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ABSTRACT

Transport and surface properties of liquid Fe—Mn and Fe—Co alloys were computed
using the self-association model in conjunction with a model based on the hard-
sphere theory, the model of Moelwyn-Hughes and a statistical mechanical approach.
Using the self-association model, the model parameters were determined from the
experimental thermodynamic data at 1863 K. These model parameters were then
used to compute the concentration-concentration fluctuations at the long wavelength
limit (S..(0)), short range order parameter (a,), mutual diffusivity, viscosity,
surface concentration, surface tension and surface S..(0) for the two alloys at 1863
K. Results obtained show that Fe—Mn alloy with low tendency of homocoordination
exhibits ideal mixing below 0.25 and above 0.88 atomic fractions of iron. On the
other hand, Fe—Co alloy shows ideal mixing property below 0.20 and above 0.88
atomic fractions of iron, homocoordination between 0.20 and 0.70 atomic fractions
of iron (Fe) and weak ordering between 0.70 and 0.90 atomic fractions of iron (Fe).
Throughout the entire concentration range, diffusion-related activities as reflected
by mutual diffusivities are higher in Fe—Mn alloy than in Fe—Co alloy. The
viscosities of the two liquid alloys exhibit negative deviations from Arrhenius’ law,
with the negative deviation being more pronounced in the Fe—Co alloy. Calculations
also indicate that more Mn-atoms segregate at the surface of Fe—Mn alloy whereas
nearly equal concentrations of Fe-atoms and Co-atoms are at the surface of Fe—Co
alloy. These observations possibly suggest that more Fe-atoms are present at the
surface of Fe—Co alloy than that of Fe—Mn alloy. The surface tension of Fe—Mn
alloy increases throughout the entire concentration range while for Fe—Co alloy, it
initially decreases to around 0.59 atomic fraction of iron (Fe) before it rises rapidly.
The results from the computation of surface concentration-concentration
fluctuations at the long wavelength limit corroborate the results from bulk properties
calculations.

Keywords: Mutual diffusivity; Viscosity; Surface concentration; Surface tension;
Fe—Mn alloy; Fe—Co alloy; Homocoordination; Ideal mixing.
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CHAPTER ONE
INTRODUCTION
1.1 Background information

Matter exists in four different states. They are solid, liquid, gas and plasma. The
molecules in a liquid are freer to move around because they are being held together
by intermolecular forces that are weaker than those in solids. Like in solids, the
liquid molecules are closely-packed together but are free to move around randomly.
Therefore, a liquid is able to flow like gas but does not disperse to fill every shape
of the container. It has no specific shape but it always takes the shape of the object

in which it is contained. It has definite volume and can be poured.

Atoms in liquids do not form a crystalline lattice as in solids and they do not move
far apart from each other as in gases. Atoms in the liquid state are randomly
distributed and arranged in a nearly close-packed structure. Therefore, due to high
packing density there is some degree of short-range order in liquids, but they have
long-range disorder due to thermal excitation and motion (lida & Guthrie, 1988).
Thus, liquids do not show any form of long-range order. This is clearly shown with

the absence of Bragg peaks in the studies of X-ray and neutron diffraction.

Liquid atom

Container

Figure 1.1: Structure of a classical monoatomic liquid (“Liquid,” n.d.)
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The study of the liquid state of matter is not as easy and direct as that of solids and
gases. By the early nineteenth century there have been established theories on the
properties and characteristics of the ideal crystalline solids and the ideal gases (lida
& Guthrie, 1988). Experimental as well as theoretical methods have been used in
studying ideal solids and gases and a great amount of knowledge has been gained
(lida & Guthrie, 1988). The structures and properties of liquids are still not
understood perfectly as in the solid and gaseous states. This is because the liquid

state has no “ideal model” on which a base can be formed.

An ideal model is a hypothetical substance which has the characteristic features of a
real matter. Ideal models play a vital role in the study of the properties of matter
because they are simple to treat mathematically and their concepts are clear. Solids
and gases have ideal models. Ideal models make the study of the solid and gaseous

states easier and more direct than that of the liquid state.

For asolid, the ideal model is a perfect crystal in which the atoms at the lattice points
are arranged in a regular pattern. This regular arrangement of atoms in three-
dimension is long-ranged and undisturbed by thermal agitation. The ideal solid has

a crystal of invariant shape.

On the other hand, an ideal gas is the ideal model for the gaseous state of matter. In
the ideal gas, each atom is free to move throughout the volume in which it is
contained. For real solids and gases, these ideal models yield useful results.

Examples are Finstein formula for specific heat, the Brillouin zone, Boyle’s and



Charles laws etc. Providing extensions and corrections for the description of real

substances can lead to close agreement with experiments (lida & Guthrie, 1988).

Providing an ideal model for the liquid is a very difficult task. This makes it quite
difficult to explain the behavior of a liquid. Microscopically, a liquid is not able to
support any form of deformation because of its capacity to flow. Therefore, liquids
have very low viscosities and very high diffusivities when compared with the same
properties in solids. This suggests that an atom in the liquid state can easily move
through fluctuations in density due to the thermal motion of surrounding atoms. If
an atom in the liquid state is considered at any moment, it will be interacting with
the surrounding atoms, vibrating as though it were an atom in the solid state. At the
next moment its behaviour may change to that of an atom in the gaseous state, and
move freely. Therefore, to have a proper understanding of the structures and
properties of liquids, both atomic distance and time scales are of great importance
(lida & Guthrie, 1988).

Liquids can be divided into two categories. They are simple and complex liquids.
Simple liquids are liquids with one component atom. Examples are metallic liquids.
As the number of atom types in a liquid increases, the liquid complexity increases.

Water is a complex liquid.

