become uncertain. The develop-
ment of containerless processing techniques, such as electromagnetic levitation and
corresponding diagnostical techniques, have relaxed the situation slightly [18; 19].

In the case of density, the problem is underestimated or not fully recognized. For
instance, it is claimed in Ref. [20] that, because atomic hard sphere radii are almost
equal for most metals, the excess volume may be neglected. Consequently, it should
be possible to approximate the density of a liquid alloy by the one of its ideal solution.

The example of liquid binary Cu-Ni demonstrates that this is not true even though
this system is fully miscible and the atomic radii are nearly identical (see Tab. 3.11).
Figure 1.4 shows the isothermal densities ρ of the system as a function of the Ni mole
fraction xNi. The values are hereby interpolated - or extrapolated - from regression
lines, fit for each alloy to the temperature dependend raw data ρ(T), to T = 1545 K.

In addition, densities calculated from the ideal solution model, Eq. (3.15), are
shown. Obviously, the latter underestimates the experimental data significantly and
there is also a pronounced qualitative disagreement. Thus, even in the case of a puta-
tively simple system, the mixing behavior is not understood in detail.

Multicomponent alloys exhibit a much higher degree of complexity. Before these
systems can reasonably be studied, it is necessary to understand the much simpler
and more well defined binary and ternary systems first.

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



8 | 1 Introduction

Fig. 1.4. Density of liquid Cu-Ni versus Ni-mole fraction xNi (symbols). The data are interpolated
(solid) or extrapolated (hollow) from the measured raw data to 1545 K. Some of the liquid alloys are
undercooled. In addition the ideal solution model (dashed) is shown [17].

1.4 Goals

In addition to the establishment of comprehensive databases of complex alloys and
materials, the second approach for the implementation of computer aided materials
design from the melt consists of the systematic investigation of binary and ternary
model systems. It is aimed to create a general understanding of the mixing behav-
ior of liquid alloys with respect to their thermophysical properties. This concept will
be pursued in the present work. For instance, Fig. 1.5 compares various commercial
(multicomponent) alloys having Al-Ni as a binary basis. All of these alloys are liquid
at 1773 K. Their density at this temperature is shown in Fig. 1.5 as a function of (1.0-
xAl) with xAl being the Al-mole fraction. Apparently, there is a weak tendency of the
values to increase with decreasing xAl. The same figure shows calculated densities of
binary Al-Ni obtained from Ref. [21]. These calculations are performed once for the
ideal solution and once while including a term for the excess volume determined ex-
perimentally [21]. Both calculations reproduced the trendobserved for the commercial
systems: namely that their densities increase with decreasing xAl. The overall better
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Fig. 1.5. Density of various Al-Ni based multicomponent liquid alloys at 1773 K versus (100 at.-%
-xAl). In addition, calculations [21] of the density of binary Al-Ni are shown taking the ideal solution
model (dashed) and a model involving the excess volume into account (solid). (with courtesy of
Enrica Ricci, CNR, Genua).

correlation between the data and the calculation is obtained when the excess volume
is included. Hence, within limits and apart from the systems CMSX4 and RENE90, the
densities of themulticomponent alloys in Fig. 1.5 can be approximated by their binary
basis, if the excess volume of the latter is included. This implies that an understanding
of Al-Ni, as in this example,would also contribute to anunderstanding of theNi-based
multicomponent alloys.

It is the primary goal of the present work to principally establish such an under-
standing by systematically studying thermophysical properties of binary and ternary
liquid alloys with respect to their mixing behavior. Measuring thermophysical prop-
erties as a function of temperature and alloy composition varied over a broad range
allows the drawing of conclusions on excess properties and identifying potentially ex-
isting commonalities among them. This is the prerequisite of any phenomenological
model or simulation.

A secondary goal pursued within the scope of this work consists of reducing the
existing lack of available experimental data by accurately measuring them.
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1.5 Questions

In order to reach the goals formulated in the previous section, the following key ques-
tions must be answered:
Q:1. Is there any general rule for predicting the mixing behavior? Moreover, are there

commonalities with respect to the mixing behavior among similar materials?

Answering this question could already contribute substantially to the development of
simple and easy-to-implementmodels. As a special case of questionQ:1, onemay also
ask the following:
Q:2.Is it possible to establish relations between excess thermophysical properties and

thermodynamic potentials? If such relations exist, how well will they perform?

Provided the answers to questions Q:1 and Q:2 are negative, the measured excess
properties need to be accepted as a given. One could then try to use these excess prop-
erties in order to predict those of higher component systems. For this purpose, the
following question must be answered as a necessary pre-condition:
Q:3.Is it possible to relate thermophysical properties of a multicomponent alloy to

those of its constituent subsystems?

The first three questions imply that different properties of the same material can be
derived from a common basis, as for instance, free energy. It is also a commonly ac-
cepted statement in literature that, generally, macroscopic properties of one material
are determined by it’s “structure”. In the case of a melt, this refers to the atomic short
range order. If this is true, then it should be possible to relate different properties of a
specific material to each other. Hence:
Q:4.Is it possible to identify inter-property relations in selected cases? If yes, what are

their forms and how well do they perform?

1.6 Strategy and procedure
In order to answer these questions, a strategy, described in the following, is chosen.
The works concentrate on density, surface tension and viscosity as key properties.

Density is a fundamental property that plays a central role inmaterials science. Its
precise knowledge is necessary, not only for the experimental determination of other
thermophysical properties from themeasured raw data. It is also crucial for the layout
of technical processes, such as casting. Last, but not least, density is also interesting
from a pure academic point of view due to its intimate relation to the atomic short
range order.

Surface tension is firstly selected, because it plays a central role in technical appli-
cations which are driven by surface and interfacial free energies. Such an application
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Fig. 1.6. Strategic flow chart of the present work.

is welding, for instance. With regards to casting applications, surface tension data is
needed in the context of mould filling.

Lastly, viscosity, is needed for the description of mass and heat transport in ap-
plications where fluid flow needs to be considered. “Buoyancy driven convection” is
the buzz-word in this context. Currently, viscosity is an intensively studied property in
order to obtain an understanding of systems with glass-forming ability [22].

These key properties are subsequently measured through liquid unary, binary,
and ternary metallic alloys as functions of temperature and alloy composition.

The data of the pure components is hereby determined with great care. It is cru-
cially required in order to applymixing rules to the results of binary and ternary alloys.
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In addition, data obtained of the pure components is carefully compared with results
from literature, provided that the latter exist.

After completion of the works on pure elements, density, surface tension and vis-
cosity are measured on binary systems combined from the unary ones studied before.
Subsequently, excess properties are determined. In the case of surface tension and
viscosity, various thermodynamic relations will be tested and discussed.

Finally, the samemeasurements are carried out on a number of ternary alloys con-
taining the binary alloys investigated before as subsystems. Excess properties are de-
termined and, in the cases of surface tension and viscosity, phenomenologicalmodels
are tested.

The results obtained for the binary and ternary systems are then compared with
each other. In some cases, it is possible to relate the excess properties of the ternary
alloys directly to those of the binary systems.

The systems investigated are classified according to their composition and misci-
bility, helping to identify potentially existing similarities among them. The procedure
described above is illustrated by the flow chart of Fig. 1.6.

As for identical systems, where different properties are measured, it is possible to
study inter-property relations in Chap. 6. Here, it lends itself to the discussion of a pre-
dicted relation between surface tension and viscosity [23]–[24]. Moreover, the Stokes-
Einstein relation [25; 26] is discussed in Chap. 6.

Chapter 7, finally, presents results on topics related to the main topic of this work
but with a strong emphasis on application. Apart from showing “things that also ex-
ist”, it is analysed from A to Z how the establishment of a complete and accurate set
of thermophysical property data can improve “process design” in a specific example.
Generally, representations of the discussed density-, surface tension-, and viscosity
data are listed in Appendix A. Used parameterizations of the excess free energy are
listed in Appendix B.

1.7 Thermophysical properties

The term thermophysical properties is not uniformly defined. The syllable “thermo” is
the Greek word for heat and “thermophyiscal properties” can be considered as physi-
cal properties that change with temperature. It appears to be common agreement that
“thermophysical properties” are all those properties that describe the macroscopic,
thermal and physical behavior of a substance. Generally, this behavior could be “me-
chanical”, “optical”, “electrical”, “magnetical”, and “calorical”.

In fact, thermophysical properties are defined only for a homogeneous, i.e. sin-
gle phase system, which is in thermodynamic equilibrium. Often, they are related to
the transport and storage of heat or to general transport processes. Indeed, most ther-
mophysical properties can be interpreted as response functions, Lk, describing the
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systems response, Jk, to an externally applied force Xk:

Jk = LkXk (1.1)

Hereby, Jk is the current of a physical scalar quantity k and Xk denotes its gradient.
For example, the following thermophysical properties fall under this definition: emis-
sivity, specific heat capacity, thermal or electrical conductivity, thermal expansion,
viscosity, mass and thermal diffusion, and speed of sound.

In addition, density,¹ surface tension, and interfacial energy are considered ther-
mophysical properties, as well.

Enthalpy, internal energy, entropy, and free energy are not considered as thermo-
physical properties in this work as there are fundamental thermodynamic relations
between these thermodynamic potentials and several thermophysical properties.

Apart from the field of materials and process design, thermophysical properties
play key roles in many different applications. Prominent examples are metrology, nu-
clear technology, thermal insulation, quality assurance and the deep-freezing of food.

In metrology, thermophysical properties play key roles for the development of
standards for the calibration of instruments and the definition of physical constants.

Fuel rods in nuclear reactors exhibit extremely large thermal gradients. Inside, a
fuel rod can reach temperatures of nearly 2300 K depending on the material, whereas
its outside temperature is only roughly 700 K. The exact knowledge of thermal trans-
port properties, specific heat and the thermal expansion, in particular as functions of
temperature, is crucial in such applications.

1 or, equivalent, molar volume
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2 Experimental methods
In this chapter, the experimental techniques used in this work are presented. The con-
tainerless techniques of electromagnetic and electrostatic levitation are described in
detail as well as the diagnostic methods for the measurement of density, surface ten-
sion, and viscosity. In addition, the containerbased oscillating cup method for the
measurement of viscosity is explained.

2.1 Conventional techniques

Conventional techniques for themeasurement of thermophysical properties of liquids
are containerbased. This means that the liquid is in contact with a crucible or a sub-
strate. Prominent techniques are, for instance: archimedianmethods, bubble pressure
methods, capillary flow, capillary rise-, gamma ray absorption technique, oscillating
cup methods, pycnometer method, sessile drop method, and the vibrating wire tech-
nique.

A comprehensive overview of these methods and their detailed descriptions is
given in Ref. [27]. Moreover, they are listed Tab. 2.1 together with the properties that
can be measured by them.

Table 2.1. Some conventional techniques for the measurement of thermophysical properties of
liquids [27].

Conventional technique Property

Archimedian methods density
Bubble pressure density, surface tension
Capillary flow viscosity
Capillary rise surface tension, interfacial energy
γ-ray absorption density
Oscillating cup viscosity
Pycnometer method density
Sessile drop technique density, surface tension,

interfacial energies
Vibrating wire viscosity
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2.2 Levitation techniques

The techniques mentioned in Sec. 2.1 are standard for the investigation of liquids at
low temperature. They are also applied to liquid metals, although the investigation
of liquid metals often involves processing at high temperatures. Under these condi-
tions, the chemical reactivity of a melt may be strongly increased and the sample is
easily contaminated from coming in contact with a wall. In a containerbased environ-
ment, an accurate measurement of thermophysical properties is possible only under
great care. Finding the right substrate or crucible and the right settings of the process
parameters is often a tedious and time consuming task. One may also come to the
conclusion that carrying out the desired measurement is not possible at all.

As an alternative, containerless investigation techniques using levitation [28; 29]
circumvent this problem. For extremely reactive materials, such as Ti- or Zr- based
alloys, they are in fact the only option. The use of levitation techniques offers the ad-
ditional advantage that, due to the absence of heterogeneous nucleation sites, deep
undercoolings can be reached. Processes like non-equilibrium solidification [30] or
metastable demixing [31] can therefore be studied.

The most prominent and, in the context of this work, most relevant techniques
are electrostatic and electromagnetic levitation. All of which have specific advantages
and disadvantages, so that they are used in separate fields of application.

In the present work, electromagnetic levitation (EML) is mainly used. An experi-
ment using electrostatic levitation (ESL) is performed in one case [32]. Therefore, the
ESL technique will be described briefly while the EML technique will be elaborated
upon in more detail.

2.2.1 Electromagnetic levitation

The principle of electromagnetic levitation was first described in 1954 in a patent by
Westinghouse [33]. The technique was thenwidely known as “levitationmelting” and
mostly applied as a preparation technique for the manufacturing of alloys [18]. With
an increase of opportunities to perform materials science experiments under micro-
gravity during the 1980’s, this attitude shifted and the electromagnetic levitation tech-
niquewas also recognized as a containerless processing technique for scientific inves-
tigations [34].

The principle of electromagnetic levitation is based on the fact that an electrically
conducting material experiences a Lorentz force, �FL, when the magnetic flux changes
with time. For an electrically conducting body �FL is given by the following expression
[18]:

�FL = −∇
�B2

2μ0
4π
3 R3QEML(qEML) (2.1)
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Fig. 2.1. Sketch of a levitation coil with levitating sample. The forces acting on the sample point into
the direction of −∇�B2, i.e. away from areas with high field densities.

Here, μ0 is the magnetic permeability, R is the radius of the sample with approxi-
mated spherical shape, qEML = R/δ is a dimensionless quantity and δ is the penetra-
tion depth of the field �B depending on the frequency ω and the samples’ electrical
conductivity [35]. The function QEML(qEML) can be interpreted as an efficiency ratio.
It takes into account that the field has only a limited penetration depth into the bulk.
For a spherical sample, QEML is given by the following expression [34; 36]:

QEML(q) =
3
4

(
1 − 3

2qEML
sinh(2qEML) − sin(2qEML)
cosh(2qEML) − cos(2qEML)

)
(2.2)

As a necessary condition for levitation, the component of �FL in the vertical, i.e. z-,
directionmust compensate for the gravitational force �Fg = �gρV, when V is the volume
of the sample, ρ is it’s density, and �g is the gravitational acceleration. For a spherical
sample, Eq. (2.1) becomes [34]:

ρ�g = −∇z�B2
2μ0

QEML(qEML) (2.3)

From this condition one can read the factors governing the levitation process: In par-
ticular, Eq. (2.3) does not depend on the mass of the sample but on its density ρ, in-
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Fig. 2.2. Efficiency ratios QEML(qEML) (solid line) and HEML(qEML) (dashed line) of an electromagnetic
field versus qEML = R/δ with R being the sample radius and δ the skin depth [18].

stead. Samples with a low density, will be easier to levitate than samples with a com-
paratively high density. The force acting on the sample scales with −∇B2. Hence, it is
always directed away from the field. This is illustrated in Fig. 2.1:

In electromagnetic levitation, positioning and heating are not decoupled from
each other. The oscillating field induces eddy currents within the sample. As the latter
has finite electrical conductivity, the heating power PH will be absorbed due to ohmic
losses. The amount of PH is given by [18]:

PH =
�B2ω
2μ0

· 4π3 R3 · HEML(qEML) (2.4)

The function HEML(qEML) in Eq. (2.4) plays a similar role as QEML(qEML) in Eq. (2.1). It
can be interpreted as an efficiency ratio for the absorption of power. One can under-
stand from the right hand side of Eq. (2.4) that PH is proportional to the power density,
B2ω/(2μ0) and the volume of the sample. The effect of the latter is reduced by HEML as
the field can only act inside its boundary layer.HEML is given by the following function
[34]:

HEML(qEML) =
9

4qEML2
(
qEML

sinh(2qEML) + sin(2qEML)
cosh(2qEML) − cos(2qEML)

− 1
)

(2.5)
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Fig. 2.3. Typical pyrometer output, TP, when the sample melts. The value TP,L is used to calibrate the
pyrometer signal with respect to the known liquidus temperature TL. TP,L is identified by a sudden
change in the slope of the curve as illustrated by the inset (from Ref. [37]).

In Fig. 2.2, QEML and HEML are plotted versus qEML. Both functions are zero for q = 0.
This situation corresponds to a perfect insulator (or to an experimental situation
where ω ≈ 0). Then, neither levitation nor heating is possible. In the case of q → ∞,
HEML(qEML) vanishes butQEML(qEML) > 0, i.e. levitation occurs, but there is noheating.
This latter case applies, for instance, in the limit of a perfectly conducting sample. Be-
tween these extreme cases, the ratio betweenheating andpositioning canbe adjusted,
within limits, by changing the frequency and the power of the electromagnetic field,
or by changing its gradient using coils of different geometry [18; 34].

The setups used at the “Institut für Materialphysik im Weltraum” of the Ger-
man Aerospace Center (DLR) in Cologne are accommodated inside vacuum chambers
which can be evacuated down to 10−8 mbar in order to remove impurities (adsorbed
water, CO, CO2, hydrocarbons, and others). Levitation experiments are carried out un-
der protecting atmospheres so that pronounced evaporation of the sample is mini-
mized or avoided. For this purpose, the chamber is refilled with 500 – 900mbar of the
processing gas having a purity of 99.9999 vol.-%. Ar or, due to its good cooling prop-
erties, He, or mixtures of both are used as processing gasses. An advantage of He, as
compared to Ar, results from its lower condensation temperature, the reason for it’s
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Fig. 2.4. Photograph of a levitated liquid Cu sample at ≈1600 K. The back light illumination using an
expanded red laser is clearly visible on the right hand side as well as the sample shadow reflected
from the window on the left hand side.

lack of most of the gaseous impurities. In order to reduce oxide traces, mixtures of He
containing up to 10-vol% H2 are also used.

At the beginning of each experiment, the sample is placed on top of a vertical
ceramic tube and located in the center of the water-cooled induction coil. Typical di-
mensions of the coil are 40×15mm. Its geometry is similar to the one shown in Fig. 2.4.
It consists of a lower part, being itsmain body, and a top part with only a fewwindings
with opposite polarity. Through this, it is assured that in the center B2 has aminimum
and that any dislocation of the sample will be answered by a restoring force.

The typical current through the coil is 200 A with a frequency of ≈ 300 kHz and
the power is either 5 kW or 10 kW maximum, depending on which type of generator
is used. A typical sample has a diameter of 5 mm. Depending on the material and the
available power, temperatures far above the respective melting points are accessible.
In some exceptional cases, temperatures of up to even ≈2700 K can be reached. As in
EML, heating and positioning are not decoupled from each other, a certain desired
temperature is best adjusted by cooling of the specimen against the inductive heat-
ing. This is performed by exposure to a laminar flow of the processing gas. The gas is
admitted via a small ceramic nozzle located at the bottom of the droplet.

The temperature, T, ismeasured using an infrared pyrometer aimed at the sample
either from the top or from the side. In eachmeasurement, it is necessary to recalibrate
the pyrometer signal TP with respect to the liquidus temperature, TL, which must be
known in advance. The real temperature T is obtained using the following approxi-
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mation derived fromWien‘s law [38]:
1
T − 1

TP
= 1
TL

− 1
TL,P

(2.6)

In Eq. (2.6), TL,P is the pyrometer signal at the liquidus temperature. It is identified
by a sudden increase in the slope of TP which occurs when the melting process is
completed and the sample temperature, T, exceeds TL [37]. This is illustrated in Fig.
2.3. Equation (2.6) is valid only if the sample emissivity at the operating wavelength
of the pyrometer ϵλ(T) remains constant over the experimentally scanned range of
temperature [17]. This is a good approximation for most metals; see Refs. [38; 39]. A
photograph of a levitating droplet is shown in Fig. 2.4.

Due to the induction coil’s cylindrical symmetry, the sample shape deviates from
that of a perfect sphere. This has been described and discussed in previous works
[40; 41]. When the volume of the sample is thought to be divided into horizontal discs
of thickness dz with cross sections Ai = 4πRi and Ri being the radius of one of these
discs, then the vertical force, Fi,z acting on such a disc equals:

Fi,z = −∇B2
2μ0

AiQEML(qEML)dz (2.7)

For a sample with an initially spherical shape, the sections in the middle contribute
most to the levitation force while the forces acting on the sections at the top and bot-
tom are comparatively small. This is due to the quadratic dependence of Ai on Ri. In
other words, the sample is suspended on a virtual disc in it‘s middle. If it was liquid,
the top part would virtually flow around and, if the surface tension was large enough,
hang like a suspended droplet underneath. The resulting shape is that of a levitating
drop which is flat at the top and elongated at the bottom, see Fig. 2.4. A physically
more complete analysis is provided, for instance, in Refs. [42; 43]. It is shown in these
works that the fluid flow inside the sample also needs to be taken into account in order
to correctly understand the sample shape.

Fluid flow is driven by the electromagnetic field. It is crucial for EML experiments
that this flow can be turbulent under the correct conditions [42]–[45]. A turbulent flow
inside the sample might have some homogenizing effect on it, for instance, with re-
spect to temperature and composition. However, it can also cause strong oscillations
of the sample around it’s equilibriumposition and, in particular, rotations around any
axis. These instabilities are only limited by the viscosity of themelt. Theymay become
so intense that an accurate measurement is no longer possible [46; 47].

When the sample is exposed to the magnetic field, surface oscillations of the
droplet are strongly damped. This, and energy consumption by the turbulent flow in-
side the melt, prohibit the measurement of the viscosity under terrestrial conditions
[48].

Electromagnetic levitation has also a number of advantages. Asmentioned above,
it is intrinsically stable. Therefore, active position control is not needed. Electromag-
netic levitation is tolerant to ambient conditions and a large number of materials can
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Fig. 2.5. Photograph of a levitated Al sample at ≈900 K. The electrode system is clearly visible as
well as a part of the UV lamp whose opening is right behind the specimen.

easily be processed. The turbulent flow inside the melt leads to a spontaneous ex-
citation of surface oscillations. This is very convenient for surface tension measure-
ments. Electromagnetic levitation allows access to high temperatures, provides access
to broad temperature ranges, deep undercoolings, and allows the processing of highly
reactive materials. At the present point in time, electromagnetic levitation is still the
most suitable and indicated technique for the investigation of electrically conductive
materials such as liquid metals, alloys, or even semiconductors, such as Si [49].

2.2.2 Electrostatic Levitation

The concept of electrostatic levitation was introduced in order to avoid the disadvan-
tages and restrictions of the electromagnetic levitation technique [50; 51; 52] namely,
the turbulent flow, the non-sphericity of the sample and the restriction of the tech-
nique to electrically conducting materials. Since the mid 1990’s when the ESL tech-
nique was first discovered, a number of investigations on thermophysical properties,
structural investigations, and solidification studies have been performed. A compre-
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hensive overview on the history and the current status of the ESL technique is pub-
lished by Paradis et. al. [19].

In electrostatic levitation, the sample is electrically charged with a charge qcharge
and positioning takes place by Coulomb forces �FC in a vertical electric field �E:

�FC = qcharge · �E (2.8)

Typical samples have diameters between 1.5 and 3 mm with masses from 20 – 90 mg
[53]. Depending on charge and field strength, larger samples with masses of up to 1 g
canbe levitated [54]. Positioning takes place between twoparallel disk-like electrodes,
typically 15 mm apart from each other. Horizontal stabilization is accomplished by
four lateral electrodes beneath the specimen.

In contrast to electromagnetic levitation, ESL is not intrinsically stable. According
to the Maxwell equations,∇ · �E = 0. Thus, a potential minimum cannot be generated
by static electric fields [35]. Due to this so called Earnshaw theorem, active position
control is required in ESL which is performed, in most cases, by sophisticated PID
controllers, [55]. In DLR position control is accomplished by an adaptive real time con-
troller developed by T. Meister [53]. The latter has the particular advantage that it can
equalize abrupt movements of the sample caused, for example, by a sudden loss of
charge.

As part of the control loop, two expanded He/Ne lasers, arranged perpendicular
to each other, and associated x,y - position sensitive detectors (PSD) probe the sample
position in three dimensions.

From Eq. (2.8) one can easily estimate that, in order to levitate a 50 mg sample, it
must be chargedwith ≈5·109 ewhen a voltage of 10 kV is applied. Charging of the sam-
ple is therefore crucial for process stability. At the beginning of an experiment, when
the sample is cold and solid, it may rest on the lower electrode and becomes charged
due to polarization as soon as a voltage is applied. During the levitation experiment
the sample may lose part of its charge. This can occur through contact with residual
gas atoms or by desorption or evaporation of charged surface atoms. The latter can
become a significant problem during the phase of heating and melting. Then, it is of-
ten encountered that the sample drops for no obvious reason. In order to compensate
for the charge loss, an attempt to re-charge the sample by exposure to UV-light emit-
ted from a He/H2 lamp is made. At high temperature charging will take place by itself
due to thermionic emission. Therefore, electrostatic levitationworks best withmateri-
als having a high melting point, a low work function, and a low vapor pressure. Such
materials are Zr, Ti, Nb, Mo, Pd, and other refractory metals.

Heating and melting of the specimen is achieved by laser power. In electrostatic
levitation, positioning and heating are strictly independent from each other. Using
the setup in this work, this is accomplished by two IR laser, each having a maximum
power of 25 W. The lasers are focused on the sample in a small point where the tem-
perature might be increased. Due to the absence of strong fluid flows, temperature
homogenization may be challenging. Temperature gradients across the surface will
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Fig. 2.6. Schematic diagram of the optical setup used for the optical dilatometry method [17].

generate gradients in surface tension which then triggers Marangoni (or thermocap-
illary) convection [56]. In addition, a non-uniform temperature distribution is always
disturbingwhen precise data needs to bemeasured. For the setup used in this work, it
has been shown that temperature gradients over the sample are so small that they can
be neglected [54]. Slow sample rotations even lead to a further homogenization. Other
groups sometimes use arrangements of three or more lasers in order to improve the
temperature profile [19]. A picture of an electrostatically levitating sample is shown in
Fig. 2.5.

Due to its working principle, electrostatic levitation is a priori not restricted to
a certain materials class. Measurements can be carried out under high vacuum and
atmospheric conditions. Devices working under high pressures of even up to 5 bar
already exist [19; 57]. Once the sample is liquid and levitates, it is stable with a nearly
spherical shape. Electrostatic levitation is potentially available for the measurement
of all thermophysical properties.

Themethod application is however by nomeans straightforward. Position control
requires high efforts. Samples often fall over due to charge loss or other instabilities.
And, although electrostatic levitation has been demonstrated to work for all classes
of materials [19], it works best for refractory metals Zr, Ti, V, and W and their alloys.

2.3 Optical dilatometry

In order to carry out containerless measurements, corresponding diagnostics have
been be developed. For the measurement of density and thermal expansion, a tech-
nique has emerged which is known under the term “optical dilatometry”. This tech-
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nique [58] was further developed and optimized by the author of the present work
[18].

Density and thermal expansion are determined from the liquid sample by mea-
suring it’s volume. This is accomplished by illuminating the sample from one side by
a light source while a camera records shadow graph images on the other side. The fol-
lowing descriptionmainly refers to the setupused in combinationwith the EML exper-
iments. However, the optical dilatometry technique can also be applied to electrostat-
ically levitated samples where only a few modifications are necessary [19; 32; 59; 60].

The optical path of such a setup is schematically shown in Fig. 2.6. In this setup,
a polarized laser beam is produced by a (He/Ne) laser equipped with a spatial filter,
a beam expander and a collimator. The collimator is adjusted such that the beam is
parallel [17]. The diameter of the spot produced is 25 mm. The light is shone at the
sample from the rear. Due to scattering and diffraction at the chamber windows and
at the surface of the sample, a certain part of the light is deflected. These non-parallel
components must be removed in order to obtain a sharp shadow graph image that is
free of noise, interferences and diffraction patterns [17]. This task is performed by the
lens (f = 80 mm) and the pinhole (ϕ = 0.5 mm) acting together as an optical Fourier
filter [17]. In order to vary the intensity of the light, a polarization filter is added to the
setup. The interference filter and the pinhole, finally, remove contributions due to the
samples’ thermal radiation [17]. In this way, a uniform background is produced and
the contrast of the image is independent on the brightness of the sample. This latter
point is crucial for edge detection.

The shadow graph principle also becomes clear from the photograph shown in
Fig. 2.4. In this figure, the expanded laser beam appears on the right hand side as a
bright red circle. The shadow of the sample is visible in the reflection of the beam at
the chamber window on the left hand side.

An example of a shadow image obtained from an electromagnetically levitated
liquid copper sample is shown in Fig. 2.7. These images are then recorded bymeans of
a digital CCD camera and fed into a computer. The images are analyzed in real time by
an algorithm which detects the edge curve of the sample.

The points x̃Edge of this edge curve are conveniently expressed in polar coordi-
nates, (R,φ), with respect to the approximate drop center (x0,y0). R is hereby the ra-
dius and φ the polar angle, see Fig. 2.7 [17].

In levitation experiments, however, the surface of the droplet is undergoing os-
cillations. These oscillations can become very strong. Each frame, therefore, shows a
droplet that is distorted from its ideal equilibrium shape [17]. As long as the ampli-
tudes of these oscillations are comparatively small with respect to the average radius
of the sample, the equilibrium shape can be obtained by averaging R(φ) over a num-
ber of frames larger than or equal to 1000. In anext step Legendre polynomials of order
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Fig. 2.7. Shadow graph image of an electromagnetically levitated sample. Due to the arrangement
of the focusing lens, the sample appears upside down. The black regions at the top and bottom
margins correspond to shadows thrown by the windings of the coil. The samples’ entire edge curve
is marked. In addition, a single edge point and its coordinates (R,φ) with respect to the center of
mass, (x0, y0), is highlighted.

≤ 6 are fitted to the averaged edge curve < R(φ) >:

< R(φ) >=
6∑
i=0

aiPi(cos(φ)) (2.9)

with Pi being the ith Legendre polynomial.
At this point, an important assumption is made in order to evaluate the volume: It

is assumed that the equilibriumshapeof thedroplet exhibits rotational symmetrywith
respect to the vertical axis. If this assumption is valid, the volume can be calculated
using the following integral [17]:

VPixel =
2
3π

π∫

0

< R(φ) > 3 sinφdφ (2.10)

In Eq. (2.10), VPixel is the volume in pixel3 units. For the calculation of the real volume,
VReal, i.e. in cm3, it is necessary to calibrate the system. As described in Ref. [17], this
is performed by the use of differently sized ball bearings.
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Fig. 2.8. Density of pure liquid iron versus temperature (solid). For comparison, data obtained by
Sato using a pycnometer is also shown (open) [18].

Measured density data is shown versus temperature in Fig. 2.8. It is obtained for the
case of pure liquid iron [61]. As visible from the figure, it is also possible to obtain data
in the undercooled region. The thermal expansion coefficient can be obtained from
the slope. In addition, the figure shows data measured for liquid iron by Sato using
a classical pycnometer method [18; 62; 63]. The agreement between the two sets is
excellent and the deviation of both is less than 0.1 %.

In order to estimate the accuracy of this method, it is necessary to identify fac-
tors which contribute to the error budget. Such factors are: strong samplemovements,
mass loss due to evaporation, errors in the temperature reading, and uncertainties in
the calibration. In fact, these factors are mutually dependant. For instance, as a con-
sequence of strong evaporation the sample is losing mass. This can lead directly to
a change of the measured density as the density is proportional to the mass, or to a
change in the chemical composition which also changes the density. Finally, conden-
sation of the vapor on the windows will lead to a change of the calibration factor and
can also influence the temperature reading of the pyrometer. Strong sample move-
ments, such as sample rotations, can lead to a flattening of the sample and a perma-
nent break of the axis-symmetry. In this case, the pre-condition of Eq. (2.10) is not
fulfilled and the results may become extremely wrong.
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Table 2.2. Sources of error and their impact on a density measurement.

Source of error Impact

Evaporation severe
Strong sample rotation severe
Optics, edge detection medium
Calibration ± 1.0 % (EML: Ref. [37])
Temperature reading uncritical (ΔT± 10 K)
Lateral sample movements uncritical

Among these factors, strong sample movements andmass loss due to evaporation are
the most critical. The effect of mass loss is severe, because mass and density are di-
rectly proportional to each other. Provided, one of these factors is pronounced, an
accurate measurement is no longer possible.

On the other hand, if these factors are avoided, highly accurate data can be ob-
tained. In this case, the overall uncertainty can be estimated as Δρ/ρ≤ 1 .0 %. This
value corresponds to the uncertainty of the calibration [37].

The optical dilatometry method is also successfully applied in combination with
electrostatic levitation [19]. Here, it benefits from the additional advantage that due
to the absence of turbulent fluid flow strong rotations and oscillations are rather rare.
In addition, calibration should also be more precise, resulting in an overall increased
accuracy of the data.

2.4 Oscillating drop method

The oscillating drop technique can be used in order to measure surface tension and
viscosity of a levitatingdroplet.Hereby, it is used that thedroplet performsoscillations
around its equilibrium shape. The time dependent deformation of the droplet can be
described as normal modes by spherical harmonics Yn,m [40]:

R(θ, φ, t) =
∑
l=0

+l∑
l=−l

al,m(t)Yl,m(θ, φ, t) (2.11)

when R is the radius of the drop depending on the polar and azimuthal angles, θ and
φ, respectively, and the time t. al,m(t) describes a time dependent deformation, l and
m are the integers characterizing the oscillation mode.

Surface tension is obtained from the frequencies of the surface oscillations while
viscosity is obtained from the time constant of their decay. In electromagnetic levi-
tation, surface tension can be measured on earth and under microgravity. Viscosity,
however, can only be determined under microgravity. A containerless determination
of the viscosity on earth is currently only possible using electrostatic levitation.
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2.4.1 Surface tension

For a spherical andnon-rotating droplet ofmassM, Rayleigh [64] has proposed the fol-
lowing relation between the surface tension γ and the surface oscillation frequencies
ωl,m [40; 41]:

ω2
l,m = l(l + 2)(l − 1) 4π3Mγ (2.12)

The frequencies in Eq. (2.12) do not depend on the index m. This is different for a de-
formed sample [18; 40; 41]. A comparison with Eq. (2.11) reveals the meaning of the
first three modes [41]: The mode associated with l = 0 corresponds to an isotropic os-
cillation. As the liquid is assumed to be incompressible, this mode does not appear in
practice. The mode associated with l = 1 is the translational oscillation of the entire
droplet. It is important for the measurement process but it does not contain informa-
tion about the surface tension. Consequently, the fundamental mode is l = 2. It is five-
fold degenerate (-2 .. 0 .. +2) and the lowest possible surfacemode. The frequency ω2,0
is called Rayleigh frequency ωR [18; 41]:

ω2
R =

32π
3M γ (2.13)

For sample masses of around 1 g, ωR/2π is typically around 40 Hz [18].
Equation (2.12) has successfully been applied to samples levitated inmicrogravity

[28; 65]. On earth, the samples are not spherical. They are also not force-free. The elec-
tromagnetic field imposes an additional, so calledmagnetic pressure, on their surface.
In general, electromagnetically levitated samples are also not free of rotations. This
whole systemofproblemshasbeen investigated theoretically byCummings andBlack-
burn [40]whofinallymade the oscillatingdrop technique applicable. They found that,
first of all, the deviation of the droplet from the spherical shape partially removes the
degeneracy of the l = 2modes. The frequencies ωR split up into a set of three frequen-
cies, ω2,±2, ω2,±1, and ω2,0. Furthermore, it is assumed, that the magnetic field varies
linearly, ∂Bz/∂z = const, in the vertical direction [40]. Then, ω2,±2, ω2,±1, and ω2,0
are related to the Rayleigh frequency ωR as follows:

ω2
2,0 = ω2

R + ω2Tr

(
3.832 − 0.1714

(
g

2aω2Tr

)2)
(2.14)

ω2
2,±1 = ω2

R + ω2Tr

(
3.775 − 0.5143

(
g

2aω2Tr

)2)
(2.15)

ω2
2,±2 = ω2

R + ω2Tr

(
−0.9297 − 2.571

(
g

2aω2Tr

)2)
(2.16)

In these equations, a is the mean sample radius, g is the gravitational accelera-
tion and ω2

Tr denotes the mean quadratic translation frequency. It is calculated as
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ω2Tr= 1
3 (ω

2
X + ω2

Y + ω2
Z)withωX,ωY, andωZ being the frequencies of the sample trans-

lations in the three spatial directions x, y, and z, respectively [18; 40; 41]. ω2,±2 and
ω2,±1 are pairwise degenerate. In reality, however, this degeneracy is lifted due to the
fact that the sample rotates. In a spectrum, therefore, peaks at five distinguishing fre-
quencies become visible. If the frequency of a rotation around the vertical axis is Ωrot
and if Ωrot is smaller than ωl,m [41] it has been shown by Busse [66; 41] that

ω′l,m ≈ ωl,m + m
2 Ωrot (2.17)

with ω′
l,m being the shifted frequency.

Equations (2.14)–(2.16) can be combinedwith Eqs. (2.12) and (2.17) so that the sum-
rule of Cummings and Blackburn is obtained, from which the surface tension can be
obtained in practical applications, [18]:

γ = 3M
160π

+2∑
m=−2

ω′22,m − 1.9ω2Tr − 0.3
(

g
aω2Tr

)2

︸ ︷︷ ︸
Correction term

(2.18)

The correction term in this equation accounts for the influence of the magnetic pres-
sure which is estimated from the translational motion of the sample. If this term is
neglected, as discussed in Ref. [41], the resulting surface tension values would be
severely overestimated. Depending on the mass of the droplet, discrepancies of more
than 30 % can easily be obtained.

The setup for monitoring the surface oscillations in electromagnetic levitation is
shown in Fig. 2.9. It is hereby assumed that, in electromagnetic levitation, the surface
oscillations are spontaneously excited due to the induced fluid flow inside the sample.
Artificial excitation of the modes is therefore not necessary. In an experiment, the liq-
uid sample is observed at constant temperature by a camera directed at it from the top,
see Fig. 2.9. The frame rate of the camera must at least be twice as large as the highest
frequency occurring in the spectrum. In practice, a frame rate of 130 Hz is sufficient
for a sample of ≈1 g. In the setup used for the present work, however, the frame rate
of the camera is 400 Hz allowing to record images with a resolution 400x400 pixel.

For each temperature, either 4096 or 8192 frames are recorded. After finishing
the measurement, the images are analyzed by a program extracting the following pa-
rameters as a function of time: the center of mass, (x0(t), y0(t)), the visible droplet
area, A(t) and two perpendicular radii rx(t) and ry(t). Then, these are fast-Fourier-
transformed (fft) and spectra are obtained from the translation in x- and y- direction,
fft(x0(t)), fft(y0(t)), of the area, fft(A(t)), of the sum, fft(rx(t) + ry(t)) and of the differ-
ence, fft(rx(t) − ry(t)) of the two perpendicular radii.

Typical spectra of the translations in x- and y- direction are shown in Fig. 2.10
[67]. The frequencies ωx and ωy appear as pronounced peaks at approximately 5.5 Hz
and 6.0 Hz, respectively. In the ideal case of a perfect coil, both frequencies should be
identical [41]. Small deviations between them point towards distortions in the coil ge-
ometry. In order to determineω2Tr, the vertical movementmust also be known. This is
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Fig. 2.9. Schematic diagram of the optical setup used in order to measure surface tension in elec-
tromagnetic levitation [18].

slightly more difficult when, as in the setup of the present work, no horizontal camera
is used. However, ωz is visible in the spectrum of the area. If the sample moves to-
wards or away from the camera, it’s apparent size changes which is visible in fft(A(t))
as a weakly pronounced peak (see Fig. 2.10). Obviously, it is sometimes hard to dis-
tinguish this peak from the background noise. It can be helpful, in this context, that
ωz ≈ 2ωx ≈ 2ωy [18; 40; 41].

Figure 2.11, finally, shows spectra of the sum and the difference of the two perpen-
dicular radii [67]. The m = 0 mode can be identified, because it appears in the sum
spectrum but not in the difference [18; 41]. Just as straightforward, the m = ±2 modes
are identified, because they should¹ only appear in the difference spectrum [18; 41].
Finally, the peaks appearing in both, the sum and the difference, belong to them = ±1

1 Deviations from this ideal rule, as in the case of the m = −2 mode in Fig. 2.11, are owed to the fact
that the assumptions (spherical sample, coil with circular cross section, linear variation of �B along z-
axis) made in the theory of Cummings and Blackburn are not always fulfilled in a strict sense.
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Fig. 2.10. Spectra of the translational movements in the horizontal directions, x and y, as well as of
the area signal A(t). The peaks corresponding the translational modes of the sample are marked by
x,y, and z [67].

mode. This way, all five frequencies, ω′
2,m for the evaluation of Eq. (2.18) can be iden-

tified.
In a conservative approach, a maximum error of the surface tension Δγ/γ ≤5 %

[68] is estimated by assuming numerical errors of the parameters entering Eq. (2.18).
For instance, the uncertainty of the frequency reading is estimated as 0.5 Hz which, in
practice, is in the upper limit. In many systems, such as Fe-Ni [68] or Al-Cu [69], the
variation of the surface tension, with temperature or concentration, is much smaller
than these 5 %. However, it will be useful to analyze and exclude potential sources of
error. Like for the density measurement, such factors are: evaporation and mass loss,
strong sample rotation, and uncertain temperature readings. In addition, the purity
condition of the sample and its environment, is crucial. It turns out, that from exper-
iment mass loss due to evaporation, strong sample rotations and poor purity condi-
tions can be true show-stoppers, if they occur.

In Eq. (2.18), γ is directly proportional to the mass. An error in the mass would
directly cause an error of the same order of magnitude in the surface tension. Strong
sample rotations lead to a flattening of the sample. In a spectrum, only a single but
extremely pronounced peak is then visible at double the frequency in this rotation. In
addition, the pre-condition of Eq. (2.18), a negligible sample rotation, is violated.

Finally, the purity condition is crucial. Already a few ppm of some surface active
species, such as oxygen or sulphur, can drastically decrease the surface tension by
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Fig. 2.11. Frequency spectra of the surface oscillation of a Ag60Cu40 sample at 1440 K. The solid
curve is the Fourier transform of the sum signal of two perpendicular radii and the dotted curve
is the Fourier transform of the difference signal. The peaks corresponding to ω′

2,m are marked by
arrows [67].

more than 30 % and even reverse the temperature coefficient [70]. Oxygen can be ad-
sorbed at the liquidmetal surface from the gasphase. It is, therefore, important to keep
the environment clean. Sometimes, hydrogen is added to the process gas in order to
reduce the surface. On the other hand, the impurities may already linger inside the
raw materials due to the way, these have been manufactured. Finding a clean mate-
rial and providing the optimum conditions for themeasurement is often a challenging
task. Table 2.3 lists factors influencing the accuracy of surface tension measurement.

2.4.2 Viscosity

The oscillation drop technique can also be used for the determination of viscosi-
ties. This has been performed, for instance, by Egry during the shuttle missions
IML-2 (1994) and MSL-1 (1997) [71; 72]. On the ground, these measurements can only
be performed if magnetic damping and strong fluid flow is prohibited [48]. Electro-
static levitation provides a promising platform for such investigations. Correspond-
ing experiments have been performed, for instance, by Ishikawa [73], Paradis [60],
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Mukherjee [74], Rhim [75], Brillo [32], Bradshaw et al. [76] and others. These activities
and the current status of the ESL technique are summarized in a review paper pub-
lished recently by Paradis [19].

The influence of the viscosity on the droplet oscillations was studied mainly by
Lamb [77] and Chandrasekhar [78]. They derived a formula for the viscosity, η, of a
liquid spherical drop which is called Lambs law [41]:

η = ρa2Γ
(l − 1)(2l + 1) (2.19)

In this equation, Γ is thedamping constant of the surface oscillationand a is the radius
of the spherical droplet.

Unlike in electromagnetic levitation, the oscillations are not self excited. Hence,
in an experiment, a sinusoidal electric field with an amplitude of 0.4 – 2 kV is super-
imposed to the vertical positioning field with a frequency between 100 and 400 Hz
[19; 32]. In this way, a Y2,0 oscillation mode is excited. It is important, however, that
the amplitude of this mode does not exceed 5 % of the sample radius. Larger ampli-
tudes can trigger flow vortices inside the droplet and consume additional energy [79].

When the Y2,0-mode has stabilized, the excitation field is switched off and the
oscillations start to decay due to inner friction. During this decay, shadow graphs are
recorded of the sample.

The use of a high-speed camera (frame rate > 2000 FPS) allows the collection of
10 – 20 data points per oscillation, if the viscosity of the sample is below 100 mPa · s.
The vertical radius az(t) can be determined as a function of time t with a precision of
better than 1 % [32]. For further analysis, az(t) is fitted by a damped sine function

az(t) = a0 + a0 exp(−Γt)sin(ωt + δ0) (2.20)

where a0 is the amplitude, Γ is the damping constant, ω is the frequency, and δ0 is a
constant phase shift. From the obtained value of Γ, the viscosity is calculated accord-
ing to Lamb’s law, Eq. (2.19).

Table 2.3. Sources of error and their impact on a surface tension measurement.

Source of error Impact

Evaporation severe
Strong sample rotation severe
Optics, edge detection uncritical
Temperature reading uncritical (ΔT± 10 K)
Lateral sample movements uncritical
Purity conditions severe
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2.5 Oscillating cup viscometry

Measuring viscosity by means of the oscillating drop technique has many convincing
advantages.

On earth, however, it will only work in combination with electrostatic levitation
which has no straightforward application. In many cases, a certain element or alloy
material cannot be processed at all.

Hence, for the measurement of the viscosities of liquid metals at high tempera-
ture, the classical oscillating cup technique, is still standard [70]. In this technique,
the liquid alloy is in contact with a crucible and one has to struggle with all the short-
comings described in section 2.2.