Liquids from pure metals serve as the simplest form of liquids because they are
mono-component and one form of interaction may exist among the atoms. Liquid
metals are a group of non-crystalline metal alloys. They are referred to as liquid

metals because they retain their non-crystalline liquid structure on cooling from
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melt. Being the simplest forms of liquid state, researchers have shown interest in
studying the properties of liquid metals. Alloys of liquid metals have some desirable
properties which include high tensile strength, electrical and thermal conductivities,
excellent wear and corrosion resistance and very high coefficient of restitution. A
few elemental metals are liquids at or near room temperature. The commonest is
mercury (Hg), which is molten above 234.3 K. Others are gallium (Ga) with a
melting point of 301.1 K, caesium (Cs) with a melting point of 301.7 K, rubidium
(Rb) with a melting point of 312 K and francium (Fr) with a melting point of 300.1K.

Some metals on their own do not possess all the necessary properties required for a
particular application. By forming alloys, one can obtain increased strength and
other desirable properties. Generally, metal alloys have advantages over metals in
different engineering and metallurgical processes. Some of these advantages include
increased mechanical strength, corrosion resistance, heat resistance, increased
abrasion, a wide range of colours and reduced costs of production. Alloys are used
in making some jewellery, coins, bridges, nails, screws, tanks, drinks cans, artificial

joints, bicycles, car bodywork etc.

Liquid alloys have disordered structure and short-range order. Disordered materials
such as liquid alloys are not easy to study as those of crystals (Koirala, Singh, & Jha,
2014). Liquid alloy properties have been a subject of interest to researchers based
on the interactions between the atoms (or molecules) of the alloys (Bhatia, Hargrove,
& March, 1973; Butler, 1932; Faber, 1972; Flory, 1942; Guggenheim, 1952;
Novakovic, 2010; Singh, Mishra, & Singh, 1990; Singh & Sommer, 1992). Thermo-

physical properties of binary liquid alloys are difficult and expensive to determine



from experiments. This is because some alloy systems may be chemically active.
Also, experimental determination of properties such as diffusion, viscosity and
surface tension are quite difficult and costly at elevated temperatures. On the other
hand, theoretical methods reduce the time and efforts required in the determination
of these thermo-physical properties. As a result theoretical models are very

important in studying the properties of liquid alloys.

Thermodynamic, structural, transport and surface properties of binary liquid alloys
can be computed in order to study their alloying behaviour. Thermodynamic
properties such as Gibbs free energy of mixing (G,), activity (a), entropy of mixing
(Sy) and enthalpy of mixing (H,,) help to understand the interaction, stability and
bonding strength among the component atoms in an alloy (Koirala, Jha, & Singh,
2014). They are defined below:

Gibbs free energy of mixing (G,,): This is the greatest amount of mechanical work
that is obtainable from a given quantity of a substance.

Activity (a): This is defined as a measure of tendency of an alloy component to leave
the solution.

Entropy of mixing (S,,): This represents the degree of disorderliness in the local
arrangement of atoms in a system.

Enthalpy of mixing (Hy): This is the amount of heat absorbed or given out by a

substance upon mixing.

Accurate knowledge of phase diagrams and thermodynamic quantities of alloys is
pivotal to getting a reliable result from theory (Ajayi, Ogunmola, & Adeoye, 2017).
Some thermodynamic measurements serve as inputs for many of the theoretical

5



models used in studying transport and surface properties of liquid alloys
(Anusionwu, Madu, & Orji, 2009). Thus, thermodynamic properties are important

in studying binary liquid alloys.

Concentration-concentration fluctuations at the long wavelength limit, S..(0) and
Warren-Cowley (Cowley, 1950; Warren, 1969) chemical short range order
parameter, a, are very useful for obtaining microscopic information such as local
ordering and segregation in liquid alloy systems (Singh, 1987). These two
parameters help to shed light on the local arrangement of atoms in binary liquid

alloys.

The concentration-concentration fluctuations at the long wavelength limit, S..(0) is
useful in shedding light on the phenomenon of homocoordination (i.e. pairing of like
atoms as nearest neighbours) and heterocoordination (i.e. pairing of unlike atoms as
nearest neighbours) (Prasad, Singh, Singh, & Chatterjee, 1995). In addition,
concentration-concentration fluctuations at the long wavelength limit, S..(0) is
important in determining the short range order parameter and mutual diffusivities of
binary liquid alloys. The values of a; give the strength of the local arrangement of
atoms in a binary alloy (Koirala, Singh, Jha, & Adhikari, 2013).

Alloys have transport properties (e.g. diffusion and viscosity) which make them fit
for various applications. A good knowledge of transport properties of liquid alloys
Is required in various heterogeneous chemical reactions and metallurgical processes

(Koiralaetal., 2014). Transport quantities affect a lot of technological processes and



corrosion phenomena and as well contribute to the amount of knowledge we have
about liquids (Schwitzgebel & Langen, 1981).

Diffusion is defined as the mass transport process from one point to another at the
microscopic level. Liquid state diffusivities are higher than those in the solid state.
For metals, diffusivities in both states differ by a factor of 102 to 103 (lida &
Guthrie, 1988). Diffusivity has been a subject of interest in science and technology.
Adequate knowledge of diffusivities in liquid alloys is useful when designing

metallurgical and solidification processes (Dalgic & Colakogullari, 2006).

On the other hand, viscosity is the fluid’s resistance to flow. It is a physical property
which can only be observed when a relative motion is set up between different layers
of a fluid. Microscopically, it is a measure of the friction that exists among atoms of
a fluid. Viscosity is very important in the technology and theory of liquid metal
because it plays a significant role in solving problems in fluid flow behaviour and
those related to the kinetics of reaction in metallurgical processes (lida & Guthrie,
1988).

Adequate knowledge of surface segregation and surface tension is essential in
material processing and metallurgical processes. Surface segregation takes place
whenever the surface of a binary liquid alloy is enriched by the atoms of a constituent
element (Prasad, Singh, Singh, & Singh, 1998). Also, surface segregation is the

difference between surface and bulk concentrations (Prasad & Singh, 1991).



On the other hand, surface tension is the property of a liquid in which the surface
acts as though covered with an elastic skin. It is the work or energy required to create
one unit of additional surface area at constant temperature (lida & Guthrie, 1988).
An understanding of metallurgical processes requires the knowledge of surface
tension. The surface tension of a liquid metal influences phenomena and
technologies such as casting, brazing, sintering, zone melting and fibre formation
(lida & Guthrie, 1988).

In a binary liquid alloy, whenever there is a reasonably large difference in the
surface tension values of the alloy components, the component having a small value
of surface tension will have a strong segregation at the surface while the other
component will prefer to remain in the bulk (Koirala, Kumar, Singh, & Adhikari,
2014). However, when the surface tension values of the metals are very comparable,
there is no much difference between the surface concentrations and the bulk

concentrations (Koirala et al., 2014).

Proper understanding of phenomena such as corrosion, welding, casting, gas
absorption, welding characteristics of solders, kinetics of phase transformation,
heterogeneous catalysis, epitaxial growth and wettability at weld joints requires the

knowledge of surface properties (Anusionwu, 2003; Prasad & Singh, 1991).

1.2 Problem statement

A lot of experiments have been carried out on transport properties (e.g. diffusion and

viscosity) and surface properties (e.g. surface tension) yet the available data are



scanty. In addition, some of the available data are not of sufficient accuracy. This
may be due to the fact that experimental measurements of these properties at elevated
temperatures is not a simple task. At elevated temperatures where most metals
become liquids it will be difficult to experimentally measure these transport and

surface properties.

The need to study these properties at elevated temperatures necessitates the use of
theoretical models. Theoretical models reduce the time, efforts and costs in

determining transport and surface properties of liquid alloys.

1.3 Objectives of study

The aim of this study is to theoretically study the transport and surface properties of
liquid Fe — Mn and Fe — Co alloys at 1863 K.

The objectives of this study are to:

I. Compute for the liquid Fe — Mn and Fe—Co alloys thermodynamic
properties and compare with experimental values at 1863 K.

Ii.  Compute the values of self-diffusivity, viscosity and surface tension of iron
(Fe), manganese (Mn) and cobalt (Co) at 1863 K.

iii.  Compute for the liquid Fe — Mn and Fe—Co alloys the order, mutual
diffusivity, viscosity, surface concentration, surface tension and surface
concentration-concentration fluctuations at the long wavelength limit, S5.(0)
at 1863 K.



1.4 Justification of study

This study will help in predicting the values of self-diffusivities, viscosities and
surface tension of Fe, Mn and Co at 1863 K, a temperature which is higher than their
melting points. The study will also help to predict the mutual diffusivities,
viscosities, surface concentration, surface tension and surface S..(0) for liquid
Fe—Mn and Fe—Co alloys at 1863 K.

In order to properly understand the nature of Fe—Mn and Fe—Co alloys in the solid
state, the knowledge of their alloying behaviour in the liquid phase is important. This
Is because most solid alloys are gotten from their respective liquid state. The current
interest in liquid Fe—Mn and Fe—Co alloys is due to the improved and desirable
properties they have and their interesting applications in solid state in various fields
(Bloch, Waeckerle, & Fraisse, 2007; Drynda, Hassel, Wilhelm & Peuster, 2014;
Gasior, Fima, & Moser, 2011; Koirala et al., 2014; Lee et al., 2017; Liu, Bauser,
Turgut, Coate, & Fingers, 2003; Varadaraajan, 2015).

1.5 Scope of study

The self-association model of Singh and Sommer (1992) will be used to compute
the Gibbs free energy of mixing and activity of the liquid Fe—Mn and Fe—Co alloys
at 1863 K. Through this model, the values of n (ratio of self-associate) and W /RT
(order energy parameter) would be obtained from the experimental thermodynamic
data at 1863 K.

10



The optimised model parameters (n, W /RT), will then be used to compute activity
coefficients, bulk S..(0) and (a;). These quantities will serve as inputs when

computing transport and surface properties of Fe—Mn and Fe—Co alloys at 1863 K

In the entire concentration range

11



CHAPTER TWO
LITERATURE REVIEW
2.1 Properties and uses of iron

Iron (Fe) belongs to the family of transition metals. The atomic number of iron is
26. It is known to be the most important and widely used of all metals. It is a shiny,
greyish metal that rusts easily in moist air but it is mostly used because it is cheap.

Pure iron is soft, very malleable and has magnetic properties.

Commercial production of iron can be done in a blast furnace by addition of heat to
haematite or magnetite with carbon and limestone. This forms pig iron which has
about 3% carbon and other impurities. Iron is the main material needed for the
production of steel. The strength of iron is enhanced once it is made into steel. The
quantity of crude steel produced yearly all over the world is about 1.3 x 10° tonnes
(“Periodic table,” n.d.).

Figure 2.1: Iron (“A chunk of iron”, n.d)

12



2.2 Properties and uses of manganese

Manganese (Mn) is a silvery-grey, hard and brittle transition metal with atomic
number 25. It is similar in appearance to iron but is harder and more brittle. It is the

second most abundant transition metal and has paramagnetic properties.

Manganese is a metal which can be used to produce very hard steels. If steel is
produced without alloying with manganese, it breaks up easily when hot-rolled or
forged (“Manganese,” n.d.). Manganese is commonly used in low-alloy steels due
to its effect in increasing hardenability and decreasing softening on tempering
(Nasim, 1979). Manganese steel which is also known as Hadfield steel (containing
11-14% manganese) is used for services that require ruggedness. In steel production,
manganese helps to remove certain impurities like sulphur and oxygen and adds
essential physical properties to steel (Downing, n.d.). As an alloy agent in steel, it
helps to improve strength, hardness, hardenability (Senk, Emmerich, Rezende, &
Siquieri, 2007). As a pure metal, it is added to non-ferrous alloys such as copper,

aluminum, magnesium and nickel.

Carbon steels with manganese added are stronger and tougher. Materials made of
steel are used for various purposes. Such steels possess a variety of applications in
cutting tools, bicycle chains, bridges, electricity pylons, railway tracks and gun
barrels, etc. Manganese steels possess interesting combination of properties and are

cheap.

13



Figure 2.2: Manganese (“Manganese,” n.d.)