The cylindrical crucible containing the liquid is suspendedby awire andperforms
torsional oscillations around it’s vertical axis. Due to the inner friction of the liquid,
these oscillations are damped. The viscosity can be obtained from the time decay of
the oscillation amplitude.

This can be achieved by formulating the Navier-Stokes equations for the problem.
Depending onwhich approximation is used, different working equations are obtained
[80], which need to be solved numerically. Themost prominent of which is the Roscoe
equation [81; 82], where the viscosity η is given by the following expression:

η =
(

Iδ
πR3HoscZ

)2 1
πρT

(2.21)

Here, I is the moment of inertia of the oscillating system, δ is the logarithmic decre-
ment, Tperiod is the oscillation period time, ρ is the density of the liquid, R is the inner
radius of the crucible, andHosc is the height of the sample. The parameter Zosc is given
by

Zosc =
(
1 + R

4Hosc

)
cosc,0 −

(
3
2 + 4R

πHosc

)
1
posc

+
(
3
8 + 9R

4Hosc

)
cosc,2
2posc,2

(2.22)

with
posc =

(
πρ

ηTosc

)2
R (2.23)

and
cosc,0 = 1 − 3

2

(
δ
2π

)
− 3
8

(
δ
2π

)
2 (2.24)

cosc,2 = 1 + 1
2

(
δ
2π

)
+ 1
8

(
δ
2π

)
2 (2.25)

The above equations form a self-consistent system and viscosity can be obtained by
numerical solution. Alternative analyses have become popular during the past years.
Here, the analysis of Beckwith and Newell [63; 83; 84] must be mentioned, as well as
the analysis of Brockner [63; 85].
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Fig. 2.12. Scheme of the viscometer [80].

The apparatus used for the present work was designed and set up by Kehr during the
work for his Ph.-D. thesis [86]. It is described in detail in Refs. [86; 80]. A scheme of the
setup is shown in Fig. 2.12. It consists roughly of two main parts: the furnace and the
oscillation system. The heart of the oscillation system is the torsional steel wire with a
diameter of 0.228 mm. It’s length is approximately 1.3 m and it is accommodated in a
tube-housing held at a constant temperature of 28 ◦C. A mirror holder with attached
mirror is fixed at the end of the wire for the oscillation detection. The mirror holder
continueswith a tungsten rod reaching inside the furnace. This rod holds the graphite
containerwith the sample crucible inside. Its length is adjusted such that the sample is
located right in the center of the furnace as the temperature here iswhere homogeneity
is best.
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Fig. 2.13. Viscosity of liquid Al70Cu30 versus temperature [87].

In order to monitor the oscillations, a laser is shone at the mirror and the reflected
beam is accepted by a position sensitive detector (PSD) in order to measure the angle
of torsional displacement [80].

The furnace consists of a graphite resistance heater with an inner diameter of
100 mm and the length of the isothermal hot zone is 450 mm [80]. Magnetic fields at
the position of the sample are reduced to a minimum due to the meander shaped de-
sign of the heater. Thermal insulation is achieved by a graphite felt wrapped around
the heater. The overall thickness of the insulation is 10 – 15 cm. The outer wall of the
furnace is a water-cooled steel tube [80]. Using this setup, a maximum temperature
of ≈2600 K is obtained. The maximum operating temperature of the vast majority of
currently existing viscometers is nearly 800 K lower.

During operation, a pyrometer is used in order to record the furnace and sample
temperatures. The pyrometer is directed via a mirror to the bottom face of the crucible
container. The emissivity of the crucible container is determined using the melting
points of several pure metals (Al, Cu, Ni, Co, Fe) as reference temperatures.

The furnace is part of a high vacuum system. Prior to an experiment, it is
evacuated to a pressure of <10−6 mbar and then backfilled with Ar of high purity
99.9999 vol-%, so that the measurements can be carried out under a protective atmo-
sphere. In order to avoid that the oscillations interfere with the gas convection flow,
its pressure is reduced to 400 mbar.
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During an experiment, torsional oscillations of the suspended crucible are excited by
an electric motor [87]. The position sensitive detector is read out by a software [86]
which solves the Roscoe equation, Eq. (2.21), and calculates the viscosity. During data
acquisition, the temperature is slowly decreased in steps of 1 K/min [87]. In contrast
to strictly isothermal measurements, a smooth and continuous curve is obtained over
a wide temperature range with several hundred data points, see Fig. 2.13.

In Ref. [80] Kehr specifies an estimated uncertainty of the viscometer of less than
6 %. This value is calculated from estimated uncertainties of the input parameters of
the Roscoe equation. However, the uncertainty of the data reported in the same article
is larger, namely 15 %. The authors identify the crucibles as the main reason for this
discrepancy. Due to chemical reactions, most cups would change their inner diame-
ter during the measurement [80]. In addition, the sample becomes “dirty” from these
reactions and it’s properties would change. Another severe problem in this context
affects the wetting behavior of the melt at the container wall. The Roscoe equation is
derived assuming that, in a hydrodynamic sense, the liquid sticks to the wall and that
there is also no meniscus at its surface. Chemical reactions, such as oxidation, might
destroy these preconditions: If a meniscus forms and if slipping between the liquid
and the container occurs, the sheared volume differs from the actual volume and Eq.
(2.21) can no longer be applied [63]. As a consequence, errors in the viscosity of more
than 50 % are easily encountered.
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3 Density
In this chapter, systematic density measurements of a number of liquid pure metals
as well as binary and ternary alloys are presented. The measurements are carried out
without a container using the optical dilatometry technique in combinationwith elec-
tromagnetic levitation. The degree of complexity of the sample materials is increased
stepwise from mono-atomic systems to binary and ternary alloys. The results are dis-
cussed using the excess volume as the key mixing parameter. There is no general rule
of thumbwhether or not it is positive, negative or zero.However, it is found that demix-
ing systems tend to exhibit a positive excess volume while strongly mixing systems
show a negative excess volume. For alloys of which the components are chemically
similar, the excess volume is almost zero.

3.1 Formalism

In this section, the mathematical formalism and the terminology used to analyze and
discuss the measured density data will be briefly recalled. The fundamental equation
for the free energy G reads as follows [88]:

dG = Vdp − SdT +
∑
i
μidni (3.1)

Here, V is the volume, p the pressure, S the entropy, T is the temperature, μi the chem-
ical potential of component i in themixture and ni its number ofmoles. From Eq. (3.1),
the following basic relation can be derived for the volume:

(
∂G
∂p

)

T,ni
= V (3.2)

For a mixture of different components i with mole fractions xi = ni/
∑

i ni, G can be
written:

G =
∑
i
xiG0

i + ΔG (3.3)

where G0
i is the free energy of the pure component i and ΔG is the mixing free energy.

The corresponding excess property, the excess free energy EG, is related to ΔG via the
mixing free energy of the ideal solution, idΔG which equals RT

∑
i xi ln(xi):

EG = ΔG − idΔG = ΔG − RT
∑
i
xi ln(xi) (3.4)

Applying Eq. (3.2) to Eq. (3.3) using Eq. (3.4), yields the following relation for themolar
volume of the mixture, V, with Vi being the molar volume of component i and EV the
molar excess volume which equals ΔV, the mixing molar volume:

V =
∑
i
xiVi + EV (3.5)
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This equation is intuitively clear: The volume of the mixture is given by the volumes
of the pure components, weighed by their corresponding mole fractions, and an ad-
ditional contribution, EV, originating from the interaction between the particles.

The density, ρ, is generally given by mass M divided by volume V. As the mix-
ture consists of atoms i with molar masses Mi and ρi = Mi/Vi is the density of pure
component i, ρ is obtained from Eq. (3.5) as:

ρ =
∑

i xiMi∑
i xi

Mi
ρi +

EV
(3.6)

Molar volume and density depend on temperature. For the molar volume, this is ex-
pressed by the thermal volume expansion coefficient β. It describes the change of the
volume relative to a fixed reference point. In a liquid alloy, such a reference point is
usually the liquidus temperature TL at which themolar volume equals VL. Then, V(T)
is given by:

V(T) = VL(1 + β(T − TL)) (3.7)

This can be written into a power series expansion for the density:

ρ(T) = ρL + ρT(T − TL) + ρ′T(T − TL)2 (3.8)

whereas ρL = ρ(TL) is the density at the liquidus temperature and ρT = ∂ρ/∂T de-
notes the linear temperature coefficient. The second order temperature coefficient
ρ′T = ∂2ρ/∂T2 accounts for a possible deviation ρ from the linear law. Hints that this
may indeed be possible exist in the case of liquid silicon. Here, amaximumof the den-
sity as a function of temperature is discussed, [89]. In most other cases, in particular
in all of those discussed in the present work, ρ′T =0 and the density obeys a linear
law:

ρ(T) = ρL + ρT(T − TL) (3.9)

There is also a useful relation between ρL and β as long as T is in the vicinity of TL:

β ≈ −ρTρL
(3.10)

Differentiating Eq. (3.6) with respect to temperature, the following expression is ob-
tained for the temperature coefficient of the mixture:

ρT =
[∑

i
xiMi

]
×
[∑

i
xi
MiρT,i
ρ2i

− ∂EV
∂T

]
V−2 (3.11)

In order to apply this expression, the excess volume as well as its temperature depen-
dence need to be known.
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3.1.1 Ideal solution

Excess properties are zero for an ideal solution. In particular, E,idG =0 for all values of
p. Moreover, it follows strictly from Eq. (3.2) that:

E,idV = idΔV = 0 (3.12)

with E,idV being the excess volume and ΔidV being the mixing volume in an ideal so-
lution. Hence, the following conclusion is justified:

ideal solution =⇒E,id V = 0 (3.13)

The reverse conclusion, however, is not allowed. A mixture with zero or vanishing
excess volume is not necessarily ideal. This is seen from integration of Eq. (3.12) with
respect to pressure, yielding an integration constant C. In general, C �= 0.

In fact, it is not straightforward to decide, whether or not an alloy is an ideal so-
lution, even, if EG is reported as zero. The difficulty comes from the fact that for liquid
metals and alloys, the pressure dependence of EG is insufficiently known. For a sys-
tem exhibiting EG =0 at ambient pressure, it’s partial derivative with respect to pmay
be unequal to zero. Therefore, one may find EV � = 0 even if the system is apparently
ideal. The following possible approach for a model doesn’t work in general: EV ∝ EG.

Combining Eq. (3.12) and Eq. (3.5) the molar volume of an ideal solution, idV, is
obtained as:

idV =
∑
i
xiVi (3.14)

Equation (3.14) is a linear combination of the molar volumes of the pure elements.
In some publications, it is known as Vegards law [90]. Vegards law has been derived
empirically in order to describe the observation that the observed lattice constants in
solid crystalline materials change linearly in composition. In the present work, Eq.
(3.14) will be referred to as ideal law in order to emphasize the subtle difference be-
tweenmixtures with vanishing excess volume, EV =0 and an actual ideal solution, see
Eq. (3.13). Now, from Eq. (3.6) one may also note the corresponding expression for the
ideal density, idρ:

idρ =
∑

i xiMi∑
i xi

Mi
ρi

(3.15)

3.1.2 Sub-regular solution

In literature, one distinguishes between regular, sub-regular and sub-(sub-)regular so-
lution models. As the difference between these terms is not relevant in this work and
as their correct definition is sometimes confused in literature, the term sub-regular so-
lution is preferred in this chapter with the following meaning: A sub-regular solution
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is a solution that can be described by the Redlich-Kister-Muggianu polynomial with
non-vanishing interaction parameters, [91].

For a binary alloy with components i, j the excess free energy EG written in the
Redlich-Kister form is given by:

EGi,j = xixj
Ni,j∑
ν=0

νLi,j(T)(xi − xj)ν (3.16)

The binary interaction parameters, νLi,j(T) (ν = 0 . . . Ni,j), describe the interaction be-
tween particles of different kind. They may depend on temperature, but not on com-
position. In a thermodynamic assessment, which is commonly regarded as “good”,
the order of this polynomial is small, typically, Ni,j ≤2¹. In addition, νLi,j(T) should
decrease with increasing ν. For a mixture of three or more components the Redlich-
Kister-Muggianu form reads as follows [91]:

EG1,2,3 =
∑
i<j

xixj
Ni,j∑
ν=0

νLi,j(T)(xi − xj)ν + TG(T, x1, x2, x3)x1x2x3 + . . . (3.17)

The parameters νLi,j(T) are identical with those in Eq. (3.16). In addition, there is also
a parameter TG accounting for a possible ternary interaction. TG depends on T and,
generally also on composition. However, the composition dependence is usually very
weak and, ideally, the influence of the ternary term on the excess free energy should
be comparatively small. If TG ≈0, the excess free energy of a ternary system can be
predicted from the binary subsystems.

UsingEq. (3.2), Eq. (3.16) andEq. (3.17) canbe transformed into similar expressions
for themolar volumewith binary volume interaction parameters νVi,j(T) and a ternary
parameter TV(T), assumed independent on composition. This is first exercised for a
binary system whereas the polynomial is truncated for ν >1:

EV i,j = xixj
[
0Vi,j(T) +1 Vi,j(T)(xi − xj)

]
(3.18)

The general form of Eq. (3.18) is that of a distorted parabola. The term xixj0Vi,j(T), de-
scribes this parabola. Deviations from it are taken into account by the second term,
1Vi,j(T)(xi − xj), inside the square brackets. In most cases, these deviations are so
small that 1Vi,j can be neglected. Hence, the molar volume of a binary alloy can be
approximated by the following parabola:

EVi,j ≈ xixj0Vi,j(T) (3.19)

1 This originates from a point of view according to which a model is generally worsening as more free
parameters are needed in order to achieve agreement with the data. On the other hand, a maximum
number of free parameters of 2 (i.e. Ni,j <2) may cause problems in certain applications involving the
thermodynamic factor, which is defined as Φ = ∂2G

∂x2 .
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The derivation for a ternary system is performed analogously, whereas the ternary
parameter TG in Eq. (3.17) transforms into a corresponding ternary parameter TV =
∂TG/∂p for the volume. The following equation is obtained for the isothermal excess
volume, EV1,2,3, of a ternary mixture as a function of the concentrations xi:

EV1,2,3 =

binary term︷ ︸︸ ︷∑
i<j

EV i,j(T) +

ternary term︷ ︸︸ ︷
x1x2x3TV(T) (3.20)

The right side of Eq. (3.20) consists of two terms. The left term, accounts for the binary
interactions. As already discussed for Eq. (3.17), EVi,j(T) is identical with the excess
volume of the binary subsystem and can be determined from an independent mea-
surement.

It is desirable with respect to question Q:3, see Chap. 1, that, like the parameter
TG in Eq. (3.17), TV is also very small. This would have the advantage that the excess
volume of a ternary alloy could easily be predicted from the excess volumes of it’s
binary boundary systems. However, ∂TG/∂p �= 0 even if TG = 0 at ambient pressure.
Therefore, TV can be quite large, even if TG was practically zero. On the other hand,
the integral,

∫ TVdp is determined apart from an integration constant. Thus, even if
TV was zero, TG could in principle be large.

The temperature dependencies of the interaction parameters νVi,j(T) and TG(T)
are generallyweak. Aswill be shownbelow, they canbe assumed linear in some cases:

νVi,j(T) = νAi,j + νBi,jT

TV(T) = TA + TBT
(3.21)

A and B are constants in Eq. (3.21). From a practical point of view, it is usually more
convenient to treat the volume interaction parameters as being independent of T, i.e.
as constants.

3.2 Unary systems

In order to evaluate the excess volume of binary, ternary, and multicomponent sys-
tems, idV must be known precisely. Therefore, the densities of the pure elements are
determined with great care.

Figure 3.1 shows those sections of the periodic table being relevant in this context.
The marked elements are those of which densities are measured. These are Al, the
group Ib noble metals Cu, Ag, and Au, as well as the transition metals Ni, Co, Fe, and
Ti. The latter are all from the fourth period.
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Fig. 3.1. Relevant section of the periodic table. Densities of the highlighted elements are measured
in the liquid state and will be discussed below.

Table 3.1. Key of methods for density determination used in the tables below [27].

Key Name

A Archimedian methods
BP Bubble pressure
EML Electromagnetic levitation
ESL Electrostatic levitation
EW Exploding wire
G γ-Absorption dilatometry
P Pycnometer method
R Recommended from literature review
SD Sessile drop

The results for the density are compared with each other and with selected literature
data in Figs. 3.2–3.4. Moreover, they are summarized in Tabs. 3.2–3.9 and compared
therein with published results from literature. These are attached with a key specify-
ing the method used for their determination. These keys are defined in Tab. 3.1. The
key R, meaning “recommended”, specifies that the listed value is obtained from a lit-
erature review. To some of them, the results of the present work have contributed as
well (see, Refs. [63; 92; 93; 94; 95]). Furthermore, some of the literature data is picked
from these or other review articles in which it partially went through a pre-selection
process making sure that their error in accuracy is under a certain arbitrarily chosen
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threshold. This threshold is around ±1.0 % in most cases. For this reason, the listed
literature values are not strictly independent from one another.

3.2.1 Liquid Al

Density data of liquid Al is obtained in Refs. [15; 96; 97] as functions of temperature
over ranges of TL ≤ T ≤ T+ 300 K. Undercooling is not achieved.

The data is shown in Fig. 3.2 together with reference data from Assael [63] and
Mills [12]. In the cases of the data published in Refs. [96] and [97], the densities change
over the investigated temperature ranges linearly from ≈2.35 g · cm−3 at TL to approxi-
mately 2.3 g · cm−3 at ≈ 1230 K. This data is in agreement with the results of Assael [63]
with an overall deviation of less than 1.0 %. The recommended values of Mills [12] are
only slightly larger. The data reported in Ref. [15] is approximately 2 % smaller than
the ones of Refs. [96] and [97]. However, is is still within the margin of acceptance.

Equation (3.9) is fitted to the data and the obtained parameters ρL and ρT are listed
in Tab. 3.2 together with other results from literature. Agreement is obtained in this ta-
ble within ± 1.0 % for ρL and within ± 19.0 % for ρT. The uncertainty of ρT is generally
much larger than for the density itself. This is because the temperature coefficient of
the density is exposed to specific sources of error, such as evaporation, see Chap. 2.
In addition, ρT is harder to measure as for its precise determination, data must be
recorded over a sufficiently large temperature range. Often, this range is not fully ac-
cessible.

Table 3.2. Parameters ρL and ρT for the density of pure liquid Al measured in this work [96; 15; 97]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

ρL (g · cm−3) ρT (10−4g · cm−3K−1) Method Source

2.37 -2.6 A [98]
2.39 -3.9 BP [99]
2.37 -2.6 SD [100]
2.38 -3.3 SD [101]
2.37 -3.1 G [102]
2.38 -2.3 G [103]
2.38 -2.3 R [12]
2.37 -3.1 R [63]
2.36 ± 0.03 -3.3 ± 0.03 EML [96]
2.36 ± 0.03 -3.0 ± 0.03 EML [97]
2.29 ± 0.03 -2.5 ± 0.03 EML [15]
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Fig. 3.2. Density of pure Al versus temperature [96; 97; 15] (symbols). For comparison, the represen-
tations reported by Mills [12] (1) and Assael [63] (2) are shown as lines as well.

On the other hand, ρT is relatively small compared to ρ. The ratio of the error in ρT to ρ,
i.e. ΔρT/ρ, is in the order of 10−5. Hence, over a temperature range of several 100 K, an
uncertainty in ρT will not cause a significant uncertainty in the density with respect
to the experimental accuracy of ρ.

3.2.2 Noble metals (Cu, Ag, Au)

Measured densities of the pure liquid noble or semi-noble metals, Cu [17], Ag [37], and
Au [104] are plotted in Fig. 3.3 versus temperature. Again, all experimental data can
be described by linear laws, i.e. by Eq. (3.9). Undercoolings are not achieved. Data is
measured over temperature ranges of almost 400 K for Cu and 450 K for Au. In the
case of liquid Ag, evaporation becomes pronounced and the corresponding mass loss
becomes unacceptable when the temperature exceeds roughly TL+200 K.

In addition to the strong evaporation at higher temperatures, another problem
renders the levitation of pure liquid Ag, and Ag- containing alloys: An extended film
of sulphur appears on top of the samples’ surface as soon as it is molten. This occurs
even thoughnominally highpuritymaterial is obtained from the supplier. The sulphur
originates from chemical reactions of the solidmaterial with gaseous or dissolved SO2
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Fig. 3.3. Density of the pure metals Cu [17] (squares), Ag [37] (circles), and Au [104] (triangles) ver-
sus temperature. For comparison, the representations reported by Mills [12] and Assael for Cu [93],
Assael for Ag [94] and Paradis [95] for Au are shown as lines, as well. The short vertical lines mark
the positions of the corresponding liquidus temperatures, TL.

when being ex situ in contact with water or air. The sulphur cannot be removed under
the reducing conditions of a levitation experiment². It is a particular problem for the
temperature measurement as its emissivity is not constant with respect to time and
temperature. Under these conditions, reliable temperature measurements are possi-
ble only, if the pyrometer is focused on a clean section of the surface area. In addition,
the pyrometer signal, TP,L, needs to be checked several times at the liquidus tempera-
ture TL uponmelting and solidification. As long as the temperature measurement can
be carried out reliably, the sulphur layer on topof the droplet is not considered a severe
problem for the densitymeasurement. The error encountered thisway is ≈ ±1.5 %, see
Tab. 3.4.

2 As proved in later experiments, see Chap. 4, the sulphur layer can effectively be removed if, prior to
the actual experiment, the silver is levitated and melted in air.
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Table 3.3. Parameters ρL and ρT for the density of pure liquid Cu measured in this work [17] (bold).
The data are compared with selected data from literature. The experimental methods used are spec-
ified in the third column.

ρL (g·cm−3) ρT (10−4 g·cm−3K−1) Method Source

8.03 -7.9 MBP [105]
8.09 -9.4 EML [106]
7.92 -8.4 EML [107]
7.96 -7.6 R [12]
8.02 -6.1 G [103]
8.06 -7.8 A [108]
8.00 -8.2 R [93]
8.00 -10.0 BP [109]
8.00 -8.3 A [110]
8.03 -8.2 BP [111]
8.05 -10 SD [112]
8.18 -4.5 EW [14]
7.98 -15 A [113]
7.90 ± 0.1 -7.65 ± 0.5 EML [17]

Table 3.4. Parameters ρL and ρT for the density of pure liquid Ag measured in this work [37] (bold).
The data is compared with selected data from literature. The experimental methods used are speci-
fied in the third column.

ρL (g·cm−3) ρT (10−4 g·cm−3K−1) Method Source

9.23 -8.8 R [94]
9.31 -9.7 G [114]
9.32 -10.5 A [115]
9.29 -8.3 BP, A [116]
9.33 -11.1 BP [111]
9.32 -9.8 A [117]
9.28 -9.0 A [118]
9.24 -6.5 A [113]
9.29 -11.75 SD [119]
9.15 ± 0.12 -7.4 ± 0.8 EML [37]

The parameters ρL and ρT, obtained from fitting Eq. (3.9) to the experimental data,
are listed in Tabs. 3.3–3.5 together with their respective uncertainties [17; 37; 104]. The
concurrancewith the literature data, also listed in Tabs. 3.3-3.5, is generally good. Over
the investigated temperature ranges, the overall deviationsbetween the literaturedata
and the ones of the present work are approximately ±1.0 %. This is also seen in Fig.
3.3 where the experimental data is plotted together with the corresponding reference
data of Mills [12], Assael [93; 94] and Paradis [95]. The relative uncertainties ΔρT/ρT
are about ±10 %.
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Table 3.5. Parameters ρL and ρT for the density of pure liquid Au measured in this work [104] (bold).
The data is compared with selected data from literature. The experimental methods used are speci-
fied in the third column.

ρL (g·cm−3) ρT (10−4 g·cm−3K−1) Method Source

17.3 -12.3 A [118]
17.3 -13.4 A [120]
17.2 -14.4 EW [14]
17.4 -14.4 ESL [95]
17.2 -12.7 SD [121]
17.4 -16.1 A [122]
17.3 -12.0 A [113]
17.4 ± 0.1 -11.0 ± 0.6 EML [104]

Table 3.6. Parameters ρL and ρT for the density of pure liquid Ni measured in this work [17; 123]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

ρL (g · cm−3) ρT (10−4g · cm−3K−1) Method Source

7.86 -6.7 ESL [124]
7.89 -6.5 ESL [125]
7.89 -12.1 EML [126]
7.91 -11 EML [107]
7.85 -12 R [12]
7.68 -12.7 SD [127]
7.81 -7.3 G [103]
7.87 -9.9 R [94]
7.89 -11.9 SD [128]
7.84 -11.2 P [62]
7.77 -16.8 A [129]
7.76 -10.7 A [130]
7.97 -11.6 A [131]
7.94 -11.1 EML [132]
7.91 -11.7 G [116]
8.02 -12 BP [133]
7.93 ± 0.1 -10.1 ± 0.5 EML [17]
7.82 ± 0.1 -8.6 ± 0.6 EML [123]

3.2.3 Transition metals (Ni, Co, Fe, Ti)

Density data of the pure liquid transitionmetals, Ni, [17; 123], Co [134], Fe [61; 123], and
Ti [135] is plotted in Fig. 3.4 versus temperature. Undercoolings are archieved for all
materials. In the case of Ni, data is obtained in a temperature range of approximately
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Fig. 3.4. Densities of liquid Ni [17; 123] (squares), Co [134] (circles), Fe [61; 123] (solid triangles),
and Ti [135] (open triangles) versus temperature. The short vertical lines mark the positions of the
corresponding liquidus temperatures, TL.

TL−220 K ≤ T ≤ TL+200 K. For Co, the temperature range is TL−70 K ≤ T ≤ TL+100 K,
for Fe, it is TL − 70 K ≤ T ≤ TL + 120 K, and in the case of Ti, data is obtained in a
temperature range of approximately TL − 90 K ≤ T ≤ TL + 50 K.

Ni exhibits the largest and Ti the smallest density. The densities of Co and Ni are
closer together. In fact, the density of Co is only 1.0 % smaller than that of Ni.

The obtained respective fit parameters ρL and ρT are listed in Tabs. 3.6–3.9
together with their corresponding uncertainties. In the cases of Ni, Co, and Fe,
the observed temperature coefficients, ρT, are similar to each other, i.e. roughly
-10.0 ×10−4g · cm−3K−1.

Tables 3.6–3.9 also showparameters ρL and ρT of available literature data. Concur-
rence, within ±1.0 %, is obtained for Fe, Ni, and Co. In the case of pure Ti, the overall
agreement is also good. However, the base of available literature data is smaller than
for the other metals. In addition, the deviation among all data in Tab. 3.9 is almost
10 % and thus larger compared to the other metals.

The increased relative inaccuracy of the Ti data can be explained by three causes,
acting together to some degree: The density of Ti is lower than that of the othermetals.
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Table 3.7. Parameters ρL and ρT for the density of pure liquid Co measured in this work [134] (bold).
The data is compared with selected data from literature. The experimental methods used are speci-
fied in the third column.

ρL (g · cm−3) ρT (10−4g · cm−3K−1) Method Source

7.81 -7.0 G [136]
7.67 -11.8 A [129]
7.76 -12.3 BP [137]
8.02 -10.6 SD [138]
7.78 -10.2 EML [132]
7.76 -16.5 BP [109]
7.75 -11.0 BP [133]
7.75 -11.0 R [12]
7.83 -9.4 R [92]
7.81 ± 0.1 -8.9 ± 0.1 EML [134]

A certain absolute error would have a larger impact on a relative scale. The processing
temperature of Ti is larger than that of the other metals (TL=1941 K). Evaporation is
therefore more critical. In addition, Ti is chemically highly reactive. This provides an
additional challenge at the high processing temperatures applied.

Table 3.8. Parameters ρL and ρT for the density of pure liquid Fe measured in this work [61; 123]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

ρL (g · cm−3) ρT (10−4g · cm−3K−1) Method Source

7.04 -8.2 P [62]
7.18 -16.6 A [129]
7.02 -8.5 EML [132]
7.08 -12.3 BP [109]
7.02 -9.3 A [139]
6.98 -9.4 A [130]
7.00 -8.2 EW [14]
6.98 -5.7 G [103]
6.98 -9.5 BP [133]
7.04 -8.6 BP [140]
7.03 -8.6 R [12]
7.03 -9.3 R [63]
6.99 ± 0.1 -5.6 ± 0.2 EML [123]
7.04 ± 0.07 -10.8 ± 0.1 EML [61]
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Table 3.9. Parameters ρL and ρT for the density of pure liquid Ti measured in this work [135] (bold).
The data is compared with selected data from literature. The experimental methods used are speci-
fied in the third column.

ρL (g · cm−3) ρT (10−4g · cm−3K−1) Method Source

4.17 -2.2 ESL [141]
4.10 -9.9 ESL [142]
4.21 -5.1 ESL [19; 143; 144]
4.14 -2.25 R [12]
4.29 -2.3 EW [14]
4.1 ± 0.4 -3.3 ± 0.4 EML [135]

Table 3.10. Density of the investigated liquid elements. For each dataset, the table shows the name
of the element, its atomic number Z, the liquidus temperature TL, the parameters ρL and ρT includ-
ing their uncertainty, and the literature reference.

Element Z TL ρL ρT Source
(K) (g · cm−3) (10−4g · cm−3K−1)

Al 13 933 2.36 ± 0.03 -3.3 ± 0.03 [96]
2.29 ± 0.03 -2.5 ± 0.03 [15]
2.36 ± 0.03 -3.0 ± 0.03 [97]

Cu 29 1358 7.90 ± 0.1 -7.65 ± 0.5 [17]
Ag 47 1233 9.15 ± 0.12 -7.4 ± 0.8 [37]
Au 79 1333 17.4 ± 0.1 -11.0 ± 0.6 [104]
Ni 28 1727 7.93 ± 0.1 -10.1 ± 0.5 [17]

7.82 ± 0.1 -8.56 ± 0.6 [123]
Co 27 1768 7.81 ± 0.1 -8.9 ± 0.1 [134]
Fe 26 1818 7.04 ± 0.07 -10.8 ± 0.1 [61]

6.99 ± 0.1 -5.6 ± 0.2 [123]
Ti 22 1941 4.1 ± 0.4 -3.3 ± 0.4 [135]

3.2.4 Synopsis

For the pure elements discussed above, the obtained parameters ρL and ρT are listed
together in Tab. 3.10. In addition, the appropriate liquidus temperatures TL are also
shown. The nearly monotone relation between ρL and the atomic number Z is obvi-
ously due to the fact that ρ is directly proportional to the molar mass. This also ex-
plains the observed large differences in density among the elements.

The physically relevant propertywhich needs to be discussed is, however, themo-
lar volume, Vm. It is shown in Tab. 3.11 for each of the investigated pure liquid el-
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Table 3.11. Molar volumes of the investigated liquid elements. For each dataset, the table shows the
atomic number Z, the molar volume VL at TL, the thermal expansion coefficient, β, atomic radii after
Miracle, rM [145], and Pauling, r1 [146], as well as respective packing fractions δM and δ1.

Element Z VL β rM(Å) r1(Å) δM δ1
(cm3mol−1) (10−4 K−1)

Al 13 11.48 0.40 1.41 1.25 0.616 0.427
11.79 1.10 0.600 0.416
11.48 1.27 0.616 0.427

Cu 29 8.04 0.97 1.26 1.17 0.627 0.506
Ag 47 11.79 0.81 1.44 1.34 0.640 0.514
Au 79 11.32 0.63 1.43 1.34 0.652 0.531
Ni 28 7.40 1.27 1.26 1.16 0.682 0.532

7.51 1.09 0.672 0.525
Co 27 7.55 1.14 1.24 1.16 0.638 0.518
Fe 26 7.93 1.53 1.26 1.17 0.636 0.503

7.99 0.8 0.632 0.499
Ti 22 11.68 0.8 1.42 1.32 0.618 0.501

ements. Here, VL, denotes the molar volume at the liquidus temperature and β the
thermal volume expansion coefficient calculated from ρT using Eq. (3.10).

For all elements in Tab. 3.11, the thermal volume expansion coefficient β is of the
order of 1.0×10−4 K−1 and almost constant. A significant scatter of ± 50 % is found,
even among different measurements for the same element.

It is striking from Tab. 3.11 that, with respect to their molar volume, the listed el-
ements can be subdivided into two groups: one group where VL is between 11.0 and
12.0 cm3mol−1 and another onewith VL attaining values around 7.5 cm3/mol. The first
group consists of Al, Ti, Ag, and Au. The second group contains the remaining transi-
tion metals, Ni, Fe, Co, and Cu.

In order to elucidate this observation, the corresponding atomic radii rat are
discussed as following. The concept of atoms having a radius is based on the idea
that, under some circumstances, it is useful to describe them as hard spheres with
defined radii. The volume of such a sphere is then given by 4/3πr3at and the to-
tal compact volume for one Mol of spheres is given by Vm,c = 4/3πr3atNAv with
NAv = 6.023 × 1023mol−1 being the Avogadro number.

The power of this concept, however, comes down to the right definition of rat. In
Ref. [146] two kinds of atomic radii, r1 and r12, are reported for each element: r12 cor-
responds to the half of the mean bond distance between atoms in a hexagonal close
packed (hcp) structure with coordination number 12. These values are re-assessed by
Miracle [145]. The corresponding radii, rM, are listed in Tab. 3.11 as well. r1 in Ref.
[146] denotes the radius of an atom bonded in a dimer with the formal coordination
number 1. The radii r1 are approximately 5 % smaller than rM and r12. In a number of
cases the Stokes-Einstein relation could partially be validated using r1 for the hydro-
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Fig. 3.5. Packing fraction δ1 at liquidus versus atomic number Z. The inset shows VL versus com-
pact molar volume calculated using r1. The solid line hereby corresponds to a fit of Eq. (3.22). Solid
symbols: data measured in this work. Hollow symbol: Vanadium [149].

dynamic radius [147; 148]. Hence, r1 may be more suited for the study of systems with
mobile atoms. Such systems are liquid metals at T > TL. For each element Tab. 3.11
also lists r1.

Figure 3.6 shows a plot of themeasured VL versus Vm,c calculated from the atomic
radii rM.Obviously, the twoquantities are linearly related via the average volumepack-
ing fraction δ:

Vm,c = δVL (3.22)

This also explains the fact why there are apparently two groups of elements with re-
spect to their molar volume in Tab. 3.11. This is simply, because only elements with
two classes of radii, smaller ones around 1.26 Å and larger ones around 1.41 Å, have
been investigated. Vanadium, for instance, has an atomic radius of rM,V =1.35 Å [145]
lying in between. Using the density data published by Paradis [149], it becomes obvi-
ous that the molar volume is also in the middle between the two groups. As shown in
Fig. 3.6, Vanadium fits nicely into the scheme of Eq. (3.22).

If Eq. (3.22) is fitted to the plot in Fig. 3.6, a value of 0.633 is found for δ. This
value is very close to the knownpacking fraction calculated by Bernal [150] for a dense
stochastic mixture of spheres which is δStoch =0.637.
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Fig. 3.6. Molar volume at liquidus temperature, VL versus compact molar volume calculated using
rM for the data measured in this work (solid) and for Vanadium (hollow) [149]. The solid line repre-
sents a linear fit of Eq. (3.22). The dashed line represents a plot of Eq. (3.22) using for δ the value of
dense stochastic spheres, 0.637.

In colloidal systems, the critical packing fraction at the glass transition is 0.515. Hard
sphere systems at the glass transition exhibit critical packing fractions of approxi-
mately 0.56. Hence, from the standpoint of dynamics, a packing fraction of 0.633, as
obtained above, is rather non-physical in liquidmetals at temperatures far above their
glass transition temperature Tg.

Table 3.11 also lists packing fractions δ1 calculated from r1. As visible, δ1 scatters
around 0.5. This value seems to be physically more realistic. Figure 3.5 shows a plot
of δ1 versus the atomic number Z. With the exception of Al, the packing fractions are
distributed around a mean value of δ1 =0.514. This is remarkably close to the value
of 0.515 for which colloidal systems perform the glass transition. Pure Al exhibits a
significantly smaller packing fraction of δ1=0.42.

In addition, the inset in Fig. 3.5 shows a plot analogous to Fig. 3.6 where VL is plot-
ted for each element versus the compactmolar hard sphere volumeVm,c = 4/3πr31NAv.
Again, the validity of Eq. (3.22) is found for all the investigated elements, except Al.
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Fig. 3.7. Density of liquid Al-Cu versus temperature. The different symbols correspond to measure-
ments for alloys with different composition. The lines represent fits of Eq. (3.9).

3.3 Binary systems

Starting from mono atomic systems, the investigations are now extended to their bi-
nary combinations. The following binary systems are investigated systematically: Cu-
Ni [17], Cu-Fe [61], Co-Cu [134], Ag-Cu [37], Au-Cu [104], Ag-Au [37], Fe-Ni [61; 123], Co-Fe
[134], Cr-Ni [123], Cr-Fe [123], Cu-Ti [135], Al-Cu [96], Al-Au [15], Ag-Al [96], Al-Ni [21], Al-
Fe [21], Cu-Si [151], and Al-Si [97].

As an example, the binary Al-Cu [96] system is discussed in detail. Figure 3.7
shows the measured density data versus temperature for pure Al and Cu as well as
for the binary alloys with Al concentrations ranging from 0 to 100 at.-%. Due to the
good levitation stability and low vapor pressure of the Al-Cu samples, precise data is
obtained, even in the broad temperature range of TL ≤ T ≤ TL + 1000 K. In order to
analyze the concentration dependence, ρ is calculated using the corresponding pa-
rameters ρL and ρT from Eq. (3.9). This calculation is done for each composition at a
constant temperature of 1400 K. This temperature is chosen so that it lies in the center
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Fig. 3.8. Isothermal density of Al-Cu versus aluminium concentration xAl (symbols) for T =1400 K.
The solid line represents Eq. (3.6) with the excess volume adjusted in Eq. (3.19). The dashed line
corresponds to the ideal solution, Eq. (3.15). The inset shows the measured excess volume versus
xAl which can be described by adjusting Eq. (3.19) (line).

of the temperature range common to all data in Fig. 3.7. The result is the isothermal
density which is plotted in Fig. 3.8 versus the Al-mole fraction xAl.

As visible from this figure, the density decreaseswith an increase of theAl concen-
tration from a value of ≈ 8.0 g · cm−3, corresponding to the density of pure Cu, down to
approximately 2.2 g · cm−3, which is the density of pure liquid Al at this temperature.

The dashed line in Fig. 3.8 represents the density of the ideal law, i.e. Eq. (3.15)
where the excess volume EVAl,Cu = 0. A deviation of the measured density data from
the ideal law towards larger values is clearly visible. In Fig. 3.8 it amounts to nearly
8 % of themagnitude of the ideal density and is largely compared to the experimental
error of <1.5 %. Therefore, the excess volume EVAl,Cu is negative in Al-Cu.

The solid line in Fig. 3.8 shows Eq. (3.6) with 0VAl,Cu obtained from a fit of Eq.
(3.19). As visible, the agreement with the experimental data is far better than in the
case of the ideal law. The experimental density data can also be used as an input to
Eq. (3.6) in order to calculate the corresponding excess volumes as a function of the
respective Al-mole fraction xAl. This is shown by the inset in Fig. 3.8. In agreement
with Eq. (3.19) the excess volume as a function of xAl can be described by a parabola
for Al-Cu. Equation (3.19) is found to be applicable to nearly all binary alloy systems

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.3 Binary systems | 57

investigated in the present work. There are only two exceptions: Cu-Ti and Cu-Si. Their
cases will be discussed further below. However, they still correspondwith Eq. (3.18) of
which Eq. (3.19) is a special case.

Generally speaking, the excess volume can be zero, positive, or negative. A neg-
ative excess volume is commonly associated with a process where smaller atoms fill
voids between larger atoms. Such a process has been investigated in ball bearing mix-
tures [152], for instance, and a negative excess volume is found in all cases.Whether or
not this simple picture can be transferred to liquidmetals is, however,more than ques-
tionable [153]. For the investigated alloys, all the assumed cases are observed. Binary
systems for which the excess volume is zero, or almost zero, are Fe-Ni, Co-Fe, Au-Cu,
Ag-Cu, Ag-Au, and Al-Si. Binary alloy systems, for which a negative excess volume is
found are Cu-Ni, Al-Cu, Ag-Al, Al-Au, Al-Ni, Al-Fe and Cu-Si. Alloys with a positive ex-
cess volume are Cr-Ni, Cr-Fe, Cu-Fe, Co-Cu, and Cu-Ti. The corresponding interaction
parameters 0V(T)i,j and 1V(T)i,j according to Eq. (3.18) are listed for each binary sys-
tem in Tab. 3.12. They are hereby assumed independent of temperature. Only for Cu-Ti
is a small linear temperature dependence considered for both parameters.

Table 3.12. Parameters 0Vi,j and 1Vi,j used in Eq. (3.18) for the calculation of the excess volume of
binary liquid alloys. In addition, the absolute maximum value of the excess volume relative to the
ideal volume is shown.

System i,j 0Vi,j (cm3mol−1) 1Vi,j (cm3mol−1) |EV/idV |max Source

Ag, Au 0 0 [37]
Ag, Cu 0 0 [37]
Al, Si 0 0 [97]
Au, Cu 0 0 [104]
Co, Fe 0 0 [134]
Fe, Ni 0 0 [61]
Ag, Al -2.68 3.2 % [96]
Al, Au -2.24 5.0 % [15]
Al, Cu -3.37 7.7 % [96]
Al, Fe -1.7 14 % [21]
Al, Ni -5.0 22 % [21]
Cu, Ni -0.85 2.9 % [17]
Cu ,Si 0 -5.45 6.5 % [151]
Co, Cu 0.45 1.5 % [134]
Cu, Fe 0.65 2.0 % [61]
Cu, Ti 1.97+1.15·10−3T 6.81-2.65·10−3T 16 % [135]
Cr, Fe 0.28 1.0 % [123]
Cr, Ni 0.74 2.0 % [123]
Fe, Ni 0.51 1.5 % [123]

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



58 | 3 Density

In order to discuss the non-ideality of the investigated alloys, the absolute maximum
value of the excess volume relative to the ideal volume, α = |EV/idV|max is shown
in Tab. 3.12. Values range from 1.5 % for Co-Cu to 22 % for Al-Ni. With the exception
of Cu-Ti, the largest values of α are found in systems with a negative excess volume.
From large values of α to smaller ones, the investigated systems can be arranged in the
following order: Al-Ni > Cu-Ti > Al-Fe > Al-Cu > Al-Au > Ag-Al > Cu-Ni > Cu-Fe > Cr-Ni >
Co-Cu > Fe-Ni > Cr-Fe. Hence, with respect to the molar volume, Al-Ni is the most non-
ideal and Cr-Fe the least non-ideal among the non-ideal binary systems investigated.

The systems Cu-Ti and Cu-Si in Tab. 3.12 form exceptions. Unlike the other alloys,
their excess volumes cannot be represented using Eq. (3.19) with 0V(T)i,j being the
only parameter. For Cu-Ti, two parameters, 0V(T)Cu,Ti and 1V(T)Cu,Ti are necessary in
Eq. (3.18) to account for the deviation of the excess volume from the parabolic shape
[135]. It has alreadybeen suggested in section 3.1 that this case is theoretically possible.
Here, an example is presented, where this actually occurs in a liquid metallic system.

The inclusion of higher order terms in Eq. (3.18)may becomenecessary, if the sizes
of the particles in themixture strongly deviate from one another. In organic chemistry,
this is long known [88]. In fact, the mismatching of the atomic radii (rM or r1, see
Tab. 3.11), is up to ≈12 % for Cu and Ti [135]. This is the largest mismatch among the
systems investigated. The difference among the atomic radii is also quite large in Al-
based systems. A small first order term, 1V(T)i,j, can, in principle, be adjusted to the
excess volumes of the other systems aswell. A small deviation of EV from theparabolic
shape is evident in every system. As long, as this deviation is small, it should be ig-
nored, i.e. 1Vi,j(T) ≈0, in order minimize the number of free parameters in Eq. (3.18).
On the other hand, there is no obvious reason, why a situation where 0V(T)i,j = 0
and 1V(T)i,j �= 0 should be forbidden. It would correspond to a case in which the ex-
cess volume as a function of concentration is changing sign. Cu-Si [151] seems to be an
example for such a system. In the work of Adachi [151] alloys with a Si content of up
to 40 at.-% are processed. For higher Si-concentrations, levitation becomes difficult.
Sample rotations in particular become too strong and the droplet is also no longer
fully visible. In the data obtained so far, a minimum of the negative excess volume is
found at xCu=80 at.-%, as shown in Fig. 3.9. The position of this minimum is believed
in Ref. [151] to be associated to the composition of the intermetallic phase, Cu3Si. Al-
though intermetallic phases are stable at lower temperatures and in the solid state
only, it is sometimes believed that precursors already exist in the melt, if the temper-
ature is close to, or even smaller than TL. For Cu-Si, most likely, this interpretation is
wrong: Adjusting Eq. (3.18) to the excess volume in Fig. 3.9 yields 0V(T)Cu,Si ≈0 and
1V(T)Cu,Si =-5.46 cm3/mol, see Tab. 3.12. Using these parameters, Eq. (3.18) is plotted
in Fig. 3.9. As is visible, the curve predicts a change of sign of the excess volume as a
function of composition: EVCu,Si is negative for xCu > 50 at.-% with the minimum re-
produced correctly at xCu =80 at.-%. In addition, EVCu,Si is positive for xCu < 50 at.-%
with a predicted maximum at xCu =20 at.-%. At this composition, no intermetallic
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Fig. 3.9. Excess volume of binary Cu-Si at 1370 K. The solid line is a fit of Eq. (3.18) yielding
0VCu,Si =0 and 1VCu,Si �= 0.

phase is evident in the phase diagram [154]. For xCu = 50 at.-% EV equals zero, even
though Cu-Si is by no means an ideal system.

Coming back to the example of Al-Cu [96], a plot of the temperature coefficient,
ρT = ∂ρ/∂T versus xAl, is shown in Fig. 3.10. With increasing aluminium concentra-
tion, there is a general tendency of ρT towards larger values. A weak minimum exists
at xAl ≈ 30 at.-%. With respect to the uncertainty of the data it may, however, be neg-
ligible [155]. The dashed curve in Fig. 3.10 shows a calculation of ρT according to Eq.
(3.11) with the excess volume being set to zero, i.e. in the case of the ideal law. In ad-
dition, the temperature derivative of the excess volume ∂EV/∂T is usually very small
[15; 17; 96; 37]. Therefore, it, too, is neglected.Although there are systematic deviations
of the experimental data from this curve, the agreement can be regarded as positive
with respect to the experimental error. An even better agreement can be obtained, if
the excess volume is not ignored in Eq. (3.11). In this case, even the small minimum
xAl ≈ 30 at.-% is reproduced correctly.

Setting ∂EV/∂T =0, Eq. (3.11), becomes:

ρT =

[∑
i xiMi

]
×
[∑

i xi
MiρT,i
ρ2i

]

(idV + EV)2
(3.23)
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Fig. 3.10. Temperature coefficient ρT of liquid Al-Cu versus xAl. The dashed line is calculated from
Eq. (3.24) and the solid line from Eq. (3.23).

It is noteworthy to mention that, except for the excess volume, this formula depends
only on properties of the pure elements. Therefore, the problem of predicting the ther-
mal expansion coefficient can be reduced to understanding the excess volume. If even
the excess volume is ignored, a simple recipe is obtained for the estimation of the ther-
mal expansion coefficient of the density of alloys from only the pure elements:

ρT ≈

[∑
i xiMi

]
×
[∑

i xi
MiρT,i
ρ2i

]

(idV)2 (3.24)

Equations (3.23) and (3.24) are found to be applicable to all alloy systems, binary and
ternary, being investigated in the present work.

3.4 Ternary systems

The investigations of the binary systems can be extended to ternary alloys. The focus
hereby is put on the question whether or not results obtained for the binary alloys are
transferable to a ternary system, i.e. if the ternary term needs to be included into Eq.
(3.20) (Q:3). For example, Fig. 3.11 shows a plot of the isothermal density of a section
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Fig. 3.11. Isothermal densities of liquid Co-Cu-Fe alloys at T=1756 K plotted versus xCu along a sec-
tion from Co50Fe50 to pure copper. The lines represent calculations of Eq. (3.20) for EV=0 (dashed)
and EVi,j �= 0 (solid). In both cases, the ternary volume interaction parameter TV equals zero.

through the ternary Co-Cu-Fe system versus the copper concentration xCu at T =1756 K
[134]. In this section, xCu is varied from 0 to 100 at.-% and the ratio of xCo to xFe is
1:1. The involved binary subsystems are Co-Cu [134], Cu-Fe [61], and Co-Fe [134], see
Tab. 3.12.

The obtained densities are all in a range between 7.4 to 7.6 g·cm−3. For xCu >
80 at.-% they are identical with the corresponding ideal law and appear significantly
lower for xCu < 80 at.-%. In this concentration range, the excess volume is positive and
the experimental data agrees well with a calculation using Eq. (3.20) with the ternary
interaction parameter TV being set to zero and binary volume interaction parameters
νVi,j from Tab. 3.12. In the sameway, the densitymeasured along a second cut through
the ternary system can also be derived from the binary boundary systems [134]. Hence,
in this special case the densities can be predicted from those of the binary subsystems
using Eq. (3.20) [156].
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Fig. 3.12. Isothermal densities of liquid Cu-Fe-Ni alloys at T=1770 K plotted versus xCu along a sec-
tion from Ni40Fe60 to pure copper. The lines represent calculations of Eq. (3.20) with EV � = 0 and
TV =0 (dashed) as well as EVi,j �= 0 and TV �= 0 (solid).

Table 3.13. Ternary volume interaction parameter TV for the investigated ternary alloys.

System TV (cm3mol−1) Reference

Ag-Al-Cu 0 [157]
Al-Cu-Si 19.7 [158]
Co-Cu-Fe 0 [134]
Co-Cu-Ni -12.0 [159]
Cr-Fe-Ni 0 [160]
Cu-Fe-Ni 11.5 [161]

Similar results are found for the systems Cr-Fe-Ni [160], and Ag-Al-Cu [157]. However,
TV is generally not zero. This is shown in Fig. 3.12 and 3.13 for two sections through
the ternary system Cu-Fe-Ni, respectively [161].

In these figures, the measured density data is significantly smaller than the curve
predicted only from the binary phases, i.e. where TV =0. If a positive ternary parame-
ter, TV =11.5 cm3mol−1, is taken into account, the densities can be reproduced for both
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Fig. 3.13. Isothermal densities of liquid Cu-Fe-Ni alloys at T=1770 K plotted versus xNi along a sec-
tion from Cu20Fe80 to Cu20Ni80. The lines represent calculations of Eq. (3.20) with EV �= 0 and TV =0
(dashed) as well as EVi,j �= 0 and TV �= 0 (solid).

sections. Co-Cu-Ni [159] and Al-Cu-Si [158] are two other systems, where a ternary vol-
ume interaction parameter is needed. In Co-Cu-Ni, the excess volume is negative and
the ternary interaction parameter, TV =-12.0 cm3mol−1.

These examples show that the influence of the ternary parameter, TV, on the den-
sity can be quite large. In Cu-Fe-Ni and Co-Cu-Ni, TV actually dominates the density.

Results on densities of the investigated ternary systems are summarized in
Tab. 3.13 by means of their ternary volume interaction parameter, TV.

3.5 Observed trends

With regard to the questionwhether there is any rule of thumb for the prediction of the
excess volume and the density of a multicomponent system (Q:1), the molar volume
Vm at 1773 K is plotted versus the compact molar volume, Vm,cM, in Fig. 3.14 for all
investigated alloys. A similar plot to the one shown in Fig. 3.6 for the pure elements is
produced for the alloys. Vm,cM is calculated from rM,Alloy whereas rM,Alloy is obtained
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Fig. 3.14. Molar volume Vm versus compact molar volume Vm,cM at 1773 K for all investigated alloys
and pure elements. The solid line represents a fit of Eq. (3.22). The dashed line shows a calculation
of Eq. (3.22) with an average packing fraction δ of 0.637 corresponding the an irregularly packed
dense mixture of spheres [150].

from the atomic radii rM,i [145] (i =element) according to rM,Alloy =
∑

i xirM,i. The data
scatter in Fig. 3.14 around the straight line of Eq. (3.22) with δ =0.623. Again, this value
is close to the packing fraction of a dense mixture of stochastically arranged spheres,
which is 0.637 [150].

The investigated alloys can roughly be assigned to three distinct classes as shown
in Tab. 3.14:
Class I contains systems with positive excess free energy, EG > 0, and in which one

element is Cu and the others are transition metals.
Class II contains alloys, in which the elements are similar with respect to their elec-

tronic configuration, i.e. which either belong to the same group of the periodic
table or which are all transitionmetals. Al and Si do not belong to the same group
of the period table. Moreover, Al is a metal and Si a semiconductor³.

3 Si becomes metallic at high temperatures and its electronic configuration, [Ne]2s23p2 is similar to
one of Al which is [Ne]2s23p1. They form a eutectic system andweakly interact in the liquid EG ≈0. For
the latter reasons, Al-Si is also assigned to class II.
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Table 3.14. Observed trends in the excess volume of the investigated alloys.

Class System Sign of EV Reference

Cu-Fe [61]

Co-Cu + [134]
I Cu-Co-Fe [134]

Cu-Fe-Ni [161]
Cu-Ni [17]
Co-Cu-Ni

-
[159]

Ag-Au [37]
Ag-Cu [37]
Al-Si [97]
Au-Cu

≈0
[104]

II Co-Fe [134]
Fe-Ni [61]
Cr-Fe-Ni [160]
Fe-Ni [123]
Cr-Ni

+
[123]

Cr-Fe [123]
Ag-Al [96]
Al-Au [15]
Al-Cu - [96]

III Al-Fe [21]
Al-Ni [21]
Cu-Ti + [135]
Cu-Si +/- [151]
Al-Cu-Si [158]
Ag-Al-Cu

≈ 0
[157]

Class III, finally, contains systems with strong attractive interactions, i.e. where
EG << 0. Such systems are the Al-based alloys, except Al-Si. In addition, Cu-Si
and Cu-Ti are also assigned to the third class as EG << 0 for these systems. As Ti is
a transition metal, the Cu-Ti system could also have been assigned to class I, but
its strongly negative excess free energy is rather typical for alloys in class III.

Obviously, the systems in class I have a positive excess volume. Among the six systems
listed, Cu-Ni and Co-Cu-Ni are the only exceptions where negative excess volumes are
exhibited.

In class II, the excess volumes of the systems are approximately zero. This class
contains 10 systems and is the largest among the three. In Ref. [61] it is claimed that
Fe-Ni is an ideal system and that its excess volume is negligible. Measurements re-
cently performed by Kobatake [123] using the same apparatus indicate that EVFe,Ni
might indeed be slightly positive. Exceptions in this class are the systems Fe-Ni, Cr-Fe,
and Cr-Ni for which EV i,j > 0 [123].
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The systems in class III exhibit a negative excess volume, except Cu-Ti, of which the
excess volume is positive, Cu-Si of which the excess volume changes sign as a function
of composition, Ag-Al-Cu and Al-Cu-Si. In the cases of Ag-Al-Cu and Al-Cu-Si, the bi-
narymargins are thehighlynon-ideal systemsAl-Cu,Ag-Al andCu-Si. Thus, onewould
expect that the ternary systems would also exhibit pronounced excess volumes. How-
ever, this is not the case. The ternary volume interaction parameters TV compensate
for the effect of the binary systems. For the other systems in this class the excess vol-
ume is large compared to the corresponding ideal volume (see also Tab. 3.12). These
systems are, therefore, highly non-ideal, not only with respect to their free energy G,
but also due to their molar volume.

The scheme in Tab. 3.14 can be interpreted as a rough tendency that alloys with a
positive excess free energy also have a positive excess volume and alloyswith negative
excess Gibbs energy exhibit a negative excess volume. However, this scheme is by no
means a strict rule. The latter becomes evident from the exceptions in Class I, Cu-Ni
and Co-Cu-Ni, and the exceptions in Class III, Cu-Ti and Cu-Si. For Cu-Ni and Co-Cu-Ni
EG >0 but the excess volume is negative. For Cu-Ti, on the other hand, EG <<0 with
EV >>0. For Cu-Si, finally, EG <<0 and the excess volume can be positive and negative.

Therefore, a tendency for the excess volume is evident but there is no strict corre-
lation between EV and EG.

This finding is in agreement with the results of a simulation study performed by
Amore and Horbach [162] on symmetric binary modified Lennard-Jones mixtures. The
term “symmetric” here means identical interaction potentials are used in order to de-
scribe the interactions between the same kind of particles (A-A and B-B). For different
kind of particles (A-B) a distinguished potential is used. The excess volume and the en-
ergy of mixing are calculated as function of composition whereas the influence of the
depth of theA-B potential aswell as its long range attractive part are studied. Themain
result of their study is that the sign of the excess volume is determined from a subtle
interplay between the long range and short range parts of the interatomic potentials.
For both,mixing and demixing systems, negative, zero, or positive excess volumes are
found.

3.6 Explanation attempts

In order to understand the physics causing an excess volume and, thus, trying to
understand the scheme of Tab. 3.14, it is no longer sufficient to study the systems
on a macroscopic level. In fact, additional methods, such as X-ray- or coherent neu-
tron diffraction analysis, need to be employed in order to yield information about the
atomic short range order.

Another option, is provided by the opportunity to carry out molecular dynam-
ics simulation (MD) studies. Provided, a suitable interaction potential exists, density
and excess volume can be calculated and compared with the experimental data. In
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Fig. 3.15. Evolutions of the first maxima, r(1), of the partial radial distribution functions gi,j(r), with
i, j as labeled, and the total RDF g(r) (labeled “all”), with xAu.

addition, radial distribution functions (RDF’s) gi,j(r) can be determined providing in-
formation about the short range order.

Such investigations are carried out for the system Al-Au [15]. For this purpose, an
embedded atommodel (EAM) potential is developed and adjusted to the available ex-
perimental data, Tab. B.4, according to a procedure described in Ref. [15]. The poten-
tial developed this way correctly predicts the measured density, thermal expansion,
excess volume and viscosity.

As further discussed in Ref. [15], the calculated radial partial distribution func-
tions of unlike atoms, gAl,Au(r), do not vary with composition for xAu ≥10 at.-%. This
suggests that in these alloys, the main effect of mixing takes place by Au atoms ef-
fectively replacing Al atoms when xAu is increased. Moreover, the radial distribution
functions, gAl,Au(r), exhibit a pronounced split in the secondmaximumwhich is about
20 % of the atomic radii. This rules out pure geometric packing arguments as a poten-
tial cause. Instead, it can be concluded that in liquid Al-Au alloys, densely packed
units [15] arise through chemical interaction. These units lead to an overall reduction
in volume.

Such features are also observed experimentally in the systems Al-Cu and Al-Ni,
investigated in x-ray diffraction experiments [163].
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The evolutions of the first maximum r(1) of the different partial RDF’s as functions of
xAu are shown in Fig. 3.15 for a temperature of 1400 K.

For Al-Au- and Au-Au bonds, r(1) varies only weakly with composition. Moreover,
the Al-Al nearest-neighbor distance decreases monotonically with increasing xAu [15].
This observation drastically contradicts any theory according to which the packing
of atoms can be described by hard-spheres. In effect, Al becomes compressed in the
presence of a second, more densely packed species. The observed behavior indicates
that the Al-Al interactions are descriptively “softer” as those of Au-Au. Thus, Al atoms
are able of becoming accommodated in the Au-dominated structure by reducing their
interatomic distances.

This, together with the fact that mixing in Al-Au occurs mainly by substitution of
foreign atoms into the denser structure, explains the large negative excess volume of
this particular system [15].

In the scheme of Tab. 3.14, Al-Au belongs to class III. It is striking that members
of this class are mostly Al-based alloys which all exhibit an extremely large negative
excess volume. The underlying mechanism, which is clarified in the case of Al-Au,
is probably the same for all alloys of class III, as well. This will have to be shown in
future. In future, similar MD-studies will be carried out on representative systems of
class I and class II.

3.7 Summary and conclusions

Systematic investigations of the densities of several liquid metal systems, i.e. pure el-
ements, binary and ternary alloys are performed. From the results presented in this
chapter and with respect to questions Q:1 and Q:2 formulated in Chap. 1, it can be
concluded that, ad hoc, there is no general rule or model in order to predict the excess
volume or its sign. In the case of ternary alloys, the excess volumes can be determined
from those of the binary phases only in a number of some special cases. In general,
however, a ternary volume interaction parameter TV needs to be taken into account
(question Q:3).

Despite this fact, the following trends can be identified for the excess volume (see
Q:1):
– Alloys consisting of elements with similar electronic structure exhibit no or only

a very small excess volume.
– Cu-based alloys with a positive excess free energy containing one or more transi-

tion metals tend to show a positive excess volume.
– Al-based alloys with an exothermic mixing behavior show excess volumes which

are strongly negative.
– Exceptions from this scheme exist in all three cases.
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Further investigations, involving elements from sections of the periodic table that are
not taken into focus yet, will have to show whether or not this scheme can be main-
tained. Understanding of the observed behavior, however, can only be obtained if,
in addition to the density measurements, other techniques of analysis are employed.
This is demonstrated in the case of Al-Au. Systematic structural investigations, using
simulation- as well as scattering techniques, will play an even more important role in
the future.
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4 Surface tension
Surface tension data is measured on pure liquid elements, binary and ternary alloys.
The measurements are carried out containerlessly using the oscillating drop tech-
nique in combination with electromagnetic levitation. The degree of complexity of
the sample material is stepwise increased from mono-atomic systems to binary and
ternary alloys. Data is obtained as functions of temperature and, in the case of alloys,
of their corresponding compositions. The results are discussed using thermodynamic
models. The performances of the different models are comparedwith each other. Gen-
erally, it is found that systems with negative excess free energies exhibit a weak sur-
face segregationwhile systemswithpositive excess free energies exhibit a pronounced
segregation.

4.1 Formalism and models

4.1.1 Definition

Surface tension as amacroscopic property is sensitively linked to themicroscopic con-
figuration of the interface and can be interpreted as a mechanical tension applied to
the surface [164]. Upon increasing the surface area, a force acts on its circumference
which is proportional to its length. The surface tension, γ, is also related to a difference
in pressure, ΔP, between the two sides of a curved surface [165]. If the curvature of the
surface in any point is characterized by two radii, r1 and r2, vertical to each other, the
following relation is valid:

ΔP = γ
(
1
r1

+ 1
r2

)
(4.1)

Equation (4.1) is called Laplace equation. It forms the basis for the description of me-
chanical equilibria at surfaces and interfaces [70].

Atoms in the surface are generally on a higher energy level compared to those
in the bulk [165]. Creating a surface, therefore, costs energy. For a liquid, the surface
tension is identical with the energy per surface area A [164]. If A is increased by dA,
a mechanical work, dw = γdA is required. Hence, it is possible to express the surface
tension by the coresponding change in the free energy G [165]:

γ = ∂G
∂A |P,V ,T (4.2)

Finally, the surface tension results from a change of the atomic distribution near the
interface and the resulting difference in the net binding energy [20]. γ can therefore be
obtained from the normal p⊥ and parallel p� compound of the pressure tensor. Close
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to the surface, p⊥ > p� [20; 70] and γ equals

γ =
+∞∫

−∞

p⊥ − p�dz (4.3)

In general, the pressure, P, can be written as PV = Ek −
〈∑

�r · �F
〉
with Ek denoting

the mean kinetic energy,�r denotes the position of each particle to which a force �F is
applied, and 〈. . . 〉 indicates thermal averaging [166]. If this is applied to Eq. (4.3), one
obtains [41]:

γ = 1
2

∞∫

−∞

dz
∫

X2 − Z2
R

�F(R)g(z, �R)d�R (4.4)

In this equation, �R = (X, Y , Z) is a spatial relative vector and z is a position vertical
to the interface. �F is the force between two neighboring particles in a distance R from
each other. g(z, �R) finally, is a z-dependent pair correlation function. The latter can be
approximated by a product, gz(z)g(R), of a part depending on z and another one de-
pending on r [20]. If, furthermore, gz is approximated by a step function, the integral
can be solved and the following result, known as Fowlers formula is obtained [20]:

γ ≈ πn2
8

∞∫

0

dRR4F(R)g(R) (4.5)

This equation neglects electronic contributions. The latter might play an important
role in liquid metals. Moreover, the pair correlation function g(r) as well as the inter-
atomic potentials need to be known precisely. Equation (4.5) has been tested success-
fully in a few cases [20].

4.1.2 Gibbs formalism

According toGibbs [165], the surface (S) of a liquid canbe described as the boundary of
a bulk phase (B) with a gas phase (G). Both phases are treated as homogeneous up to
their interface. Consequently, the number densities, ρ̂iB and ρ̂iG, of particles of kind
i are also taken as constant. Moreover, the interface is associated with a plane, the
Gibbs dividing plane, (S) separating the two phases from each other. At the position of
(S), which is chosen arbitrarily, the number density changes abrutly from ρ̂iB to ρ̂iG. If
VB is the volume of the bulk phase and VG is the volume of the gas phase, the number
of moles of particles is given by nBi = ρ̂iBVB for the bulk phase and by nGi = ρ̂iGVG for
the gas phase [165].

Realistically, however, the number density does not suddenly change. Instead, it
transits continuously within a limited zone including the interface. The thickness of
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Fig. 4.1. The Gibbs picture of an interface: The two phases, liquid bulk (B) and gas (G), are assumed
to be homogeneous with both having constant number densities ρ̂i up to the position of the divid-
ing plane (S) (dashed) where an assumed abrupt change of ρ̂i occurs. The real density, however,
deviates from this idealized situation causing an excess of particles, ΔnS

i , at the interface (shaded
areas).

this zone, Δδ, is typically of the order of several Å which corresponds to a few atomic
diameters. The situation is schematically shown in Fig. 4.1 [165].

The smooth transition of the number density, ρ̂, at the interface causes a devia-
tion, ΔnSi , of the sum, nBi +nGi , from the total number of moles, ni, in the entire system.
This is illustrated by the shaded areas in Fig. 4.1. ΔnSi is the excess number of moles. It
can be positive, negative or even zero, depending on the position of the diving plane
[165]. The thermodynamic potentials can be written as a sum of their contributions
from the surface-, bulk- and gas-phase. Using the thermodynamic definition of γ, Eq.
(4.2), the fundamental equation of themolar free energy of the surface, GS can directly
be followed for a mixture of N components, (i = 1..N) [165]:

dGS = −SSdT + VSdP − Adγ +
N∑
i
μidΔxSi (4.6)

In this equation, SS is the molar entropy in the surface phase, VS is its molar volume,
P is the pressure, A is the molar surface area, and ΔxSi = ΔnSi /

∑N
i ΔnSi is the excess

surface mole fraction. The term Aγ denotes in Eq. (4.6) the mechanical work needed
in order to create a new surface with an area A. Integration of Eq. (4.6) for constant P,
T, and γ yields:

GS =
N∑
i
μiΔxSi (4.7)
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Differentiation of Eq. (4.7) and comparison with Eq. (4.6) leads to [165]:

SSdT − VSdP + Adγ +
N∑
i
ΔxSi dμi = 0 (4.8)

This equation is called Gibbs-Duhem relation for surfaces. It can be used in order to
derive a number of useful relations, such as, for instance, the one for the temperature
coefficient of the surface tension, γT = dγ/dT:

γT = −( S
S − SB
A ) (4.9)

Obviously, γT can be interpreted as the change in entropy needed to create a surface.
For pure elements, γT is usually negative [20]. For systems with more than one com-
ponent, γT may also be positive under certain conditions [155].

At the critical point, T = TC it is no longer possible to distinguish between liquid
and vapor and the surface tension equals zero. Close to the critical point, γ decays as
function of T according to a power law [165]:

γ ∝
(
1 − T

TC

)υ
(4.10)

with a critical exponent υ ≈ 11
9 . In the high temperature limit, thus, γT is always neg-

ative. At temperatures sufficiently smaller than TC, γ depends linearly on T:

γ(T) = γL + γT(T − TL) (4.11)

In Eq. (4.11) γL denotes the surface tension at T = TL.
Another consequence of the Gibbs-Duhem relation of surfaces, Eq. (4.8) is the

so called Gibbs adsorption isotherm. For constant temperature and pressure Eq. (4.8)
transforms into the Gibbs relation:

dγ +
N∑
i
Γidμi = 0 (4.12)

Here, Γi = ΔxSi /A denotes the so calledadsorption of component i. It can be interpreted
as an excess surface density.

Equation (4.12) can be combined with the following expression for the composi-
tion dependent chemical potential of a solution, μi:

μi = μ0i + RT ln(ai) (4.13)

In this equation, R is the molar gas constant, μ0i is the chemical potential of the stan-
dard (bulk) state, independent of composition, and ai is the activity. The Gibbs ad-
sorption isotherm follows as the result [165]:

− dγ =
N∑
i
RTΓid ln(ai) (4.14)
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Equation (4.14) describes the dependence of surface tension on the composition of an
alloy at constant temperature. Depending on the purpose, Eq. (4.14) may have differ-
ent forms [165]. For instance, in the case of a binary alloy, N = 2, the position of the
dividing plane can be adjusted such, that Γ2 = 0. In this case, Eq. (4.14) reads:

dγ = −RTΓ1d ln(ai) (4.15)

Equation (4.15) plays an important role in processes where surface active gas phase
atomsadsorbat the liquid surface.Aprominent example is the reductionof the surface
tension of liquidmetals under the influence of an oxygen containing atmosphere [167;
168]. In technical processes, such as welding, this has enourmous consequences for
the quality of the final product [169; 170].

4.1.3 Quantities of mixing

Based on the Gibbs adsorption isotherm, Eq. (4.14), it is possible to formally develop
an expression for surface tension in terms of mixing and excess properties. For this
purpose, the Gibbs adsorption isotherm is written in differential form. Subsequent
integration leads to the expression below in which xBi denotes the mole fraction of
component i in the bulk phase:

γ =
N∑
i
xBi γi −

N∑
i
RTΓi ln(ai) (4.16)

Without violating the general case, the integration constant is written as
∑

i xBi γi and
the activity term is expressed by RT ln(ai) = RT ln(xBi ) + EGi with EGi being the partial
excess free energy. Then, Eq. (4.16) becomes:

γ =

idγ︷ ︸︸ ︷
N∑
i
xBi γi −

N∑
i
RTΓi ln(xBi )

︸ ︷︷ ︸
Δidγ

−
N∑
i
ΓiEGi

︸ ︷︷ ︸
Eγ

(4.17)

In this equation, the right hand side consists of three terms: The first is a linear com-
bination of the surface tensions of the pure individual components in xBi . The second
term denotes the surface tension of mixing, Δidγ, for the ideal solution case. The last
term can be interpreted as the excess surface tension, Eγ. Moreover, the ideal surface
tension, idγ, equals the sum of the first two terms. The sum of the last two terms cor-
responds to the surface tension of mixing, Δγ, for the real solution case. Using this
nomenclature, Eq. (4.17) can be written in its generalized form:

γ = idγ + Eγ (4.18)
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Equations (4.17) and (4.18) provide a formalism similar to the one developed for the
excess volume in section 3.1. Hence, the excess surface tension may also be written in
Redlich-Kister form and the following is valid for a binary system with components i
and j:

Eγi,j = xBi xBj
[
0ui,j + 1ui,j(xBi − xBj )

]
(4.19)

The coefficients 0ui,j and 1ui,j are generally temperature dependent.
The predictive power of the Gibbs model is rather small. The principle problem

arises from a difficulty with the determination of Γi [165]. This is problematic both,
experimentally and theoretically. The Gibbs formalism has provided a basic thermo-
dynamic theory of surfaces and interfaces. In fact, the Gibbs adsorption isotherm has
generally been accepted as being thermodynamically exact. In order to predict the
surface tension numerically, other, more suitable, models exist.

4.1.4 Butler model

Oneof the first analyticmodels for the prediction of surface tension is the Butlermodel
[171]. It differs form theGibbsmodel in the description of the surface. The Butlermodel
considers the surface as a separate thermodynamic phasewhich is in equilibriumwith
the bulk. In an alloy system, the mole fractions of components in the surface, xSi , gen-
erally differ from those in thebulk, xBi .Moreover, the surface is considered in theButler
model as a monolayer of atoms, Fig. 4.2. The latter is assumed for mathematical rea-
sons: If the surface is a monolayer, one may write 1 =

∑
i ΓiAi with Ai being the area

that one mole of atoms of type i occupies [20]. Furthermore, the gas phase is com-
pletely neglected.

The following derivation of the concept is adopted from a similar derivation of a
model for liquid-liquid interfaces [172]: If Gtot is the free energy of the total system,
the surface tension corresponds to its change upon changing the surface area. Hence,
using the definition of γ, Eq. (4.2), one can write:

γ = dGtot

dA = ∂Gtot

∂A
dnSi
dnSi

=
∑
i

dGtot

dnSi
∂nSi
∂A (4.20)

with nSi being the number of moles of particles of kind i in the surface layer. nSi will
change by ∂nSi if the surface area A is changed by ∂A. Hence, in Eq. (4.20) γ can be
interpreted as the energy needed per unit area to move a particle from the bulk phase
(B) to the surface (S). If nBi is the number of moles of particles in the bulk, then:

dGtot(nSi , nBi )
dnSi

= ∂Gtot

∂nSi
− ∂Gtot

∂nBi
(4.21)

Introducing thepartialmolar surface area,Ai = ∂A/∂nSi , Eq. (4.20) canbe transformed
into the following equation using Eq. (4.21):

γ = (uSi − μBi )A−1
i (4.22)
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Fig. 4.2. The Butler model of a liquid surface: The surface is considered as a monolayer of atoms. It
forms an individual phase with their own thermodynamic potentials and composition, xSi . xBi = mole
fraction of component i in the bulk.

whereas in Eq. (4.22) ∂Gtot/∂nSi and ∂Gtot/∂nBi are abreviated by uSi and μBi , respec-
tively. μBi is the chemical potential of a particle of kind i in the bulk phase. The chemi-
cal potential of the surface, μSi , includes the interfacial energy. μSi , therefore, consists
of one part, γAi, depending on the interfacial energy and the partial molar area, and
another one, uSi , including the rest:

μSi = uSi − γAi (4.23)

In Eqs. (4.22) and 4.23, uSi can be interpreted as the chemical potential of a particle
of kind i which is not on the surface, but instead, in a bulk phase with a composition
identical to the surface [172].

In case of thermodynamic equilibrium, Eq. (4.23) allows that the chemical poten-
tials, μSi and μBi , can, indeed, be equal without violating Eq. (4.22). Equations (4.22)
and (4.23) canbe combinedwithEq. (4.13) andEq. (4.22),which allows for determining
the surface tension of the pure component, γi as (μ0,Si − μ0,Bi )/Ai, so that the following
relation is obtained:

γ = γi +
RT
Ai

ln( a
S
i

aBi
) (4.24)

In Eq. (4.24), aSi is the activity of an element i in the surface and aBi is the corresponding
activity in the bulk phase. Equation (4.24) must produce identical results for different
choices of i and it is therefore possible to eliminate γ from Eq. (4.24). Equation (4.24)
is called the Butler equation. In the form of Eq. (4.24) it is most general.
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4.1.5 Ideal solution

Before the Butler equation is discussed in greater detail, one of its special cases, the
ideal solution, will be emphasized. For the ideal solution model, RT ln(ai) = RT ln(xi)
with xi being themole fractionof component i in anyphase. Then, theButler equation,
Eq. (4.24), turns into:

idγ = γi +
RT
Ai

ln( x
S
i
xBi

) (4.25)

For an alloy with N components, i = 1, ..N, Eq. (4.25), results in N equations with
N unknowns: γ and N − 1 independent surface concentrations, xS1, .., xSN−1 for which
xS1 + .. + xSN = 1. Correspondingly, the system can be solved.

In the case of a binary alloy with components A and B, Eq. (4.25) can even be
solved analytically, using the approximation AA ≈ AB :≈ A. Then, the surface concen-
tration xSA of a component A becomes:

xSA = xBA
xBA + xBBSe(T)

(4.26)

and for component B:

xSB =
xBB

xBB + xBA/Se(T)
(4.27)

with Se(T) being the so called segregation factor. It is written as

Se(T) = exp
(
(γA − γB)A

RT

)
(4.28)

Equation (4.26) is plotted in Fig. 4.3. Negative values of ln(Se) are equivalent to γA < γB.
The curves in Fig. 4.3 exhibit a convex shape as xSA > xBA. This effect is called segrega-
tion or surface segregation. It is more pronounced if the difference between the surface
tensions of the pure components is increased. Surface segregation can be understood
as a process of energy minimization: In order to minimize the energy of the total sys-
tem, Gtot, the component with the smaller surface tension becomes enriched in the
surface layer. Figure 4.3 also shows that segregation takes place already within the
ideal solution model.

Knowing xSA and xSB from Equations (4.26) and (4.27), the surface tension of an
ideal solution can be calculated as a linear composition of γi in the surface concentra-
tions:

idγ(T) = xSAγA(T) + xSBγB(T) (4.29)

This equation even holds for an N-component system:

idγ(T) =
N∑
i
xSi γi(T) (4.30)
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Fig. 4.3. xSA versus xBA for the ideal solution model plotted for different choices of the segregation
factor Se.

In order to calculate idγ for the systems investigated in the present work, i.e. binary
and ternary alloys, Eq. (4.25) is solved numerically. For this purpose, the partial mo-
lar surface areas need to be precisely known. Following a strict route, Ai has to be
calculated from the molar volume. However, the latter is not always known. On the
other hand, the effect of EV on the surface tension is very small and can be neglected.
Hence, Ai is usually approximated from themolar volume, Vi of the pure components
according to the following rule [173]:

Ai ≈ f × (NA)
1
3 V

2
3
i (4.31)

In this equation, NA =6.023×1023 is the Avogadro number and Vi is the molar volume
of the liquid pure element. Moreover, f =1.091 is the geometrical factor [174; 175]. This
value 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 [176].
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4.1.6 Sub-regular solution

Usually, the ideal solution fails to predict experimental data correctly. This is due to
the fact that, in most systems, EG �= 0. For a non-ideal system, the Butler equation can
be expressed using the partial excess free energies, EGS

i and EGB
i , for the surface and

the bulk, respectively:

γ = γi +
RT
Ai

ln( x
S
i
xBi

) + 1
Ai

(
EGS

i (T, xS1, .., xSN) − EGB
i (T, xB1, .., xBN)

)
(4.32)

The difficulty with Eq. (4.32) is obvious: While EGB
i may be known for the bulk from

thermodynamicdatabases, the thermodynamicpotentials of the surface phase, in par-
ticular EGS

i , are generally unknown.Apriori it is not even clearwhich functional forms
they should have.

In an attempt to overcome this hurdle, Hoar and Melford proposed that EGS
i

should have the same functional form as by the bulk, apart from a factor ξ which ac-
counts for a reduced coordination of atoms in the surface layerwith respect to the bulk
[177]:

EGS
i (T, xS1, .., xSN) ≈ ξEGB

i (T, xS1, .., xSN) (4.33)

Depending on the atomic short range order within the liquid, ξ varies from 0.5 to 1.0
[175; 177; 178; 179]. A value of 0.75 was initially suggested by Tanaka and Iida [175] as a
default for liquids with an unknown structure. Later, they replaced this value by 0.83
based on amore detailed analysis published in Ref. [180]. This value of ξ shall be used
in the present work as well.

The partial excess free energies EGB
i are derived from the excess free energy EGB

by partial derivatives with respect to concentration.
For an N-component system, Eq. (4.32), again, forms a system ofN equationswith

N unknowns, γ and N −1 independent surface concentrations. Up to N = 3, Eq. (4.32)
can be solved numerically. For systems with more components, it might becomemore
difficult to solve Eq. (4.32) accurately, as theminimum inwhich the solution converges
becomesbroaderwith an increasingnumber of components. For truemulticomponent
systems different models, based on Gibbs energy minimization, need to be employed
[181].

4.1.7 Chatain model

The Butler equation has often been criticized. For instance, the assumption of Eq.
(4.33) appears arbitrary. Itmoves the Butlermodel close to semi-empiricmethods. Fur-
thermore, the mono-layer assumption might not always be justified. In reality, there
would be a vertical gradient of composition in the near-to surface region [182]. The
associated surface thicknesses even diverge in real systems, for temperatures close to

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



80 | 4 Surface tension

Fig. 4.4. The Chatain model of a liquid surface: The surface is considered as a stack of k atomic
monolayers with each layer n, n = 1, .., k, having its individual composition, x(n)i .

the critical temperature of demixing [182]. Last but not least, the Butler model is in
disagreement with the Gibbs-adsorption isotherm. For this reason, the Butler model
has even been regarded as being non-physical.

The latter problem, at least, can be diminished by considering instead of just one
monolayer, a stack of multiple layers with each layer having its own composition, see
Fig. 4.4. The concept of such a multilayer model is not new [20]. It dates back to the
works of Defay and Prigogine in 1950 [183] and Taylor in 1956 [184], and others [185;
186].

The most important and recent development of a multilayer model is the one pro-
posed by Wynblatt and Chatain [187]. In its current form, the model is defined solely
for binary systems. It is based on the regular solution or sub-regular solution model
[188]. A recent modification of the model also describes oxygen adsorption at liquid
copper surfaces [189].

In the Chatain model [187], the atoms of the liquid are assumed to reside on cubic
lattice sites with a coordination number z = 12 in the bulk and a lateral coordination
number zl = 6. The number of neighboring atoms in an adjacent atom layer is zv = 3.
Interactions among atoms take place only with the nearest neighbors, whereas Φi,j
denotes a single bond energy for a bond between atoms of kind i and j.

If GS is expressed in Eq. (4.7) by the internal energy, US with −Aγ being included
into the usual expression of the mechanical work, the surface tension appears as

γ = US

A − T S
S

A −
∑
i
μiΓi (4.34)

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



4.1 Formalism and models | 81

In order to determine γ, the three terms, i.e. the internal energy term, the entropy term
and the adsorption term, need to be evaluated separately. This is done layer by layer.
The index (k + 1), hereby refers to the bulk, i.e. x(k+1)i = xBi . In addition, it is assumed
that the area per atom is the same for both elements and in each layer.

Moreoever, it is assumed that the entropy SS equals the ideal entropy of mixing
and the chemical potentials of the components arewritten for abinary regular solution
as

μi =
z
2[2x

B
i ω + Φi,i] + RT ln(1 − xBi ) (4.35)

where ω is the regular solution constant given by: ω = ΦA,B − (ΦB,B +ΦA,A)/2. Assum-
ing further that γi = −zvΦi,i/(2A), the following expression for the surface tension of
a binary alloy is obtained:

Aγ = AγBx(1)B + AγAx(1)A
− zvω(x(1)B − 2xBBx(1)B + (xBB)2 − 2zvω

∑k
n=1(x

(n)
B − xBB) × (x(n)A − xBA)

− nzlω
∑k

n=1(x
(n)
B − xBB)2

+ RT
∑k

n=1

[
x(n)B ln

(
x(n)B
xBB

)
+ x(n)A ln

(
x(n)A
xBA

)] (4.36)

Equation (4.36) is solved by minimization of γ. Typically, this is performed using a
Monte Carlo algorithm with random sampling. The parameters Φi,i and ω are related
to standard thermodynamic potentials as follows [187; 190]:

Φi,i ≈ A · γi , ω ≈
0L(T=0)

z (4.37)

The Chatain model is in agreement with the Gibbs adsorption isotherm [187]. The
model is able to predict the composition in the surface near region and its depen-
dence on the layer number [190; 191]. As a particular strength, it can be used in order
to investigate surface phase transitions [187]. This is demonstrated, for instance, in
the case of the metastable demixing in liquid Co-Cu [188].

However, it is fair tomention that the Chatainmodel also has disadvantages. First
of all, it exhibits a small mathematical inconsistency: While ω and Φi,i are initially
taken as constants, Eq. (4.35), they tacitly become temperature dependent when link-
ing them later to γi in Eq. (4.37). In addition, the assumption of atoms being arranged
on a lattice does not reflect the reality of a liquid and the assumption of an ideal en-
tropy offers room for improvement. A more serious disadvantage of the model is re-
lated to Eq. (4.37) where ω is linked to the first Redlich-Kister coefficient, 0L(T = 0).
As the majority of systems involve at least two or three parameters, the field of appli-
cation is, thus, narrowed for the Chatain model. In order to overcome this problem, a
more recent version of the model is developed [188]. An exotic quadratic dependence
on temperature is used therein for the interaction parameters. This brings up difficul-
ties for the matching with existing thermodynamic assessments, as by most of them,
the temperature dependence is either linear or logarithmic.
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Fig. 4.5. The Egry model [193] for the surface tension of a liquid compound forming alloy: The sur-
face is considered as a monolayer. Compounds forming in the bulk with a stoichiometric ratio of
n : m cannot segregate to the surface (encircled).

For some systems, the Chatain model is shown to correctly predict surface tension
[190; 191]. A systematic comparison, which is still outstanding, is performed within
the present work.

4.1.8 Egry model

Another interesting topic of surface tension measurement is linked to the idea that,
in liquid metals, so called compounds may form under certain conditions. Such
compounds would exist in systems which exhibit congruently melting intermetallic
phases [192]. It is assumed that, at temperatures only a little above TL, the intermetal-
lic phase partially survives in the form of a preferred pronounced structural configu-
ration called compound, see Fig. 4.5.

In order to elucidate the impact that compound formation would have on the sur-
face tension, Egry proposed a simple and easily appliedmodel [193] based on the ideal
solution approximation described in section 4.1.5.

The main assumption of this model is that compounds do not segregate to the
surface. In a binary system A, B, with compounds AnBm, the segregation factor then
changes in the exponent by an additional contribution fse · (n + m)(xBA)n(xBB)m, where
fse is related to the energy of a single bond in the compound.Hence, Eq. (4.28) changes
into:

Se(T) = exp
(
A(γA − γB) − fse · (n + m)(xBA)n(xBB)m

RT

)
(4.38)

The factor fse is an adjustable parameter [193].
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4.1.9 Empirical models

Other empirical models exist, such as, for instance, the model of Allen [194] which
links the surface tension of a liquid element at its liquidus, γL to TL, ρL, and its molar
mass, M:

γL = 3.6TL
(
M
ρL

)− 2
3

(4.39)

This model has been improved by Kaptay [195], whereas the basic theoretical frame-
work has been published by him earlier [179]. In hismodel, the conceptwas developed
that the surface free energy is related to the cohesive energy and its difference with re-
spect to the bulk- and the surface phase. In addition, it is found empirically that the
cohesive energy is proportional to the liquidus temperature:

γL(NA)1/3V2/3
L,i

∼= αKTL (4.40)

In Ref. [195], Kaptay also reports a value for the empirical parameter αK which is
αK =38(±10) JK−1. In the same work [195], Eq. (4.40) was optimized along existing
data. The new, optimized form of Eq. (4.40) reads:

γL(NA)1/3V2/3
L,i

∼= αKTL + βKTL2 (4.41)

with αK = 41 JK−1 and a second parameter βK = −3.3 × 10−3 JK−2.
Differentiation of Eq. (4.41) with respect to temperature, leads to a formula for the

estimation of the temperature coefficient γT [195]:

γT · A ∼= 0.182Cp − 1.2 − 2
3βγL · A (4.42)

In this equation, Cp is themolar heat capacity and β the thermal expansion coefficient.
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Fig. 4.6. Relevant section of the periodic table. Surface tensions of the highlighted elements are
measured in the liquid state and will be discussed below. In the case of Co, data measured by Eichel
[196] will be discussed.

4.2 Unary systems

In order to discuss the surface tension of binary and ternary liquid alloys, it is first nec-
essary to determine the surface tensions of their pure components. For elements like
Al, Ti and others, this is already a difficult task, due to their high chemical reactivity.
Even now, the surface tensions of liquid aluminium [197] and/or silicon [16; 168; 198]
are still subject to discussion.

Figure 4.6 shows the section of the periodic table which is relevant in this context.
Themarked elements are those forwhich the surface tension ismeasured in this work.
These are Al, the group Ib noblemetals Cu, Ag, andAu, aswell as the transitionmetals
metals Ni, Fe, and Ti. The latter are all from the fourth period. In addition, the surface
tension of liquid Co is also discussed, which was previously determined [196].

The experimental results for the surface tension of the pure components are sum-
marized in Tabs. 4.2–4.9 and compared therein with published results from literature.
The corresponding experimentalmethods are specified in these tables bya certain key,
defined in Tab. 4.1. The key R, means “recommended” and specifies that the listed val-
ues are obtained from literature reviews. From these, some of the cited original data is
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also chosen for this work. Hence, the reference data is not strictly independent from
one another. Moreover, the results are shown in Figs. 4.7–4.10.

Table 4.1. Key of methods for surface tension determination used in the tables below [27].

Key Name

CR Capillary rise method
DC Draining crucible
DW Drop weight
EML Electromagnetic levitation
μg-EML Electromagnetic levitation under microgravity
ESL Electrostatic levitation
R Recommended from literature review
SD Sessile drop method and its variants

Table 4.2. Parameters γL and γT for the surface tension of pure liquid Al measured in this work [199]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

0.865 -1.2 SD [200]
0.873 -1.2 SD [201]
0.865 -1.5 SD [202]
0.867 -1.5 SD [164]
0.871 -1.55 R [12]
0.914 -3.5 R [175]
0.866 ± 0.04 -1.46 ± 0.1 EML [199]

4.2.1 Aluminium

Surface tension data of liquid Al [199] is plotted in Fig. 4.7 versus temperature. The
temperature ranges overmore than 500K from TL+100 K to TL+650 K. Undercoolings
are not observed.

The obtained values of γ change linearly over the investigated temperature range
from ≈0.85 Nm−1 at 1050 K to 0.78 Nm−1 at around 1550 K, see Fig. 4.7. Equation
(4.11) can be fitted to the experimental data, and the corresponding fit parameters
γL and γT are listed in Tab. 4.2 together with corresponding results from literature.
Excellent agreement is obtained with the results of Refs. [164; 200; 201; 202] and [12].
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Fig. 4.7. Surface tension of pure Al versus temperature [199] (symbols). For comparison, the rep-
resentations reported by Mills [12], Tanaka [175], and Eustathopoulos [164] are shown as lines as
well.

There is, however, a disagreement with the values reported by Tanaka, [175], for which
γL =0.914 Nm−1 and γT =-3.5 10−4Nm−1K−1.

This is also observed in Fig. 4.7 where, in addition to the experimental data of the
present work [199], linear representations of the reference data of Mills [12], Tanaka
[175] and Eutstathopoulos [164] is shown. While the agreements between the results
of the present work and those of Refs. [12] and [164] are nearly perfect, the slope of the
surface tension reported in Ref. [175] deviates significantly.