2.3 Properties and uses of cobalt

Cobalt is a transition metal with atomic number 27. It is a silvery, shiny and brittle
metal used in the production of permanent magnets and alloys that are resistant to
corrosion and heat. It is a naturally occurring magnetic metal like nickel and iron.
Of all metals, its Curie temperature is the highest and this makes it to retain its
magnetism at a high temperature.

Figure 2.3: Cobalt (“Cobalt,” n.d.)

14



2.4 Alloys of iron

An alloy is a metal which contains two or more elements, at least one of which is a
metal. It is an industrial material that is grown from molten state. Examples of alloys
include steel (Fe—C), brass (Cu—Zn), Fe—Si, Cd—Ga, Mn—Cu, etc.

Iron is an important metal and one of the most widely used in industries. Alloying it
with elements such as manganese, cobalt, nickel, chromium, silicon, aluminium etc.,

will produce materials with improved and desirable properties.

2.4.1 Fe—Mn alloys

Fe—Mn alloys have special properties such as resistance to heat and corrosion, non-
magnetic characteristics etc. These properties make them to be widely used in rolled
products. Fe—Mn alloys have applications in mining, construction and
transportation industries. Since it was discovered by Sir Robert Hadfield, Fe—Mn—C
alloy has been of interest to researchers because it has high mechanical properties

(ductility and strength).

The use of manganese has been mainly in low alloy steels and Hadfield’s manganese
steel. Because of its abundance, low cost and similarities with nickel, it has been
studied by many researchers as a replacement for nickel in high alloy steels
(Bramhall, 1989). Binary Fe—Mn alloy is brittle and this has limited its use as a
cryogenic steel (Nasim, 1979).

15



Due to the large chromium content ranging from 15—25% in the Fe—Ni matrix,
commercial austenitic stainless steels are good ductile metals with excellent
resistance to corrosion and high temperature stability (Bramhall, 1989). Austenite
Cr—Ni stainless steels are known for cryogenic and non-magnetic applications but
the material cost is high when compared to austenitic high manganese steels
(Bramhall, 1989). Manganese forms austenite and is cheaper compared to nickel.
Austenite-forming Fe—Mn alloys can serve as replacements for the known Fe—
Cr—Ni alloys, where manganese can be substituted for nickel and chromium
(Hermawan, Alamdari, Mantovani, & Dube, 2008).

Enhanced strength, improved wettability, good machinability and low magnetic
permeability are required for non-magnetic structural applications while low
temperature toughness is required for cryogenic applications like superconducting

technology and storage and transportation of liquid natural gas (Bramhall, 1989).

Charles and Issi (1984) studied the electrical and thermal conductivities of binary
Fe—Mn and ternary Fe—Mn—Al austenitic alloys. They found that adding
aluminium to Fe-Mn austenitic alloys strongly affected the transport properties. The
electrical resistivity increased rapidly while the thermal conductivity decreased. The
reduction in thermal conductivity implies that high manganese austenitic alloys are

useful in low temperature (cryogenic) applications.

Varadaraajan (2015) studied the influence of aluminium, chromium and carbon on
Fe—Mn alloy so as to increase its resistance to wear and corrosion. He found that
the resistance to wear of the alloy is better than that of conventional steels. The alloy

16



has improved mechanical properties due to various deformations occurring in it
(Varadaraajan, 2015). Austenitic Fe—Mn alloys have low cost and are wear-resistant

materials which are commonly used in automotive industries (Varadaraajan, 2015).

The binary Fe—Mn and ternary Fe—Mn—C alloys have a good combination of
ductility and strength. The corrosion rate in these materials is lowered because

manganese is present in them (Opiela, Grajcar, & Krukiewicz, 2009).

Fe-Mn alloys can also be used as biomaterials for medical implants (Drynda et al.,
2014; Hermawan et al., 2008; Hermawan, Purnama, Dube, Coute & Mantovani,
2010). Biodegradable stents are a possible substitute for the treatment of heart-
related diseases. The materials to be used as stents must have excellent mechanical
and corrosion properties without producing harmful effects (Hermawan et al., 2010).
Several attempts have been made to develop stents with alloys of iron. The interest
in Fe—Mn alloy is because its corrosion rate can be increased which is a good factor

to be considered when developing biodegradable materials (Drynda et al., 2014).

Drynda et al. (2014) developed new Fe—Mn alloy systems lower concentrations of
Mn (Fe—Mn0.5wt %, Fe — Mn 2.7 wt %, Fe — Mn 6.9 wt %) in order to
prevent toxicity. The alloys they worked on exhibited good mechanical and

corrosion properties.
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Figure 2.4: Fe—Mn phase diagram (“Iron-Manganese (Fe-Mn) Phase Diagram,” n.d.)

Figure 2.4 indicates the phases to be expected at equilibrium for different

combinations of manganese contents and temperature.
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2.4.2 Fe—Co alloys

Iron and cobalt are two of the three elements (the other being Nickel) that can be
used to produce magnetic alloys. The magnetic properties of alloys formed by iron,
cobalt and nickel depend on the composition of the alloys, thickness, frequency,

stress, heat treatment temperature etc. (Bloch et al., 2007).

There has been considerable interest in binary Fe—Co alloys after Preuss (1912) and
Weiss (1912) discovered that alloys of this system (Fe,Co) have the highest
saturation magnetization of ferromagnetic materials. The equiatomic Fe—Co alloy
called Permendur was studied and patented by Elmen (1929). He discovered that the
alloy possessed excellent magnetic properties. However, it had poor electrical
(resistivity) and mechanical (ductility) properties. Also, there was great difficulty in

fabricating thin plates of this alloy because it is too brittle.