On the other hand, the increased affinity of Al to oxygen cannot be ignored. It
is mentioned in Ref. [12] that, using the maximum bubble pressure method, Garcia-
Cordovilla et al. [203], Goumiri et al. [204] as well as Pamies et al. [201] reported val-
ues of γ around 1.0 Nm−1 under, as declared by them, oxygen-free conditions. Hence,
surface tension values around 0.86 Nm−1, as found in this work and by most of the
authors cited in Tab. 4.2, are interpreted by them as being related to an Al-surface
saturated in oxygen [12; 205]. In a recent work of Molina [197], it is noted that, if this
interpretation is correct, the scatter of the available experimental data should be in-
creased. However, as visible in Tab. 4.2, this is not the case. In fact the deviation of the
available data from each other is not much larger as for other materials. The influence
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of oxygen on the surface tension of liquid Al is discussed in detail by these authors.
They came to the conclusion, that the value of γ ≈ 0.85 Nm−1 should correspond to a
virtually oxygen free surface. This is in agreement with the results presented here¹.

4.2.2 Noble metals (Cu, Ag, Au)

The surface tensions of Cu [67; 191; 206], Ag [67], and Au [199] are plotted in Fig. 4.8
versus temperature. For pure Cu and Ag, surface tensions are measured over almost
300 K. For both systems, the maximum temperature is limited by evaporation. For
liquid Au, data is obtained in a broad temperature range of TL ≤ T ≤ TL+ 600 K.
Undercoolings are not observed.

Fig. 4.8. Surface tension of pure Cu [67; 191; 206], Ag [67], and Au [199] versus temperature (sym-
bols). In comparison, representations are shown for Cu [12; 207] for Ag [208; 209], and for Au
[210; 211]. Representations of Ag: 1: Ref. [208], 2: Ref. [209], 3: Ref. [205]. Representations of Au:
4: Ref. [210], 5: Ref. [211]. Representations of Cu: 6: Ref. [207], 7: Ref. [12].

1 It must be noted, however, that very recent measurements performed by Kobatake using electro-
magnetic levitation under controlled atmosphere seem to be rather in agreement with the data of Ref.
[175].
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Again, the data can be described by Eq. (4.11) and the adjusted parameters, γL and γT,
are listed in Tabs. 4.3–4.5. Among the three metals, Au exhibits the smallest relative
scatter in the surface tension. In the case of Ag, the scatter is slightly larger. The largest
scatter in the data, however, is found among the different measurements for Cu. Not
only the curves obtained for each run deviate from each other by up to 10 %, but also
the relative scatter in a single run is nearly (± 5 %). In Fig. 4.8 the data of Ref. [191] is
obviously about 3 % smaller than that of Refs. [67; 206]. The reason is unclear.

In general, the agreement with the literature data listed in Tabs. 4.3–4.5 is good.
The measured surface tensions of Ag deviate from the literature values systematically
by 3 %, tending towards lower values, if the results of Hibiya [208] are ignored in
Tab. 4.4. The agreement among the different data sets of gold including the results
of the present work, is also within ± 3 %.

Figure 4.8 displays representations of some of the literature data. These are the
reviews [12; 205; 207] for Cu, plus some representative studies for Ag [208; 209] and
for Au [210; 211]. For the latter system, no specific review data seems to be available.

Asmentioned already in Sec. 3.2, the levitation of liquid silver and its alloys comes
with the particular problem that a visibly bright and extended film of some impurity
appears the surface of the droplet as soon as it becomesmolten. From EDX-analysis, it
is evident that this film consists of sulphur originating from chemical reactions when
the solid sample comes in contact with air prior to the measurement. With respect to
the surface tension, the action of sulphur can be fatal. Like oxygen, only a few ppm of
sulphur candrastically decrease γ andmay even reverse the sign of its temperature co-
efficient γT. In order to obtain reliable surface tension data, therefore, it is imperative
to remove these impurities from the surface in situ, i.e. during the levitation experi-
ment.

In Ref. [67] this is achieved by exposing the liquid sample at high temperature to
an oxygen partial pressure of more than 103 Pa. This way, volatile SO2 forms and the
surface is cleaned efficiently within a few minutes.
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Table 4.3. Parameters γL and γT for the surface tension of pure liquid Cu measured in this work
[67; 191; 206], (bold). The data is compared with selected data from literature. The experimental
methods used are specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

1.33 -2.6 EML [196]
1.30 -2.3 EML [107]
1.33 -2.3 R [12]
1.30 -2.9 R [207]
1.30 -2.5 SD [212]
1.29 -1.6 SD [202]
1.34 -1.8 SD [213]
1.31 -1.1 SD [214]
1.30 -2.1 SD [215]
1.30 ± 0.07 -2.64 ± 0.1 EML [191]
1.33 ± 0.07 -2.6 ± 0.1 EML [67]
1.33 ± 0.07 -2.3 ± 0.1 EML [206]

Table 4.4. Parameters γL and γT for the surface tension of pure liquid Ag measured in this work [67]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

0.966 -2.5 EML [208]
0.91 -1.8 EML [209]
0.925 -2.1 R [216; 205]
0.916 -2.28 SD [215]
0.914 -1.5 SD [213]
0.912 -2.0 SD [217]
0.919 -1.76 SD [119]
0.911 -1.53 SD [214]
0.894±0.05 -1.9±0.1 EML [67]
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Table 4.5. Parameters γL and γT for the surface tension of pure liquid Au measured in this work [199]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

1.143 -1.4 SD [218]
1.121 -0.9 EML [41]
1.138 -1.9 SD [210]
1.15 -1.4 EML [211]
1.140±0.06 -1.83±0.11 EML [199]

Table 4.6. Parameters γL and γT for the surface tension of pure liquid Ni measured in this work [68]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

1.778 -3.8 R [175]
1.770 -3.3 EML [107]
1.770 -3.3 EML [41]
1.796 -3.5 R [205]
1.781 -2.85 R [12; 207]
1.77 -3.30 EML [68]

Table 4.7. Parameters γL and γT for the surface tension of pure liquid Co measured in Ref. [196].
The data is compared with other selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

1.873 -4.9 R [175]
1.944 -6.666 SD [214]
1.89 -3.30 EML [196]

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



4.2 Unary systems | 91

Table 4.8. Parameters γL and γT for the surface tension of pure liquid Fe measured in this work [68]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Method Source
(N·m−1) (10−4N·m−1K−1)

1.896 -9.5 SD [219]
1.872 -4.9 R [175]
1.843 -1.86 SD [214]
1.92 -3.97 EML [68]

4.2.3 Transition metals (Ni, Co, Fe, Ti)

Surface tension data of the pure liquid transition metals, Ni, [68], Fe [68], and Ti [206]
are plotted in Fig. 4.9 versus temperature. In addition, the representation of liquid Co,
obtained by Eichel [196], is shown. The latter has beenmeasured using the same elec-
tromagnetic levitation furnace and under similar conditions as the data for Ni and Fe
of the present work. In order to remove residual oxides from the surface, the experi-
ments on Ni, Co,

Fig. 4.9. Surface tension of pure Ni [68], Fe [68], and Ti [206] versus temperature (symbols). The
data is shown together with results from literature: 1: Ref. [220], 2,3,6: Ref. [175], 4,8: Ref. [205], 5:
Ref. [207].
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Fig. 4.10. Surface tension of pure Ti as function of temperature [206] (solid symbols). The data is
shown together with the γ-T representations published in Ref. [175] (“Tanaka”) and Ref. [220] (“Par-
adis”). In addition, data measured by means of various container-based methods is also shown:
[221]–[222] (open symbols).

and Fe are performed by adding hydrogen (≤ 8 vol.-%) to the process gas. As visible
in Fig. 4.9, undercoolings are obtained for each material. In the case of Ni, data is
obtained in a temperature range of TL − 320 K ≤ T ≤ TL + 220 K. In the case of Fe,
it is obtained in a range of TL − 100 K ≤ T ≤ TL + 230 K and for Ti, a temperature
range of TL ≤ T ≤ TL + 110 K is covered. Fe exhibits the largest and Ti the smallest
surface tension. The results for Co and Fe lie closely together and overlap within an
error margin of ±3 %.

The usage of hydrogen gas and its reducing action is discussed by Ozawa [223].
In fact, the kinetics of the reduction is temperature dependent: At low temperature,
the equilibriummay be on the reducing side. In contrast to this, desorption of oxygen
dominates at high temperature. In the regime of medium temperatures, adsorption
of oxygen may become significant which is associated with a sign reversal of γT. Fol-
lowing this argumentation, Ozawa identified in Ref. [223] a small kink in the data of
liquid iron [68] measured in the present work. He explained this kink by the action of
the added hydrogen. It is marked in Fig. 4.9 by an arrow. Obviously, this feature is still
beyond the error margin of ±5 %.

The respective fit parameters γL and γT are listed for Ni, Fe, and Ti in Tabs. 4.6, 4.8,
and4.9 togetherwith their correspondinguncertainties. In addition, thefit parameters
for liquid Co are listed in Tab. 4.7.
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Table 4.9. Parameters γL and γT for the surface tension of pure liquid Ti measured in this work [206]
(bold). The data is compared with selected data from literature. The experimental methods used are
specified in the third column.

γL γT Tref (K) γ(Tref ) Method Source
(N·m−1) (10−4N·m−1K−1) (N·m−1)

1953 1.65 SD [221]
1953 1.588 DW [224]
1941 1.41 DC [225]
1953 1.39 DW [226]
1940 1.51 CR [227]
1943 1.525 PD/DW [228]
1953 1.675 μg-EML [229]
1943 1.475 SD [222]

1.650 -2.6 R [175]
1.557 -1.6 ESL [220]

1.49±0.08 -1.7±0.1 EML [206]

The tables also show available literature data. Correspondance is obtained for Fe, Ni
and also for Co. In the case of pure Ti, there is a big scatter among the published data.
At temperatures close to TL, surface tensions vary from 1.39 Nm−1 [226] to 1.675 Nm−1

[229]. This is further illustrated in Fig. 4.10. γ is measured as a function of temperature
for only three datasets: the one published in Ref. [175], which is taken from the review
of Keene, [205], another one measured by Paradis [220], using electrostatic levitation
and the datameasured by Amore [206] within the frame of the present work. The large
variation among the data originates from the high chemical reactivity and the high
melting point of Ti.

For surface tensionmeasurements, the purity of the sample and its surface is cru-
cial. Hence, container-based processing cannot seriously be employed. Among the
data measured by containerless techniques, those of Paradis [220] are closest to the
ones of the present work. In electrostatic levitation, however, the effect of the surface
charge on the surface tensionmeasurement is still unclear [19]. At the present point in
time, the only reliable data for the surface tension of pure Ti are those of the present
work [206]. This fact is very astonishing, in particular, in view of the enormous tech-
nical importance of Ti and Ti-based alloys.

4.2.4 Synopsis

The surface tension results discussed in the previous section are summarized for each
element by their parameters γL and γT in Tab. 4.11 together with their corresponding
liquidus temperatures TL. Obviously, there is a rough tendency for the surface tension
to nearly monotonically increase with the liquidus temperature. However, Ti forms
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Fig. 4.11. γLVL
2
3 N

1
3
A calculated from measured quantities versus TL (symbols). In addition, the lines

show calculation of Eq. (4.40) (solid) and Eq. (4.41) (dashed).

an exception from this trend: It has the largest liquidus temperature but its surface
tension ranges fairly in the middle between the others.

As discussed in Sec. 4.1.9, the molar surface area A, which is calculated in Eqs.
(4.26) and (4.40) from the molar volume, must also be taken into account. Hence
Tab. 4.11 also lists molar volumes selected from Tab. 3.11.

Figure 4.11 also shows aplot of Kaptays optimized formula, Eq. (4.41), using values
of the free adjustable parameters αK and βK recommended by him as αK = 41 and βK =
−3.3 × 10−3 [195]. Obviously, the agreement of Eq. (4.41) with the experimental data is
also very good, but the mean square deviation is smaller for the linear, unoptimized,
relation of Eq. (4.40). On the other hand, Eq. (4.41) is adjusted in Ref. [195] to a much
larger set of data covering also a different TL-range from 1728 K to 3600 K. Hence, it is
justified to assume that Eq. (4.41) provides the better overall agreement.

Figure 4.11 shows for each element a plot of γL(NA)1/3V2/3
L,i versus TL. Obviously,

the linear relation of Eq. (4.40) can be adjusted to this plot. The adjustable free param-
eter, αK, turns out from Fig. 4.11 as αK = 33.98. This agrees within the margins with
the value given by Kaptay αK =38±10, see Sec. 4.1.9.
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Table 4.10. Auxiliary data for the calculation of the γT in Eq. (4.42). For each element, the table
shows the liquidus temperature, TL, the molar volume VL, the thermal expansion coefficient β
and the molar heat capacity at constant pressure, Cp. The parameters VL and β are picked from
Tab. 3.11. Data of Cp are obtained from Ref. [230]. (1): Average molar volume).

Element TL (K) VL (cm3mol−1) β (10−4K−1) Cp (J/mol)

Al 933 11.61) 1.1161) 31.78
Cu 1358 8.04 0.971) 32.66
Ag 1233 11.79 0.81 33.49
Au 1333 11.41) 0.64 33.38
Ni 1727 7.451) 1.18 43.12
(Co) 1768 7.55 1.14 40.53
Fe 1818 7.961) 1.161) 45.05
Ti 1941 11.68 0.8 37.68

Table 4.11. Surface tension of the investigated elements. For each dataset, the table shows the
parameters TL, γL, γT, VL, and the corresponding literature source. The molar volume VL is picked
from Tab. 3.11. (1): Average molar volume).

Element TL γL γT VL Source
(K) (Nm−1) (10−4Nm−1K−1) (cm3mol−1)

Al 933 0.866 -1.46 11.61) [199]
Cu 1358 1.30 -2.64 8.04 [191]

1.33 -2.6 8.041) [67]
1.33 -2.3 8.041) [206]

Ag 1233 0.894 -1.9 11.79 [67]
Au 1333 1.140 -1.83 11.4 [199]
Ni 1727 1.77 -3.30 7.451) [68]
(Co) 1768 (1.89) (-3.30) 7.55 [196]
Fe 1818 1.92 -3.97 7.961) [68]
Ti 1941 1.49 -1.7 11.68 [206]

The relation for γT, Eq. (4.42), can be validated in the same way. The parameters
needed in Eq. (4.12) are listed in Tab. 4.10. The molar heat capacities, Cp, are taken
from Ref. [230] and the thermal expansion coefficients, β, are picked from Tab. 3.11.
γL, finally, is taken from Tab. 4.11. The result is shown in Fig. 4.12, where γTA calcu-
lated fromEq. (4.12) is plotted versus themeasured one. As visible, the symbols scatter
around the diagonal line qualitatively, confirming Eq. (4.12).

Instead of relating the surface tension to the cohesive energy via TL, one can also
attempt to compare the surface tension γi of an element i with the free energy of its
standard state, G0

i (T). From Eq. (4.22) it is maintained that γi · A = GS
i − GB

i . If, in a
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Fig. 4.12. Validation of Eq. (4.12). Predicted values of γTA versus the experimental ones (symbols).
The points scatter around the diagonal line (dashed).

similar approach as in Eq. (4.33), GS
i is expressed by ζGB

i the following simple relation
is obtained:

γ · A = (ζ − 1)G0
i (T) (4.43)

In order to test Eq. (4.43), GSurf = γL · A is plotted for each element versus G0
i (TL). The

corresponding functions for the standard state are taken from the SGTE database, pro-
vided in Ref. [231]. The result is shown in the inset in Fig. 4.13. The data is assembled
around a straight line with a negative slope of -0.577 corresponding to ζ = 0.423. Al
hereby forms an exception as the corresponding data point is shifted along the hori-
zontal axis by roughly 20 kJ/mol.

The parameter ζ can also be calculated for each element separately. This is shown
in Fig. 4.13, where ζ is plotted versus the atomic order number, Z. As visible, ζ scatters
around its mean value of ζ = 0.377 which is very close to the value of 0.423 obtained
from the linear fit.
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Fig. 4.13. ξ calculated from Eq. (4.43) and plotted versus the atomic order number Z. The dashed
line shows the arithmetic average and the solid line corresponds to the slope of GSurf = γLA versus
G0
i shown in the inset.

4.3 Binary systems

In the same way as for the densities in Chap. 3, surface tensions are investigated by
a stepwise extension from unary to binary and ternary systems. Regarding the binary
systems, results are obtained for Ag-Cu, Al-Au, Al-Cu, Al-Fe, Al-Ni, Cu-Fe, Cu-Ni, Cu-Ti,
Cu-Si, and Fe-Ni. Their excess surface tensions are evaluated at fixed temperatures Tfix
using Eqs. (4.18) and (4.19). The results, i.e. the parameters 0ui,j and 1ui,j, are summa-
rized in Tab. 4.12, allowing for a qualitative discussion of the excess surface tension
with respect to sign and magnitude. Moreover, an overview of the segregation behav-
ior is provided for each system.

Systems with a negative excess surface tension, Eγ < 0, are Cu-Ni [68], Cu-Fe [68;
155], Ag-Cu [67], and Cu-Si [151]. Among these, Cu-Fe is a typical representative and
will be discussed in more detail:

Cu-Fe consists of two structurally different components, a group Ib noble metal
and a transition metal. EG is strongly positive and a metastable miscibility gap exists
in the undercooled regime [233].
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Table 4.12. Investigated binary systems and parameters 0ui,j and 1ui,j obtained from fitting E γ by
Eq. (4.19) at T = Tfix. The 5th column specifies the segregating species and references to the surface
tension data is given in the last column.

System Tfix
0ui,j

1ui,j Segregating Source
i, j (K) (Nm−1mol−1) (Nm−1mol−1) species

Cu,Ni 1400 -0.399 0.793 Cu [68]
Cu,Fe 1900 -1.124 1.127 Cu [68]
Cu,Ti 1400 0.118 -0.273 Cu [206]
Ni,Fe 1800 0.221 0.007 Ni [68]
Cu,Ag 1400 0.257 0.307 Ag [67]
Al,Cu 1400 0.475 -0.754 Al [191]
Al,Fe 1600 1.508 -1.341 Al [232]
Al,Ni 1600 2.095 -1.624 Al [232]
Al,Au 1400 0.247 -0.391 Al [199]
Cu,Si 1400 -1.030 -3.267 Si [151]

Measured surface tensions of liquid Cu-Fe alloys with Cu concentrations ranging from
20 to 80 at.-% are shown as functions of temperature in Fig. 4.14. Temperature ranges
are covered from 1300 K to 2100 K. The data falls between 1.2 and 1.4 Nm−1. Even for
Cu20Fe80, which has a large iron concentration, the surface tensions are close to those
of pure Cu. In order to study the concentration dependence, γ(T) is extrapolated in Fig.
4.15 to a temperature of T = Tref =2000 K. This temperature is chosen for the follow-
ing reasons: First of all, the temperature at which the model calculations are to be
performed should be well above the critical temperature of demixing, Tdemix. In Cu-
Fe, Tdemix is determined experimentally as ≈ 1673 K [234]. This is in agreement with
Calphad calculations using the full Redlich-Kister description of EG [235]. Second if,
as in the Chatain model [187] only one coefficient 0L(T = 0) is used, Tdemix turns out
to be approximately 2100 K. This temperature is, however, far above the maximum
temperature at which experimental surface tension data is obtained. As a compro-
mise, therefore, the experimental data is discussed at Tref =2000 K and, in Eq. (4.37),
0L(T = 0) is reduced by a factor of αdemix =0.9:

αdemix · 0L(T = 0) −→ 0L(T = 0) (4.44)

This moves Tdemix back to ≈ 1700 K [190].
In Fig. 4.15, γ sharply decreases within the first 30 at.-% of Cu bulk concentration

from its initial value of ≈1.85 N/m, corresponding to pure iron, down to ≈1.15 N/m. This
latter value corresponds to the surface tension of pure copper. Upon further increase
of xBCu, γ remains practically constant at this level.

The comparison of the experimental data with the model calculations in Fig. 4.15
shows that the ideal solution significantly overestimates the data and, hence, fails to
describe it correctly. This is expected, as Cu-Fe is a highly non-ideal system [235]. A
far better agreement is obtained for the Butler equation, Eq. (4.32). There is also some
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Fig. 4.14. Measured surface tensions γ of liquid Cu-Fe versus temperature T for different composi-
tions (symbols). The solid lines represents fits of Eq. (4.11).

discrepancy for xBCu >40 at.-%where the experimental data is overestimated by 2–5%.
The linear representation of γ, Eq. (4.11), becomes less accuratewhen Tref becomes too
large. Therefore, Fig. 4.15 shows the same comparison also for T =1823 K. Obviously,
the agreement is now better.

The Butler equation predicts in Fig. 4.15 that the surface tensions at T =2000 K
are lower than for 1823 K as long as xBCu > 20 at.-%. For smaller concentrations, xBCu <
20 at.-%, it is predicted that γ(2000 K) > γ(1823 K). This crossover of the curves is
encircled in Fig. 4.15. It is in agreement with the observed positive γT of the data for
Cu20Fe80 shown in Fig. 4.14 [68; 155; 190].

In Fig. 4.15 a calculation of the Chatainmodel, Eq. (4.36) is also shown. The agree-
ment with the data is reasonable. The surface tension and its concentration depen-
dence are predicted to be qualitatively correct but the experimental data is overesti-
mated by at least 10 %. This is due to the above mentioned reduction of 0L(T = 0) in
Eq. (4.44).

According to the Butler model, the concentration of copper in the surface layer,
xSCu, is greater in Fig. 4.16 than approximately 60 at.-%, even for a small copper bulk
concentration of only xBCu ≈15 at.-%. A significant and sharp decrease of xSCu is found
if xBCu falls below this limit. As shown in Fig. 4.16, an even stronger segregation of
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Fig. 4.15. Isothermal surface tension of Cu-Fe versus the bulk mole fraction of copper, xBCu. The data
is plotted for T =2000 K (solid symbols) and T =1823 K (hollow symbols). In addition, model calcu-
lations are shown for the ideal solution model (dashed), Eq. (4.29), the Butler equation, Eq. (4.32),
at 2000 K (solid line) and at 1823 K (dotted) and the Chatain model, Eq. (4.36), (dash-dotted). The
ellipse encircles the transition point from positive to negative values of γT.

copper is predicted for the top monolayer by the Chatain model, according to which
xSCu > 95 at.-% if xBCu >10 at.-%. The figure shows calculations of layer compositions
up to the 10th layer from the top. It is seen that the deviation from xBCu disappears
with an increase in the layer number n. Under these conditions, the effective thickness
of the surface is approximately 5 – 9 layers [190]. While the Butler equation and the
Chatain model may both give a good estimate of the surface tension, as is seen in Fig.
4.16, they may significantly differ in the description of the surface composition [190].
Because the Butler model is restricted to one monolayer, it effectively averages the
surface composition [190].

Qualitatively, the same isothermal surface tension curve of Cu-Fe is obtained for
Cu-Ni [68] where surface segregation of Cu is also dominant. In the case of Ag-Cu, a
similar curve of the surface tension is also obtained except that, instead of Cu, Ag is
the segregating species.

As discussed above, the process of segregation results from aminimization of the
surface energy. Hence, the elementwith the smaller surface tension becomes enriched
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Fig. 4.16. Calculated Cu mole fractions x(n)Cu of the surface near layers n in Cu-Fe at 2000 K as func-
tion of the bulk mole fraction, xBCu. The solid line represents the calculation of Butler model for the
top surface layer n =“S”. The dashed and/or dotted lines correspond to the Chatain model.

in the surface and determines the surface tension of an alloy. As in the case of Cu-Fe,
segregation becomes enhanced if EG > 0. Alloys for which EG < 0 display a different
behavior. Such alloys are Fe-Ni, Cu-Ti, Cu-Si, Al-Cu, Al-Ni, Al-Fe and Al-Au. Fe-Ni, e.g.,
is a comparatively simple system composed of two structurally similar elements: Fe
and Ni.

For this system, the isothermal surface tension is plotted in Fig. 4.17 versus the
bulk nickel concentration, xBNi at T =1800 K. Upon increasing xBNi, γ decreases from
≈1.92 Nm−1, corresponding to the surface tension of pure Fe, down to ≈1.75 N/m. The
latter value corresponds to the surface tension of pure liquid Ni. Over the entire com-
positional range, γ varies, therefore, by ≈ 10 %.

In Fig. 4.17 the experimental data is shown together with the ideal solutionmodel
underestimating them by ≈ 2 %. This discrepancy is beyond the estimated error of
the experimental method (± 5 %). For Fe-Ni the ideal solution model can, in princi-
ple, be regarded as sufficient in order to predict the surface tension. A slightly better
agreement is found, of course, when applying the Butler and the Chatainmodel [190].
Obviously, there is no significant difference among the two models in Fig. 4.17.
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Fig. 4.17. Isothermal surface tension γ versus xBNi for the Fe-Ni system. The plot is shown for a tem-
perature of 1800 K. For comparison, calculations of the ideal solution model, Eq. (4.29) (dashed),
the Butler model, Eq. (4.32), (solid) and the Chatain model, Eq. (4.36), (dash-dotted), are also
shown. Within the error bars of ± 5 %, the agreements between the models and the data are equally
good.

In contrast to Cu-Fe, Cu-Ni, and Ag-Cu, the γ(xBNi)-curve in Fig. 4.17 exhibits a concave
shape. In Fe-Ni, the excess free energy is negative and segregation is reduced. This be-
comes clear from the calculated segregation profile in Fig. 4.18. Again, there is a good
agreement between the calculations of the twomodels for the topmonolayer. The con-
centration of Ni in this layer is predicted by both models to be moderately increased,
i.e. by 10 %, with respect to the concentration in the bulk, xBNi. Moreover, the Chatain
model predicts a depletion of Ni in the second layer. Already in the third layer there
is no sign of segregation at all. The most important information from this plot is that
the surface concentration can also be predicted by the ideal solution model. Hence,
segregation in this system exceeding the one predicted by the ideal solution model is
practically suppressed. The systems Al-Ni, Al-Fe, Al-Cu, and Al-Au not only exhibit
EG << 0, their components are also structurally different. In addition, their phase
diagrams exhibit intermetallic phases reaching up to the corresponding liquidus tem-
peratures. Compound formation might therefore affect the surface tension.
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Fig. 4.18. Calculated nickel mole fractions x(n)Ni of the surface near layers in Ni-Fe at 1800 K plotted
versus the bulk mole fraction, xBNi. The solid line represents the calculation of Butler model for the
top surface layer n =“S”. The dashed and/or dotted lines correspond to the Chatain model calcu-
lated up to the third layer.

Figure 4.19, thus, shows a plot of the isothermal surface tension of Al-Ni versus the
Al bulk mole fraction xBAl. The plot is shown for a temperature of 1673 K [190]. The
data exhibits a broad maximum around xBAl =50 at.-% following a dip at approxi-
mately 25 at.-% [190]. Such a feature is believed to be due to compound formation in
the liquid, caused at a certain composition by pronounced attractive interactions be-
tween unlike atoms. Such interactions would also lead to the formation of intermetal-
lic phases [190; 192]. In Al-Ni, the responsible intermetallic phase exists at 50 at.-%
and leads to a dominant maximum in the liquidus at this composition, see inset in
Fig. 4.19.

Figure 4.19 also shows the model calculations. The Butler and the Chatain model
are in qualitative agreement with the data only for xBAl >40 at.-%. In particular, both
models do not reproduce the observed maximum and the dip. This is not surprising
as the thermodynamic potentials, EG, are approximated by the sub-regular solution
model. Processes, such as compound formation, are not included [190].

Figure 4.19 also shows a calculation of the compound formation model of Egry,
Eq. (4.38). As visible, the agreement with the data is impressively good: Deviations
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Fig. 4.19. Isothermal surface tension of Al-Ni plotted at 1673 K versus xBAl (symbols). The lines cor-
respond to model calculations of the Butler model, Eq. (4.32), (solid), the Chatain model, Eq. (4.36)
(dash-dotted) and the Egry model, Eq. (4.38) (long-short dashed). The inset corresponds to the
phase diagram of Al-Ni [154].

are within the error bars and the maximum and the dip are reproduced correctly.
Other systems, studied in this work inwhich compound formationmay play a role

and for which a maximum or a shoulder is visible in the isothermal surface tension
are Al-Fe [232] and Cu-Si [151]. As for Al-Ni, the Butler- and the Chatain models fail to
describe these features correctly whereas the Egry model is successful.

The phenomenon of compound formation and its effect the surface tension is not
yet fully understood. There are a number of examples in literature, mainly for solder
materials, where the surface tension has successfully been described by a compound
formationmodel [236]–[238]. However, it is a fact that systems exhibiting pronounced
intermetallic phases in their phase diagrams do not necessarily exhibit features of
compound formation in their surface tension: Such a system is Al-Au which has a
dominant intermetallic phase located at xAl=63.3 at.-%, see inset in Fig. 4.20. Due to
its color, it is sometimes referred to as the “purple plague” or the “purple pest”.

In the surface tension, no maximum is visible at the corresponding composition.
This is also confirmed by surface tension data obtained under microgravity during a
parabolic flight campaign (solid circles in Fig. 4.20). Obviously, the data is correctly
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Fig. 4.20. Isothermal surface of Al-Au versus xBAl at 1400 K (symbols). No maximum in γ is evident at
xBAl =63.3 at.-%. This is also confirmed by μ-gravity data (circles). The solid line corresponds to the
Butler model, Eq. (4.32), and the dash-dotted line to the Chatain model, Eq. (4.36). The inset shows
the phase diagram of Al-Au [154].

predicted by the Butler model using the sub-regular solution approximation. Hence,
no model involving compound formation needs to be taken into account for this par-
ticular system. Al-Cu [191] is another system with intermetallic phases for which the
surface tension can be described sufficiently without using any compound formation
model.

Figure 4.20 also shows a calculation of the Chatain model, Eq. (4.36). The agree-
ment with experimental data is also positive. Again, the Chatain model does not take
any theory into account about compound formation and the sub-regular solution ap-
proximation suffices to describe the surface tension.

The Chatain model shall be used for a qualitative discussion of surface segrega-
tion in Al-Au, because general features can be explored for a mixing and a demixing
system. For this purpose, Fig. 4.21 shows the concentration x(n)i of each layer plotted
against the layer number, (n). For Al50Au50, the Al concentration oscillates around
its bulk value in the surface near region [199]. Such an oscillation is also observed in
the cases of Al-Cu [191], Al-Ni [190] and, less pronounced, in Fe-Ni [190], see Fig. 4.18.
This effect is also regarded as chemical layering. As one component segregates to the
surface, a surplus of the other component in the second layer will energetically be fa-
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Fig. 4.21. Layer composition x(n)i , calculated from the Chatain model, Eq. (4.36), as function of
the layer number n. Solid symbols refer to Cu50Fe50 at 2000 K (i=Cu) and hollow symbols refer to
Al50Au50 at 1400 K (i=Al).

vored due to the negative excess free energy [190]. Such oscillations are not observed
in a system with a positive excess free energy, as shown for Cu-Fe [190] in Fig. 4.21.

Table 4.13 summarizes comparisons performed within the present work of differ-
ent systems with the discussed models. A tested model is hereby rated OK, if it agrees
with the experimental datawithin the error bars of ±5%.Amodel is rated “reasonable”
(RS) if its agreement with the experimental data is partially within the error bars. It is
rated “failed”, i.e. F, if it is neither rated OK nor RS.

In themajority of cases, γ is predicted correctly by the Butler model (=OK). Excep-
tions are, Al-Fe [232], Al-Ni [232] and Cu-Si [151]. In these systems, the surface tension
is affected by compound formation and the Butler model gives only an estimate of the
surface tension (=RS). The Chatain model is tested in the cases of Cu-Fe [190], Fe-Ni
[190], Al-Cu [191], Al-Au [199], Al-Fe [232], and Al-Ni [190]. Positive agreement is found
for Fe-Ni, Al-Cu and Al-Au. The Egry model is successfully tested for Al-Ni, Al-Fe, and
Cu-Si. With respect to the experimental accuracy, the surface tension of Fe-Ni can also
be described within the ideal solution model.
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Table 4.13. Comparison of surface tensions of binary systems with calculations of different mod-
els: OK = good agreement (i.e. within error bars), RS = reasonable agreement (partially within error
bars), F = fails. The last column specifies the corresponding literature source where the each com-
parison is discussed in detail.

System (i, j) Model tested Source

Ag-Cu Butler OK [67]
Al,Au Butler OK [199]

Chatain OK
Al,Cu Butler OK [191]

Chatain OK
Al,Fe Butler RS [232]

Chatain RS
Egry OK

Al,Ni Butler RS [190]
Chatain RS
Egry OK

Cu,Fe Butler OK [68]
Chatain RS [190]

Cu,Ni Butler OK [68]
Cu,Si Butler RS [151]

Egry OK
Cu,Ti Butler OK [206]
Fe,Ni Butler OK [68]

Chatain OK [190]
ideal OK [190]

4.4 Ternary systems

4.4.1 Overview

In order to further expand the investigations of ternary alloys, systems listed in
Tab. 4.14 are studied. These are in particular the ternary monotectics Cu-Fe-Ni [239],
Co-Cu-Fe [240], andCo-Cu-Co [159]. In addition, the ternary eutectic systemAg-Al-Cu is
also investigated [176]. The investigations are performed bymeasuring along different
cuts through the corresponding concentration triangles.

Table 4.14. Ternary systems investigated with respect to their surface tensions.

System Source

Ag-Al-Cu [176]
Co-Cu-Fe [240]
Co-Cu-Ni [159]
Cu-Fe-Ni [239]
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Fig. 4.22. Isothermal surface tension of Cu-Fe-Ni measured at 1800 K along CuxNi0.4(1−x)Fe0.6(1−x) ,
0 ≤ x ≤ 1 (symbols). The lines correspond to calculations of the Butler model, Eq. (4.32), with (solid)
and without (dashed) the ternary term TG included into the excess free energy.

4.4.2 Monotectic systems

As an example of a comprehensively studied system, results on the surface tension ob-
tained for Cu-Fe-Ni at T = 1800 K are shown in Fig. 4.22. In this figure, γ is plotted ver-
sus xBCu along a section from binary Fe60Ni40 to pure Cu, i.e. for CuxFe0.6(1−x)Ni0.4(1−x) ,
0 ≤ x ≤ 1. [155; 239]. The general shape of the curve is the same as for Cu-Fe in Fig. 4.15,
i.e. there a strong dependence of γ on the bulk concentration of Cu. Again, Cu is the
main segregating species [239]. In Fig. 4.22, the experimental data is plotted together
with solutions of the Butler model with and without, the ternary term TG being in-
cluded into the excess free energy EG, see Eq. (3.17).

Obviously, these two cases cannot be distinguished from each other with respect
to the uncertainty of the experimental data [239]. Hence, the ternary term can be ne-
glected in Eq. (3.17) for the description of the surface tension. This result is also ob-
tained for measurements performed along another cut through the system for which
xBCu is kept constant at 20 at.-% and where only the ratio of xBNi to xBFe is varied [239],
see Fig. 4.23. The observed change of γ with concentration is so small that γ can be

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



4.4 Ternary systems | 109

Fig. 4.23. Isothermal surface tension of Cu-Fe-Ni measured at 1800 K along a section for which
xBCu =20 at.-% (symbols). The lines correspond to calculations of the Butler model, Eq. (4.32), with
(solid) and without (dashed) the ternary term TG included into the excess free energy.

considered as practically constant [155; 239]. Again, the Butler model yields approxi-
mately identical results once the ternary term TG is included into the calculations and
when it is not.

With respect to surface tension, the systems Cu-Co-Fe [240] and Cu-Co-Ni [159] be-
have similarly to Cu-Fe-Ni. In all three systems, the surface tensions strongly depend
on the concentration of Cu and they are almost invariant against a replacement of
the other transition metals with each other [159; 240]. This, and the obvious similar-
ities with the surface tensions of the binary alloys, Cu-Fe [68], Cu-Ni [68], and Co-Cu
[196], imply that one may interpret Co-Cu-Fe, Cu-Fe-Ni, and Co-Cu-Ni as quasi binary
systems “Cu-TM”, where “TM” means “transition metal” [155]. Using a simple model
such as the one proposed in [240; 241], it can be shown that, with respect to the surface
tension, this is indeed a valid approach [155].

The monotectic systems discussed above can be characterized by their ability to
metastably demix in the undercooled regime due to their positive excess free energy.

4.4.3 Ag-Al-Cu

The ternary eutectic system Ag-Al-Cu can be characterized by attractive interactions
between its components. Its phase diagram exhibits intermetallic phases as well as
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Fig. 4.24. Surface tension of Al-Cu-Ag along a section Ag0.1AlxCu(0.9−x), 0≤ x ≤0.9, at 1273 K versus
xBAl (symbols). The data is shown in comparison with solutions of the Butler equation, Eq. (4.32), for
the ideal (dashed line) and the sub regular solution model (solid line). The dotted line corresponds
to a calculation of the sub regular solution model for Al-Cu [191]. (from Ref. [176]).

eutectic and peritectic points [242; 243]. As discussed above Ag-Al-Cu is highly non-
ideal, i.e. EG << 0. Also, its binary margin systems, Al-Cu [191; 96], Ag-Al [96], and
Ag-Cu [67] can be labeled as “non-ideal”. One may expect, hence, that, with respect
to its surface tension, Ag-Al-Cu will also behave highly non-ideal.

However, this is not the case as demonstrated in Fig. 4.24 for a cut along
Ag10AlxCu0.9−x, i.e. where the concentration of silver kept at 10 at.-% and xBAl is varied
from 0 to 90 at.-% [176]. The surface tensions plotted in Fig. 4.24 collapse at 1273 K on
a concave curve, γ(xBAl), which is in a positive agreement with the Butler equation cal-
culated for the (sub-)regular solution model, at least for xAl ≥ 20 at.-%. In the case of
the datapoint at xAl =0 at.-%, which corresponds to Ag10Cu90, the deviation between
the measured surface tension and the calculated result is larger than 10 %. In fact,
the same value of γ is reproduced for Ag10Cu90 in Ref. [67] so that it can be assumed
that this value is correct, compare Tabs. A.7 and A.9. Therefore, the reason for the ob-
served deviation needs to be identified in the thermodynamic assessment used, see
Refs. [242; 243] and Tab. B.3.
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Fig. 4.25. Calculated surface concentrations of Ag, Al, and Cu at 1273 K as function of xBAl for the
section Ag0.1AlxCu(0.9−x), 0≤ x ≤0.9. The solid line shows xSAl and the dash-dotted line corresponds to
xSAl + xSCu = 1 − xSAg, [176].

Surprisingly, an even better agreement with the experimental data is obtained in Fig.
4.24, if, instead of the (sub-)regular solution model, the ideal solution model is used
which is also shown in the figure. In fact, the ideal solution model also approximates
the surface tension along the two other sections through this system [176].

The comparison [176], with the calculation for the highly non-ideal system Al-Cu
reveals both, a qualitative and a quantitative difference, see Fig. 4.24: Instead of con-
cave, a convex curve is obtained and the surface tension values are up to 30 % larger.
Obviously, the small addition of 10 at.-% to Al-Cu is sufficient to turn this system from
highly non-ideal into ideal [176].

In order to understand this phenomenon, the surface composition needs to be
discussed. For this purpose, Fig. 4.25 shows the calculated surface composition along
the Ag0.1AlxCu0.9−x-section. Obviously, Al is the main component in the surface. The
component with second largest amount is Ag and Cu is the least component. As xBAl is
increased, the concentration of Al in the surface increases on the expense of the two
other components. A more detailed analysis [176] reveals a competitive character of
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Fig. 4.26. Parameter *γ as function of xBAg along a section AgxAl0.4Cu(0.6−x) with 0 ≤ x ≤ 0.6. Signifi-
cant deviations from zero indicate that the system is non-ideal at the corresponding concentrations
[176].

the segregation of Al and Ag. As the magnitude of the surface tensions of Ag and Al
are similar, γAl ≈ γAg, while γCu is significantly larger, Cu is suppressed in the surface
and Al and Ag form the main chemical species [176].

Once the surface composition is known, it becomes possible to understand the
reason why for the vast range of composition γ is in agreement with the ideal solution
model. For this purpose, a coefficient *γ is defined as the ratio of the enthalpy- to the
ideal entropy term in Eq. (4.32) in the following way [176]:

*γ =
∑

i xBi
(
EG(S)

i (T, x(S)i ) − EG(B)
i (T, x(B)i )

)

RT
∑

i xBi ln
(

x(S)i
xBi

) (4.45)

The enthalpy and the entropy term in Eq. (4.45) are taken in their integral forms. The
parameter *γ measures the non-ideality of the system. For an ideal system, *γ = 0
while it becomes significantly different from zero for a non-ideal system. *γ is plotted
in Fig. 4.26 versus xBAg for a section where Al is kept constant at 60 at.-% and the con-
centration of Ag is varied from 0 to 40 at.-%, i.e. for the section AgxAl0.4Cu(0.6−x) with
0 ≤ x ≤ 0.6. In the range of 15 at.-% ≤ xBAg ≤ 45 at.-%, the curve of *γ(xBAg) is flat and
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with *γ ≈ -0.5 close to zero. In this range, the surface tension is approximated by the
ideal solution model as the excess free energy term cancels out in the Butler equation
[176].

4.4.4 Summary on ternary alloys

Summarizing the results on ternary systems, it is possible to draw the following con-
clusions: The surface tension of ternary Cu-based monotectic alloys of the form “Cu-
TM” is determined by the segregation of copper. The corresponding systems can be
interpreted as quasi binary [155]. This is different for alloys for which EG < 0. These
types of system can be described by the ideal solution model in the vast composition
range.

For all investigated ternary alloys, the surface tensions are in agreement with
the Butler equation. Moreover, the ternary term TG can be neglected in Eq. (3.17) for
the prediction of the surface tension. Hence, it is possible to calculate γ of a ternary
alloy directly from the thermodynamic potentials of its binary subsystems. A ther-
modynamic assessment on the full ternary system is not necessarily needed [155].
This is in contrast to the results obtained for the density measurements presented
in Sec. 3.4. Here, the molar volume may be dominated by a large ternary term TV,
whereas it is possible to omit TG in applying the Butler equation because, usually,
the ternary term in Eq. (3.17) x1x2x3TG is small compared to the binary: x1x2x3TG <<∑

i<j xixj
∑Ni,j

ν=0
νLi,j(T)(xi − xj)ν.

4.5 Observed trends

With respect to their surface tensions, the systems investigatedduring thiswork canbe
subdivided roughly into two groups: systems tending to demix and systems tending to
mix. Systems of the first group have positive excess free energies, EG > 0, and systems
of the second group exhibit negative excess free energies, EG < 0.

Systems belonging to the first group are Cu-Fe-Ni, Cu-Fe, Cu-Ni, Co-Cu-Fe, Co-Cu-
Ni, Co-Cu, andAg-Cu. Their segregation profiles, calculated from the Butlermodel, Eq.
(4.32), are shown in Fig. 4.27. In this figure, the surface concentration of the segregat-
ing species, A, xSA, is plotted versus its bulk concentration, xBA. In the case of Ag-Cu,
the segregating species is Ag. Cu is the segregating species in the other systems. Al-
though each calculation is performed at a different temperature, the curves in Fig.
4.27 exhibit similar features: All of them have a convex shape and, in each curve, xSA
steeply increases alreadywithin the first 20 at.-% of xBA. For larger bulkmole fractions,
xBA > 20 at.-%, the curves flatten at corresponding values of xBA of around 70 – 90 at.-%.
Systems with EG > 0, hence, exhibit strong segregation.
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Fig. 4.27. Calculated segregation profiles of liquid binary and ternary alloys with EG > 0. The plot
shows surface concentrations xSA of the segregating species A versus their bulk concentrations, xBA.
The species A corresponds to Ag in Ag-Cu and to Cu for the rest. The temperatures at which these
calculations are carried out are different for each system.

The following investigated systems belong to the second group: Al-Cu, Al-Au, Ag-Al-
Cu, Al-Fe, Al-Ni, Cu-Ti, and Fe-Ni. In these systems EG < 0 and, consequently, they
tend to mix. In the same way as in Fig. 4.27, their segregation profile is calculated.
This is shown in Fig. 4.28. The segregating species is Ni in the case of Fe-Ni, Cu in
the case of Cu-Ti, and Al for the rest. Again, the curves are all similar to each other.
However, they strongly differ from those shown in Fig. 4.27. Instead of an initial steep
increase, xSA linearly increases upon increasing xBA. The slope dxSA/dxBA is only slightly
larger than 1. A flattening of the segregation curves occurs when xBA is already large,
e.g. xBA > 60 at.-%. Hence, systems with EG < 0 exhibit weak segregation.

In order to compare these findings with the classification scheme introduced in
Sec. 3.5, the investigated systems are listed in Tab. 4.15. The table also shows the cor-
responding signs of EG, Eγ, and denotes whether the systems exhibit weak or strong
segregation.

Obviously, systems belonging to class I, see Sec. 3.5, exhibit strong segrega-
tion. Their excess free energy is positive and the excess surface tension is negative.
Members of this class are Cu-Fe [68], Cu-Ni [68], Co-Cu-Fe [240], Cu-Fe-Ni [161], and
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Fig. 4.28. Calculated segregation profiles of liquid binary and ternary alloys with EG < 0. The plot
shows surface concentrations xSA of the segregating species A versus their bulk concentrations,
xBA. The species A corresponds to Cu in Cu-Ti, Ni in Fe-Ni, and to Al for the rest. The temperatures at
which these calculations are carried out are different for each system.

Co-Cu-Ni [159]. Except for Cu-Ni, these systems also tend to demix in the liquid and
exhibit metastable miscibility gaps in the undercooled temperature domain.

All systems belonging in Sec. 3.5 to class III exhibit a weak segregation behavior.
These systemsareAl-Au,Al-Cu,Al-Fe,Al-Ni, Cu-Ti andCu-Si. Their excess free energies
are strongly negative, EG << 0, and Eγ is slightly positive. Compound formation affects
the surface tension in Al-Fe [232], Al-Ni [232] and Cu-Si [151].

The segregation behavior is not uniform in class II of Sec. 3.5. As shown in
Tab. 4.15, Ag-Cu exhibits strong segregation of Ag. Its excess free energy is slightly pos-
itive and Eγ < 0. The other systems investigated of this class are Ag-Al-Cu and Fe-Ni.
In both systems, EG < 0 and only weak segregation takes place. Fe-Ni exhibits only a
small positive excess surface tension and Eγ ≈0 in Ag-Al-Cu. Both systems are in fairly
good agreement with the ideal solution model.
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Table 4.15. Observed trends in the surface tensions of the investigated alloys.

Class System Sign of EG Sign of Eγ Segregation Source

Cu-Fe [68]
Cu-Ni [68]

I Co-Cu-Fe + - strong [240]
Co-Cu-Ni [159]
Cu-Fe-Ni [161]
Ag-Cu [67]II
Fe-Ni ≈0 [68]
Al-Au [199]

Al-Cu - + weak [191]
III Al-Fe [232]

Al-Ni [232]
Cu-Ti [206]
Cu-Si [151]

Ag-Al-Cu ≈0 [176]

4.6 Summary and conclusions

In this chapter, surface tensions of unary, binary and ternary liquid alloy systems are
systematically studied.

In the case of unary systems, the obtained surface tensions are in agreement with
reference data from literature within ± 5%. The results obtained confirm the validity
of a semi-empirical model of Kaptay,Eqs. (4.40)–(4.42), relating the surface tension of
a pure element to its liquidus temperature and specific heat. In addition, it is found
that for most metals, the surface tension at the melting point γL is proportional to the
free energy of the pure component, G0

i (TL).
With regard to questionsQ:1 andQ:2 (Chap. 1), surface tensions of binary systems

are measured and compared to a number of phenomenological models. These are the
Butler model, the Chatain model and, in case of compound forming systems, the Egry
model. The Butlermodel predicts the surface tensionmost reliably. It produces correct
results for all sub-regular-solution systems. Surface tensions of so called compound
forming systems are best described by the Egry model. The Chatain model is less re-
liable compared with the two others as it mainly produces reasonable results or even
fails.

The Butler and the Chatain models are able to predict the segregation behavior.
The Chatain model is herebymore detailed than the Butler model. The latter only pre-
dicts the composition of the top monolayer while the Chatain model provides infor-
mation about the compositions of severalmonolayers below the surface. Reliable data
from experiments on the composition of the surface near region in liquid alloys is yet
not available.
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The surface tensions of the investigated ternary systems are also well predicted by the
Butler model. With respect to question Q:3 it is shown that equally good results are
obtained when the ternary interaction parameters are neglected in the corresponding
expressions for EG. This result means that, in the case a ternary system, surface ten-
sions can be predicted from the thermodynamic properties of the binary subsystems.

One can identify the following scheme: Systems forwhich EG ≈ 0or EG > 0 exhibit
segregation, or strong segregation, respectively, of that component with the smallest
surface tension. Systems for which EG ≈< 0 exhibit no, or only weak, segregation.
Alloys belonging to class I exhibit strong segregation and alloys that belong to class
III exhibit weak segregation. Systems of class II either exhibit strong or weak segrega-
tion, depending on the sign of EG.

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



5 Viscosity
Viscosity is defined as the transport coefficient of momentum diffusion. There are sev-
eral mathematical forms and phenomenological models describing its dependence
on temperature and alloy composition. Viscosity data is measured on pure liquid ele-
ments, binary and ternary alloys. The measurements are carried out using oscillating
cup viscometry. Data is obtained as functions of temperature and, in case of alloys, of
their compositions. The results are accuratewithin ± 20 %. The results obtained for the
pure elements are found in agreement with the Hirai law. Among the phenomenolog-
ical models, the Kozlov model exhibits the best overall agreement with the measured
isothermal viscosities of binary and ternary alloys. This model also works best for sys-
tems containing similar elements. In case of systems tending to demix, the Kaptay
model works best and in the case of Al- based alloys with a strong attractive interac-
tion, the Brillo/Schick model is the best choice. The majority of the investigated sys-
tems exhibit an ideal mixing behavior with respect to viscosity.

5.1 Formalism and models

5.1.1 Definitions

Shear viscosity measures the resistance of a liquid against shear flow. It is commonly
associated with the “thickness” of the fluid.

If a small volume of a liquid is confined between two parallel plates with areas
A, and if a force Fx is applied to one of these plates in a parallel direction x, the plate
moves into that directionwith a velocity vx. Due to the inner friction of the liquid, a ve-
locity gradient∇yvx is produced along the perpendicular direction y, see Fig. 5.1. The
ratio of Fx and A yields a stress, σx, which is proportional to ∇yvx,y. The coefficient,
η, between both is defined as the shear viscosity [166]:

σx,y = η ·∇yvx (5.1)

Equation (5.1) can be multiplied by the density ρ and the product, ρ∇yvx, defines a
gradient ofmomentum. Combining Eq. (5.1)with the continuity equation, ρv̇x = ∇yσx,
yields a diffusion equation for the transport of momentum [166]:

ρ ∂vx∂t = (ρ−1η)∇2
y(vxρ) (5.2)

The corresponding transport coefficient is, thus, ρ−1η.
In equilibrium, thermal fluctuations of the velocities vary locally and lead to fluc-

tuations in∇yvx. According to Eq. (5.1), these will also cause fluctuations in σx,y. The
Green-Kubo formalism [166; 244] relates the viscosity to the auto-correlation function
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Fig. 5.1. Sheared liquid volume element confined between two parallel plates with areas A (col-
ored). Applying a stress, σx,y, to one of the plates in x-direction causes a gradient of vx,∇yvx, in the
vertical direction y.

of σx,y denoted as
〈
σx,y(0)σx,y(τ)

〉
:

η = 1
VkBT

∞∫

0

〈
σx,y(0)σx,y(τ)

〉
dτ (5.3)

Moreover, σx,y can be expressed by the velocities andpositions of the individual atoms
[166], if their interaction potential is known. This is useful for the calculation of η in
molecular dynamics (MD) simulations [245].

Another expression for the viscosity, involving the radial pair distribution func-
tion, g(r), and the pair potential, φ(r), was derived earlier by Born and Green [246]:

η = 2π
15

√
ρ

kBT

∞∫

0

drr4 ∂φ(r)∂r g(r) (5.4)

This equation can be used as a good approximation for the viscosity, provided g(r) and
φ(r) are sufficiently well known.

Equations (5.3) and (5.4) imply that the viscosity ismainly determined by the short
range order and the atomic interaction. In contrast to molar volume and surface ten-
sion, there is no thermodynamic definition of the viscosity in the sense that η can be
expressed through differentiating one of the thermodynamic potentials. This makes a
thermodynamic treatment of the viscosity particularly difficult.
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5.1.2 Temperature dependences

According to Eq. (5.2), the viscosity can be interpreted as the coefficient of diffusion
of momentum vertical to the shear planes. In a concept, developed by Eyring [34], it
is assumed that this transport is accomplished by an exchange of atoms taking place
with a certain rate k.

In equilibrium and in the absence of externally applied shear, k(T) equals
k0 exp(−W/kBT), whereas W is the energy barrier and k0 is the pre-exponential fac-
tor corresponding to an attempt frequency. The difference between jumps in forward-
and backward direction, Δk, equals zero under these conditions.

Upon applying an external stress, the energy barrierW is altered by an additional
amount ΔW. Δk can then be approximated in first degree of order by

Δk ≈ k(T) ΔWkBT
(5.5)

Setting∇yvx equal to Δk and expressing σx,y through ∂ΔW/∂y leads to an expression
for the viscosity using the particle density, ρ̂:

η = ρ̂ kBTk0
exp

(
ΔW
kBT

)
(5.6)

Obviously, this relation has the general form,

η ∝ T exp
(
EA
RT

)
(5.7)

whereas, EA is an activation energy and R = 8.314 J/K is the molar gas constant.
As an alternative to Eq. (5.7) another relation for η(T) has been proposed, which

reads [70]:
η ∝ 1

T exp
(
EA
RT

)
(5.8)

AlthoughEq. (5.7) and Eq. (5.8) seem to contradict each other, both relations have their
particular field of application [70].

In fact, there is a whole zoo of η-T relations for the viscosity. Even worse, they are
not consistent with each other. In Ref. [70], Chapman reviewed 17 different forms of
η(T). In some of them η is related to T just via a power law: η ∝ Tn with n ∈ � being
an index.

Most commonly, the viscosity is expressed by an Arrhenius law, having a pre-
exponential factor, η∞. As function of temperature η then reads:

η(T) = η∞ exp
(
EA
RT

)
(5.9)

The pre-exponential factor, hereby, corresponds to an asymptotic viscosity for T → ∞.
The Arrhenius law offers the particular advantage that, when the natural loga-

rithm of η is plotted versus the inverse temperature, a straight line is obtained with a
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slope corresponding to EA/R. In addition, the intersection with the vertical axis cor-
responds to ln(η∞). The Arrhenius law is also used in the present work in order to
represent the measured viscosity data by EA and η∞.

Another important relation is the Vogel-Fulcher-Tammann (VFT) law [166]:

η(T) = η∞ exp
(

B
T − T0

)
(5.10)

In this equation, B corresponds to activation energy and T0 is a temperature which
can be related to the glass transition temperature Tg. Equation (5.10) is important in
order to describe the viscosity of glass forming alloys over broad temperature ranges
where η(T) usually significantly deviates from the Arrhenian behavior.

According toMode-Coupling theory [247] dynamical freezing sets in closely above
a certain critical temperature, TFr¹. All dynamic processes then scalewith temperature
according to the same law. Hence, the inverse viscosity would obey the following re-
lation whereas γMCT is a critical exponent:

η−1 ∝ D ∝
(
1 − T

TFr

)γMCT
(5.11)

As a consequence of Eq. (5.11), the product of viscosity and the diffusion coefficient D
would become constant at temperatures close to TFr.

5.1.3 Composition dependences

Despite the problem that there is no thermodynamic definition of the viscosity and
that there is no uniform description of its temperate dependence, there is plenty of
models relating η and EA to either the enthalpy of mixing ΔH or the excess free energy
EG [248]. An overview on some of these models is given, for instance, in Ref. [249].

The following selection is considered in the present work: the model of Moel-
wyn/Hughes [250], of Kozlov/Romanov/Petrov [251], the Hirai model [252], the
Seetharaman/Du Sichen model [253] and the Kaptay model [254]. For the sake of
brevity, the Kozlov/Romanov/Petrov model is just referred to as “Kozlov model”. For
the same reason, the Seetharaman/Du Sichen model will be called “Seetharaman
model”.

Recently, a newmodel has beenproposed byBrillo and Schick [87] for liquidAl-Cu
binary alloys. This model will be discussed as well. In the following, it will be referred
to as “Brillo/Schick model”.

In each of these models, the viscosity is predicted as function of the alloy compo-
sition. In the Moelwyn/Hughes model [250], the viscosity η is given as a function of

1 InMCT, TFr is denoted as “TC”. In order not to confuse this with the temperature of the critical point,
a different notation is used in the present work.
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temperature and composition by the following expression:

η = (xAηA + xBηB)
(
1 − 2ΔHRT

)
(5.12)

Here, ηi is the viscosity of a pure element i (i = A,B), xi is the corresponding mole
fraction, T is the absolute temperature and R the universal gas constant.

Equation (5.12) is defined purely for binary systems. Details on its application to
the ternary system Cu-Fe-Ni are described in Ref. [248]. In the same way, Eq. (5.12) is
also applied to Co-Cu-Ni.

Equation (5.12) predicts that the deviation of η from the linear law, xAηA +xBηB, is
related to the enthalpy of mixing. Depending on the system, this deviation can result
in positive or negative values.

Among themodels discussed, theKozlovmodel [251] is the only one that is derived
strictly from physical principles. The authors of Ref. [251] relate the viscosity to ΔH by
expressing the free energy in terms of atomic vibration frequencies. For an alloy with
N components, i = 1..N, they obtain:

ln(η) =
N∑
i=1

xi ln(ηi) −
ΔH
3RT (5.13)

The Hirai model [252] relates the activation energy EA in a semi-empirical way to the
liquidus temperature TL. This leads to the following expression:

η = 1.7 · 10−7 ρ
2/3TL1/2
M1/6 exp

[
2.65TL1.27

R ·
(
1
T − 1

TL

)]
(5.14)

In Eq. (5.14) ρ is the density and M the molar mass of the alloy. The Hirai model has
been developed in order to predict the viscosity of pure liquid elements. Here, it is
applied to liquid alloys. The input parameters of this model are easily accessible, if
the excess volume can be neglected. This circumstancemight be seen as an advantage
[248].

The Seetharaman model [253] links EA to EG. This model is valid for binary sys-
tems only. In Ref. [253], however, the authors also give a semi-empirical expression for
ternary systems:

η = hNA
V exp

(∑3
i xiG*

i + 3RT
∑3

i<j xixj + RT
∑3

i xi ln(xi) + EG
RT

)
(5.15)

In Eq. (5.15), h = 6.626 · 1034 Js denotes the Planck constant,NA = 6.022·1023 mol−1
the Avogadro number and V themolar volume. G*

i is the Gibbs energy of activation for
the viscous flow of pure component i. It is defined using the molar volume Vi of the
pure component i:

G*
i = RT ln

(
ηiVi
hNA

)
(5.16)
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The Seetharaman model has been improved by Kaptay [249], who relates the acti-
vation energy EA to the enthalpy of mixing ΔH. This is done by introducing a semi-
empirical parameter, ϕ = 0.155. As described in Ref. [249] ϕ has is estimated from
the properties of pure metals:

η = hNA
V exp

(∑
ixiG*

i + ϕ · ΔH
RT

)
(5.17)

The Kaptaymodel has been further developed by describing the shear planes as liquid
interfaces with individual compositions obtained from solving the Butler equation for
an ideal solution. This model is called Budai/Kaptay model [249]. Although there are
hints that this model is successful, it will not be discussed in detail in the present
work.

The main assumption of the Brillo/Schick model [87] is that EA is generally larger
if the interactions between the atoms are more attractive. Moreover, it is assumed that
η(T) follows an Arrhenius type behavior. Hence, the activation energy of viscous flow
in an alloy EA can be written as:

EA =
∑
i
xiEA,i − ΔH + RT

∑
i
xi ln(xi) (5.18)

In Eq. (5.18) EA,i is the activation energy of the liquid pure component. The last term in
this equation accounts for the entropy ofmixingwhich is assumed as ideal. Therefore,
the activation energy becomes temperature-dependent in the Brillo/Schickmodel [87]
yielding an apparent contribution to the pre-exponential factor η∞ which is expressed
as:

ln(η) =
N∑
i=1

xi ln(ηi) (5.19)

For the evaluation of some of these expressions the enthalpy of mixing, ΔH, and the
excess free energy, EG, are needed. The enthalpy of mixing ΔH is related to EG via
ΔH = EG + TES with ES being the excess entropy. When EG is known, ΔH can be
obtained from ΔH = EG − T∂EG/∂T. As can be seen from Tabs. B.4 - B.14, EG depends
in most systems linearly on temperature. In these systems, ΔH can easily be obtained
from EG by just skipping the temperature dependent terms.

5.2 Unary systems

In this section, the viscosities of pure elements are discussed. Figure 5.2 shows the
relevant part of the periodic table with those elementsmarked of which viscosities are
determined within the present work. These are Al, Si, and Cu, as well as the transition
metals Ni, Co, and Fe.
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Fig. 5.2. Relevant section of the periodic table. Viscosities of the highlighted elements are mea-
sured and discussed below.

The results of the viscosity measurements are presented in Figs. 5.3–5.7 and summa-
rized in Tabs. 5.2–5.7. Therein, they are compared with recommended and/or mea-
sured results from literature. These are attached with a key specifying the method
used for their determination. The keys are defined in Tab. 5.1. R, hereby, means “rec-
ommended” and specifies that the listed value is obtained from a literature review.
The results of the present work contributed to some of them as well. The listed data is
not strictly independent from each other. Moreover, the key HOCmeaning “high tem-
perature oscillating cup” specifies the viscometer at DLR and the key OCN specifies
the oscillating cup viscometer located at NPL² in Teddington, UK where some of the
measurements are performed.

2 NPL = National Physical Laboratory
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Table 5.1. Keys of methods for viscosity determination used in the tables below. The keys HOC and
OCN specify that the corresponding data is obtained using the oscillating cup viscometer at DLR or
NPL, respectively.

Key Name

R Recommended from literature review
OC Oscillating cup
HOC High temperature oscillating cup (DLR)
OCN Oscillating cup (NPL)

5.2.1 Al and Si

Measured viscosity data η(T) of Al [158] and Si [158] is plotted versus temperature in
Fig. 5.3. Obviously, the viscosities decay according to an exponential law and the Ar-
rhenius law of Eq. (5.9) can be used for their representation. This is shown by the solid
lines. The obtained parameters, η∞ and EA, are listed in Tab. 5.2 for Al and in Tab. 5.3
for Si. Obviously, they are quite similar. They are compared in these tables with corre-
sponding results from literature.

For Al, these are the recommended values by Assael, [63], by Mills [12] and by
Shiraishi [11]. The latter results are identical with those reported by Iida and Guthrie
[13]. The results reported by Kehr [86] are shown as well. They are obtained by means
of the same viscometer as used in the present work. The Arrhenius law, Eq. (5.9), is
also plotted in Fig. 5.3 for the literature data.

Obviously, the agreement among the different curves is within ± 20 %. The largest
deviation is, hereby, observed for the results of Mills [12]. The overall deviation be-
tween the different datasets is worse than in the cases of density and surface tension.
This is mainly due to the container based nature of the oscillating cup technique.
Chemical reactions between the melt and the crucible might effectively change the
sheared volume. Oxidation of the free liquid surface can cause a meniscus which also
changes the effective sheared volume of the liquid. Last but not least, the diameter of
the crucible must precisely be known. Small deviations from its real value can lead to
stronger systematic errors in the measured data.

In the case of liquid Si, the number of available literature data is more limited.
Table 5.3 lists the recommended values of Assael [92] which are also plotted in Fig.
5.3. Although the parameters, η∞ and EA, recommended in Ref. [92], strongly differ
from those of the present work, see Tab. 5.3, the two curves still agree with each other
in the experimentally covered temperature interval from 1600 K to 1900 K, see Fig. 5.3.
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Fig. 5.3. Viscosity η of Al (squares) and Si (diamonds) versus temperature. The data is shown to-
gether with results from literature: 1: data of Si recommended by Assael [92]. Data of Al, recom-
mended by Assael [63] (2), by Mills [12] (3), by Shiraishi, Iida and Guthrie [11; 13] (5), and measured
by Kehr [86] (4), using the same viscometer (HOC).

Table 5.3. Parameters η∞ and EA for the viscosity of pure liquid Si measured in this work (bold)
[158]. The data are compared with selected results from literature. The methods used for their deter-
minations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.214 ± 0.02 1.43± 0.1 HOC [158]
0.082 2.831 R [92]

5.2.2 Cu

For liquid Cu, two sets of data are established: one is obtained using the viscometer
at National Physical Laboratory (NPL), Teddington, UK [248] and the other one is ob-
tained using the viscometer at DLR, [158]. The results are shown in Fig. 5.4. Again,
η can be fitted by Eq. (5.9) and the resulting parameters are listed in Tab. 5.4 to-
gether with corresponding results from literature. These are the recommended data
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Table 5.2. Parameters η∞ and EA for the viscosity of pure liquid Al measured in this work (bold)
[158]. The data is compared with selected results from literature. The methods used for their deter-
minations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.281 ± 0.02 1.23 ± 0.08 HOC [158]
0.268 1.10 R [12]
0.185 1.54 R [63]
0.288 1.14 HOC [86]
0.257 1.31 R [11; 13]

Table 5.4. Parameters η∞ and EA for the viscosity of pure liquid Cu measured in this work (bold
[158; 248]). The data is compared with selected results from literature. The methods used for their
determinations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.522 ± 0.05 2.36± 0.1 OCN [248]
0.657 ± 0.04 2.15± 0.1 HOC [158]

0.378 2.67 R [93]
0.466 2.41 HOC [86]
0.529 2.39 R [11]
0.527 2.39 R [12]

of Assael, [93], of Mills, [12] and of Shiraishi [11]. The two latter are identical with each
other. Mills [12], however, uses a representation of data which is different from Eq.
(5.9). The small deviation in η∞ between the two datasets in Tab. 5.4 originates from
a rounding error that occurs when the representation is being converted. Finally, the
datameasured by Kehr [86] is also shown. Thesemeasurements have been carried out
in the same machine, i.e. (HOC).

As visible in Fig. 5.4, all reported data lie within a band of ± 10 %. The upper limit
is given by the results of Mills [12], Shiraishi [11], and the data of the present work [158]
measured at DLR (HOC). These agree with each other within less than ±5%. The lower
limit of the band is determined by the data of Kehr [86] andAssael [93]. However, these
two latter curves are not independent from each other. In fact, the data of Kehr were
considered in Ref. [93] and significantly contributed to the final result as, in Ref. [93],
the individual data sets wereweighed by the number of data points. The DLR viscome-
ter produces continuous curves, η(T), so that the number of experimental points is far
larger as in the other sets of data considered in Ref. [93].

The data measured at NPL [248] lie right in the middle of the band. Apart from
a small kink at T ≈ 1520 K, which corresponds to demixing of CuO2 [154], these data
nicely obey an Arrhenius law.
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Fig. 5.4. Viscosity η of Cu versus temperature, measured at NPL using the viscometer (OCN) (dia-
monds, [248]) and at DLR using the viscometer (HOC) (squares, [158]). The data is shown together
with results from Assael [93], Mills [12], Shiraishi [11], and Kehr [86].

5.2.3 Ni, Co and Fe

Measured viscosities of the transition metals Ni, Co and Fe are plotted versus temper-
ature T in Figs. 5.5–5.7. The corresponding parameters obtained from the Arrhenius
law, Eq. (5.9), η∞ and EA, are listed in Tabs. 5.5 – 5.7.

For liquid Ni, the following literature sources were discussed in Tab. 5.5: the re-
views by Assael [94] andMills [12], as well as the datameasured by Kehr [86] using the
DLR viscometer. The results of Mills [12] are identical with the results of Andon [255]
obtained in the viscometer atNPL (OCN). The corresponding representations, Eq. (5.9),
are shown in Fig. 5.5 as well.

All curves agree with each other within a band of ± 20 %. The viscosities recom-
mended by Assael [94] form the upper limit of this band and the data of Kehr [86] the
lower limit.
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Fig. 5.5. Viscosity η of Ni [160] versus temperature using the viscometer (HOC) (squares) at DLR. The
data is shown together with results from Assael [94] and Mills [12].

Table 5.5. Parameters η∞ and EA for the viscosity of pure liquid Ni measured in this work (bold)
[160]. The data is compared with selected results from literature. The methods used for their deter-
minations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.413 ± 0.02 3.487± 0.1 HOC [160]
0.313 3.884 R,OCN [12; 255]
0.313 4.036 R [94]
0.31 3.789 HOC [86]

The data obtained in the present work [160], shown in Fig. 5.5 as symbols, lies almost
in the middle of the band. Within roughly ± 5 %, it is in agreement with the results
of Mills, [12]. With regard to the data of Kehr, it is demonstrated that results obtained
even in the same machine, can deviate from each other by as much as ±20 %.
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Fig. 5.6. Viscosity η of Co [256] versus temperature using the viscometer “HOC” (squares) at DLR.
The data is shown together with results from Assael [92] and Mills [12].

Table 5.6. Parameters η∞ and EA for the viscosity of pure liquid Co measured in this work (bold)
[256]. The data is compared with selected results from literature. The methods used for their deter-
minations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.048 6.81 HOC [256]
0.125 5.377 R [92]
0.204 4.813 R [12]

For liquid Co, the recommended data of Assael [92] and Mills [12] are consulted as
reference. The comparison with the results measured in this work is shown in Fig. 5.6
and the corresponding parameters η∞ and EA are listed in Tab. 5.6. As visible fromFig.
5.6, the best agreement is obtained with the results of Mills [12], whereas the overall
deviation between both sets is within ± 5% only. The results of Assael [94] are slightly
larger. Again, all curves agree with each other within ± 20 %.
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Fig. 5.7. Viscosity η of Fe [160] versus temperature using the viscometer “HOC” (squares) at DLR.
The data is shown together with results from Assael [63], Mills [12], Shiraishi [11] and Kehr [86].

Table 5.7. Parameters η∞ and EA for the viscosity of pure liquid Fe measured in this work (bold)
[160]. The data is compared with selected results from literature. The methods used for their deter-
minations are specified in the third column.

η∞ (mPa · s) EA (104J/mol) Method Source

0.114 ± 0.02 5.93± 0.1 HOC [160]
0.24 4.74 R [12; 13]
0.19 5.16 R [63]
0.162 5.01 HOC [86]
0.315 4.65 R [11]

Finally, the results for liquid Fe are discussed in Fig. 5.7 together with available data
from literature, i.e. the viscosities recommended by Assael, [63], Mills [12], and Shi-
raishi [11]. The data of Mills [12] is identical with those of Iida and Guthrie, [13]. In
addition, data measured by Kehr [86] is also shown.

Again, all datasets agree with each other within a band of ± 20 %, whereas the
upper limit is set by the recommendation of Shiraishi [11] and the lower limit by the
data of Kehr [86]. The data of the present work [160] lies in the middle between these
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extremes and agrees within approx. 5 % with the results obtained by Assael [63] and
Mills [12].

Among the three transition metals Ni, Co, and Fe, the largest viscosities is exhib-
ited by Fe, followed by Co and Ni for T < 1850 K. Above this temperature, ηCo > ηNi.

5.2.4 Synopsis

For each element, the parameters η∞ and EA are collected in Tab. 5.8 together with
their corresponding liquidus temperatures, TL. In addition, the table lists values of
η at the corresponding liquidus temperatures TL, i.e. ηL:=η(TL). As a rough ten-
dency, elements with a high melting temperature also exhibit a large viscosity. The
only exception from this trend is liquid Si having a comparatively small viscosity,
ηL=0.59 mPa · s, paired with a liquidus temperature of TL= 1687 K which, compared
to Al or Cu, is relatively large.

The Hirai equation, Eq. (5.14), provides a comparatively simple relation between
ηL and material parameters, such as TL, ρL, and the molar mass, M:

ηL = 1.7 · 10−7
ρ

2
3
L T

1
2
L

M 1
6

(5.20)

Equation (5.20) is verified in Fig. 5.8 where a plot of ηL versus the right hand side of
Eq. (5.20) is shown. Obviously, Eq. (5.20) is fulfilled for liquid metals, as ηL scatters
within error bars of ± 20 % around the relation of Eq. (5.20). The latter is indicated in
Fig. 5.8 by the solid line. Again, liquid Si forms the only exception from this trend, as
ηL is overestimated by more than 100 %. From the Hirai law, Eq. (5.14), one can also
derive an expression for the activation energy of viscous flow, EA,Hirai:

EA,Hirai = 2.65T1.27L
[
J/mol

]
(5.21)

As shown by the inset in Fig. 5.8 this provides a good estimation of the activation en-
ergies of Al, Cu, and Ni. However, there are also deviations: The activation energy of

Table 5.8. Parameters TL, η∞, and EA for each investigated element. The viscosity ηL, calculated
from Eq. (5.9) for T = TL, is also shown. Some of the data is measured more than once.

Element TL (K) η∞ (mPa · s) EA (104J/mol) ηL (mPa · s) Ref.

Al 933 0.281 1.23 1.372 [158]
Si 1687 0.214 1.43 0.593 [158]
Cu 1358 0.522 2.36 4.221 [248]
Cu 1358 0.657 2.15 4.411 [158]
Ni 1727 0.413 3.49 4.694 [160]
Co 1768 0.048 6.81 4.935 [256]
Fe 1818 0.114 5.93 5.765 [160]
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Fig. 5.8. Viscosity ηL versus the right hand side of Eq. (5.20), ρ2/3
L T 1/2

L M−1/6 (symbols). The solid
lines corresponds to Eq. (5.20). The inset shows the measured values of the activation energy EA,exp
versus activation energies EA,Hirai calculated from Eq. (5.21).

Si is overestimated by more than 100 % and the activation energies of Fe and Co are
underestimated by up to 50 % of their original values.

It is tempting, on the other hand, to test whether or not EA can be related to the
free energies of the standard states, G0

i (T). This idea is based on the assumption that
shear flow is related to a permanent breaking of nearest-neighbor bonds [87] and that
the activation energy of viscous flow is generally larger if the interactions between
atoms are more attractive. In fact, G0

i (T) consists of a part being almost independent
on temperature, H0

i , and another one, −TS0i (T) = T∂G0
i /∂T, depending on tempera-

ture almost linearly. This latter part contributes only to η∞ and can, thus, be neglected
for the calculation of the activation energy.

Figure 5.9 shows a plot of EA versus H0
i . Generally, one can state that there is in-

deed amonotonous relation between EA andH0
i for liquidmetals. This relation can be

expressed by a second order polynomial (dotted line in Fig. 5.9). The simplest relation,
however, is linear, EA = αvisH0

i , with αvis being a coefficient. From the fit to the data of
the puremetals, not including Si, one obtains for αvis a value of 0.721 ≈

√
0.5. Hence:

EA ≈
√
0.5H0

i (5.22)

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



134 | 5 Viscosity

Fig. 5.9. Activation energy EA of the liquid pure elements versus the standard enthalpy of formation,
H0
i . The data is shown in comparison with a second order polynomial (dotted line) and a linear fit

(solid line).

It is striking from Tab. 5.8 and Figs. 5.8 and 5.9 that liquid Si does not follow the trend
of the other elements. Neither can ηL be described for liquid Si by the Hirai law, Eq.
(5.20), nor can its activation energy be related to H0

i via Eq. (5.22). Obviously, this has
to do with the significantly larger values of TL and H0

i .
In contrast to the other elements, which are metals with nearest neighbor coordi-

nation numbers of roughly 12, Si is semiconducting in the solid state and exhibits a
coordination number in the liquid of ≈5 [257]. Moreover, covalent bonds coexist with
metallic bonds and, due to this, the nature of the atomic interactions strongly differs
from those in pure metals, where covalent bonds do not exist. Therefore, it is not too
surprising that there is also a different behavior of Si with respect to its viscosity.

5.3 Binary and ternary systems

Systematic viscosity measurements are carried out for binary and ternary systems
listed in Tab. 5.9. These systems are: Al-Cu [87], Ag-Al-Cu [157], Co-Sn [256] as well as
Cr-Fe-Ni [160], Cu-Fe-Ni [248], Co-Cu-Ni [159] and Al-Cu-Si [158].
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Fig. 5.10. Measured viscosity of Al-Cu versus xCu at T =1500 K [87]. In addition, calculations of
the models of Moelwyn/Hughes (dotted), Seetharaman (dash dotted), Brillo/Schick (solid), Kozlov
(dashed), Kaptay (dash double-dotted), and Hirai (dot double-dashed), are also shown.

Data from the binary system Fe-Ni is not measured in the present work. However, re-
sults obtained by Sato [258] are discussed in Ref. [160]. The results of this discussion
will be exploited in the present section too, i.e. in Tabs. 5.9–5.12, as they support the
conclusions drawn below.

As an example, Al-Cu [87] is discussed in more detail: Figure 5.10 shows a plot of
the isothermal viscosities of this system at 1500 K versus xCu. At 1500 K, the viscosity
ranges between 0.73 mPa · s, corresponding to pure liquid Al, and 5.1 mPa · s. The lat-
ter value corresponds to the viscosity of liquid Al40Cu60, which is slightly larger than
the viscosity of pure Cu, i.e. than 3.5 mPa · s. Hence, the curve exhibits a maximum
around the composition of Al40Cu60, see Fig. 5.10.

In an attempt to explain this feature, one might identify the several inter metallic
phases that exist around this specific composition in the solid as potential causes [87;
154]. For instance, a maximum in the isothermal viscosity is also evident in Al-Ni [86],
Bi-In [259], In-Sn [259] and in ternary Ag-Al-Cu alloys [157]. All these systems exhibit
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intermetallic phases at compositions close to the locations of the individual maxima
in viscosity. For certain compositions of Al-Ni, intensified chemical short range order
in the liquid is discussed as the reason for the observed increase in viscosity [163; 260;
261].

Intermetallic phases, however, are an expression of particularly pronounced at-
tractive interaction in a system. Thermodynamically, the latter is associated with a
negative excess free energy. As will be seen shortly, intermetallic phases do not nec-
essarily need to be considered in order to explain the maxima observed.

Togetherwith the experimental data, Fig. 5.10 also shows calculations of themod-
els of Moelwyn/Hughes, Seetharaman, Brillo/Schick, Kozlov, Kaptay, and Hirai. Ob-
viously, the Moelwyn/Hughes model and the Seetharaman model fail to predict the
viscosity correctly: Although the Moelwyn/Hughes model accurately predicts the po-
sition of the maximum, it overestimates the absolute value of η by more than a factor
of 2. The curve calculated from the Seetharamanmodel exhibits aminimum in viscos-
ity instead of the observed maximum. Moreover, it predicts viscosities that are by a
factor of up to 6 too small.

The Hirai model produces a curve with a similar shape to the experimental one
but without a pronounced maximum. It still underestimates the data by a factor of up
to 2.

A slightly better agreement is found for the Kaptay model. For xCu < 60 at.-%, it
deviates from the experimental data only within the errors bars of ± 20 %.

Considerably better agreement is obtained from the Kozlov model for which the
agreement with the experiment is within the error bars of ± 20 % for xCu ≤ 60 at.-%
and xCu ≥ 90 at.-%.

The best agreement is found for the Brillo/Schick model, Eqs. (5.18) and (5.19). It
reproduces the experimental data in Fig. 5.10 correctly, from both, a qualitative and
quantitative point of view [87].

As discussed in Ref. [87] the Brillo/Schickmodel also correctly predicts the activa-
tion energy, EA. This is shown in Fig. 5.11, where the experimentally determined values
of EA are compared to the ones calculated from Eq. (5.18). The agreement is excellent,
again. The same is true for η∞, as shown by the inset in Fig. 5.11.

It should be noted at this point that the Brillo/Schick model (and also the Kozlov
model) do not explicitly consider compound formation in the melt. In principle, ΔH
could have any mathematical form. Therefore, it could also be calculated from a com-
pound formation model. However, ΔH is calculated in Eq. (5.18) from the sub-regular
solution approximation³ [242]. Obviously, this is sufficient for the description of the ex-
perimental data. As for the surface tension [69], see Chap. 4, amodel using compound
formation is not necessary for Al-Cu.

3 using the coefficients listed in Refs. Tab. B.3.
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Fig. 5.11. Experimentally determined activation energies EA versus xCu for liquid Al-Cu. The exper-
imental data is shown together with a calculation of the Brillo/Schick model. The inset shows the
same comparison for the pre-exponential factor η∞.

This result is also obtained for the ternary system Ag-Al-Cu which is similar to Al-Cu.
For this system, the viscosity is measured along a section where the concentration of
silver is kept constant at 10 at.-% and the mole fraction of Cu, xCu is varied from 0 to
90 at.-% [157].

The results for the isothermal viscosity are shown in Fig. 5.12 for T = 1223 K. Obvi-
ously, they exhibit the same general appearance, i.e. the datamonotonously increases
with xCu from 0.9 mPa · s, corresponding to the viscosity of Ag10Al90, up to approx.
5.8 mPa · s which corresponds to the viscosity of Ag10Al30Cu60. As in the binary sys-
temAl-Cu, η exhibits amaximumat xCu=60 at.-% before it slightly decays down to the
value of 4.7 mPa · s corresponding to the viscosity of Ag10Cu90.

The experimental data is compared in Fig. 5.12 with the different model calcula-
tions. Obviously, the best agreement is found for the Kozlov model which excellently
reproduces the experimental data. A nearly equally good agreement is obtained for
the Brillo/Schick model. It correctly predicts the maximum and η for xCu < 60 at.-%.
However, the decay of η on the right hand side of the maximum is slightly stronger
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Fig. 5.12. Measured viscosity of Ag10-Al-Cu versus xCu at T =1223 K. In addition, calculations of the
models of Seetharaman (dash dotted), Brillo/Schick (solid), Kozlov (dashed), Kaptay (dash double-
dotted), and Hirai (dot double-dashed), are also shown.

as indicated from experiment so that the viscosity of Ag10Cu90 is underestimated by
more than 20 %. The agreement with the other models is worse.

As alreadymentioned, themonotectic system Cu-Fe-Ni is different fromAl-Cu and
Al-Cu-Ag. In particular, because it exhibits a positive excess free energy and the ten-
dency to demix at T < TL. In order to pursue the question, whether or not this has
any impact on the viscosity, η is measured along the section CuxFe0.6(1−x)Ni0.4(1−x),
0 ≤ x ≤ 1 and plotted in Fig. 5.13 versus the Cu mole fraction xCu at 1873 K.

Obviously, the experimental data decreases moderately and almost linearly with
increasing xCu from ≈ 4.5 mPa · s to ≈2.9 mPa · s. The curve exhibits a concave shape
and there is no maximum in viscosity as function of xCu.

For this system, the best description of the data is provided by the Kaptay model
[248]. Despite its simplicity, the secondbest description is providedby theHiraimodel.
For xCu < 30 at.-%, however, the Hirai model underestimates the experimental data
slightly. The agreement with the Kozlov model is also good, although the measured
viscosities are overestimated by <20 % for xCu <30 at.-%. In contrast to the two previ-
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Fig. 5.13. Measured viscosity of CuxFe0.6(1−x)Ni0.4(1−x) , 0 ≤ x ≤ 1 versus xCu at T =1873 K. In addition,
calculations of the models of Moelwyn/Hughes (dotted), Seetharaman (dash dotted), Brillo/Schick
(solid), Kozlov (dashed), Kaptay (dash double-dotted), and Hirai (dot double-dashed), are also
shown.

ous examples, the Brillo/Schick model fails to describe the data correctly. In fact, its
agreement with the experimental data is even worse than for the Seetharaman or the
Moelwyn/Hughes model which also fail to predict the data correctly.

Obviously, the success of each model depends on the system being investigated.
This is demonstrated in Tab. 5.9 where it is evaluated how well each model works for
each investigated system. A model is hereby regarded as OK if the predicted viscosi-
ties agree with the experimental data within the error bars over the entire investigated
concentration range. It is regarded as “reasonable” (RS) if the agreement is, at least,
partially within the error bars. If there is no agreement between the model and the
experimental data, the model fails (F) to predict the viscosity correctly. A model is re-
garded as “successful” if it doesn’t fail and it is rated “best” if it yields the best agree-
ment, compared with the other models.

Applying these criteria, the Moelwyn/Hughes model is tested in the case of Al-
Cu, Cu-Fe-Ni and Co-Cu-Ni. The Seetharaman model is tested for Al-Cu, Ag-Al-Cu,
Cu-Fe-Ni, and Co-Cu-Ni. Both models do not succeed in any case (=F).
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The Brillo/Schick model is tested in the case of Al-Cu, Al-Cu-Ag, Co-Sn, Cu-Fe-Ni, Co-
Cu-Ni and Al-Cu-Si. It seems to fail when being applied to systems for which ΔH > 0.

The Kozlov model and the Kaptay model are tested for all investigated systems,
except Co-Sn. The Hirai model, finally, is also tested for all these systems, except
Al-Cu-Si.

In the case of liquid Co-Sn, also two other models are tested in Ref. [256]: the Bu-
dai/Kaptaymodel [249] and the Singh/Sommermodel [262]. Thesemodels are not dis-
cussed in the present work as they pursue different approaches. The results of these
tests are summarized in Tab. 5.9.

In order to find out which of the models is best suited in order to describe the
viscosity of any system, Tab. 5.9 is evaluatedwith respect to the success of eachmodel.

The result of this evaluation is summarized in Tab. 5.10. Obviously, the Moel-
wyn/Hughes and the Seetharaman models fail in 100 % of the cases in which they
are tested. The Hirai model is successful in 43 % of the cases, the Brillo/Schick model
in 50 %, and the Kaptay model in 57 %.

The Kozlov model is successful in 86 %. In nearly 30 % of all cases in which it is
tested, it even provides the best description of the viscosity.

Among themodels tested and based on the systems selected in Tab. 5.9, the Kozlov
model can be regarded as “the best” one. Indeed, among the models discussed, the
Kozlov model is the only one derived purely from physical principles [251].
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Table 5.9. Systems investigated and models tested. F=failed, RS=reasonable= partially within error
bars, OK = within error bars, and best=best model for this system.

System Model tested Reference

Ag-Al-Cu Seetharaman F [157]
Brillo/Schick OK
Kozlov best
Kaptay RS
Hirai F

Al-Cu Moelwyn/Hughes F [87]
Seetharaman F
Brillo/Schick best
Kozlov RS
Kaptay RS
Hirai F

Al-Cu-Si Brillo/Schick OK [158]
Kozlov OK
Kaptay OK

Co-Cu-Ni Moelwyn/Hughes F [159]
Seetharaman F
Brillo/Schick F
Kozlov OK
Kaptay best
Hirai OK

Co-Sn Hirai RS [256]
Brillo/Schick RS
Budai/Kaptay best
Singh/Sommer F

Cr-Fe-Ni Kozlov OK [160]
Kaptay OK
Hirai OK

Cu-Fe-Ni Moelwyn/Hughes F [248]
Seetharaman F
Brillo/Schick F
Kozlov OK
Kaptay best
Hirai OK

Fe-Ni Kozlov OK (best) [160]
Kaptay RS
Hirai RS
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Table 5.10. Comparison of the performance of the models: F=failed, OK = within error bars, and
best=best model for a system. Numbers in brackets denote percentages.

Model Category all
best OK Successful F

Moelwyn/Hughes 3 (100%) 3
Seetharaman 4 (100%) 4
Brillo/Schick 1 (17%) 2 (33%) 3 (50%) 2 (33%) 6
Kaptay 2 (29%) 2 (29%) 4 (57%) 7
Kozlov 2 (29%) 4 (57%) 6 (86%) 7
Hirai 3 (43%) 3 (43%) 2 (29%) 7

5.4 Ideal solution and excess viscosity

Based on the results of the previous section it is justified to accept the Kozlov model
as a basis for the definition of the viscosity, idη, of an ideal solution and also for the
definition of the excess viscosity, Eη.

For an ideal solution ΔH =0. Hence, Eq. (5.13) transforms into the following ex-
pression for a system with N components, i, each having a mole fraction of xi and a
viscosity of ηi:

idη =
N∏
i
ηxii (5.23)

In the same way, this expression can also be obtained from the Kaptay model which
is the second most successful model in Tab. 5.10.

In contrast to the molar volume, for instance, the ideal viscosity is not a linear
combination of the property of the pure component in xi. Instead, this is rather true
for its logarithm which appears to be the additive quantity.

Based on Eq. (5.23), the excess viscosity Eη can be defined in the following way:

Eη = η −
N∏
i
ηxii (5.24)

Generally speaking, one can also write the activation energy EA in the following form:

EA =
N∑
i
xiEA,i + ΔEA (5.25)

In Eq. (5.25), EA,i is the activation energy of the pure component i and ΔEA is the acti-
vation energy of mixing.

It is an interesting question, whether or not Eη and ΔEA can be related either to
EG or ΔH. This question is elucidated within the next section.
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Fig. 5.14. Excess viscosity Eη versus Cu mole fraction xCu along a cut CuxFe0.6(1−x)Ni0.4(1−x), 0 ≤ x ≤ 1
through the Cu-Fe-Ni system at 1873 K.

5.5 Observed trends

If the Kozlov model was strictly valid, Eη and the enthalpy of mixing, ΔH, should ex-
hibit opposite signs. Moreover, one can postulate that this is also true for ΔH and ΔEA.
In the present section this hypothesis will be tested on the basis of the available ex-
perimental data.

Figure 5.14 shows a plot of Eη versus the Cu mole fraction, xCu, along the inves-
tigated section, CuxFe0.6(1−x)Ni0.4(1−x), 0 ≤ x ≤ 1, of the Cu-Fe-Ni system. The plot is
shown for a temperature of 1873 K. The enthalpy of mixing ΔH is positive for Cu-Fe-Ni
over the vast compositional range. As visible in Fig. 5.14, Eη is negative, indeed. The
minimumof Eη is located at xCu ≈ 30 at.-%.At this composition, Eη≈-0.6 mPa · swhich
is −17 % of the measured viscosity.

The opposite case, ΔH < 0, is tested in Fig. 5.15 for the ternary system Ag10-Al-Cu.
The figure shows a plot of Eη versus xCu along a section Ag0.1Al0.9−xCux, 0 ≤ x ≤ 0.9
at 1223 K. As visible, Eη > 0 at the vast compositional range. The maximum of Eη is
located at xCu ≈ 50 % and its value is about 2.7 mPa · s. This is more than 50 % of
the measured viscosity and nearly 100 % of the ideal viscosity. Hence, in Ag-Al-Cu is
highly non-ideal with respect to viscosity. This is also true for Al-Cu. The contribution
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Fig. 5.15. Excess viscosity Eη versus Cu mole fraction xCu along a cut Ag0.1Al0.9−xCux , 0 ≤ x ≤ 0.9,
through the Ag-Al-Cu system at 1223 K. The inset shows ΔEA.

of Eη to η is 5 times larger in Ag-Al-Cu than, for instance, in Cu-Fe-Ni. With respect to
viscosity, the latter, can rather be interpreted as an ideal system.

Comparisons between ΔH, Eη, ΔEA are shown in Tab. 5.11 for those alloy systems
for which viscosity data is measured in the present work. Each system is associated to
one of the three classes defined in chapter 3.