White and Wahl (1932) proffered solution to this challenge by adding 2% vanadium
to the equiatomic Fe—Co alloy to make it easier to cold work. They discovered that
adding up to 2% vanadium to the equiatomic Fe—Co alloy did not have much effect
on its magnetic properties. But the addition of 2% vanadium greatly improved the
electrical and mechanical properties. This caused its electrical resistivity to increase
three times and also led to reasonable improvements in ductility, workability and
machinability. As a result, thin sheets could be fabricated. This alloy was called 2V-
Permendur. Gould and Wenny (1956) named the alloy Supermendur when the base
materials for the production of 2VV-Permendur are high purity iron and cobalt. They

reported that Supermendur had excellent magnetic properties.
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Fe—Co alloys are magnetic materials with properties typical of soft or hard magnetic
materials (Couto & Ferreira, 1989). In the development of sophisticated power
systems, there is the need for the use of soft magnetic materials which have both
high mechanical strength and saturation magnetisation (Liu et al., 2003). Since
Fe—Co soft magnetic alloys have a good combination of magnetic and mechanical
properties, they can be used in magnetic bearings and generators (Fingers &
Kozlowski, 1997).

In terms of the surface properties, Vasiliev (1997) found that there was no change
in iron (Fe) surface concentration at the surface of equiatomic Co—Fe alloy in the
temperature range of 683 to 1123 K. There is no significant iron and cobalt surface

segregation of the Co—Fe alloys (Vasiliev, 1997).

Grain size affects the properties of Fe—Co alloys. If the grain size is small, it will
have high mechanical properties but the magnetic properties will be low (Bloch et
al., 2007). The grain size can be increased by using an appropriate heat treatment to
obtain a balance between mechanical strength and magnetic performance. This is
because a material with large grains would have better magnetic properties than a
material with small grains (Liu et al., 2003). Therefore, a correct approach to
achieving a balance between mechanical and magnetic properties is to increase the

grain size (Liu et al., 2003).

Bloch et al. (2007) considered iron—cobalt alloys with concentration of cobalt more
than 15 %. They found that the alloys have high induction saturation than iron-
silicon (Fe—Si) alloy which is the most commonly known of the electrical alloys.

20



They also found that these alloys can lead to a 30% reduction of the electromagnetic
part of an electrical device. They can greatly reduce the magnetic losses in electrical
motors, thereby increasing their efficiency. The alloys also have very high Curie
temperature that allows their use at very high temperature (Gasior et al., 2011;
Vasiliev, 1997).

The most commonly used of Fe—Co alloys are the 2V Permendur and the
Supermendur alloys. The development of generators and advanced motors for
airspace and other special power applications requires light weight, small size, low
power consumption, and use of soft magnetic materials which possess high
mechanical strength (Couto & Ferreira, 1989). Fe—Co alloys in appropriate
concentrations have desirable mechanical and magnetic properties (Gasior et al.,
2011). These properties are required for advanced power application (Couto &
Ferreira, 1989).

Investigations have also been carried out on the use of magnetic alloys for medical
applications (Gurrappa, 2002; Mathieu, Martel, Yahia, Soulez, & Beaudoin, 2005;
Pouponneau, Savadogo, Napporn, Yahia, & Martel, 2010; Reclaru, Luthy, Eschler,
Blatter, & Susz, 2005). As an example, Pouponneau et al. (2010) showed that in an
experiment performed in the carotid artery of a living swine the magnetic gradients
generated by a clinical MRI system could propel and navigate unethered medical

microdevices and micronanorobots in the human vasculature.
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Figure 2.5: Fe—Co phase diagram (“Iron-Cobalt (Fe-Co) Phase Diagram,” n.d.)

Fe—Co phase diagram above indicates phases to be expected at equilibrium for

different combinations of cobalt content and temperature.
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CHAPTER THREE
METHODOLOGY
3.1 Thermodynamic properties

The self-association model was developed by Singh and Sommer (1992). This is a
simple statistical model which can be used to study phase segregation in binary
liquid alloys. In this model, one assumes that an A — B binary liquid alloy has N, =
Nc atoms of component A and Nz = N(1 — ¢) atoms of component B, so that the
total number of atoms N = N, + Ng. Here c is the concentration of component A.
It is further assumed that the elements of the component atoms A and B have the
structure of a polyatomic matrix, resulting in the formation of cluster of like-atoms
of the kind Ay and B, i.e.,

UA = A,;

0 VB = B, (3.1)

In equation (3.1), (1 represents the number of atoms in the cluster of matrix of type

A while v represents the number of atoms in the cluster of matrix of type B.

The thermodynamic properties of the demixing liquid alloys are dependent on the

number of self-associates,
n= u/v; u>v (3.2)

Two assumptions are made. The first assumption is that the locations of all the atoms
are on a set of equivalent lattice sites and each atom has z nearest neighbours.

Secondly, the presence of short-range and effective interaction.

The self-association model gave a simple expression for the Gibbs free energy of
mixing as (Singh & Sommer, 1997):

Gy =RT[ciInc+(1—-c)In(1—c¢c)+cIn(1—-B)+Inl+c(A—-c)I'w (3.3)
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where c is the concentration of atom A.

W=uw, I'=

1 _1_1 _H
(1_Cﬁ),ﬁ—1 ~, n=- (3.4)

In equation (3), w is the order energy or interchange energy. One can use the value
of w to deduce the mixing behaviour in alloys. When w < 0, it is an indication of
heterocoordination (pairing of unlike atoms as nearest neighbours); w > 0 is a
signature of homocoordination (pairing of like atoms as nearest neighbours); w = 0

Is an indication of ideal mixing in the alloy.

In addition, computation of thermodynamic properties and microscopic functions of
binary alloys at the temperature of investigation requires the fitting of the model
parameters n (ratio of self-associates) and W /RT (order energy parameter) at that
temperature. The model parameters do not depend on concentration but may be

dependent on temperature and pressure (Akinlade, Boyo, & ljaduola, 1999).

The general expression from which the activities of the components of a binary alloy

can be obtained is given as (Anusionwu & Echendu, 2010):

RTIlna; = (ZCI;VA:I)TPN , (3.5)

Using equations (3.2) and (3.4) and recalling that N = N, + Nz and ¢ = N, /N, the

activities of alloy components are given as (Akinlade et al., 1999):
Inay =In[cl(1 - )]+ (1 — B+ (1—c)?r?— (3.6)

Inap = In(cM) +c(1 - HrA—n) +nc?(1-PHr:— (3.7
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where R is the universal gas constant.