In fact, Cu-Fe-Ni is the only system for which ΔH and Eη are both negative. In the
case of Co-Cu-Ni, Eη≈0.

Systems for which ΔH < 0 are Cr-Fe-Ni, Fe-Ni, Co-Sn, and Al-Cu-Si. In Cr-Fe-Ni,
Fe-Ni, and Co-Sn, Eη ≈ 0. For Al-Cu-Si Eη is slightly negative. Again, the deviation
from zero is small in these cases. In addition to the signs of EG, ΔH, and Eη also the
signs of ΔEA are listed in Tab. 5.11. No uniform tendency is revealed: In the case of
Cu-Fe-Ni, for instance, ΔEA ≈ 0 while Eη < 0. In the case of Co-Cu-Ni, ΔEA < 0 while
Eη ≈ 0. For Al-Cu-Si and Co-Sn, both having a strongly negative enthalpy of mixing,
ΔEA ≈ 0. In the case of Cr-Fe-Ni, ΔEA is even negative although also ΔH < 0.

In all these systems, the deviations of Eη and ΔEA from zero are actually small.
It can, therefore, be concluded that, with respect to viscosity, these systems can be
regarded as almost ideal, see Tab. 5.11.
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Table 5.11. Observed trends in the viscosity of the investigated alloys.

Class System Sign of Sign of Sign of mixing Source
ΔH Eη ΔEA behavior

Cu-Fe-Ni - ≈ 0 ideal [248]I
Co-Cu-Ni

+
≈ 0 - ideal [159]

Cr-Fe-Ni ideal [160]II
Fe-Ni

- ≈ 0 -
ideal [160]

Ag-Al-Cu + + non-ideal [157]
Al-Cu + + non-ideal [87]III

Al-Cu-Si
-

- ≤ 0 ideal [158]
Co-Sn ≈ 0 ≈ 0 ideal [256]

On the other hand, for Ag-Al-Cu and Al-Cu, ΔEA >> 0. In fact, these two systems are
highly non-ideal with respect to viscosity.

The finding that most systems of Tab. 5.9 are ideal with respect to viscosity ex-
plains the success of the Kaptay model, see Tab. 5.10: In Eq. (5.17) ΔH is multiplied by
a small factor, 0.155, so that the influence of ΔH on the viscosity is rather small. Hence,
the viscosities calculated by this model are close to idη.

The definition whether a system can be regarded as ideal or non-ideal with re-
spect to viscosity is model-dependent. The Kozlov model is chosen as a basis for this
definition, as it is identified in Tab. 5.10 as the most successful one with respect to all
systems.

In addition, a look at Tab. 5.12 shows that there might be a certain tendency: Sys-
tems belonging to class I can best be described by the Kaptay model, the viscosities
of members of class II are best predicted by the Kozlov model and the viscosities of
members of class III are predicted best by the model of Brillo and Schick. In view of
the limited number of investigated systems, however, this conclusion can only be pre-
liminary.

The models discussed in this section aim to derive η from the thermodynamic po-
tentials, i.e. from EG or ΔH. In a ternary system, the influence of a ternary parameter in
Eq. (3.17) on the calculated viscosities will be small, as the contributions of the ternary
interaction terms to EG is usuallymuch smaller in Eq. (3.17) as of the binary terms. Pro-
vided the correct model for the calculation of the viscosity is identified for a system,
it will also be possible to predict η from the excess free energies only of the binary
subsystems.

5.6 Summary and conclusions

In this chapter, viscosities of unary, binary, and ternary liquid metallic systems are
studied.
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In the case of unary systems, the obtained viscosities are in agreement with data from
literaturewithin ±20 %.Thismargin also corresponds to thedeviationamongdata sets
measured in the same apparatus. Moreover, the results are used in order to validate
the Hirai law. The energies of activation are empirically found to be functions of the
enthalpies of the standard states, H0

i .

Table 5.12. Best model for the prediction of the viscosity of members of each class. In the case of
Cr-Fe-Ni, the Kozlov- the Kaptay, and the Hirai model perform equally well. In the case of Al-Cu-Si,
the models of Brillo and Schick, Kozlov, and Kaptay perform equally well.

Class System Best viscosity model

Cu-Fe-Ni KaptayI
Co-Cu-Ni Kaptay
Cr-Fe-Ni Kozlov ≈ Kaptay ≈ HiraiII
Fe-Ni Kozlov

Ag-Al-Cu Brillo/Schick
Al-Cu Brillo/SchickIII

Al-Cu-Si Brillo/Schick ≈ Kozlov ≈ Kaptay
Co-Sn Budai/Kaptay

In the case of binary and ternary systems, the viscosities are measured and compared
to a number of thermodynamic models aiming to relate the viscosity to thermody-
namic potentials, EG or ΔH. However, these models perform heterogeneously and the
comparison does not yield a fully satisfying answer: The viscosity of nearly each sys-
tem is predicted precisely by one of the models. However, in the case of another sys-
tem, the same model yields worse agreement or even fails.

As a preliminary tendency, one can state that the Kaptay model works best for
class I systems, the Kozlov model is the best choice for class II systems and the vis-
cosities of members of class III are predicted best by the model of Brillo and Schick.
On average, the Kozlov model performs most successfully.

Using the Kozlov model in order to generate a definition for the ideal viscosity,
does not lead to the establishment of a relation between excess viscosity and enthalpy
of mixing, ΔH, or between the mixing contributions to the activation energies, ΔEA.
The absolute values of the obtained excess viscosities are small in most cases so that,
as a rough trend, the viscosities can be approximated by the ideal solution. Exceptions
are the strongly interacting systems Al-Cu and Ag-Al-Cu.

This result may be non-satisfying. However, it also shows that either the relation
between η and thermodynamic potentials, i.e. EG, ΔH, etc, is not yet understood or
that thermodynamics does not have the primary influence on viscous flow. Instead,
one may consider other factors such as short range order.
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Two inter-property relations are tested: a relation between viscosity and surface ten-
sion as well as the Stokes-Einstein relation.

The relation between surface tension and viscosity works in the case of pure liq-
uid elements with respect to the accuracy of the experimental data. In case of liquid
binary and ternary alloys, good agreement is evident for two different systems once
the relation is modified slightly. However, the accuracy does not suffice to predict vis-
cosities of alloys from available excess free energies via the Butler equation.

In the case of Al80Cu20, the Stokes-Einstein relation holds for temperatures higher
than 1400 K. It breaks down for smaller temperatures. In case of the densely packed
system Ni36Zr64, D · η = const is found, heavily contrasting the Stokes-Einstein rela-
tion.

6.1 Surface tension - viscosity relation

Attempts, to relate the viscosity of an alloy to the enthalpy of mixing, ΔH, or to the
excess free energy, EG, are only partially successful as noted in the previous chapter.
Instead of directly deriving η from ΔH or EG, one can also try to link the viscosity to
the surface tension. The surface tension of a sub-regular solution, on the other hand,
can be predicted from the excess free energy EG via the Butler equation, as shown in
Chap. 4.

Such a relation between surface tension and viscosity can indeed be established.
This is seen, for instance, from Eqs. (4.5) and (5.4), which are both well known and
often used in order to calculate surface tension and viscosity from the known pair
potentials and distribution functions [20].

A remarkable feature of both expressions has been overseen for long, namely, that
the integrals in Eq. (4.5) and Eq. (5.4) are identical [23]. Dividing Eq. (4.5) by Eq. (5.4)
yields

γ
η = αη−γ

√
RT
M (6.1)

with R = 8.314 Jmol−1K−1 being themolar gas constant,M themolarmass, and αη−γ =
0.94 is a constant coefficient. Incidentally dividing Eq. (4.40) by Eq. (5.20) yields the
same expression with αη−γ = 0.82. In his work [24] Kaptay reports a value of αη−γ of
0.755.

It may seem surprising at first, that such a relation exists between a surface and
a bulk property. On the other hand, when additional surface is created, atoms are
displaced and work must be done against their pair potential. The amount of work
depends on the distribution of neighboring atoms, described by the pair correlation
function and the pair potential. Shear flow is a highly collective process involving the
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displacement of atoms relative to the positions of their neighbors [23] so that also in
this case work must be done against the pair potential. If surface is created, material
flows towards it from the bulk. The energy dissipated during this flow contributes to
the energy required to create thenewsurface. Thus, the origins of viscosity and surface
tension lie in the same physical process [23].

Equation (6.1) has already been validated for pure liquid metals by Egry [23], and
Kaptay [24]. Both authors report different values of αη−γ. Obviously, Eq. (6.1) must
break down sooner or later, as the surface tension depends on temperature linearly
while the viscosity obeys an exponential law. Egry [263] found that Eq. (6.1) is valid
for temperatures in a range of ≈ 300 K around the melting point. Kaptay noticed that
Eq. (6.1) fails in the case of Si, Ge, Sb and Bi [24]. Chemical bonding and coordination
are different in their liquid and solid phases for these systems [24].

Based on the results of Chap. 4 and Chap. 5, Eq. (6.1) can easily be checked for
pure metals. This is done in the first step. In the second step, it is tested, whether Eq.
(6.1) can also be applied to alloy systems or, otherwise, in which way it needs to be
modified.

6.1.1 Pure metals

In order to test Eq. (6.1), results obtained for the pure metals Al, Cu, Ni, Co, and Fe,
are consulted first. Surface tension data is hereby picked from Chap. 4 and viscosities
from Chap. 5. For these systems, the ratios γL/ηL are plotted in Figure 6.1 versus corre-
sponding values of

√
RTL/M. Obviously, a linear law is obeyed, except for Al, which

deviates from the trend of the other metals.
In addition to the experimental data, Fig. 6.1 also shows Eq. (6.1) using the dif-

ferent values of αη−γ. Obviously, the curve for αη−γ = 0.94 slightly overestimates the
data. Most experimental points lie exactly on the curve for αη−γ = 0.75. The only ex-
ceptions are Al and Fe measured in Ref. [160]. If, instead, of the latter reference, the
results measured by Kehr [86] are used for liquid Fe, Al remains the only exception.

A linear fit of Eq. (6.1) to all data, including liquid Al, yields αη−γ = 0.815. This
value equals the one obtained from dividing the phenomenological equations, Eq.
(4.40) and Eq. (5.20) by each other. The reason is obvious: Eq. (4.40) and Eq. (5.20)
are shown in Chaps. 4 and 5 to work on an average scale. Hence, Eq. (6.1) would also
work on an average scale, if αη−γ = 0.82 is used. The agreement in Fig. 6.1 is roughly
within ±25 %.
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Fig. 6.1. Experimentally obtained ratios γL/ηL of Al, Cu, Ni, Co, and Fe versus corresponding values
of

√
RTL/M. In addition, calculations of Eq. (6.1) are shown with different values of α. The error

bars, ±20 %, result from the estimated uncertainties of the surface tension, ±5 %, and viscosity,
±20 %.

6.1.2 Al-Cu and Cu-Fe-Ni

The applicability of Eq. (6.1) to alloys is tested bymeans of of two examples: Al-Cu and
Cu-Fe-Ni. These systems are selected because reliable surface tension and viscosity
data exist for both [69; 87; 239; 248].

The evaluation of Eq. (6.1) is shown for liquid Al-Cu in Fig. 6.2. Surface tension
and viscosity data is taken from Refs. [191] and [87], respectively. In the majority of
the results, the experiment is systematically overestimated by the predictions from
Eq. (6.1), using αη−γ = 0.94, 0.82 and 0.75. Hence, Eq. (6.1) is no longer valid for alloy
systems if it is applied the same as with pure elements. This observation is not too
surprising, as the Hirai model fails to predict the viscosity in many alloy systems, as
well. As shown in Chap. 5, Eq. (5.14) also drastically underestimates the viscosity of
Al-Cu.

Nevertheless, there is a tendency in Fig. 6.2 that the ratio γL/ηL increases linearly
with increasing

√
RTL/M which is, at least, in qualitative agreement with Eq. (6.1).

Fitting Eq. (6.1) to the data yields a value for αη−γ of 0.62(±0.03).
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Fig. 6.2. Experimentally obtained ratios γL/ηL of Al-Cu alloys versus corresponding values of√
RTL/M. In addition, calculations of Eq. (6.1) are shown with different values of αη−γ. The error

bars, ±20 %, result from the estimated uncertainties of the surface tension, ±5 %, and viscosity,
±20 %.

In fact, Al-Cu is a mixing system for which EG << 0. It belongs to class III in Tab. 3.14.
The thermophysical properties and their mixing behavior of members of this class are
discussed in Chaps. 3–5. In contrast to Al-Cu, the ternary system Cu-Fe-Ni is chemi-
cally, structurally and thermodynamically different from Al-Cu. It belongs to class I in
Tab. 3.14 and exhibits a miscibility gap in the undercooled regime.

Despite these differences, the same result is obtained in Fig. 6.3: Again, Eq. (6.1)
systematically overestimates the experimentally obtained ratios, γL/ηL, if αη−γ =
0.94, 0.82, and 0.75 are used. Adjusting Eq. (6.1) to the data, however, yields a value
of αη−γ of 0.595 (±0.03). Within the uncertainty of ±0.03, this value is identical with
the one obtained for Al-Cu.

It seems that a relation between γ and η is, indeed, found, indeed. This shall
be tested for the case of Co-Sn. For this system, viscosity data is published in Ref.
[256] from which ηL is calculated and plotted in Fig. 6.4 versus xCo. In Ref. [256], only
the data for xCo ≥ 50 at.-%, are measured using the DLR viscometer “HOC”. More-
over, the value of ηL at xCo =80 at.-% is significantly larger than for xCo =70 at.-%
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Fig. 6.3. Experimentally obtained ratios γL/ηL of Cu-Fe-Ni alloys versus corresponding values of√
RTL/M. In addition, calculations of Eq. (6.1) are shown with different values of αη−γ. The error

bars, ±20 %, result from the estimated uncertainties of the surface tension, ±5 %, and viscosity,
±20 %.

or xCo =100 at.-%. For this particular alloy, the temperature range was limited during
the measurement leading to an increased error in the activation energy EA.

On the left hand side, in Fig. 6.4, the values of ηL = η(TL) start at ≈2.2 mPa · s,
corresponding to pure Sn.With increasing xCo, ηL drops down to ≈1.0mPa · s for xCo ≤
15 at.-%, until it increases back to ≈2.2 mPa · s for xCo =20 at.-%. For xCo ≥ 50 at.-%,
ηL increases with xCo up to 5.0 mPa · s. This corresponds to the value of pure Co, if the
viscosity of Co80Sn20 is not considered in the figure.

In order to calculate η fromEq. (6.1), theButler-equation, Eq. (4.32), is solvedusing
the data of γCo and γSn from Refs. [196] and [256], respectively. Phase diagram and
Redlich-Kister parameters are taken from Ref. [264], see also Tab. B.9.

Figure 6.4 shows the result of this calculation for two different parameters of
αη−γ, 0.82 and 0.6. The measured data of Co-Sn agrees for xCo ≤20 at.-% with Eq. (6.1)
if αη−γ = 0.82 is used. This agreement, however, is not better than within ± 50 %.
In the same concentration range, the solution for αη−γ = 0.6 overestimates ηL by
nearly 100 %. For αη−γ = 0.6, ηL is almost constant in the vast concentration range
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Fig. 6.4. Viscosity ηL of Co-Sn liquid alloys versus xCo (symbols) [256]. For comparison, ηL is calcu-
lated from the Butler equation via Eq. (6.1) using αη−γ = 0.82 (dash-dotted) and αη−γ = 0.6 (solid
line).

at ≈3.1 mPa · s. Hence, for xCo > 50 at.-%, the experimental data is underestimated by
more than 20 %.

Averaged over all concentrations, Eq. (6.1) might indeed work for alloy systems,
if the parameter αη−γ is set to 0.6. After all the agreement between experimental data
and Eq. (6.1) is not better as compared to the models already discussed in Chap. 5.

6.2 Stokes-Einstein relation

The dynamics in a liquid is governed by two closely related properties: viscosity and
atomic diffusion. The viscosity describes the macroscopic transport of momentum.
This requires a collective motion of the particles. The atomic diffusion is related to
single particle diffusive transport [32].

The atomic diffusion controls processes like nucleation, liquid-liquid phase tran-
sitions, crystal growth, and glass formation in an alloy [13; 265; 266]. In order to under-
stand these processes, a precise knowledge of the corresponding diffusion coefficients
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is mandatory. In liquid metals and alloys, systematic and reliable information of dif-
fusion data is not available in the majority of cases.

Techniques like, quasi elastic neutron scattering (QNS) provide an option for the
measurement of self diffusion coefficients, Di (i=element). This technique is restricted
to alloys containing one component with a dominant incoherent scattering cross sec-
tion, e.g. Ni, Ti, Co, and Cu [267].

The accurate measurement of diffusion data, using long capillary methods, or al-
ternatively, shear cellmethods, is subject to large errors due to the additional transport
of mass caused by buoyancy or interface driven flow effects [268; 269]. These tech-
niques have been employed in order to measure the inter diffusion coefficient. The
latter can be related to the self diffusion coefficient Di via the Darken equation. The
Darken equation was derived under the assumption that a certain term, called “cross
correlation”, can be neglected. As shown recently, this assumption leads to an expres-
sion which is oversimplified [269]. In addition, the Darken equation is defined solely
for binary systems. Contamination of the sample from chemical reactions with the
container walls further complicates the measurement.

A common relation,which is often taken for granted in order to calculate diffusion
coefficients of atoms in a liquid from the viscosity, or vice versa, is the Stokes-Einstein
relation, [25]:

ηDi =
kBT
6πrH

. (6.2)

In Eq. (6.2), η is the viscosity, Di is the self diffusion coefficient of element i, rH denotes
its hydrodynamic radius, T is the absolute temperature and kB = 1.38×10−23J/K is the
Boltzmann constant.

The Stokes-Einstein relation was derived in order to describe the diffusive mo-
tion of a mesoscopic particle in a viscous medium [26]. When the diffusing objects are
of atomic size, the Stokes-Einstein relation still remains valid in several cases. This
has been shown, for instance, for pure liquid metals [266]. Indeed, Eq. (6.2) is a good
approximation, at least, on a large scale: For Cu-Ni-P-Pd, [147], Pd self diffusion and
viscosity have been measured over a temperature range from 600 K to 1200 K. Both
properties vary by 10 orders of magnitude. Equation (6.2) worked within a factor of 2.

The applicability of the Stokes-Einstein relation to liquidmetals and alloy systems
is well accepted in standard literature [148]. However, there is evidence that Di and
η can significantly deviate from Eq. (6.2): In the case of liquid Al80Ni20, molecular
dynamics simulations show that Eq. (6.2) is a good approximation when T is large,
i.e. T ≥1800 K. Upon lowering the temperature below this limit, the Stokes-Einstein
relation becomes increasingly inaccurate [270]. The same is indicated for ZrCu2 [271],
Lennard-Jones- [272]–[274], andhard-sphere systems [275],water [276], and silica [277].
For the latter system, η and D even deviate from Eq. (6.2) over the entire investigated
temperature range.
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Fig. 6.5. Viscosity of Al80Cu20 versus temperature. Shown is data measured using the viscometer
“OCN” (solid symbols) and data measured by Wan [279] (hollow symbols). Both data sets can be
fitted by the same Arrhenius law (solid line). The uncertainty is estimated as ±20 % [267].

Experimental indications for a deviation from Eq. (6.2) are rare: There is a work from
Meyer [278] and there are two publications from Brillo [32; 267] both are discussed
below.

6.2.1 Al80Cu20

It is the aim of theworks presented in Ref. [267] to further investigate the validity of the
Stokes-Einstein relation by presenting a comparison of experimental shear viscosity
and Cu self diffusion data for an Al80Cu20 melt at different temperatures. Al80Cu20 is
chosen as, due to the incoherent scattering cross section of Cu, it can be investigated
using QNS. In addition, Al80Cu20 has a low liquidus temperature, TL =930 K, a low
vapor pressure, and with regard to chemical reactivity, it tends to be an inert system.
Therefore, container based methods can be employed and the temperatures can be
varied over a broad range. Disturbances originating from evaporation of sample ma-
terial do not occur.
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Viscosity data is obtained in the oscillating cup viscometer “OCN” located at NPL,
Chap. 5. The uncertainty of the measurement is estimated in Ref. [267] as ±7 %. This is
in agreement with the value proposed by Day [280]. It is also in agreement with the er-
ror specified for pure Cu in Tab. 5.4 and Fig. 5.4. The latter is ± 10 %.Different, however,
from Ref. [267], an uncertainty of ± 20 % is now used. This latter value corresponds to
the empirically determined uncertainty of the viscosity of liquid Al, see Tab. 5.2 and
Fig. 5.3.

Cu self diffusion coefficients, DCu, are measured by the co-authors of Ref. [267] in
quasi elastic neutron scattering (QNS) experiments. Details of the measurement pro-
cedure are described in Refs. [267] and [281]. The uncertainty of the self diffusion data
is specified as ± 5 %.

Results of the viscosity measurements are plotted in Fig. 6.5 for Al80Cu20 ver-
sus temperature, T. They are shown together with data of Wan et al. [279] in order
to expand the covered temperature and viscosity ranges. For T ≤ TL + 600 K, η em-
braces values from 1.1 mPa · s to 2.0 mPa · s. In view of the estimated uncertainty of
± 20 %, the agreement between both sets of data is nearly perfect in Fig. 6.5. They
can be represented by the same Arrhenius law, Eq. (5.9), with the two parameters
EA = 1.34×104J/mol¹ and η∞ = 0.35 mPa · s.

The self-diffusion coefficients of copper, DCu, are plotted semi-logarithmically in
Fig. 6.6 versus T−1. Values range from DCu =1.47 (±1.0) × 10−8m2s−1 at T =1795 K to
2.4 (±0.2) × 10−9m2s−1 at T = TL. These are slightly larger than the Ni self diffusion in
Al80Ni20 which is 8.74×10−9m2s−1 at T =1795 K [282].

The data in Fig. 6.6 can also be fitted by an Arrhenius law with a thermal ac-
tivation energy ED = −3.28 × 104J/mol² for the Cu self diffusion in Al80Cu20. The
absolute value is 2.4 times larger than the activation energy for viscous flow,
EA = 1.34 × 104J/mol³, indicating that self diffusion and viscous flow take place on
different time scales in this system.

Figure 6.6 also shows self-diffusion coefficients calculated from the experimen-
tal viscosity data by the Stokes-Einstein relation, Eq. (6.2). An effective radius of
rH = rCov = 1.17 is used for this calculation which corresponds to the known co-
valent radius, r1, of Cu taken from Ref. [146], see Tab. 3.11. At temperatures higher
than 1400 K, good agreement between the measured and calculated self diffusion co-
efficients is evident in Fig. 6.6. At T=1670 K the values of both diffusion coefficients
are identical at 1.17×10−8m2s−1. With respect to the experimental error, the Stokes-
Einstein relation is valid at temperatures above 1400 K.

For T < 1400 K, DCu, calculated via the Stokes-Einstein relation, deviates from
the measured ones towards larger values. For instance, at T =1000 K the self dif-

1 0.14 eV
2 -0.34 eV
3 0.14 eV
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Fig. 6.6. Arrhenius plot of the self-diffusivity DCu measured by QNS (solid circles) and calculated
from Eq. (6.2) (solid squares). The open squares represent DCu calculated from the data of Ref.
[279]. The solid straight line represents an Arrhenius fit to DCu measured by QNS. The inset shows
the effective hydrodynamic radius rH versus temperature. The covalent radius of Cu is marked by the
dotted line. The solid line in the inset marks the limes of rH for T → ∞ [267].

fusion coefficient equals 2.4×10−9m2s−1 while the Stokes-Einstein relation yields
3.4×10−9m2s−1. This discrepancy is of about 30 %. It becomes increasingly largerwhen
the temperature is lowered.

Due to this deviation, the effective hydrodynamic radius, rH, deviates in Eq. (6.2)
from the covalent radius and becomes temperature dependent. This is shown by the
inset in Fig. 6.6, where rH, calculated from Eq. (6.2), is plotted versus temperature.
rH is hereby calculated using the corresponding fit functions as input to Eq. (6.2). It
is seen that, for T ≈ 1500 K, rH equals the covalent radius of 1.17 Å. Upon increase
of temperature, rH further decreases and tends towards the constant value of 1.04 Å
which is reached at approx. 2000 K. For T < 1400 K, rH diverges with decreasing T.
This behavior is clearly no artifact of the use of Arrhenius forms as it is also seen in
the plain experimental data.

This investigation of Al80Cu20 shows that with respect to the experimental uncer-
tainties, the Stokes-Einstein relation is valid in this system, only above 1400 K. For
temperatures lower than 1400 K, the diffusion becomes slower than expected from
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the Stokes-Einstein relation. This behavior is atypical. Usually, the opposite is found,
namely, that thediffusionbecomes fasterwith adecrease of T [270; 273; 278; 281].How-
ever, as Al-Ni and Al-Cu exhibit otherwise similar properties, no general rule for the
direction of this deviation can be given ad hoc. In order to understand this behavior,
the role of the Al- self diffusion will need to be clarified in this system.

In the case of Al80Cu20 the Stokes-Einstein relation breaks down at temperatures
near the melting point. The latter, however, are relevant for processes like nucleation
and crystal growth [267].

6.2.2 Ni36Zr64

In order to check Eq. (6.2), measurements need to be carried out over a sufficiently
large temperature range. Usually, T changes then by a factor of 1.5 - 2, which, in the
case of liquid metals, requires high temperatures. Hence, convection and chemical
reactivity is favored. The latter is a severe problem, when the sample, as in the case of
Ni36Zr64, is chemically highly reactive.

The binary alloy Ni36Zr64 serves as a model system in order to study a number
of phenomena occurring during the glass transition [283]. Precise knowledge of its
thermophysical properties of the liquid phase is highly important in this context.

The high reactivity of Ni36Zr64, however, rules out most of the classical investi-
gation methods. Correct data can, therefore, only be measured in a contactless way.
While it is possible to measure diffusion coefficients in electromagnetic levitation in
combination with QNS, the measurement of the viscosity using electromagnetic levi-
tation is not possible under gravity conditions.

Electrostatic levitation (ESL) provides an alternative [19]. Using ESL, quasi elastic
neutron scattering (QNS) experiments are carried out by Kordel [54] who determined
accurate Ni-self diffusion coefficients in liquid Ni36Zr64. This data is measured over
a broad temperature range from 1100 K to 1700 K. In addition, density and viscosity
data is measured by Brillo [32] over a broad temperature range in which T is varied
by a factor of 1.5. Over this range, the viscosity changes by 1.5 orders in magnitude.
With these results for a dense glass forming system, the Stokes-Einstein relation can
be checked in unequaled detail.

The density of Ni36Zr64 follows a linear law with ρL = 6.878(±0.003) g · cm−3 be-
ing the density at liquidus temperature, TL, and ρT = −3.73(±0.01) × 10−4g · cm−3K−1
the temperature coefficient. This corresponds to a mean particle density of
ρ̂=0.052 atoms/Å3.Using the respective covalent radii of Zr andNi [146], rZr=1.45 Å and
rNi=1.15 Å, a value of δ = 0.55(±0.002) is obtained for the effective volume packing
fraction. This value is in agreement with δ from multicomponent bulk glass forming
alloys [278]. As for comparison, the packing fraction of liquid Al is ≈0.42, see Tab. 3.11.
Hence, Ni36Zr64 is a rather densely packed system and glassy behavior should be fa-
vored already at temperatures close to the melting point.
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Fig. 6.7. Viscosity of Ni36Zr64, measured in ESL, as function of temperature. The solid symbols cor-
respond to data obtained from samples with different masses and the solid line is a corresponding
fit of the Vogel-Fulcher-Tammann law, i.e. Eq. (5.10), [32].

Results of the viscosity measurement are shown in Fig. 6.7 as a function of tempera-
ture. Values are obtained between 1050 to 1750 K. Large undercoolings of up to 230 K
are achieved [32].

Generally, the viscosity increases when the temperature is lowered. At TL, the vis-
cosity equals ηL =11.5 mPa · s, which is slightly larger than the viscosities of the sys-
tems discussed in the previous chapter, see Tab. 5.8. At low temperature, T ≈1100 K,
η even reaches a value of approximately 130 mPa · s. Again, this is large compared
to most non-glass forming metallic alloys. For T > TL, η assumes values between
11.5 mPa · s and 8 mPa · s.

In electrostatic levitation, excitation of flow vortices in the bulk of the droplet
might occur when the oscillation amplitude becomes larger than approx. 10 % of the
droplet radius at rest [79]. In addition, Ishikawa [284] found that an interference of
the surface oscillation with the positioning system takes place under certain condi-
tions. This interference would lead to an exchange of energy between the sample
and the generator leading, thus, to an apparently increased or decreased viscosity.
If such a non-linear effect existed in the droplet oscillation, using samples with dif-
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ferent masses would result in apparently different values of the viscosity [32]. Hence,
the experiment in Fig. 6.7 is performed with five different samples having masses of
20.8 mg, 27.0 mg, 38.2 mg, 41.0 mg and 86.2 mg. As shown, however, the same curve,
η(T), is obtained for each samplemasswithin the scatter of the viscosity data of ± 5 %,
mentioned in Ref. [32]. Thus, systematic errors, due to non-linear droplet oscillations,
can be excluded.

The viscosity data in Fig. 6.7 can well be described by the phenomenological
Vogel-Fulcher-Tammann (VFT) law, Eq. (5.10), which is typical formany glass-forming
systems [266]. The Arrhenius law, used in Chap. 5, is no longer sufficient to represent
this data. The parameters obtained from a fit of Eq. (5.10) are EA = 1.66 × 104J/mol⁴,
T0 =660.5 K, and η∞ = 1.1 mPa · s, see Fig. 6.7.

The Ni self diffusion coefficients, DNi, are plotted semi-logarithmically in Fig. 6.8
versus the inverse temperature T−1 [32; 54]. The uncertainty of DNi is of the order of
±5 %. Values range from 2.3×10−9m2s−1 at T ≈1650 K to 2.3×10−10m2s−1 at ≈1116 K. At
the liquidus temperature, TL = 1283 K, DNi=7.8×10−10m2s−1.

The Ni self diffusion data can also be fitted in Fig. 6.8 by a Vogel-Fulcher Tam-
mann (VFT) law, similar to Eq. (5.10). Apart from the scaling factor, absolute values
obtained for the activation energy ED = −1.60 × 104J/mol⁵ and for the temperature
T0=674 K are identical within error bars with the corresponding values obtained from
the viscosity data. Moreover, the activation energies have opposite signs for viscosity
and diffusion. This is already different from the case of Al80Cu20, Sec. 6.2.1, where the
activation energies of the two processes are different.

Obviously, the inverse of the viscosity, η−1, and DNi are proportional to each other.
This is shown in Fig. 6.9 where the measured viscosity data is multiplied by the VFT-
fit of DNi. The product DNi · η equals 1.8(±0.25)×10−11J/m over the entire temperature
range of 1050 K ≤ T ≤ 1750 K.

For comparison, Fig. 6.9 shows the Stokes-Einstein relation with the hydrody-
namic radius rH being set to rNi =1.15 Å. The experimental data is underestimated
by more than a factor of 2 and the temperature dependence is significantly different
[32]: While, from experiment DNi · η = const is found, DNi · η, calculated from Eq. (6.2)
scales with kBT.

The failure of the Stokes-Einstein relation is also visible in Fig. 6.8. In this figure,
DNi, calculated from the viscosity, is also shown. Obviously, the Stokes-Einstein rela-
tion, Eq. (6.2) underestimates the measured diffusion coefficients by more than 70 %.
The significantly different temperature dependence is already visible by eye [32]. In
an attempt to better fit Eq. (6.2) to the experimental data, the hydrodynamic radius,
rH is set to cSE · rNi with cSE being a coefficient [32]. Using cSE = 2/3, Eq. (6.2) trans-
forms into the Sutherland-Einstein relation [285]. In the case of cSE = 0.467, Eq. (6.2)

4 0.172 eV
5 -0.166 eV
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Fig. 6.8. Diffusion constants versus inverse temperature. The circles represent DNi obtained from η
via the Stokes-Einstein relation, Eq. (6.2). The squares correspond to the Ni- self-diffusion constant
DNi, directly measured by QNS. Corresponding fits of the VFT law are shown by solid lines (from Ref.
[32]).

is fulfilled in Fig. 6.9, at least at TL. In this case, rH ≈0.53 Å, which is non-physically
small. Upon decreasing rH, the product DNi · η can be increased in Fig. 6.9 and, thus,
brought closer to the experimental data. However, the agreement of the temperature
dependences becomes worse. At this point, it pays off that DNi and η are measured
over a large temperature range.

The only way to resolve the situation, i.e. to “rescue” the Stokes-Einstein relation,
is to assume that rH becomes temperature dependent. In this case, rH would have to
vary by a factor of 1.7 over the investigated temperature range. Obviously, this is unre-
alistic.

According to Mode-Coupling-Theory (MCT) [247], the dynamics in a liquid is
strongly coupled when the particle density is large [32]. Thus, the atomic motion
freezes in when T comes close to a critical temperature TFr upon cooling. In this case,
the diffusion coefficient D and the inverse of the viscosity, η−1, become proportional to
the same scaling law, Eq. (5.11). Hence, D · η = const is asymptotically obtained when
T → TFr. For Ni36Zr64 Voigtmann [283] estimated TFr ≈900 K. However, the experi-
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Fig. 6.9. D · η versus temperature (symbols). In order to guide the eye, a linear fit to data is also
shown (solid line). The dashed and dotted lines correspond to the Stokes-Einstein relation, Eq.
(6.2), with different choices of the hydrodynamic radius rH = cSErNi. (from Ref. [32]).

mental data on D and η, discussed in the present section, is obtained at temperatures
well above TFr [32].

In conclusion, it is found in the case of Ni36Zr64 that Dη = const. This is in agree-
ment with MCT predictions for temperatures close to the temperature of dynamical
freezing but contradicts the Stokes-Einstein relation which predicts Dη ∝ kBT.

6.3 Summary and conclusions

In order to elucidate the question whether or not the viscosity can be predicted from
EG via calculating the surface tension from theButler equation, Eq. (6.1) is reconfirmed
as a valid relation between surface tension and viscosity for pure liquid metallic ele-
ments. The parameter αη−γ, hereby, can be set to 0.75 and Eq. (6.1) works within the
experimental error of ±20 % for liquid Cu, Ni, Co, and Fe. If Al is included, Eq. (6.1) is
valid on an average scale within ±25 % and for αη−γ = 0.82.
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Equation (6.1) is also tested for alloy systems. It is found to be valid in the cases of
Al-Cu and Cu-Fe-Ni. In both cases, the data can be fitted by Eq. (6.1) yielding a value
for αη−γ of 0.6±0.03. The agreement is within the experimental error of ±20 %. How-
ever, it is not possible to predict the viscosity of Co-Sn alloys from solving the Butler
equation. Although the results agree on averagewith the experimentally obtained vis-
cosities, the deviation for each composition between the calculated and experimental
value is quite significant. In particular, the agreement is not better than for themodels
discussed in Chap. 5.

The Stokes-Einstein relation, which relates the viscosity to the self-diffusivity, is
shown for liquid alloys to work only as a good approximation. In the case of the less
densely packed system Al80Cu20, it holds for temperatures larger than 1400 K. For
T ≤ 1400 K D and η deviate from Eq. (6.2), whereas the diffusion becomes slower
than expected from the Stokes-Einstein relation. This behavior is atypical and might
be explained if the role of the packing density is clarified in this context.

In case of a densely packed system, likeNi36Zr64, the Stokes-Einstein is disproved:
Instead of Dη ∝ kBT, as predicted from Eq. (6.2), D · η = const is found over a broad
temperature range. This behavior is predicted fromMode-Coupling theory for temper-
atures close to the critical point of dynamical freezing. In the case of Ni36Zr64, it is
observed at already considerably higher temperatures.

These phenomena, which might be coupled to densely packed liquids, are still
not fully understood and the subject of ongoing research [22].
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7 Application examples
There are multiple overlaps between the broad field of thermophysical property mea-
surement and different, but related, topics. In the present chapter, the aim is to high-
light some of these topics using examples of applications to which contributions are
made within the present work.

The first of these examples deals with the measurement of solid-liquid interfacial
energies¹. This property and its anisotropy are of tremendous importance for model-
ing and the understanding of heterogeneous nucleation and crystal growth processes.
Within a Ph.-D. thesis solid-liquid boundaries of liquid Al-Cu alloys on differently ori-
ented surfaces of single crystalline sapphire substrates are investigated, see Ref. [286].
Some of these results are outlined in Sec. 7.1.

In the second example, a model for the prediction of liquid-liquid interfacial en-
ergies is introduced in Sec. 7.2. In addition to the solid-liquid interfaces, liquid-liquid
interfaces play important roles for nucleation and growth processes. Moreover, liquid-
liquid interfaces are crucial for liquid phase separation processes. Detailed studies
of such processes are performed within a project² aiming to also investigate liquid,
metastably demixed Co-Cu alloys under microgravity³.

In Sec. 7.3 of the present chapter it is demonstrated by the example of a magnetic
shape memory alloy how the establishment of a comprehensive set of precise ther-
mophysical property data can be used in order to optimize an industrially relevant
material.

7.1 Solid-liquid interfacial energy

7.1.1 Liquid metal/sapphire

The kinetics of heterogeneous nucleation and solidification is controlled by processes
taking place at the involved solid-liquid interfaces. The respective interfacial energies
depend generally on the structure of the solid [287; 288] and its anisotropy.

There is plenty of evidence in literature that this anisotropy also affects the wet-
ting behavior of a liquid single component melt [212; 289; 290; 291]. Among different
substratematerials, the effect is greatest for liquid Al on α − Al2O3 (sapphire) surfaces
[291; 292], due to its large surface anisotropy.

1 Project in the framework of the priority programme “SPP 1296 - Heterogene Keim- und Mikrostruk-
turbildung: Schritte zu einem system- und skalenübergreifenden Verständnis” funded by the German
Science Foundation (DFG)
2 “Undercooling and Demixing of Copper-Cobalt Alloys - CoolCop”, in response to ESA AO -99.
3 Using the EML facility on board the International Space Station ISS. First batch of experiments is
scheduled for spring 2015.
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Except for the studies carried out in the frame of this work, systematic investigations
on this effect are sparse for alloy systems. In the case of Al-Cu, this is indeed surprising
as Al-Cu is otherwise an intensively studied system serving as a model for heteroge-
neous nucleation and crystal growth in binary eutectic alloys [242; 243]. Moreover,
Al-Cu is an easy-to-handle system. It has a low melting point and chemically inert
substrates, such as α − Al2O3, are available [286].

Therefore, and in order to contribute to an understanding of the impact of interfa-
cial anisotropies on heterogeneous nucleation, the wetting behavior of Al-Cu alloys,
covering the entire composition range, on differently oriented α − Al2O3 surfaces is
studied in detail in a model experiment [293; 294].

In this section, a part of these results, namely thewetting of pure Cu on differently
oriented sapphire surfaces, is summarized.

7.1.2 Sessile drop apparatus

In order to study the wetting behavior, contact angle measurements are performed in-
side a sessile drop chamber, designed and developed by Schmitz [293]. The principal
setup is shown schematically in Fig. 7.1. It consists of a stainless steel high vacuum
chamber equipped with a drop dispenser and an alumina tube furnace. The tube fur-
nace (diameter = 24 mm, length = 93 mm) is located in the center of the apparatus.
Its axis is vertically aligned. Molybdenumwires act as resistive heating elements. The
tube has a hole half way along the vertical axis through its walls allowing observation
of the sample from the side [286].

Inside the furnace, the substrates are positioned on a boron nitride substrate
holder. For position adjustment, it can be moved vertically. AW-5%Re/W-26%Re ther-
mocouple (type C) is placed underneath the substrate supporter in order to determine
the temperature.

At the beginning of an experiment, the alloy is contained inside a drop dispenser.
The dispenser consists of an alumina tube with a 1 mm nozzle at its bottom and is
placed approx. 10 mm above the clean surface of the substrate. As soon as the desired
furnace temperature is reached, the liquid alloy is pushed through the nozzle by care-
fully increasing the gas pressure inside the dispenser.

The sessile droplet is illuminated from one side through the holes in the furnace
tube. Shadow graph images are recorded by a camera from the other side, so that the
contact angles can be recorded as functions of time.

Further details of the apparatus, as well as of the measurement and image pro-
cessing procedures, are given in Ref. [293].
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Fig. 7.1. Schematic depiction of the arrangement for contact angle measurements.

7.1.3 Contact angle measurements

A sequence of images, recorded when a droplet is dispensed, is shown in the inset
of Fig. 7.2. The typical size of the droplet is 1.5 mm and the temperature in the exper-
iments discussed is ≈1380 K. When the droplet comes out of the nozzle, potentially
existing oxide skins are stripped off. After a period of free fall, the droplet touches the
surface of the substrate and vibrates strongly [286], so that the contact angle also os-
cillates around its equilibrium value, Θ0. This is shown in Fig. 7.2 for the case of the
Cu/sapphire-R(1102) system at 1380 K. After a period of about 1 s, the contact angle
becomes constant at Θ0 = 113◦ with respect to a time scale of seconds.

For larger time scales, the contact angle Θ starts to increase slowly. For the first
400 s, the time evolutions of the measured contact angles are shown in Fig. 7.3 for
liquid Cu on the C(0001), R(1102), and A(1120) surfaces of sapphire [286].

It is found for all substrates that the contact angles increase with time until they
become constant after approximately 200 s. This increase is most likely caused by
a self purification of the liquid Cu droplets as, under the processing conditions, the
equilibrium is shifted towards the reducing regime. This is discussed in detail in Refs.
[293]-[295]. The initial values of the contact angles lie between 106◦ and 113± 5◦. For
all surfaces, the final contact angle at long times, Θ∞, is approximately 117±5◦ [286].
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Fig. 7.2. Contact angle, Θ, of liquid Cu on a sapphire R-plane versus time. The diagram is recorded
at 1380 K for short times, ≤ 1 s, capturing the moment when the droplet touches the substrate.
Solid squares denote contact angles at the left side of the droplet, open circles the ones at the right
side. The inset shows a series of frames recorded when the droplet is dispensed: The droplet forms
and falls to the surface, touches the substrate and vibrates strongly. After approximately 1 s, it lies
stably (last image). From Ref. [286].

This observation is in agreementwith recent literature studies [212]. It should be noted
that the uncertainty of the data is far less than the 40 % [164] usually encountered in
conventional sessile drop experiments.

The evaluation of themeasured contact angles can be performed using the Young-
equation, provided that the solid substrate is sufficiently stiff and forces vertical to its
surface can be neglected [164]:

σ(hklm)
S,L = σ(hklm)

S,V − γCu cos(Θ) (7.1)

In Eq. (7.1), σ(hklm)
S,L and σ(hklm)

S,V denote the respective interfacial energies of the solid-
liquid and the solid-vacuum interfaces. Their orientation dependence is denoted by
the Miller indices, h, k ,l, and m. γCu is the surface tension of liquid Cu.

The Young equation can be applied in order to calculate σ(hklm)
S,L when σ(hklm)

S,V , γCu,
and Θ are known. However, the true physics of a solid-liquid interface might be ob-
scured, if σ(hklm)

S,V depends strongly on (hklm). In this case, σ(hklm)
S,L will do so as well,

regardless of the measured contact angles [286]. Moreover, the application of Eq. (7.1)
is not always possible due to the limited availability of σ(hklm)

S,V .
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Fig. 7.3. Time evolution of the contact angle, Θ, of liquid Cu on different sapphire surfaces for times
greater than 1 s. Measurements are performed at 1380 K on the C(0001)- plane (circles), the A(1120)-
plane (triangles), and the R(1102)-plane (diamonds). From Ref. [286].

This problem can be circumvented by introducing thework of adhesion:Wadh = σS,V+
γ−σS,L. It is defined as the energy gain per surface area upon adhesion.Wadh is related
to the contact angle via the Young-Dupre equation [286]:

Wadh = (1 + γCu) cos(Θ) (7.2)

In this equation, the parameter σS,V does not need to be known.
In order to evaluate Eqs. (7.1) and (7.2), γCu is taken from Tab. 4.11 and values for

σS,V are taken from Ref. [296]. In this work σ(hklm)
S,V is normalized with respect to the

value of the C plane. These relative surface energies can be assumed as constant with
respect to temperature [286; 295]. The absolute value of σ(0001)S,V of the C-plane is extrap-
olated to 1380 K using experimentally obtained values reported in Refs. [164; 297].

Table 7.1 lists the measured contact angles, the solid-liquid interfacial energies,
obtained from Eq. (7.1) and the works of adhesion, obtained from Eq. (7.2) for the dif-
ferently oriented sapphire faces. The corresponding uncertainties are estimated to be
less than ±0.1 Jm−2 [295].

Since the contact angle Θ∞ is the same for all three faces, C, A, and R, the work
of adhesion, WAdh, is isotropic, see Tab. 7.1. Moreover, σ(hklm)

S,L apparently exhibit no
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anisotropy within their uncertainties. For a detailed discussion of the error budget,
see Refs. [293; 286; 295].

Sessile drop experiments of liquid Cu on sapphire (α − Al2O3) substrates with
C(0001)-, R(1102)-, andA(1120) orientation confirm the known contact angle of 117◦.
The solid-liquid interfacial energy, as well as the work of adhesion, do not exhibit
any anisotropy within the uncertainties. Hence, in heterogeneous nucleation of liq-
uid Cu, any effect originating from the anisotropy of the solid-liquid interfacial energy
should be of subordinate dominance and can be neglected in the first approach [286].
As pointed out in Refs. [293; 294] this situation is completely different for Al/α − Al2O3
and Al-Cu/α − Al2O3. In these systems, an anisotropy becomes evident, which is par-
tially due to a reconstruction of the C(0001)-plane that occurs in the presence of ad-
sorbed Al.