The activity coefficients (y;) of the alloy components can be obtained from the given

expression below:

y; = — ,(i=A4,B) (3.8)

3.2 Structural properties

Theoretical models to determine the concentration-concentration fluctuations in the
long wavelength limit S..(0) and Warren-Cowley short range order parameter a,

are discussed in this section.

3.2.1 Concentration-concentration fluctuations at the long wavelength limit

The concentration-concentration fluctuations at the long wavelength limit, S..(0)
gives information on the nature of atomic order in an alloy. The concentration-
concentration fluctuations at the long wavelength limit, S..(0) is difficult to obtain
from diffraction experiments (x-ray and neutron) (Bhatia, Hargrove, & Thornton,
1974). However, it can be easily determined theoretically from the Gibbs free energy

of mixing or activities through the standard relationship (Novakovic, 2011):

Scc(0) = RT (6;6;\4);;’1\[ = (1= c)ay (%);;

_ 6aB -1
— ‘45 (6(1—6))T’P'N (3.9)
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The experimental values of S..(0) which are not easy to obtain from experiments
can be determined from experimental values of activity (Hultgren, Desai, Hawkins,
Gleiser, & Kelly, 1973) by using equation (3.9).

By using equations (3.3), (3.6) or (3.7), an expression to determine S..(0) is given
as (Akinlade et al., 1999):

c(1-c)
1-c(1-c)g(n,w)

Sec(0) = (3.10)

where

2 nz%— (n-1)?[c+n(1-c)]

[c+n (1-0)]3

gnw) = (3.11)

As earlier indicated, ideal mixing occurs when the energy parameter, w, in equation
(3.4) is zero. Therefore, equation (3.10) reduces to the ideal S..(0) which is given
as (Odusote & Popoola, 2017):

Scc(0) = % (3.12)
The departure of S..(0) from S¥¢(0) can be used to deduce the alloying behaviour
of liquid alloys. At a given concentration, a liquid alloy is said to be compound
forming if S..(0) < S¥4(0) while phase separation occurs when S,.(0) > S¥¢(0)
(Novakovic et al., 2012). If S..(0) = S¥¢(0), the alloy shows ideal mixing
behaviour (Koirala et al., 2013; Anusionwu, Adebayo, & Mbamala, 2013). For a
demixing system, S..(0) > S (0) (Boyo, 2005).
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3.2.2 Warren-Cowley chemical short range order parameter (a)

Warren-Cowley (Cowley, 1950; Warren, 1969) short-range order parameter (a,) is
useful in measuring the degree of chemical order in alloys. Although, it is quite
difficult to obtain a, from diffraction experiments, it can be determined from the
knowledge of S..(0). Knowledge of a; helps to understand the local arrangements

of atoms in liquid alloys.

It has been shown that a; has values in the following range (Singh, 1987):

—-C

(1-¢)

<a; <1, c<1/2 (3.13)

-1(1-c)

<a,<1lc>1/2 (3.14)

For equiatomic concentration (c = 1/2), equations (3.12) and (3.13) reduce to

There will be complete heterocoordination when «; has a minimum value of
a™" = —1, complete homocoordination when «, has the maximum value of

a*** =1 and random distribution of atoms when a; = 0 (Akinlade & Singh,
2002).

Singh, Pandey, Sinha, Mistra and Srivastava (1987) have shown that a; can be
determined from S..(0):

S—-1

a1 = [S(z-1)+1] '

(3.16)
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where

_ 5cc(0)
~ si(0)

(3.17)

Z is the bulk coordination number of the alloy. It has been suggested that the value
of Z could be taken as 10 for most of liquid metallic systems (Prasad et al., 1995).

For this work, Z is taken as 10.

3.3 Transport properties

Transport properties like mutual diffusivity and viscosity are important in

understanding the mixing properties of alloys on the atomic scale.

3.3.1 Mutual diffusivity

An important relationship between S..(0) and diffusivity can be obtained by using
Darken (1948) equation for diffusion. This relationship is given as (Singh &
Sommer, 1992; Prasad et al., 1998):

Dy _ S (0) _ c(1-c)
Diq N Scc(o) N Scc(o)

, (3.18)

where D,, and D;; are the mutual diffusivity and intrinsic diffusivity respectively.
The intrinsic diffusivity D;, is given as (Prasad et al., 1998):
Did = CDB + (1 - C)DA , (319)

where D, is the self-diffusivity of pure component A, Dy is the self-diffusivity of

pure component B and c is the concentration of component A.
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The relationship between S...(0) and diffusivity given by D (i. e. Dy, /D;;) shows the
mixing behaviour of alloys. D > 1 indicates that there is a tendency to compound
formation, D < 1 shows phase segregating tendencies and D — 1 indicates ideal

mixing in the alloys (Singh & Sommer, 1992).

Equation (3.18) can be used to calculate the mutual diffusivity for alloys if the
experimental self-diffusivities D; of the alloy components are known. But there are
scanty experimental data in the literature. In order to have a clear understanding of
diffusion-related phenomena in liquid metals, knowledge of self-diffusivities is
required (lida & Guthrie, 1988). The knowledge of self-diffusivities of liquid metals

has led to much progress in the development of diffusion theories for liquid metals.

Theoretical models can be employed in predicting the values of self-diffusivities of
pure liquid alloy components to a reasonable extent. One of such models was
developed by Protopapas, Andersen and Parlee (1973). This is a model based on the
hard-sphere theory and can be used to determine the self-diffusivities of liquid
metals. According to Protopapas et al. (1973), the expression for self-diffusivities is

given as:

1/2 4
nRT) (1-m)3 (3.20)

where R is the universal gas constant, T is the temperature of investigation, M is the
atomic weight, ¢ is the atomic diameter, 1 is the packing fraction and C,y, (1) is

known as the Alder-Wainwright correction.

An expression for the determination of ¢ is given as:
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o = 1.1260,[1 — 0.112(T /T,,)*/?] (3.21)

where g, is the atomic diameter at the melting temperature, T,,,. By taking the
melting-point packing fraction as n,, = 0.472 (Protopapas et al., 1973), an

expression for the computation of a,, is given as:

M f” (3.22)

TPpmN4

@n=141(

where p,,, is the melting-point atomic density and N, is Avogadro’s constant.