Table 7.1. Parameters of the liquid Cu/α − Al2O3 interfaces at T=1380 K. σ(hklm)
S,L are determined via

Eq. (7.1) using σ(0001)
S,V from Ref. [297] and relative surface energies normalized to σ(0001)

S,V from Refs.
[164; 297]. The works of adhesions are calculated from Eq. (7.2). Surface tension of Cu at 1380 K:
γCu(1380K) = 1.30 Nm−1, see Tab. 4.11.

C(0001) R(1102) A(1120)

Θ0(◦) 113 ± 5 112 ± 5 106 ± 5
Θ∞(◦) 117 ± 5 118 ± 5 117 ± 5
σ(hklm)
S,L (Jm−2) 1.72 ± 0.11 1.58 ± 0.12 1.69 ± 0.13

Wadh (Jm−2) 0.71 ± 0.10 0.69 ± 0.10 0.71 ± 0.10

7.2 Liquid-liquid interfacial energy

Another important parameter in the context of solidification is associated with liquid-
liquid interfaces: The liquid-liquid interfacial energy not only limits droplet nucle-
ation during liquid-liquid phase separation, it can also affect crystal growth processes
during solidification. For instance, during the growth of a solid phase, the liquid in
front of the dendrite may become enriched by one particular component until the
solubility limit is exceeded. This process may lead to liquid-liquid phase separation
acting as a kinetic barrier. A good overview on these processes is given in Ref. [265].
Contributions on demixing and liquid-liquid interfacial energies are published for the
systems Al-Bi, Al-Pb, Al-In, Al-Bi-Si and Co-Cu in Refs. [65] and [298]–[300].

Up to now, there are only a fewmodels for the prediction of the liquid-liquid inter-
facial energy. One reason for this situation is that its measurement inmetallic systems
is by no means trivial and, therefore, the amount of experimental data is limited. The
most widely usedmodels are the ones proposed by Becker and Landau, [165; 265], Ka-
ban andMerkwitz [165; 298] aswell as Antion, Chatain, andWynblatt [187; 188]. These
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Fig. 7.4. Liquid-liquid interfacial energy σLL of demixed Al-In versus temperature. The symbols rep-
resent the experimental data [298] and the solid line the model [172].

models can be seen as rough estimates [299] with specific advantages and shortcom-
ings [172].

The concept of the Butler equation, on the other hand, provides a recipe for the
derivation of an equivalent model for the prediction of liquid-liquid interfacial ener-
gies whereas, instead of a single bulk phase, two bulk phases are considered. This ap-
proach was first pursued by Kaptay [301]. A more general derivation of such a model
is published by Brillo [172].

The derivation is carried out in Ref. [172] in an analogous way to the derivation of
Eq. (4.22) and the following similar expression is obtained:

σLL = (2uLLi − μBIi − μBIIi)A
−1
i (7.3)

Here, Ai is the interfacial area, σLL is the liquid-liquid interfacial energy, and μBIi and
μBIIi are the chemical potentials of element i in bulk phase I and bulk phase II, re-
spectively. uLLi is hereby that part of the chemical potential μLLi of the interface which
does not depend on σLL. In fact, the chemical potential in the interfacial layer, μLLi,
consists of a part 0.5σLLAi including the interfacial energy, and another one including
the rest, i.e. μLLi = uLLi − 0.5σLLAi.

This latter condition assures that, in case of thermodynamic equilibrium, the
chemical potentials of the three phases can indeed be equal, i.e. μLLi = μBIi = μBIIi,
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Fig. 7.5. Al- mole fractions of the two bulk phases, BI (dashed) and BII (dotted), as well as of the
interface (solid) in demixed Al-In. For comparison, the arithmetic average of the compositions of the
two bulk phases is also shown (dash-dotted).

without violating Eq. (7.3) when σLL �= 0 [172]. Moreover, it should be noticed that ther-
modynamic equilibrium is not explicitly required here.

The factor 2 in front of uLLi assures in Eq. (7.3) that an important condition is ful-
filled, namely, that σLL = 0 when the compositions of the two bulk phases are equal.
In this case, no interface exists [172].

After some transformations and using the fact that the difference of the standard
states equals zero, the following, simple expression for the liquid-liquid interfacial
energy is obtained, where ai denotes the activity of each phase:

σLL = RT
Ai

ln
(

aLL,2i
aBIi aBIIi

)
(7.4)

In order to apply this expression, it can be brought into a form similar to Eq. (4.24).
The solution procedure is identical to the one described in Chap. 4, except that the
factor ξ , accounting in Eq. (4.33) for a difference in coordination number with respect
to the bulk and surface phase, can be set to unity. In fact, atoms in a liquid-liquid
interfacial layer are coordinated by atoms from the same layer and, in addition, by
atoms in the two bulk phases. Consequently, the total coordination number of an atom
in the liquid-liquid interface is not much different from an atom in the bulk [172].
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The model is tested in Ref. [172] on the examples of the binary systems Al-Pb, Al-In,
Al-Bi and Cu-Co. For these systems, experimental data is published in Refs. [65; 298;
299]. For the sake of brevity, the model is demonstrated in the present section by the
example of Al-In, only.

Redlich-Kister parameters of Al-In, needed in order to solve Eq. (7.4), are taken
from Ref. [302], see Tab. B.7. Using this thermodynamic assessment, the binodal line,
i.e. the temperature dependent aluminium mole fractions of the two bulk phases,
xBIAl and xBIIAl , are calculated by Schmid-Fetzer in Ref. [172] using the software package
PANDATTM.

The result of the model calculation, i.e. the liquid-liquid interfacial energy of Al-
In as function of temperature, is shown in Fig. 7.4 together with the experimental data
from Ref. [298].

For Al-In, the critical temperature of demixing is TC ≈ 1150 K [303]. Experimental
data is available for 900 K ≤ T ≤ 1070 K. Over the investigated temperature range
σLL varies from 28 mNm−1 at 900 K to ≈ 0 mNm−1 at 1070 K. Although the model,
Eq. (7.4), overestimates the experimental data slightly by ≈5 mNm−1, it correctly re-
produces the temperature dependence (slope). In addition, it is correctly reproduced
that, with increasing temperature, the calculated interfacial energies asymptotically
approach zero and that the curve exhibits a concave shape [172]. Hence, the overall
agreement between model and experimental data is very good for this particular sys-
tem.

Figure 7.5 shows a plot of the temperature versus themole fraction of Al in the two
bulk phases, xBIAl and xBIIAl and in the interface, xLLAl . xLLAl hereby depends only weakly on
temperature. It changes steadily from 62 to 59 at.-% with a decrease of T from 1150 K
to 900 K. The values of xLLAl , obtained from solving Eq. (7.4), are very close in Fig. 7.5 to
the arithmetic average of the Al mole fractions in the bulk phases which varies from
62 at.-% at 1050 K to 52 at.-% 900 K. This behavior is observed in all three systems
discussed in Ref. [172].

A good agreement between model and experimental data is also observed for the
systemAl-Pb [172]. In the case of the third system, Al-Bi, different results are obtained,
depending of the thermodynamic assessment used. Using, for instance, the assess-
ment ofMirkovic [304], the experimental data of Al-Bi is underestimated by a constant
factor of 1.5. When, on the other hand, the assessment of Kim [302] is applied, the ex-
perimental data is overestimated by up to a factor of 1.7. This shows, that even small
differences in the used thermodynamic assessment can have a large effect on the pre-
diction of the interfacial energy. The quality of model developed in Ref. [172], hence,
critically depends on the thermodynamic assessment, i.e. parameters for EG used as
input.
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7.3 Shape memory alloys

It is the goal of the activities described in this section to develop and construct energy
efficient actuators, based on magnetic shape memory alloys, for automotive applica-
tions.

The energy efficiency of motorized vehicles is mainly determined by the trans-
formation of energy from fossil fuels into motion. Roughly 15 % of engine power is
consumed by secondary aggregates, electronic devices etc. [305]. Inmany of these sys-
tems, electromagnetic actuators, of which a typical car can have more than 60, play
crucial roles [306]. Hence, they substantially contribute to the energy consumption of
a vehicle.

Thus, requirements for an increased energy efficiency and CO2 reduction cur-
rently also⁴ drive the development of new actuator technologies. For instance, the
Piezo-Common-Rail-system developed by Siemens leads to a reduction of energy con-
sumption by approx. 30%,whereas it is claimed that the CO2 emission can be reduced
by this technique by roughly 25 % [307].

Obviously, newmaterials play a key role in the development of new actuator con-
cepts in this, entirely new, socially and technically relevant, field. Beside piezo electric
materials, magnetic shape memory alloys (FSMA) seem to be very promising and ex-
hibit the highest potential for applications as actuators. One aim of the BMBF-funded
project EFAM⁵ is to identify, produce and optimize amaterial that can be used for such
an actuator.

Magnetic shape memory alloys (MSMA) made from Ga-Mn-Ni display the largest
shape changes, with magnetic field induced strains (MFIS) reaching 10 %. MSMA
showing high MFIS over a wide temperature range and fast frequency response make
these alloys attractive for actuator and sensor applications. In addition, the MFIS in
single crystalline specimens is reported to be higher than in the corresponding poly-
crystallinematerial. Oriented single crystals of Ga-Mn-Ni based alloys can be obtained
on a lab scale using Zonemelting or Bridgman techniques. The upscaling from labora-
tory scale to industrial scale with larger amounts of single crystals, however, is still a
challenging task. Thus, when optimizing the single crystal growth in terms of crystal
quality and size, process simulation tools can be applied to support the development
[308].

These process simulation tools require thermophysical properties of the molten
and solid material as input parameters. Within the present work these properties are
precisely determined and they are used in order to simulate the distribution of the
thermal field within the sample and the furnace.

4 As specified in Chap. 1 requirements for an increased energy efficiency and CO2 reduction also drive
the development of new technologies for casting processes.
5 “Energieeffiziente Formgedächtnislegierungen für Automobilanwendungen - EFAM (2009–2012)”
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Table 7.2. Parameters determined within the EFAM project: EML=electromagnetic levitation,
DTA/DSC=differential thermo-analysis/differential scanning calorimetry, LFA=laser flash analysis,
SSCCM=steady state concentric cylinder method, TGA=thermal gravimetry, OQB=oscillating quartz
balance, HOC=high temperature oscillating cup viscometry.

Parameter Method Phase(s)

Density EML Liquid
Transition temperature(s) DTA/DSC Solid/Liquid
Transition heats DSC Solid/Liquid
Specific heat DSC Solid
Thermal diffusion LFA Solid
Thermal conductivity DSC/LFA/SSCCM Solid

SSCCM Liquid
Rate of evaporation TGA/OQB Liquid/Solid
Viscosity HOC Liquid
fraction solid

Properties which are relevant in this context are listed in Tab. 7.2. These are: density,
transition temperatures and corresponding heats, fraction solid, specific heat, ther-
mal diffusion, thermal conductivity, viscosity and rate of evaporation.

The applicability of such process simulation tools on the example of a specific
Ga-Mn-Ni alloy is demonstrated in Ref. [308]. In that work, thermophysical properties
are determined for a Ga25Mn25Ni50 magnetic shape memory alloy with the concen-
trations known within ±2 at.-%. In a second step, global thermal simulations without
melt flow effects are carried out in a Bridgman-Stockbarger type lab furnace. These
simulations, carried out by Behnken [308], allow to vary relevant process parameters
like sample geometry, heater temperatures andwithdrawal rates in theBridgman-type
crystal growth. Finally, the simulations are compared in Ref. [308]with benchmark ex-
periments, carried out by Drevermann, in order to verify the predictive power of the
method.

7.3.1 Methods

Details of the sample preparation are described in Ref. [308]. Density data ρ of the
liquid phase is measured in electromagnetic levitation. Data for solidus and liquidus
temperatures TS, TL, latent heat Hf , fraction solid fS(T) and specific heat cP(T) is ob-
tained from differential scanning calorimetry (DSC) measurements. The principle of
this technique is described in a number of standard textbooks, e.g. Refs. [309; 310].
The device used in Ref. [308] is a Netzsch Pegasus 404 C heat flow calorimeter which
can achieve a maximum temperature of 2023 K. The furnace was heated or cooled lin-
earlywith a rate, β.When aphase transition occurs, the heat exchangemanifests itself
as a peak in the temperature difference ΔT and the heat flowΦ. Uponmelting, the fur-
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nace temperature at the onset of this peak is identicalwith the solidus temperature TS.
The liquidus temperature TL is determined from linearly extrapolating the tempera-
ture of the peak maximum Tmax to zero heating rate. For this purpose measurements
with different heating rates are performed in Ref. [308].

The latent heatHf is obtained from integrating the area under the peak taking into
account a sigmoidal baseline correction ΦBSL(TF) with furnace temperature TF.

The fraction solid, fS, is determined from the ratio of the partial peak area to Hf as
described in more detail in Refs. [308; 311]. Finally, the specific heat cP(T) is deter-
mined from an additional measurement on a sapphire reference sample.

Thermal diffusivity αT ismeasured using the laser flash technique [312; 313]. Short
IR laser pulses of 20 J with wavelengths of 1064 nm and durations of each pulse be-
tween 0.3 and 1.2 ms hit a flat thin sample at one side. The increase of the temperature
response is monitored by a detector on the adjacent side. From the half time of the
signal increase and the thickness of the sample the thermal diffusivity is calculated,
see Ref. [308]. The sample is solid during the entire experiment.

Knowing αT, cP and the density ρ, the thermal conductivity λ can be obtained
from the well-known relation:

λ = ρcPαT (7.5)

For liquid materials, the steady state concentric cylinder method (SSCC) [314] is used
in Ref. [308] as a complementary approach in order to determine λ directly. Thesemea-
surements are carried out by Sklyarchuk and Plevachuk [308]. The apparatus consists
of two coaxial BN-cylinders separated by a small gap. A radial temperature gradient
is produced between the two cylinders and in the solid or liquid sample material. The
power ΔP needed to maintain this gradient is measured so that the thermal conduc-
tivity can be calculated from the known formula for a cylindrical layer [308].

A detailed description of the experimental setup, the corrections which need to
be included, as well as a detailed analysis of the experimental error is given in Ref.
[314]. The total error for thermal conductivity measurements is about 7 %.

For the solidification benchmark experiment a cylindrical rod diameter of 10 mm
and length 153 mm is prepared from the polycrystalline master alloy material [308].
Six contained thermocouples are placed along the center axis inside the sample at
different fixed positions z=25.2 mm, 51 mm, 75.2 mm, 96 mm, 114 mm and 135 mm,
relative to the bottom. The sample rod with the thermocouples is then surrounded by
a protection tube made from alumina. This tube has an inner diameter of 10 mm and
a length of 200 mm so that the sample fits inside. Both, sample and tube, are fixed in
the furnace. The setup of the latter is shown schematically in Fig. 7.6.

For an experiment, the temperature is set to 1790 K. This is well above the liquidus
temperature of the sample. For the LMC-cooling a Ga-In bath at 300 K is used [308].
The sample ismoltendirectionally by translation from the cold into thehot zone [308].
When the upper 85 % of the sample are molten, a dwelling time of 10 min is inserted
in order to allow for thermal equilibration [308]. After this step, solidification is ini-
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Fig. 7.6. Schematic drawing of the LMC lab-furnace. The marked positions of the thermocouples are
at z = 25.2 mm, 51 mm, 75.2 mm, 96 mm, 114 mm and 135 mm, relative to the bottom of the rod
(from Ref. [308]).

tiated by cooling the heaters with a constant rate of 50 K/min. During this process a
solidification front starts moving upwards from within the baffle into the heater zone
[308]. The uppermost part of the sample crystallizes simultaneously within a few sec-
onds. At all phases of the experiment, temperatures are measured at the positions of
the thermocouples and recorded [308].

For the purpose of thermal simulations a detailed finite-elements (FE-) model of
the lab furnace is developed in Ref. [308]. The simulations are performed with the
program package StarCASTTM [8].

In the FE-model, the assembly is reduced to themain and relevant components of
the furnace [308]. The actual heat transfer from the inner tube to the thermocouples in
its center is amixture of heat conduction and radiation effects, depending on the local
contacts of the thermocouples and the wall of the protection tube [308]. The model
does not consider the thermocouples explicitly but their inner volume is defined as
isolation material [308].

While the sample and its protecting tube are fixed in space, furnace and metal
bath are connected and can be moved up and down for directional solidification and
melting, respectively [308].

The simulation takes into account the heat conduction within the components,
the heat transfer between components directly in contact with each other, the heat
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Fig. 7.7. Density of the liquid sample versus temperature. The different symbols correspond to indi-
vidual experimental runs with different samples. The solid line is the common linear fit. The abso-
lute error of 1.0 % is shown for the example of one data point by the error bar (from Ref. [308]).

radiation between all free surfaces, the latent heat of the solidifying material, and
the liquid metal cooling below the baffle [308]. Free element surfaces take part in the
heat exchange by radiation. This is simulated in Ref. [308] by using the net-radiation
method [315].

7.3.2 Results and conclusion

Density is measured in electromagnetic levitation. Although the samples levitate sta-
bly, pronounced mass loss due to evaporation of Mn and Ga is critical. In order to
keep the uncertainty caused by the mass loss sufficiently low, measurements at dif-
ferent temperatures are carried out in separate levitation experiments [308]. Figure 7.7
shows the density data obtained this way. It is plotted versus temperature T. Different
symbols, hereby, correspond to different experimental runs, eachwith an individually
prepared sample. The scatter of the data is approximately ±0.7 %. This is less than the
error of ±1.0 % estimated in Chap. 2.
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Fig. 7.8. DSC curves for heating and cooling. The used temperature rates, β are ±10 K/min,
±20 K/min, and ±30 K/min. The onsets of the melting peaks collapse onto the solidus tempera-
ture TS. The peak maxima, Tmax, are marked by dotted vertical lines. The small feature visible around
1028 K in the heating curves and around 970 K in the cooling curves corresponds to the λ-transition
(from Ref. [308]).

Between 1410 K and 1570 K, the density decreases linearly from 6.9 g · cm−3 to
6.7 g · cm−3. Fitting Eq. (3.9) yields ρL=6.90 g · cm−3, as the density at TL = 1405 K,
and the temperature coefficient equals ρT= 7.3×10−4g · cm−3K−1.

For three different samples, DSC curves are recorded by heating and cooling with
rates of β = ±10 K/min, ±20 K/min, and ±30 K/min [308]. The results of such runs are
shown in Fig. 7.8. This figure displays the heat flow, Φ, as function of temperature for
one specific sample. The maximum temperature is 1573 K.

Two remarkable features are visible in Fig. 7.8: a small peak at ≈ 1028 K in the
heating curves and around ≈ 970 K in the cooling curves, as well as a dominant peak
between 1370Kand 1570K in theheating; andbetween 1270Kand 1370K in the cooling
curves. The feature around 1028 K is caused by a second order phase transition [308].
Due to the shape of the peak, this is usually called a “λ-transition” [310]. At this tem-
perature, such a transition is also found in Mn-Ni binary alloys, where it corresponds
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Fig. 7.9. Fraction solid versus temperature calculated from the DSC signal (from Ref. [308]).

to a reordering of atoms [310]. The large peak in the heating curves corresponds to
the melting of the alloy. The solidus temperature, TS, is identified with the onset of
the peak. It does not vary with the β. TS is determined as TS = 1377(±1) K. Extrap-
olating the β-dependent temperatures of the peak maxima, Tmax, to β=0 yields the
liquidus temperature as TL = 1405(±1) K. Finally, the heat of fusion is obtained as
Hf= 223 (±15) Jg−1.

The fraction of solid material during melting, fS(T), is determined from the heat-
ing curve for β = 10 K/min. It is plotted in Fig. 7.9 versus the sample temperature,
T. Below TL, the displayed curve has qualitatively the expected shape: fS is equal to
100 % for T < TS and decreases monotonically for TS < T < TL [308]. Close to the
liquidus temperature, however, the curve gets a concave shape and approximates the
horizontal axis when T > TL. Moreover, fS � = 0 at T = TL. This behavior is a known
artifact as under the dynamic conditions in DSC experiments, thermodynamic equi-
librium is only approximated [308].

Figure 7.10 shows a curve of cP, recorded with a heating rate of β = 10 K/min. It is
plotted versus the furnace temperature TF [308]. The temperature ranges from 500 K
and 1370 K which corresponds to the regime where the sample is solid. The curve ex-
hibits a maximum at 1033 K. On the left side of this maximum, between roughly 650 K
and 800 K, cP increases linearly with increasing temperature from ≈ 0.45 Jg−1K−1 at
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Fig. 7.10. Effective specific heat of the solid sample cP versus temperature for a heating rate of
10 K/min (solid line). In order to eliminate the distorting effect of the λ-transition, cP is linearly
extrapolated in the region under the peak (dashed lines). From Ref. [308].

650 K to approximately 0.47 Jg−1K−1 at 800 K. On the right side of the maximum
and above 1253 K, cP also increases linearly with temperature from 0.37 Jg−1K−1 to
0.4 Jg−1K−1 at 1400 K. Themaximumcorresponds to the λ-transition. It is visible inFig.
7.10 as a peakwith an asymmetric shape between approximately 770 K and 1253 K. The
system is not a single phase system and the measured curve of cP must be regarded
as an “effective” specific heat. In order to obtain information about cP in the region
under the peak it is extrapolated linearly from both sides in Fig. 7.10 to the phase tran-
sition temperature of 1028 K. The following curves are obtained with a precision of
approximately ± 10 % [308]:

cP/[ Jg−1K−1] = 0.38 + 7.5 × 10−5T ∨ 500K < T < 1028K (7.6)

cP/[ Jg−1K−1] = 0.4 + 4.0 × 10−5T ∨ 1028K < T < 1400K (7.7)

Thermal diffusivities, αT(T), obtained by laser flash analysis, are plotted versus tem-
perature in Fig. 7.11. Data is measured for 300 K < T < 1300 K. In this range T < TL
and, therefore, the Ga25Mn25Ni50 sample is solid. For T < 700 K, there is nearly a
linear increase of αT with temperature from ≈ 4.5 mm2s−1 at 300 K to 6.0 mm2s−1 at
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Fig. 7.11. Thermal diffusivity versus temperature. Data of the solid sample (symbols) is obtained
using the laser flash method. The line is a fit of Eq. (7.8). The hollow symbols correspond to the data
at 970 K. They are not included into the fit (from Ref. [308]).

T ≈ 700 K. For temperatures above 700 K, the thermal diffusivities become constant
at this value (6.0 mm2s−1) with the exception of a minimum indicated in Fig. 7.11 by
the data points at 973 K, where αT ≈ 5.0 mm2s−1. This minimum is due to an arti-
fact which is related to the phase transition observed in the DSC curves at 1028 K. The
laser-flash method can be misleading in temperature ranges where phase transitions
occur. The laser energy rises the temperature inside the sample and drives the phase
transformation already at lower temperatures [308]. This process consumes a part of
the laser energy so that the values of the thermal diffusivity appear to be reduced.
The minimum is, therefore, not included when the experimental data is fitted by the
following empirical equation (solid line in Fig. 7.11) [308]:

αT = αT,max +
αT,min − αT,max

1 + exp
(
(T − T0)/ΔT

) (7.8)

In this equation, αT,min, αT,max, T0, and ΔT are fit parameters. αT,min and αT,max re-
spectively denote theminimum andmaximum value of the thermal diffusivity. T0 and
ΔT specify the shapeof the slope. FittingEq. (7.8) yields the following values for the ad-
justable parameters: αT,max = 6.11 mm2s−1, αT,min = 4.26 mm2s−1, T0 = 432.64 K,
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and ΔT = 84.06 K. Obviously, a very good agreement with the experimental data is
obtained within an uncertainty of ± 10 % [308].

The thermal conductivity λ is obtained from the product of thermal diffusivity,
density and specific heat, using Eq. (7.5). Values of cP are taken from Eqs. (7.6) and 7.7
for the respective temperature ranges. αT, finally, is obtained fromEq. (7.8). Data for the
density is not available for the solid phase and λ can, hence, only be estimated for the
solid sample. For this purpose, the temperature dependent density of the solid sample
is calculated from the densities of the solid elements [17; 316; 317] assuming that the
excess volume is zero and neglecting possibly existing density differences between
coexisting solid phases [308]. This procedure is justified as, in the vast majority of
alloys, the excess volume is typically more than one order of magnitude smaller in the
solid compared to the liquid state.

Figure 7.12 shows the thermal conductivity λ obtained in this way as a function
of temperature. Between 470 K and 1028 K, λ increases moderately with temperature
from roughly 17 W(mK)−1 to slightly more than 22 W(mK)−1. At 1028 K λ suddenly
drops to ≈ 15 W(mK)−1 due to the phase transition taking place at this temperature.
Above 1028 K λ increases linearly with temperature and finally reaches a value of
16 W(mK)−1 at T = TL, see Fig. 7.12.

Using the steady state concentric cylinder method (SSCC), λ is measured directly
for temperatures above 1270 K. The results are shown by the symbols in Fig. 7.12 [308].
Between approx. 1270 K and the liquidus temperature TL, the thermal conductivity of
the solid phase λS can be described by a linear function of temperature with a positive
temperature coefficient [308]:

λS = 11.2 + 4 × 10−3T[ W(mK)−1] (7.9)

As visible from Fig. 7.12, the thermal conductivities directly measured by the steady
state concentric cylinder method are in excellent agreement with the results obtained
from Eq. (7.5) using the the laser flash and DSC measurements.

At the liquidus temperature TL, the thermal conductivity of the melt, λL is de-
creased by approx. 5.0 W(mK)−1 compared to λS. Again, a linear temperature depen-
dence is found for thermal conductivity of the liquid alloy [308]:

λL = 0.3 + 8.8 × 10−3T[ W(mK)−1] (7.10)

The comparison between the benchmark experiment and the corresponding simula-
tions are discussed in detail in Ref. [308]. Here, it shall be mentioned that there is a
good agreement between both, demonstrating the functioning of the concept of pro-
cess simulation.

Thebenchmark experiment startswith themainpart of themouldbeingbelow the
baffle and cooled by the liquid metal. When the heaters have reached their final tem-
peratures, the specimen starts driving into the hot zone and the melting front moves
along the specimen [308]. The maximum heater temperature is determined as 1833 K
and 1803 K for the lower and upper heater, respectively.
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Fig. 7.12. Thermal conductivity as function of temperature calculated by Eq. (7.5) from thermal dif-
fusivity and specific heat obtained by LFA and DSC, respectively. The solid lines are obtained us-
ing the linear extrapolations of cP. The symbols correspond to data of λ measured directly by the
steady state concentric cylinder method (SSCC) for both, the solid and liquid sample (from Ref.
[308]).

The simulation starts with all components being at room temperature. It uses themea-
sured temperature profile of the heaters as boundary condition at the heater surfaces.

For example, Fig. 7.13 shows the temperature-time profiles of the solidification
benchmark experiment and the corresponding calculated profiles for three of the ther-
mocouples at the positions z = 25 mm, 51 mm and 114 mm. For the sake of clarity, the
profiles for z = 75 mm, z = 96 mm and z = 135 mm are not plotted, although they
show the same good agreement between experiment and simulation [308].

In summary, a comprehensive set of thermophysical property data is raised for
a Ga-Mn-Ni alloy with selected composition. It serves for description and characteri-
zation of the thermodynamic behavior of the system in both the solid and the liquid
state. Using this data of Ga25Mn25Ni50, the experimentally performed benchmark ex-
periment is reproduced by the simulation with excellent agreement. The applicability
of the entire chain of “process design” from the experimental determination of the
relevant thermophysical property data to the correct prediction of the melting and
growth process in simulation is demonstrated [308].
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Fig. 7.13. Measured and calculated temperature-time profiles of three of the thermocouples at the
marked positions in Fig. 7.6 (from Ref. [308]).
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8 Conclusions

8.1 Discussion

In theprevious sections,measurements of density, surface tension, andviscosity of bi-
nary and ternary systems as functions of temperature and composition are described,
discussed, and compared. Furthermore, two inter-property relations are discussed: a
relation between surface tension and viscosity as well as the Stokes-Einstein relation
between viscosity and self diffusion. In the present chapter, these results are summa-
rized so that general conclusions can be drawn.

In Chapters 3–5, all systems investigated are assigned to three disctinct classes,
denoted as class I, class II and class III. Class I contains systems of which the excess
free energy is positive, EG > 0, and one element is Cu and the others are transition
metals. Alloys of class II consist of elements that are similar with respect to their elec-
tronic configuration, i.e. which either belong to the same group of the periodic table or
which are all transition metals. Despite this definition, Al-Si is also assigned to class
II, althoughAl and Si do not belong to the same group of the period table. On the other
hand, the electronic configurations of both elements are similar, (Si: [Ne]2s23p2, Al:
[Ne]2s23p1), and they weakly interact in the liquid state. For the latter reasons, Al-Si
is also assigned to class II. Class III, finally, contains systems with strong attractive
interactions, i.e. where EG << 0. Such systems are the Al-based alloys, except Al-Si.
In addition, Cu-Si and Cu-Ti are also assigned to the third class as EG << 0 for these
systems. As Ti is a transition metal, the Cu-Ti system could also have been assigned to
class I, but its strongly negative excess free energy is rather typical for alloys in class
III.

The results obtained in Chaps. 3–5 are compared for each system in Tab. 8.1 with
respect to each property. Table 8.1 is a compilation of Tabs. 3.14, 4.15, and 5.11. It is
obvious from this table that attributes like ideal or non-ideal are not solely system
dependent. For instance, in the ternary composition range of Ag-Al-Cu density and
surface tension obey ideal laws, see Chaps. 3 and 4. The system, however, exhibits a
highly non-ideal behavior with respect to viscosity, see Chap. 5. Moreover, the excess
free energy is strongly negative. Hence, attributes like ideal or non-ideal depend on the
corresponding property. A system like Ag-Al-Cu, is therefore neither completely ideal
nor non-ideal, with respect to all properties. Another example is Cu-Fe-Ni. It exhibits
a non-ideal excess volume with a dominant positive ternary term, a surface tension
which strongly deviates from the ideal one and pronounced segregation of copper.
Moreover, positive excess free energies cause the system to demix in the undercooled
temperature range. At the same time, its viscosity only weakly deviates from an ideal
behavior, see Chap. 5.

The comparison of binary and ternary systems teaches the following: The surface
tensions of all investigated systems canbedescribed sufficiently by existing thermody-
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namicmodels. These aremainly the Butler equation or, in case of so called compound
forming alloys, the Egry model. Basically, there are two classes of systems: those for
which EG < 0 and those for which EG ≥ 0. The first exhibit a weak- and the latter
a strong segregation behavior. Moreover, the ternary term TG is usually small in Eq.
(3.17) as compared to the binary ones. It can, therefore, be neglected without any ma-
jor influence on the predicted surface tensions, see Chap. 4.

The situation is more complicated with respect to density. It is found in Chap. 3
that themolar volumes of the ternary systems Co-Cu-Fe, Ag-Al-Cu, and Cr-Fe-Ni can be
predicted from those of the binary subsystems. For these specific systems, the ternary
term is zero in Eq. (3.20), i.e. TV = 0. However, for just as many systems, Al-Cu-Si,
Co-Cu-Ni, and Cu-Fe-Ni, a dominant ternary term, |TV| >> 0, needs be considered in
Eq. (3.20) in order to calculate the excess volume. Hence, TV is generally non-zero and
the density of a ternary alloy is not implied by only the binary subsystems.

Moreover, no general rule is identified in order to predict the excess volume or,
at least, the sign. For instance, the systems Cu-Ni, Co-Cu-Ni, Co-Cu and Cu-Fe all have
positive excess free energies. At the same time, the systems Cu-Ni and Co-Cu-Ni exhibit
negative excess volumes and the systems Co-Cu and Cu-Fe positive ones.

Nevertheless, the following rough trend becomes obvious among the systems in-
vestigated: Alloys assigned to class II, i.e. those that consist of elements with similar
electronic structure, exhibit excess volumes that are ≈ 0. Copper based alloys with a
positive excess free energy containing one or more transition metals, i.e. alloys that
are assigned to class I, tend to have positive excess volumes. Finally, alloys of class
III, i.e. those of which EG << 0, tend to exhibit excess volumes which are strongly
negative. This is true, in particular for Al-based alloys.

Exceptions from this scheme exist in all these cases. Examples are Cu-Ti, which is
assigned to class III, and for which EG << 0 and EV > 0, or Cu-Ni, class I, with EG > 0
and EV < 0. These exceptions confirm once again that a strict relation between EG and
EV is not obvious. This result is also obtained in a simulation study by Amore [162].

Moreover, it is justified to question the assignment of Cu-Ti to class III. As Ti is a
transitionmetal, Cu-Timight also be accommodated in class I. Cu-Ti exhibits a positive
excess volume andfits, therefore, to the trend of the other alloys in this class. However,
there is no benefit from this step. On the one hand, it seems that this would decrease
the number of exceptions in Tab. 8.1. On the other hand, another exception is created
simultaneously, as Cu-Ti exhibits weak segregation while all other members of class
I exhibit strong segregation.

Studying the systemswith respect to their viscosities reveals that theKozlovmodel
is most suited for their prediction, if it is not considered to which class the systems
belong. The Kozlov model is, hence, choosen in Chap. 5 in order to define whether,
with respect to viscosity, a system is ideal or non-ideal. For the viscosity, this definition
is model dependant. In fact it is found that, in the majority of investigated systems,
η can be approximated as ideal. The only systems that exhibit non-ideal behavior are
Al-Cu and Ag-Al-Cu. Both systems are assigned to class III.
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Table 8.1. Trends observed in all systems with respect to excess volume, surface segregation, and
viscosity.

ViscosityEV Segregation Eη ΔEA

Co-Cu-Ni - ≈ 0 -
Cu-Fe-Ni - ≈ 0

ideal

Co-Cu-Fe + strongclass I
Cu-Fe
Cu-Ni -
Co-Cu +
Cr-Fe-Ni + 0 -
Fe-Ni 0 -

ideal

Al-Si
weak

Ag-Cu strong
Ag-Au 0
Au-Cu

class II Co-Fe
Cr-Ni +
Cr-Fe
Co-Sn 0 0
Al-Cu-Si - ≤ 0

ideal

Ag-Al-Cu
0

+ +
Al-Cu + +

non-ideal

Al-Auclass III
Al-Fe

-
weak

Al-Ni
Cu-Ti +
Cu-Si +/-
Ag-Al -

If the performance of the models is evaluated with respect to each materials class,
the following preliminary tendency becomes obvious: Viscosities of alloys assigned to
class I can best be described by the Kaptay model. Viscosities of systems belonging to
class II are predicted best by theKozlovmodel and the viscosities of systemsbelonging
to class III are best described by theBrillo/Schickmodel. In viewof the limitednumber
of systems investigated in Chap. 5, it is clear that further clarification is needed.

Similar to the case of surface tension, the viscosity of a ternary alloy can also be
predicted from the properties of its binary subsystems by neglecting TG.

In addition to themixing rules, inter-property relations are investigated inChap. 6.
The available base of data allows the testing of a relation between surface tension and
viscosity. Such a relation can be derived from a formal similarity in the definitions of
the two properties. Its validity is shown in the case of pure metals, except Al. In addi-
tion, the validity of the relation between surface tension and viscosity is also demon-
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strated for alloys. Deducing a new recipe for the prediction of viscosities from EG via
the Butler equation fails, however, due to a lack of numerical accuracy.

Moreover, the Stokes-Einstein relation is tested in two cases. For the less densely
packed system Al80Cu20, it is shown to be valid for temperatures above 1400 K. Be-
low 1400 K, deviations from the Stokes-Einstein behavior occur which increase with
decreasing temperature. In the case of Al80Cu20, diffusion becomes apparently faster
with decreasing temperature than expected from the Stokes-Einstein law. This behav-
ior is opposite from what is usually observed.

Investigations performed on the rather densely packed system Ni36Zr64 using
electrostatic levitation reveal that the Stokes-Einstein relation is not valid for this sys-
tem. Already at more than 1000 K above the mode coupling temperature of dynami-
cal freezing the dynamics in Ni36Zr64 is obviously collective. As Ni36Zr64 is a densely
packed system, viscous flow and diffusion take place on the same time scale. Hence,
D · η = const as convincingly shown in Chap. 6 [32].

8.2 Answers

Based on the findings summarized in Sec. 8.1 it is possible to answer the key questions
formulated in Sec. 1.5. Each single issue is addressed:
Q:1. Is there any general rule for predicting the mixing behavior? Moreover, are there

commonalities with respect to the mixing behavior among similar materials?

There is no general rule for the prediction of excess volumes. Not even their signs can
be predicted in a strict sense. The investigated systems can be assigned to three dis-
tinct classes, depending on composition: class I, consisting of Cu-based alloys con-
taining transition metals and with EG > 0, class II, consisting of alloys with elements
of similar electronic structure or of elements from the same periodic group, and, fi-
nally, class III consisting of alloys with strongly negative excess free energies. The
majority of members of this class are Al- based systems. The following trend is ob-
vious: Alloys of class I exhibit positive excess volumes, alloys of class II exhibit excess
volumes that are approximately zero and alloys of class III exhibit strongly negative
excess volumes. There are exceptions from this trend in each of the classes.

In the case of surface tension, the Butler equation is found to work reliably. In
the case of compound forming systems, the Egry model has to be used instead. With
respect to surface tension, the systems dissociate in two classes, depending on the
signs of EG. Pronounced segregation occurs in systems with EG > 0 and only weak
segregation is found in systems for which EG < 0.

Regarding viscosity, most of the investigated alloys exhibit ideal mixing behavior.
The investigations indicate that the viscosities ofmaterials of class I are best predicted
by the Kaptay model, viscosities of materials from class II are best described by the
Kozlov model and, in the case of a class III system, the Brillo/Schick model yields the
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best agreementwith the experimental data. Commonalities among similar systems are
compared to each other in Tab. 8.1.
Q:2. Is it possible to establish relations between excess thermophysical properties

and thermodynamic potentials? If such relations exist, how well will they per-
form?

In the case of density, such a relation does not exist. The excess volume could prin-
cipally be derived by EV = ∂EG/∂P with P being the pressure. However, EG(P) is not
normally known. Writing EV ∝ EG could be a reasonable approach for such a model.
However, it is clearly contradicted by the exceptions evident from Tab. 3.14. Basically,
the same answer is obtained from the simulation study performed by Amore and Hor-
bach [162]. The excess volume is still not understood. Few attempts have yet been un-
dertaken in order to change this situation.

The prediction of the surface tension using the Butler equation, or the Egrymodel
in case of a compound forming system, is rather non-problematic.

Most systems investigated with respect to viscosity can be seen as approximately
ideal. As pointed out above, viscosities of materials of class I are best predicted by the
Kaptay model, viscosities of materials from class II are best described by the Kozlov
model and, viscosities of systems of class III are best predicted by the Brillo/Schick
model (see answer to question Q:1).
Q:3. Is it possible to relate thermophysical properties of a multicomponent alloy to

those of its constituent subsystems?

As long as the ternary interaction term can be neglected in Eq. (3.17), i.e. TG ≈ 0,
surface tension and, in principle, also viscosity can be predicted for ternary alloys
taking only thermodynamic assessments of the binary subsystems into account. In the
case of density, it is generally not possible to predict the excess volume of a ternary
liquid alloy from its binary subsystems. The ternary volume interaction term TV is
approximately zero purely for certain systems.
Q:4. Is it possible to identify inter-property relations in selected cases? If yes, what

are their forms and how well do they perform?

A relation between surface tension and viscosity is tested in Chap. 6 and verified in
the case of pure metals (Al formed the only exception) and for alloys.

In the case of Al80Cu20, the Stokes-Einstein relation between viscosity and dif-
fusivity holds for T > 1400 K. Below 1400 K, diffusion becomes apparently faster
with decreasing temperature than expected from the Stokes-Einstein law. In the case
of Ni36Zr64, the Stokes-Einstein law is rejected. Instead of D · η ∝ kBT, as predicted by
the Stokes-Einstein relation, D · η = const, is found from experiment [32].
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8.3 Implications on computer aided materials design from the
melt

It is one of the keymotivations of the present work to contribute to an improvement of
materials design from the melt. This goal has been is achieved as the results obtained
in the present work will have the following implications on computer aided materials
design from the melt:
1. The obtained parameterizations of the measured excess volumes, Tabs. 3.12 and

3.13, as well as themeasured density data of pure elements, Tab. 3.10, can be used
directly by simulationprogrammes in order to predict density data of liquid alloys.

2. The same is true for surface tension and viscosity. In addition, models for the pre-
diction of this data are evaluated in the present work.

3. The comprehensive set of thermophysical property data established in this work
also serves as benchmark data for further theoretical studies aiming to obtain a
fundamental understanding of the mixing behavior of liquid alloys.

4. In the case that, in a simulation applicationmelt properties are needed of a mate-
rial system that is not investigated within the present work, it is even possible, to
try an assignment of thatmaterial to one of the classes identified in Chaps. 3–5, i.e.
class I– class III. In thisway, qualitative statements about themixing behavior can
be obtained, allowing the estimation of the desired properties of less investigated
materials.

5. Computer Aided Materials Design from the Melt is extended by the results of the
present work by an unprecedented predictive power: Instead of just reading the
desired data from a database, it is now also possible to make statements about
materials and their thermophysical properties that arenot explicitly stored in such
a database. This will ease the development of newmaterials and their processing
substantially.

8.4 Outlook

Up to now, the studies carried out in the present work have only scratched the tip of
the iceberg. In the future, these works will need to be continued to help to complete
the picture obtained so far. Hence, further measurements are required, in particular
on systems that have not yet been taken into focus. This refers mainly to the study of
Ti-based alloys which will be intensified soon.

Ti-based alloys are of enormous technological relevance, for instance, in
aerospace applications, as bio-compatible materials or as alloys for turbine blades.
The thorough investigation of these materials in their liquid states is possible only
through using containerless, i.e. levitation, techniques.
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Investigating Ti-based alloys also promises interesting scientific results when study-
ing, for instance, the interactions of these melts with oxygen.

In the next years, a major part of the investigations will also deal with the inves-
tigation of the effect of oxygen on thermophysical properties of liquid metals. For this
purpose, it is aimed to implement an Oxygen Sensing and Control (OSC) system on
board the ISS.

Last, but not least, the combination of the experiments with simulation studies is
promising in order to explain and to understand some of the observed phenomena on
an atomic scale. Such phenomena are, for instance, the origin of the excess volume.
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A Data
In this section, the parameters of the representations of the thermophysical proper-
ties, density, surface tension and viscosity, are given for all liquid puremetal and alloy
systems discussed in the previous chapters.

In the case of density, ρ is described as function of temperature by a linear law,
Eq. (3.9), which reads:

ρ(T) = ρL + ρT(T − TL) (A.1)

Here, ρL is the density at liquidus temperature TL, and ρT is the temperature coeffi-
cient.

In the case of surface tension, γ is also described as function of temperature by a
linear law, see Eq. (4.11), which reads:

γ(T) = γL + γT(T − TL) (A.2)

Analogously, γL is the surface tension at TL and γT is the corresponding temperature
coefficient.

The viscosities, η, discussed in Chap. 5 are represented by the Arrhenius law, Eq.
(5.9), as written below:

η(T) = η∞ exp
(
EA
RT

)
(A.3)

In this equation, η∞ is the pre-exponential factor and EA is the energy barrier of the
thermally activated process of viscious flow.

The following table A.1 assigns the investigated binary and ternary alloy systems
to tables below listing these parameters for density, surface tension and viscosity, re-
spectively:

 EBSCOhost - printed on 2/14/2023 2:19 PM via . All use subject to https://www.ebsco.com/terms-of-use



192 | A Data

Table A.1. Reference to tables showing parameters in order to represent density, surface tension,
and viscosity of liquid binary and ternary alloys as functions of temperature.

System Density Surface tension Viscosity

Pure elements A.2 A.3 A.4
Ag-Al A.5
Ag-Au A.14
Ag-Cu A.6 A.7
Ag-Al-Cu A.8 A.9 A.10
Al-Au A.15 A.16
Ag-Au A.14
Al-Cu A.11 A.12 A.13
Al-Cu-Si A.17 A.18
Al-Fe A.22 A.23
Al-Ni A.24 A.25
Al-Si A.19
Au-Cu A.26
Co-Cu A.31
Co-Cu-Fe A.32 A.33
Co-Cu-Ni A.34 A.35 A.36
Co-Fe A.28
Co-Sn A.27
Cr-Ni A.47
Cr-Fe A.46
Cr-Fe-Ni A.49 A.50
Cu-Fe A.29 A.30
Cu-Fe-Ni A.41 A.42 A.43
Cu-Ni A.37 A.38
Cu-Si A.20 A.21
Cu-Ti A.44 A.45
Fe-Ni A.39 A.40

A.48
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A.1 Pure elements

Table A.2. Parameters ρL and ρT of liquid pure elements obtained from linear fits to the experimen-
tal data from the references cited in the last column. For some elements, data is measured more
than once.

Element TL (K) ρL (g · cm−3) ρT (10−4g · cm−3K−1) source

Al 933 2.36 -3.3 [96]
2.29 -2.5 [15]
2.36 -3.0 [97]
2.42 -3.0 [158]

Cu 1358 7.90 -7.65 [17]
Ag 1233 9.15 -7.4 [37]
Au 1333 17.4 -11.0 [104]
Ni 1727 7.93 -10.1 [17]

7.82 -8.56 [123]
Co 1768 7.81 -8.9 [134]
Fe 1818 7.04 -10.8 [61]

6.99 -5.6 [123]
Ti 1941 4.1 -3.3 [135]

Table A.3. Parameters γL and γT of liquid pure elements obtained from linear fits to the experimen-
tal data from the references cited in the last column. For some elements, data is measured more
than once.

Element TL (K) γL (Nm−1) γT (10−4Nm−1K−1) source

Al 933 0.866 -1.46 [199]
Cu 1358 1.30 -2.64 [191]

1.33 -2.6 [67]
1.33 -2.3 [206]

Ag 1233 0.894 -1.9 [67]
Au 1333 1.140 -1.83 [199]
Ni 1727 1.77 -3.30 [68]
Fe 1818 1.92 -3.97 [68]
Ti 1941 1.49 -1.7 [206]
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Table A.4. Parameters η∞ and EA of liquid pure elements obtained from linear fits to the experimen-
tal data from the references cited in the last column. For some elements, data is measured more
than once.

Element η∞ (mPa · s) EA (104J/mol) Source

Al 0.281 1.23 [158]
Si 0.214 1.43 [158]
Cu 0.522 2.36 [248]

0.657 2.15 [158]
Ni 0.413 3.49 [160]
Co 0.048 6.81 [256]
Fe 0.114 5.93 [160]
Sn 0.407 0.72 [256]
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A.2 Ag-Al-Cu

A.2.1 Ag-Al (Density)

Table A.5. Parameters ρL and ρT for liquid Ag-Al binary alloys obtained from linear fits to the ex-
perimental data from Ref. [96]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al 933 2.36 -3.3
Ag10Al90 893 2.83 -2.1
Ag20Al80 864 3.83 -4.2
Ag40Al60 840 5.38 -4.8
Ag60Al40 979 6.81 -10.5
Ag79Al21 1049 8.07 -6.8
Ag 1235 9.15 -7.4

A.2.2 Ag-Cu (Density)

Table A.6. Parameters ρL and ρT for liquid Ag-Cu binary alloys obtained from linear fits to the ex-
perimental data from Ref. [37]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Ag80Cu20 1135 9.0 -6
Ag60Cu40 1053 8.9 -7
Ag40Cu60 1132 8.6 -6
Ag20Cu80 1225 8.4 -12
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A.2.3 Ag-Cu (Surface tension)

Table A.7. Parameters γL and γT for liquid Ag-Cu binary alloys from Ref. [67]. Some of the composi-
tions are measured more than once. Liquidus temperatures TL are obtained from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Cu 1358 1.334 -2.6
Ag10Cu90 1284 1.129 -0.70
Ag20Cu80 1215 1.069 -1.42
Ag40Cu60 1113 0.989 -0.51
Ag40Cu60 1113 0.951 -0.30
Ag60Cu40 1053 0.926 -1.00
Ag60Cu40 1053 0.911 -0.59
Ag60Cu40 1053 0.930 -0.23
Ag 1234 0.894 -1.91

A.2.4 Ag-Al-Cu (Density)

Table A.8. Parameters ρL and ρT for liquid Ag-Al-Cu ternary alloys obtained from linear fits to the
experimental data from Ref. [157]. Liquidus temperatures TL are obtained by a procedure described
in Ref. [157].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Ag10Al90 920 2.82 -2.1
Ag10Al80Cu10 890 3.48 -5.4
Ag10Al60Cu30 810 4.49 -6.4
Ag10Al50Cu40 840 5.48 -9.8
Ag10Al40Cu50 880 6.03 -10.1
Ag10Al20Cu70 1190 6.90 -6.46
Ag10Cu90 1310 8.12 -10.5
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A.2.5 Ag-Al-Cu (Surface tension)

Table A.9. Parameters γL and γT for liquid Al-Ag-Cu ternary alloys from Ref. [176]. Liquidus tempera-
tures TL are obtained by a procedure described in Ref. [176].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Ag10Cu90 1282 1.15 -2.2
Ag10Al20Cu70 1245 1.06 -4.5
Ag10Al40Cu50 1134 1.01 -2.1
Ag10Al50Cu40 1009 1.01 -3.9
Ag10Al70Cu20 818 1.05 -3.7
Ag10Al90 901 0.95 -2.7
Al17Cu83 1044 1.32 -2.7
Ag30Al55Cu15 864 0.90 -1.0
Ag50Al40Cu10 961 0.97 -2.9
Ag30Al35Cu35 1044 1.01 -2.5
Al40Cu60 1228 1.13 -1.54

A.2.6 Ag-Al-Cu (Viscosity)

Table A.10. Parameters η∞ and EA for liquid Al-Ag-Cu ternary alloys from Ref. [157].

System η∞(mPa · s) EA (104J/mol)

Ag10Cu90 0.519 2.21
Ag10Al20Cu70 0.347 2.85
Ag10Al40Cu50 0.172 3.47
Ag10Al50Cu40 0.338 2.50
Ag10Al60Cu30 0.225 2.39
Ag10Al80Cu10 0.229 1.64
Ag10Al90 0.327 1.02
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A.2.7 Al-Cu (Density)

Table A.11. Parameters ρL and ρT for liquid Al-Cu binary alloys obtained from linear fits to the ex-
perimental data from Ref. [96]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al 933 2.36 -3.3
Al80Cu20 835 3.32 -5.3
Al70Cu30 865 3.76 -4.9
Al60Cu40 900 4.44 -5.4
Al50Cu50 1087 5.05 -6.1
Al40Cu60 1233 5.49 -6.9
Al30Cu70 1314 6.17 -8.5
Al20Cu80 1315 6.66 -7.7
Cu 1358 7.92 -7.6

A.2.8 Al-Cu (Surface tension)

Table A.12. Parameters γL and γT for liquid Al-Cu binary alloys from Ref. [191]. Liquidus tempera-
tures TL are obtained by a procedure described in Ref. [191].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Al10Cu90 1347 1.35 -2.1
Al17Cu83 1317 1.32 -2.7
Al30Cu70 1304 1.19 -1.3
Al40Cu60 1638 1.13 -1.5
Al50Cu50 1644 1.04 -0.7
Al60Cu40 980 1.00 -0.6
Al70Cu30 867 0.97 -1.1
Al83Cu17 825 0.94 -1.6
Al90Cu10 873 0.87 -1.2
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A.2.9 Al-Cu (Viscosity)

Table A.13. Parameters η∞ and EA for liquid Al-Cu binary alloys from Ref. [87]. Liquidus tempera-
tures TL are obtained by a procedure described in Ref. [87].

System TL(K) η∞ (mPa · s) EA (104J/mol)

Al 933 0.257 1.31
Al90Cu10 873 0.305 1.60
Al90Cu10 873 0.380 1.56
Al80Cu20 834 0.358 1.32
Al70Cu30 867 0.233 2.36
Al50Cu50 1105 0.228 3.31
Al50Cu50 1105 0.169 3.39
Al40Cu60 1228 0.195 4.07
Al30Cu70 1303 0.229 3.71
Al20Cu80 1313 0.316 3.4
Al10Cu90 1346 0.517 2.54
Cu 1358 0.520 2.35

A.3 Ag-Au

A.3.1 Ag-Au (Density)

Table A.14. Parameters ρL and ρT for liquid Ag-Au binary alloys obtained from linear fits to the ex-
perimental data from Ref. [37]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Ag75Au25 1276 11.2 -7
Ag50Au50 1306 13.3 -6
Ag25Au75 1326 15.6 -12
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A.4 Al-Au

A.4.1 Al-Au (Density)

Table A.15. Parameters ρL and ρT for liquid Al-Au binary alloys obtained from linear fits to the ex-
perimental data from Ref. [15]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [318].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al 934 2.291 -2.51
Al85Au15 835 4.425 -3.27
Al80Au20 847 5.275 -5.90
Al67Au33 895 7.231 -6.85
Al55Au45 1144 9.163 -6.3
Al50Au50 1252 10.05 -10.6
Al33Au67 1333 12.842 -10.0
Al27Au73 1280 13.84 -10.1
Al20Au80 1237 15.02 -10.8
Au 1338 17.192 -11.1

A.4.2 Al-Au (Surface tension)

Table A.16. Parameters γL and γT for liquid Al-Au binary alloys obtained from linear fits to the ex-
perimental data from Ref. [199]. The liquidus temperatures TL are extracted from the phase diagram
presented in Ref. [318].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Au 1338 1.140 −1.83
Al15Au85 1039 1.170 −1.73
Al20Au80 835 1.240 −2.39
Al27Au73 847 1.157 −1.91

1.21 −2.5
Al33Au67 895 1.160 −2.12
Al45Au55 951 1.118 −1.82
Al50Au50 1144 1.005 −2.03
Al55Au45 1252 0.933 −1.33
Al67Au33 1333 0.897 −1.9
Al80Au20 1280 0.8570 −0.82
Al85Au15 1237 0.8609 −1.33
Al 934 0.866 −1.46
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A.5 Al-Cu-Si

A.5.1 Al-Cu-Si (Density)

Table A.17. Parameters ρL and ρT for liquid Al-Cu-Si ternary alloys obtained from linear fits to the
experimental data from Ref. [158]. The liquidus temperatures TL are calculated by a procedure de-
scribed in Ref. [158].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al 933 2.42 -3.0
Al90Cu5Si5 870 2.69 -4.8
Al80Cu10Si10 837 3.07 -5.5
Al60Cu20Si20 1035 3.23 -2.4
Al33Cu33Si33 1270 3.89 -2.6
Cu50Si50 1363 5.26 -5.4
Al30Cu40Si30 1245 4.36 -3.7
Al40Cu20Si40 1302 3.33 -2.5

A.5.2 Al-Cu-Si (Viscosity)

Table A.18. Parameters η∞ and EA for liquid Al-Cu-Si ternary alloys from Ref. [158].

System η∞(mPa · s) EA (104J/mol)

Al 0.281 1.23
Cu 0.657 2.15
Si 0.214 1.43
Al90Cu5Si5 0.259 1.16
Al80Cu10Si10 0.212 1.38
Al60Cu20Si20 0.270 1.39
Al33Cu33Si33 0.292 1.77
Al20Cu40Si40 0.244 2.12
Cu50Si50 0.336 1.63
Al5Cu90Si5 0.458 2.80
Al10Cu80Si10 0.197 3.46
Al20Cu60Si20 0.194 2.84
Al30Cu40Si30 0.172 2.53
Al40Cu20Si40 0.138 2.15
Al50Si50 0.169 1.63
Al80Cu20 0.273 1.66
Al80Cu20 0.239 1.70
Al40Cu20Si40 0.156 2.03
Cu20Si80 0.176 2.03
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A.5.3 Al-Si (Density)

Table A.19. Parameters ρL and ρT for liquid Al-Si binary alloys obtained from linear fits to the exper-
imental data from Ref. [97]. The liquidus temperatures TL are calculated according to a procedure
described in Ref. [97].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al 933 2.36 -3.0
Al88Si12 849 2.46 -2.1
Al80Si20 970 2.44 -2.3
Al70Si30 1104 2.37 -1.6
Al70Si30 1104 2.40 -1.7
Al70Si30 1104 2.39 -1.8
Al60Si40 1225 2.42 -2.9
Al50Si50 1334 2.46 -3.2

A.5.4 Cu-Si (Density)

Table A.20. Parameters ρL and ρT for liquid Cu-Si binary alloys obtained from linear fits to the ex-
perimental data from Ref. [151]. The liquidus temperatures TL are picked from Ref. [154]. The parame-
ters of Cu50Si50 are taken from Ref. [158], see also Tab. A.17.

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cu95Si5 1311 7.79 -7.01
Cu90Si10 1246 7.59 -6.31
Cu85.1Si14.9 1159 7.47 -6.73
Cu84Si16 1125 7.38 -6.73
Cu85.4Si16.6 1118 7.40 -7.04
Cu80Si20 1094 7.21 -6.95
Cu77.5Si22.5 1131 7.09 -6.81
Cu76Si24 1132 6.80 -5.73
Cu75Si25 1131 6.83 -6.27
Cu72.5Si27.5 1114 6.70 -5.14
Cu70Si30 1075 6.51 -5.92
Cu65Si35 1164 6.07 -5.50
Cu60Si40 1235 5.74 -5.67
Cu50Si50 1363 5.26 -5.40
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A.5.5 Cu-Si (Surface tension)

Table A.21. Parameters γL and γT for liquid Cu-Si binary alloys obtained from linear fits to the exper-
imental data from Ref. [151]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Cu95Si5 1311 1.36 -3.06
Cu90Si10 1246 1.33 -2.69
Cu85.1Si14.9 1159 1.30 -2.47
Cu84Si16 1125 1.32 -1.96
Cu85.4Si16.6 1118 1.33 -2.14
Cu80Si20 1094 1.27 -1.75
Cu77.5Si22.5 1131 1.19 -1.70
Cu76Si24 1132 1.15 -0.74
Cu75Si25 1131 1.12 -0.14
Cu72.5Si27.5 1114 1.10 -0.94
Cu70Si30 1075 1.04 0.023
Cu65Si35 1164 0.97 0.69
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A.6 Al-Fe

A.6.1 Al-Fe (Density)

Table A.22. Parameters ρL and ρT for liquid Al-Fe binary alloys obtained from linear fits to the ex-
perimental data from Ref. [21]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al80Fe20 1430 3.15 -11.5
Al3Fe 1433 3.32 -4.8
Al5Fe2 1452 3.43 -5.7
Al2Fe 1457 3.83 -7.2
Al60Fe40 1505 4.19 -5.4

A.6.2 Al-Fe (Surface tension)

Table A.23. Parameters γL and γT for liquid Al-Fe binary alloys obtained from linear fits to the exper-
imental data from Ref. [232]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Al90Fe10 1289 0.95 -4.8
Al80Fe20 1430 1.08 -5.8
Al3Fe 1433 1.08 -3.7
Al5Fe2 1452 1.12 -7.1
Al2Fe 1457 1.16 -4.4
Al60Fe40 1505 1.22 -1.4
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A.7 Al-Ni

A.7.1 Al-Ni (Density)

Table A.24. Parameters ρL and ρT for liquid Al-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [21]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Al82Ni18 1221 3.31 -4.8
Al3Ni 1377 3.55 -7.6
Al70Ni30 1565 3.80 -9.4
Al3Ni2 1835 4.49 -12.9
AlNi 1913 4.46 -19.2
AlNi3 1670 6.42 -8.0

A.7.2 Al-Ni (Surface tension)

Table A.25. Parameters γL and γT for liquid Al-Ni binary alloys obtained from linear fits to the exper-
imental data from Ref. [190]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Al82Ni18 1221 1.01 -5.1
Al3Ni 1377 1.21 -8.3
Al70Ni30 1565 1.15 -8.8
Al3Ni2 1835 1.30 -6.3
AlNi 1913 1.44 -6.7
Al37Ni63 1813 1.55 -2.9
AlNi3 1670 1.44 -2.6
Al13Ni87 1706 1.58 -5.1
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A.8 Au-Cu

A.8.1 Au-Cu (Density)

Table A.26. Parameters ρL and ρT for liquid Au-Cu binary alloys obtained from linear fits to the
experimental data from Ref. [104]. The liquidus temperatures TL are picked from Ref. [154]. For the
parameters of pure Au, also compare Tab. A.15.

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Au25Cu75 1243 11.39 -19.5
Au50Cu50 1193 13.5 -12.6
Au75Cu25 1215 15.67 -17.6
Au 1337 17.39 -11.0

A.9 Co-Sn

A.9.1 Co-Sn (Viscosity)

Table A.27. Parameters η∞ and EA for liquid Co-Sn binary alloys from Ref. [256].

System η∞(mPa · s) EA (104J/mol)

Co3Sn97 0.273 1.17
Co5Sn95 0.256 1.39
Co10Sn90 0.246 1.53
Co15Sn85 0.254 1.58
Co20Sn80 0.318 1.78
Co50Sn50 0.245 2.95
Co60Sn40 0.186 3.63
Co70Sn30 0.214 3.64
Co80Sn20 0.072 5.44
Co 0.048 6.81
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A.10 Co-Cu-Fe

A.10.1 Co-Fe (Density)

Table A.28. Parameters ρL and ρT for liquid Co-Fe binary alloys obtained from linear fits to the
experimental data from Ref. [134]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Co 1768 7.81 -8.85
Co75Fe25 1752 -9.54 1.26
Co50Fe50 1752 7.43 -7.48
Co25Fe75 1767 7.21 -3.32
Fe 1811 7.04 -10.8

A.10.2 Cu-Fe (Density)

Table A.29. Parameters ρL and ρT for liquid Cu-Fe binary alloys obtained from linear fits to the ex-
perimental data from Ref. [134]. The liquidus temperatures TL are picked from Ref. [154]. In the case
of Cu30Fe70, only a single data point is measured at 1756 K due to problems with pronounced evapo-
ration of this material.

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Fe 1811 7.04 -10.8
Cu30Fe70 1728 at 1756 K: 7.14 g · cm−3

Cu70Fe30 1693 7.37 -7.90
Cu80Fe20 1673 7.48 -8.13
Cu90Fe10 1578 7.67 -8.57
Cu 1357 7.90 -7.65
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A.10.3 Cu-Fe (Surface tension)

Table A.30. Parameters γL and γT for liquid Cu-Fe binary alloys obtained from linear fits to the ex-
perimental data from Ref. [68]. The liquidus temperatures TL are picked from Ref. [154]. The pa-
rameters of Cu20Fe80 in the bottom most line are taken from Ref. [239]. Obviously, the sign of γT is
positive. This is discussed in detail in Chap. 4.

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Cu80Fe20 1658 1.24 -3.8
Cu60Fe40 1697 1.22 -4.4
Cu40Fe60 1708 1.24 -4.9
Cu20Fe80 1736 1.4 -6.4
Cu20Fe80 1736 1.30 +1.37

A.10.4 Co-Cu (Density)

Table A.31. Parameters ρL and ρT for liquid Co-Cu binary alloys obtained from linear fits to the ex-
perimental data from Ref. [134]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Co 1768 7.81 -8.85
Co85Cu15 1713 7.74 -11.6
Co75Cu25 1687 7.75 -9.4
Co50Cu50 1652 7.66 -7.2
Co25Cu75 1628 7.69 -7.2
Cu 1357 7.90 -7.65
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A.10.5 Co-Cu-Fe (Density)

Table A.32. Parameters ρL and ρT for liquid Co-Cu-Fe ternary alloys obtained from linear fits to the
experimental data from Ref. [134]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Co50Fe50 1752 7.43 -7.48
Co40Cu20Fe40 1696 7.47 -13.7
Co30Cu40Fe30 1675 7.48 -10.3
Co20Cu60Fe20 1662 7.53 -11.7
Co70Cu15Fe15 1656 7.57 -11.5
Co10Cu80Fe10 1639 7.63 -7.79
Co5Cu90Fe5 1558 7.71 -4.99
Cu 1357 7.90 -7.65
Co20Cu20Fe60 1711 7.26 -8.39
Co40Cu20Fe40 1696 7.47 -13.7
Co60Cu20Fe20 1693 7.61 -10.5

A.10.6 Co-Cu-Fe (Surface tension)

Table A.33. Parameters γL and γT for liquid Co-Cu-Fe ternary alloys obtained from linear fits to the
experimental data from Ref. [240]. For the liquidus temperatures TL see references in Ref. [240].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Co50Fe50 1752 1.82 -3.72
Co40Cu20Fe40 1696 1.30 -2.25
Co30Cu40Fe30 1675 1.17 +0.75
Co20Cu60Fe20 1662 1.21 -2.85
Co10Cu80Fe10 1639 1.22 -2.0
Cu 1358 1.30 -2.34
Cu20Fe80 1736 1.30 +1.37
Co20Cu20Fe60 1711 1.30 -2.25
Co60Cu20Fe20 1693 1.35 -4.8
Co80Cu20 1698 1.40 -2.0
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A.11 Cu-Co-Ni

A.11.1 Co-Cu-Ni (Density)

Table A.34. Parameters ρL and ρT for liquid Co-Cu-Ni ternary alloys obtained from linear fits to the
experimental data from Ref. [159]. The liquidus temperatures TL are determined by means of the
DSC/DTA technique, see Ref. [159].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Co80Ni20 1758 8.10 -7.6
Co70Cu10Ni20 1721 8.25 -11.7
Co50Cu30Ni20 1654 8.17 -12.6
Co40Cu40Ni20 1621 8.22 -8.1
Co30Cu50Ni20 1590 8.19 -10.9
Co10Cu70Ni20 1508 8.21 -8.0
Cu80Ni20 1473 8.13 -9.6
Co50Cu50 1650 7.66 -7.2
Co40Cu40Ni20 1621 8.22 -8.1
Co35Cu35Ni30 1641 8.40 -9.1
Co30Cu30Ni40 1642 8.22 -16.7
Co20Cu20Ni60 1643 8.24 -14.6
Co15Cu15Ni70 1685 8.13 -8.7
Co10Cu10Ni80 1685 8.25 -12.1
Ni 1728 7.93 -10.1
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A.11.2 Co-Cu-Ni (Surface tension)

Table A.35. Parameters γL and γT for liquid Co-Cu-Ni ternary alloys obtained from linear fits to the
experimental data from Ref. [159]. The liquidus temperatures TL are determined by means of the
DSC/DTA technique, see Ref. [159].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Co50Cu50 1650 1.23 -2.9
Co40Cu40Ni20 1621 1.35 -6.5
Co30Cu30Ni40 1642 1.43 -3.6
Co20Cu20Ni60 1643 1.48 -7.6
Co10Cu10Ni80 1685 1.59 -1.5
Ni 1728 1.78 -3.8
Co70Cu10Ni20 1721 1.61 -4.4
Co30Cu50Ni20 1654 1.40 -2.3
Co50Cu30Ni20 1590 1.36 -2.6
Co70Cu10Ni20 1508 1.33 -5.0
Co80Ni20 1473 1.34 -2.2

A.11.3 Co-Cu-Ni (Viscosity)

Table A.36. Parameters η∞ and EA for liquid Co-Cu-Ni binary alloys from Ref. [159].

System η∞(mPa · s) EA (104J/mol)

Co80Ni20 0.21777 4.58
Co70Cu10Ni20 0.23702 4.24
Co50Cu30Ni20 0.33474 3.74
Co40Cu40Ni20 0.35459 3.45
Co30Cu50Ni20 0.39665 3.22
Co10Cu70Ni20 0.40564 3.11
Cu80Ni20 0.40959 3.37
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A.12 Cu-Fe-Ni

A.12.1 Cu-Ni (Density)

Table A.37. Parameters ρL and ρT for liquid Cu-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [61]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cu 1357 7.90 -7.65
Cu90Ni10 1409 7.97 -7.95
Cu80Ni20 1473 8.09 -9.57
Cu60Ni40 1553 8.13 -10.3
Cu50Ni50 1593 8.10 -7.72
Cu30Ni70 1653 8.06 -9.11
Cu10Ni90 1706 7.96 -9.26
Ni 1727 7.92 -10.1

A.12.2 Cu-Ni (Surface tension)

Table A.38. Parameters γL and γT for liquid Cu-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [68]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Ni 1727 1.77 -3.3
Cu10Ni90 1706 1.61 -0.67
Cu20Ni80 1690 1.51 -0.21
Cu30Ni70 1660 1.43 -0.84
Cu40Ni60 1620 1.38 -0.45
Cu50Ni50 1584 1.37 -0.94
Cu60Ni40 1553 1.36 -1.91
Cu70Ni30 1508 1.32 -3.24
Cu80Ni20 1462 1.34 -2.17
Cu90Ni10 1409 1.31 -2.21
Cu 1358 1.29 -2.3
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A.12.3 Fe-Ni (Density)

Table A.39. Parameters ρL and ρT for liquid Fe-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [61]. The liquidus temperatures TL are picked from Ref. [154]. Compare
with data listed in Tab. A.48.

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Fe 1811 7.04 -10.8
Fe80Ni20 1753 7.32 -10.0
Fe60Ni40 1725 7.43 -11.5
Fe50Ni50 1716 7.50 -10.2
Fe40Ni60 1713 7.51 -10.6
Fe20Ni80 1713 7.87 -12.3
Ni 1727 7.93 -10.1

A.12.4 Fe-Ni (Surface tension)

Table A.40. Parameters γL and γT for liquid Fe-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [68]. The liquidus temperatures TL are picked from Ref. [154]. The value of
γL of Fe25Ni75 is re-evaluated in this table from the original data, due to an obvious misprint in Ref.
[68]. The parameters of Fe60Ni40 are taken from Ref. [239], see Tab. A.42.

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Ni 1727 1.77 -3.3
Fe25Ni75 1713 1.86 -2.76
Fe50Ni50 1713 1.91 -3.27
Fe60Ni40 1725 1.91 -3.27
Fe75Ni25 1746 1.93 -1.73
Fe 1818 1.92 -3.97
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A.12.5 Cu-Fe-Ni (Density)

Table A.41. Parameters ρL, β, and ρT for liquid Cu-Fe-Ni ternary alloys obtained from linear fits to
the experimental data from Ref. [161]. The liquidus temperatures TL are picked from Ref. [154]. ρT is
hereby obtained from the published values of β via ρT = ρLβ.

System TL(K) ρL(g · cm−3) β(10−4K 1 ) ρT(10−4g · cm−3K−1)

Cu13Fe54Ni33 1692 7.11 0.4 -2.8
Cu40Fe35Ni25 1610 7.14 1.1 -7.9
Cu50Fe30Ni20 1591 7.20 0.5 -3.6
Cu60Fe24Ni26 1580 7.53 2.6 -19.6
Cu70Fe13Ni27 1546 7.76 1.5 -11.6
Cu20Fe65Ni15 1701 7.16 2.0 -14.3
Cu20Fe48Ni32 1669 7.40 2.3 -17.0
Cu20Fe35Ni45 1663 7.42 1.4 -10.4
Cu20Fe20Ni60 1668 7.56 1.1 -8.3
Cu20Fe10Ni70 1673 7.79 1.1 -8.6
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A.12.6 Cu-Fe-Ni (Surface tension)

Table A.42. Parameters γL and γT for liquid Cu-Fe-Ni ternary alloys obtained from linear fits to the
experimental data from Ref. [161]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Fe60Ni40 1725 1.91 -3.27
Cu13Fe54Ni33 1692 1.45 -1.88
Cu30Fe42Ni28 1638 1.29 -1.09
Cu40Fe35Ni25 1610 1.28 -2.95
Cu50Fe30Ni20 1591 1.26 -2.36
Cu60Fe24Ni16 1580 1.24 -4.93
Cu70Fe13Ni17 1546 1.30 -5.30
Cu20Fe80 1736 1.30 +1.37
Cu20Fe65Ni15 1701 1.34 -2.9
Cu20Fe48Ni32 1669 1.38 -2.11
Cu20Fe35Ni45 1663 1.42 -1.78
Cu20Fe20Ni60 1668 1.44 -1.9

A.12.7 Cu-Fe-Ni (Viscosity)

Table A.43. Parameters η∞ and EA for liquid Cu-Fe-Ni ternary alloys from Ref. [248]. For the source
of the liquidus temperatures TL, see Ref. [248].

System TL(K) η∞(mPa · s) EA (104J/mol)

Cu64Fe19Ni17 1564 0.375 3.141
Cu40Fe35Ni25 1612 0.313 3.519
Cu20Fe48Ni32 1668 0.242 4.151
Cu13Fe54Ni33 1690 0.244 4.232
Cu7.5Fe55.5Ni37 1706 0.252 4.240
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A.13 Cu-Ti

A.13.1 Cu-Ti (Density)

Table A.44. Parameters ρL and ρT for liquid Cu-Ti binary alloys obtained from linear fits to the ex-
perimental data from Ref. [135]. The liquidus temperatures TL are picked from Ref. [319].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cu 1358 7.9 -7.6
Cu90Ti10 1293 7.3 -3.2
Cu80Ti20 1204 6.9 -8.7
Cu70Ti30 1190 6.3 -5.8
Cu60Ti40 1238 6.1 -12.3
Cu50Ti50 1254 5.3 -5.5
Cu40Ti60 1253 5.0 -6.2
Cu30Ti70 1415 4.6 -1.3
Cu20Ti80 1641 4.6 -1.0
Cu10Ti90 1807 4.3 -4.6
Ti 1941 4.1 -3.3

A.13.2 Cu-Ti (Surface tension)

Table A.45. Parameters γL and γT for liquid Cu-Ti binary alloys obtained from linear fits to the exper-
imental data from Ref. [206]. The liquidus temperatures TL are picked from Ref. [319].

System TL(K) γL(Nm−1) γT (10−4Nm−1K−1)

Cu 1358 1.33 -2.3
Cu90Ti10 1293 1.37 -2.2
Cu80Ti20 1204 1.42 -2.2
Cu70Ti30 1193 1.45 -2.1
Cu60Ti40 1235 1.47 -2.1
Cu50Ti50 1256 1.50 -2.1
Cu40Ti60 1255 1.51 -1.9
Cu30Ti70 1414 1.51 -1.9
Cu20Ti80 1638 1.49 -1.8
Ti 1943 1.49 -1.7
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A.14 Cr-Fe-Ni

A.14.1 Cr-Fe (Density)

Table A.46. Parameters ρL and ρT for liquid Cr-Fe binary alloys obtained from linear fits to the ex-
perimental data from Ref. [123]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cr10Fe90 1805 6.98 -5.40
Cr20Fe80 1800 6.92 -8.62
Cr40Fe60 1873 6.78 -5.42
Cr60Fe40 2006 6.52 -5.97

A.14.2 Cr-Ni (Density)

Table A.47. Parameters ρL and ρT for liquid Cr-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [123]. The liquidus temperatures TL are picked from Ref. [154].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cr10Ni90 1710 7.69 -7.90
Cr20Ni80 1700 7.51 -7.92
Cr40Ni60 1648 7.28 -6.08
Cr60Ni40 1710 6.97 -6.57
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A.14.3 Fe-Ni (Density)

Table A.48. Parameters ρL and ρT for liquid Fe-Ni binary alloys obtained from linear fits to the ex-
perimental data from Ref. [123]. The liquidus temperatures TL are picked from Ref. [154]. See also
Tab. A.39.

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Ni 1728 7.82 -8.56
Fe20Ni80 1726 7.69 -7.60
Fe40Ni60 1723 7.37 -5.58
Fe60Ni40 1723 7.21 -6.60
Fe70Ni30 1748 7.10 -5.66
Fe80Ni20 1773 7.06 -6.05
Fe 1808 6.99 -5.55

A.14.4 Cr-Fe-Ni (Density)

Table A.49. Parameters ρL and ρT for liquid Cr-Fe-Ni ternary alloys obtained from linear fits to the
experimental data from Ref. [160]. The liquidus temperatures TL are picked from Ref. [320].

System TL(K) ρL(g · cm−3) ρT (10−4g · cm−3K−1)

Cr10Fe18Ni72 1724 7.50 -3.76
Cr10Fe36Ni54 1724 7.33 -4.10
Cr10Fe54Ni36 1722 7.18 -5.72
Cr10Fe63Ni27 1734 7.10 -6.13
Cr10Fe72Ni18 1748 7.09 -6.04
Cr20Fe16Ni64 1690 7.16 -6.87
Cr20Fe32Ni48 1690 7.05 -5.58
Cr20Fe48Ni32 1698 6.95 -6.36
Cr20Fe56Ni24 1710 6.93 -7.03
Cr20Fe64Ni16 1710 6.89 -9.39
Cr40Fe12Ni48 1640 8.011 -6.34
Cr40Fe24Ni36 1635 8.064 -7.47
Cr40Fe36Ni24 1723 7.882 -6.27
Cr40Fe48Ni12 1798 7.911 -7.92
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A.14.5 Cr-Fe-Ni (Viscosity)

Table A.50. Parameters η∞ and EA for liquid Cr-Fe-Ni ternary alloys from Ref. [160].

System η∞(mPa · s) EA (104J/mol)

Cr20Ni80 0.256 4.48
Cr20Fe16Ni64 0.299 4.13
Cr20Fe32Ni48 0.264 4.55
Cr20Fe48Ni32 0.455 3.98
Cr20Fe64Ni16 0.191 5.22
Cr20Fe80 0.082 6.78
Fe 0.114 5.93
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B Redlich-Kister parameters
The tables in this chapter contain Redlich-Kister parameters used in order to calculate
the excess free energy EG from Eqs. (3.17) and 3.16. The references to these parameters
are specified as well as the chapters, tables and figures in which they are used in the
present work.

In order to ease working with this chapter, the following Tab. B.1 assigns all sys-
tems, binary and ternary ones, to tables below where the corresponding parameters
for the calculation of EG are listed.
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Table B.1. Reference to tables showing Redlich-Kister parameters for the calculation of EG using
Eqs. (3.16) and (3.17) for binary and ternary liquid alloy systems.

System Table

Ag-Al B.3
Ag-Al-Cu B.3
Al-Au B.4
Ag-Cu B.3
Al-Cu B.3

B.2
B.5

Al-Cu-Si B.5
Al-Fe B.6
Al-In B.7
Al-Ni B.8
Al-Si B.5
Co-Cu B.10

B.11
Co-Cu-Ni B.11
Co-Cu-Fe B.10
Co-Fe B.10
Co-Ni B.11
Co-Sn B.9
Cu-Fe B.12

B.10
Cu-Fe-Ni B.12
Cu-Ni B.11

B.12
Cu-Si B.5
Fe-Ni B.12

B.14
Cu-Ti B.13
Cr-Fe B.14
Cr-Ni B.14
Cr-Fe-Ni B.14
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B.1 Ag-Al-Cu

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17) and
(3.16) for binary and ternary liquid alloys of the Al-Cu-Ag system are shown in Tab. B.3.
Theseparameters areused in order to calculate the surface tension via theButler equa-
tion, Eq. (4.32) and the Chatain model Eq. (4.36). The surface tension of liquid Al-Cu,
however, is calculated in [69] using the parameters listed in Tab. B.2. For further ex-
planation, see Ref. [69].

Results of these calculations are shown in Figs. 4.24, 4.25, 4.26 and 4.28. Moreo-
ever, they are summarized in Tabs. 4.13 and 4.15.

In addition to surface tension, the viscosity is calculated using the parameters in
Tab. B.3. Results are shown in Figs. 5.10, 5.11 and 5.12 as well as in Tabs. 5.9, 5.10 and
5.12.

Table B.2. Redlich-Kister parameters of Al-Cu used in Eq. (3.16). The parameters are taken from Ref.
[321].

Parameter (J mol−1)
0LAl,Cu −66622 + 8.1T
1LAl,Cu 46800 − 90.8T + 10T ln(T )
1LAl,Cu −2812

Table B.3. Redlich-Kister parameters of Al-Cu-Ag used in Eq. (3.17). The parameters are taken
from Refs. [242; 243]. Note that the parameters corresponding to binary Al-Cu differ from those in
Tab. B.2.

Parameter (J mol−1)
0LAl,Cu −67094 + 8.555T
1LAl,Cu 32148 − 7.118T
2LAl,Cu 5915 − 5.889T
3LAl,Cu −8175 + 6.049T
0LAg,Al −15022 − 20.538T
1LAg,Al −20456 − 17.291T
2LAg,Al −3821 − 17.17T
3LAg,Al 7028 − 12.247T
4LAg,Al 7661 − 5.857T
0LAg,Cu 14463 − 1.516T
1LAg,Cu −934 − 0.319T
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B.2 Al-Au

Parameters used in order to calculate the excess free energy EG using Eq. (3.16) for
liquid Al-Au are shown in Tab. B.4. These parameters are used in order to calculate
the surface tension from the Butler equation, Eq. (4.32) and the Chatain model, Eq.
(4.36). Results of these calculations are shown in Figs. 4.20, 4.21 and 4.28. They are
summarized in Tabs. 4.13 and 4.15.

Table B.4. Redlich-Kister parameters of Al-Au used in Eq. (3.17). The parameters are taken from Ref.
[322].

Parameter (J mol−1)
0LAl,Au −131996.19 + 36.42T
1LAl,Au 40781.83 − 1.896T
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B.3 Al-Cu-Si

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17) and
(3.16) for binary and ternary liquid alloys of the Al-Cu-Si system are shown in Tab. B.5.
Theseparameters areused in order to calculate the surface tension via theButler equa-
tion, Eq. (4.32).

Results of these calculations are summarized in Tabs. 4.13 and 4.15. In addition to
surface tension, the viscosity is also calculated using the parameters in Tab. B.5. The
results are discussed in Tabs. 5.9, 5.10 and 5.12.

Table B.5. Redlich-Kister parameters of Al-Cu-Si used in Eq. (3.17). The parameters are taken from
Ref. [323].

Parameter (J mol−1)
0LAl,Cu −66622 + 8.1T
1LAl,Cu 46800 − 90.8T + 10T ln(T )
2LAl,Cu −2812
0LAl,Si −11340.1 − 1.23394T
1LAl,Si −3530.93 + 1.35993T
2LAl,Si 2265.39
0LCu,Si −38763.5 + 12T
1LCu,Si −52431.2 + 27.4571T
2LCu,Si −29426.5 + 14.775T

T G xAl0LAl,Cu,Si + xCu1LAl,Cu,Si + xSi2LAl,Cu,Si
whereas ν LAl,Cu,Si are defined as follows:

0LAl,Cu,Si 129.758.274 − 152.551977T
1LAl,Cu,Si 154448.454 − 8.5615T
2LAl,Cu,Si −88726.6292 + 40T
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B.4 Al-Fe

Parameters used in order to calculate the excess free energy EG using Eq. (3.16) for
binary liquid alloys of the Al-Fe system are shown in Tab. B.6. These parameters are
used in order to calculate the surface tension using the Butler equation, Eq. (4.32).

Results of these calculations are shown in Fig. 4.28 and summarized in Tabs. 4.13
and 4.15.

Table B.6. Redlich-Kister parameters of Al-Fe used in Eq. (3.17). The parameters are taken from Ref.
[324].

Parameter (J mol−1)
0LAl,Fe −88090 + 19.8T
1LAl,Fe −3800 + 3T
2LAl,Fe −2000

B.5 Al-In

Parameters used in order to calculate the excess free energy EG using Eq. (3.16) for
binary liquid alloys of the Al-In system are shown in Tab. B.7. These parameters are
used in order to calculate the liquid-liquid interfacial energy via the model proposed
in Sec. 7.2.

Results of these calculations are shown in Fig. 7.4 and 7.5.

Table B.7. Redlich-Kister parameters of Al-In used in Eq. (7.4). The parameters are taken from Ref.
[302].

Parameter (J mol−1)
0LAl,In 39887.4 − 19.1T
1LAl,In 254.64 − 0.8T
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B.6 Al-Ni

Parameters used in order to calculate the excess free energy EG using Eq. (3.16) for
binary liquid alloys of the Al-Ni system are shown in Tab. B.8. These parameters are
used in order to calculate the surface tension via the Butler equation, Eq. (4.32), and
the Chatain model, Eq. (4.36).

Results of these calculations are shown in Figs. 4.19 and 4.28 and summarized in
Tabs. 4.13 and 4.15.

Table B.8. Redlich-Kister parameters of Al-Ni used in Eq. (3.17). The parameters are taken from Ref.
[325].

Parameter (J mol−1)
0LAl,Ni −197088 + 30.353T
1LAl,Ni 5450
2LAl,Ni 54624 − 11.383T

B.7 Co-Sn

Parameters used in order to calculate the excess free energy EG and the enthalpy of
mixing, ΔH, using Eq. (3.16) of the Co-Sn system are shown in Tab. B.9. ΔH is hereby
related to EG via the following relation:

ΔH = −T2
( EG

T

)
(B.1)

These parameters are used in order to calculate the viscosity using the models dis-
cussed in Section 5.

Results of these calculations are summarized in Tabs. 5.9, 5.10 and 5.12.

Table B.9. Redlich-Kister parameters of Co-Sn used in Eq. (3.17). The parameters are taken from Ref.
[326].

Parameter (J mol−1)
0LCo,Sn −75466.9610 + 39.6726T
1LCo,Sn −30685.2702 + 15.0835T
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B.8 Cu-Co-Fe

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17)
and (3.16) for binary and ternary liquid alloys of the Cu-Co-Fe system are shown in
Tab. B.10. These parameters are used in order to calculate the surface tension via the
Butler equation, Eq. (4.32) and, additionally for Cu-Fe, the Chatain model Eq. (4.36).

Results of these calculations are shown in Figs. 4.15, 4.16, 4.21 and 4.27. They are
summarized in Tabs. 4.13 and 4.15.

Table B.10. Redlich-Kister parameters of Cu-Co-Fe used in Eq. (3.17). The parameters are taken
from Ref. [327].

Parameter (J mol−1)
0LCo,Cu 35200 − 4.95T
1LCo,Cu −6695 + 4.68T
0LFe,Co −9312
1LFe,Co 1752
0LCu,Fe 36078.99 − 2.33T
1LCu,Fe 324.53 − 0.033T
2LCu,Fe 10355.39 − 3.60T
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B.9 Cu-Co-Ni

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17) and
(3.16) for binary and ternary liquid alloys of theCu-Co-Ni systemare shown inTab. B.11.
These parameters are used in order to calculate the surface tension using the Butler
equation, Eq. (4.32).

Results of these calculations are shown in Fig. 4.27 and are summarized in
Tabs. 4.13 and 4.15.

In addition to surface tension, the viscosity is also calculatedusing theparameters
in Tab. B.11. This is done by means of the models discussed in Section 5. The results
are summarized in Tabs. 5.9, 5.10 and 5.12.

As the calculations are not part of Ref. [159], they are shown below in Fig. B.1.

Table B.11. Redlich-Kister parameters of Cu-Co-Ni used in Eq. (3.17). The parameters are taken from
Ref. [328].

Parameter (J mol−1)
0LCo,Cu 31451.078 − 1.3140133T
1LCo,Cu −595.04051
2LCo,Cu 3701.3751
0LCo,Ni 1331
0LCu,Ni 11760 + 1.084T
1LCu,Ni −1671.8

T G (−27500 + 15T )xCo − (15150)xCu
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Fig. B.1. Measured viscosity of Co0.8−xCuxNi0.2 [159] versus xCu at T =1873 K. In addition, calcula-
tions of the models of Moelwyn/Hughes (dotted), Seetharaman (dash dotted), Brillo/Schick (solid),
Kozlov (dashed), Kaptay (dash double-dotted), and Hirai (dot double-dashed) are shown.
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B.10 Cu-Fe-Ni

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17) and
(3.16) for binary and ternary liquid alloys of the Cu-Fe-Ni systemare shown inTab. B.12.
These parameters are used in order to calculate the surface tension using the Butler
equation, Eq. (4.32), as well as the Chatain model Eq. (4.36) for liquid Cu-Fe.

Results of these calculations are shown in Figs. 4.15, 4.16, 4.17, 4.18, 4.21, 4.22, 4.23,
and 4.27. They are summarized in Tabs. 4.13 and 4.15.

In addition to surface tension, the viscosity is calculated using the parameters in
Tab. B.12. This is done by means of the models discussed in Section 5. The results are
shown in Fig. 5.13 and summarized in Tabs. 5.9, 5.10 and 5.12.

Table B.12. Redlich-Kister parameters of Cu-Ni-Fe used in Eq. (3.17). The parameters are taken from
Ref. [235].

Parameter (J mol−1)
0LFe,Ni −18380 + 6.04T
1LFe,Ni 9228 − 3.55T
0LCu,Ni 11760 + 1.084T
1LCu,Ni −1672
0LCu,Fe 36087.98 − 2.33T
1LCu,Fe 324.53 − 0.033T
2LCu,Fe 10355.39 − 3.603T

T G −68786 + 30.9T
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B.11 Cu-Ti

Parameters used in order to calculate the excess free energy EG using Eq. (3.16) for
binary liquid Cu-Ti alloys are shown in Tab. B.13. These parameters are used in order
to calculate the surface tension via the Butler equation, Eq. (4.32).

Results of these calculations are shown in Fig. 4.27 and summarized in Tabs. 4.13
and 4.15.

As the Butler equation, Eq. (4.32), is not discussed in Ref. [206], a depiction with
this calculation is shown in Fig. B.2.

Table B.13. Redlich-Kister parameters of Cu-Ti used in Eq. (3.16). The parameters are taken from
Ref. [329].

Parameter (J mol−1)
0LCu,Ti (−19330 + 7.651T )
1LCu,Ti 0
2LCu,Ti 9382 − 5.448T
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Fig. B.2. Isothermal surface tension γ versus xBTi for liquid Cu-Ti at 1400 K (symbols). For compari-
son, calculations of the ideal solution model, Eq. (4.29) (dashed) and the Butler model, Eq. (4.32),
(solid) are shown. Redlich-Kister parameters are used from Tab. B.13.
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B.12 Cr-Fe-Ni

Parameters used in order to calculate the excess free energy EG using Eqs. (3.17) and
(3.16) for binary and ternary liquid alloys of the Cr-Fe-Ni systemare shown in Tab. B.14.
Theseparameters areused in order to calculate the surface tension via theButler equa-
tion, Eq. (4.32). In the case of liquid binary Fe-Ni, however, the parameters listed in
Tab. B.12 are used.

Results of these calculations are summarized in Tabs. 4.13 and 4.15.
In addition to surface tension, the viscosity is calculated using the parameters in

Tab. B.14 in combination with the models discussed in Section 5. These parameters
are used in [160] in order to apply the models for the viscosity of ternary Cr-Fe-Ni as
well as for binary Fe-Ni alloys. The results are summarized in Tabs. 5.9, 5.10, 5.11 and
5.12.

Table B.14. Redlich-Kister parameters of Cr-Fe-Ni used in Eq. (3.17). The parameters are taken from
Ref. [330].

Parameter (J mol−1)
0LFe,Cr −17737 + 7.997T
1LFe,Cr 1331
0LCr,Ni 318 − 7.332T
1LCr,Ni 16941 − 6.37T
0LFe,Ni −16911 + 5.162T
1LFe,Ni 10180 − 4.147T

T G (80000 − 50T )xFe + (130000 − 50T )xCr + (60000 − 50T )xNi
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