The value of packing fraction at temperature T can be determined from the relation

n = 0.472 p3a3 (3.23)

PmOom

where in equation (3.23), p is the atomic density at a particular temperature T. An

expression for the determination of p is given as:
p =pm+ AT —Tp), (3.24)

9
where A =22
T

The value of Alder-Wainwright correction Cy4y, (1) is required in equation (3.20).
This value can be obtained from a chart in Protopapas et al. (1973) once the value

of packing fraction 1 at any temperature of interest is known.

3.3.2 Viscosity

The concentration dependence of viscosity of binary liquid alloys shows linear

relationship or positive or negative deviations from the linear law:

$ia=cSa+ (1 —c)ép (3.25)
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The viscosity, & of a binary liquid alloy is given according to Moelwyn-Hughes
(1961) as:

§=[céa+ (1= )5l [1-2c(1-0) (35)]. (3.26)

where in equations (3.25) and (3.26), &;(i = A, B) are the viscosities of pure alloy
components A and B respectively, w is the interchange energy and c is the

concentration of atom A.

The temperature dependence of viscosity in liquid metals approximates an Arrhenius
type expression (lida & Guthrie, 1988). This is a relationship which can be employed
in order to theoretically calculate the viscosity values of the alloy components at the

working temperature (Anusionwu & Echendu, 2010). This is given as:
H
E=Qexp (R—;) , (3.27)
where Q and H; are constants.

The constant @ is given according to Grosse (1961) as:

5.7X1072(MTyy,)1/2

Q= ;
0% exp(Hg/RTp,)

(3.28)

where in equations (3.27) and (3.28), M, R, T and 2,,, are the molecular weight,
universal gas constant, temperature of investigation , and atomic volume at melting

point, respectively.

In addition, Grosse (1961) showed that there is an empirical relationship between

H; for liquid metals and their melting temperatures, T,,,. A similar work was carried
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out by lida, Morita and Takuchi (1975) and they gave the following expressions
for H;:

He= 1.21 T3 (3.29)
He=0.75 T,1? (3.30)

Equations (3.28) and (3.29) apply to normal metals and semi-metals respectively.

3.4 Surface properties

Prasad, Singh and Singh (1994) developed a statistical mechanical approach based
on the concept of layered structure near the interface to obtain expressions for
surface properties of binary liquid alloys. Based on this approach, the grand partition
function at the surface, =5, surface tension, t, and surface area @, are related through

the expression given below:

S =exp (g) = exp (_?j{vs) : (3.31)

where N°, K and 1 (: %) are the total number of atoms at the surface, Boltzmann

constant, and mean atomic surface area respectively.

The surface tension of a binary liquid alloy can be determined through the activity
coefficients of the alloy components. In terms of the activity coefficients of the alloy
components, Prasad et al. (1994) gave two sets of equations for the calculation of
surface tension of a binary liquid alloy as:

1= 1yt =iy, + S p(d) + ()] (3.32)
A
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and
=+ T E Sy + LD +a(c)?, (339

where 7, and 7 are the surface tension of pure alloy components A and B, ¢; and
¢/ (i = A, B) are the bulk and surface concentrations of the alloy components A and
B, y, and yy are the bulk activity coefficients of the alloy components A and B and

w is the interchange energy.
The ideal surface tension is given as:
Tl‘d - TACA + TBCB (334)

The surface S..(0) is useful in studying how the atoms are arranged at the surface

of an alloy. The surface S..(0) is given according to Prasad and Singh (1991) as:

520 = ciep [1+(Z) a-p] (3.35)

where

B° = {1 +4cicp [exp (ZSVZT) — 1]}1/2 (3.36)

Here, Z is the coordination number in the bulk which is usually taken as 10 for most
of liquid metallic systems (Prasad et al., 1995). Z° is the surface coordination

number which is given as:
Z2=Z(p+q), (3.37)

where p and g are surface coordination fractions. p and g are fractions of total
number of nearest neighbours an atom has within its own layer and that in the

adjacent layer, respectively (Akinlade & Singh, 2002). The values of p and g are
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chosen such that p + 2q = 1 (Prasad & Singh, 1991; Prasad et al., 1998). For
closed-packed structures, p = 0.5 and g = 0.25 (Anusionwu et al., 2009).

The surface tension and atomic volume have temperature-dependent relationships
which can be used to determine the surface tension and atomic volume of the alloy
components at the temperature of investigation. These relationships are given in
Smithells and Brandes (1978) as:

a‘[i
Ty = Tyn + (T —T) T (3.38)
and

where t;,,, (i = A, B) is the surafec tension of the alloy component i at the melting

point, 0;,, (i = A, B) is the atomic volume of the alloy component i at the melting
temperature, T,, in Kelvin, 0 is the thermal coefficient of expansion and % (i =

A, B) is the temperature coefficient of surface tension.

Calculation of surface properties requires the mean surface area A. According to
Laty, Joud and Desre (1976), an expression for determining the atomic surface area

A; for each component atom in binary liquid alloys is given as:
A = 1.10203N%/3 (3.40)
and the mean surface area A is given as
A=Yl , (3.41)

where N, is the Avogadro’s constant and c; (i = A, B) are the concentrations of the

alloy components A and B respectively.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS
4.1 Results

The experimental values of Gibbs free energy of mixing and activities obtained from
(Hultgren et al., 1973) were used in conjunction with equations (3.3) and (3.6) to
obtain optimised values of model parameters which give good overall
representations of the experimental thermodynamic quantities of the alloys at all
concentrations. The values of the model parameters obtained at 1863 K are shown
in Table 4.1.

The model parameters shown in Table 4.1 were used to calculate the activity
coefficients, concentration-concentration fluctuations at the long wavelength limit
S.c(0), and Warren-Cowley chemical short-range order parameter (a;). These

quantities have been used in the determination of transport and surface properties.
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Table 4.1: Model parameters for liquid Fe—Mn and Fe—Co alloys.

Alloy Temperature | Ratio of self-associates | Order energy parameter
T (K) (n) (W/RT)

Fe—Mn 1863 1.551 0.305

Fe—Co 1863 1.380 0.335
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4.1.1 Thermodynamic properties

In figures 4.1 and 4.2 respectively, the calculated Gibbs free energy of mixing and
activity values are compared with experimental values for liquid Fe—Mn alloy at
1863 K while in figures 4.3 and 4.4 respectively, the calculated Gibbs free energy of
mixing and activity values are compared with experimental values for liquid Fe—Co
alloy at 1863 K.
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Figure 4.1: Calculated (line) and experimental (filled squares) values of G,;/RT

against bulk concentration (Fe) for Fe—Mn alloy at 1863 K.
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Figure 4.2: Calculated (line) and experimental (filled squares) of activity against
bulk concentration (Fe) for Fe—Mn alloy at 1863 K.
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Figure 4.3: Calculated (line) and experimental (filled squares) values G,,/RT against
bulk concentration (Fe) for Fe—Co alloy at 1863 K.
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Figure 4.4: Calculated (line) and experimental (filled squares) values of activity

against bulk concentration (Fe) for Fe—Co alloy at 1863 K.
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4.1.2 Structural properties

Two functions which are usually made use of in order to study the local arrangement
of atoms and the strength of interactions are concentration-concentration
fluctuations at the long wavelength limit, S..(0) and Warren-Cowley short range

order parameter, ;.

It has been reported that the extent of positive deviations of the concentration-
concentration fluctuations at the long wavelength limit S..(0) from its ideal values
Si4(0) determines the strength of segregation in the bulk of the alloys (R N Singh
& Sommer, 1997). In order to determine the strengths of segregation in the alloys at
1863 K, the concentration-concentration fluctuations at the long wavelength
limit S..(0), calculated from equation (3.10) using already determined model
parameters was plotted as a function of bulk concentration. The experimental values
of S..(0) were determined from measured activity values using equation (3.9) and

compared with the calculated values.

Figure 4.5 shows the variation of S..(0) with the bulk concentration of iron (Fe) for
liquid Fe—Mn while figure 4.6 shows the variation of S..(0) with the bulk

concentration of iron (Fe) for liquid Fe—Co alloys.

There is a slight deviation between the calculated and the ideal values of S..(0) for
liquid Fe—Mn alloy as shown in figure 4.5. The S..(0) is symmetric around the

equiatomic concentration. The extent of homocoordination in this alloy is low.
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The calculated and experimental values of S..(0) are not in agreement for liquid
Fe—Co alloy as shown in figure 4.6. Experimental S..(0) shows asymmetry while
the calculated S..(0) is symmetric around the equiatomic concentration. . It is
observed that the model of Singh and Sommer (1992) for regular alloys could not

reproduce quantitatively the experimental values of S..(0) for liquid Fe—Co alloy.
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Figure 4.5: Bulk S..(0) against bulk concentration (Fe) for Fe—Mn alloy at 1863 K.

Line and filled squares are calculated and experimental values of S..(0),

respectively. Dots represent the ideal S..(0).
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Figure 4.6: Bulk S,..(0) against bulk concentration (Fe) for Fe—Co alloy at 1863 K.
Line and filled squares are calculated and experimental values of S...(0),

respectively. Dots represent the ideal S..(0).
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The short-range order parameter, a, calculated from equation (3.16) was also plotted
against bulk concentration of iron (Fe) to shed light on the ordering phenomena in
Fe—Mn and Fe—Co alloys. Figure 4.7 shows the plot of a, against the bulk
concentration of iron (Fe) for Fe—Mn and Fe—Co alloys. Figure 4.7 shows that the

degree of phase segregation is higher in Fe—Co alloy than in Fe—Mn alloy.
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4.1.3 Transport properties

Using equation (3.18), the mutual diffusivity D,, for the two liquid alloys were
calculated at 1863 K. To calculate the values of mutual diffusivity, the values of
self-diffusivities of pure Fe, Mn and Co at 1863K are required. Due to unavailability
of experimental values of self-diffusivities for Fe, Mn and Co at 1863 K , the model
of Protopapas et al. (1973) given in equation (3.20) was used to calculate the values
of self-diffusivities for the components of Fe—Mn and Fe—Co alloys. Experimental
and calculated values of self-diffusivities of some liquid metals at their melting

points are compared in Table 4.2.

The experimental values of self-diffusivities at the melting points of Ga, Ag and K
were obtained from Protopapas et al. (1973) while the value for Fe was obtained
from Yokoyama (1999).

The calculated values for these liquid metals are in close agreement with
experimental values. Thus, the model was used to determine the values of self-
diffusivities for Fe, Mn and Co at 1863 K. The values of M, p,,, and A in equations
(3.20), (3.22)—(3.24) were taken from lida & Guthrie (1988). After determining the
packing fraction, n at 1863 K for the alloy components, the value of Alder-
Wainwright correction factor, C4y, () was obtained from a chart in Protopapas et al.
(1973). The self-diffusivities obtained at 1863 K for Fe, Mn and Co are 4.18, 7.97

and 4.49 ( x 107°m?s™1) respectively.
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Table 4.2: Comparison of calculated melting-point self-diffusivities of some liquid

metals from equation (3.20) with experimental values.

Metals Calculated self-diffusivity Experimental self-diffusivity
(1072 m2s™1) (1072 m2s™1)
Fe 4.07 4.16
Ga 1.69 1.72
Ag 2.75 2.55
K 3.81 3.82

49



Figures 4.8 and 4.9 show the variation of mutual diffusivity with bulk concentration
of iron (Fe) for the liquid Fe—Mn and Fe—Co alloys respectively. For Fe—Mn alloy,
the mutual diffusivity decreases almost like for a regular alloy to around 0.85 atomic
fraction of iron (Fe) as shown in figure 4.8. For the Fe—Co alloy, the mutual
diffusivity shows a negative departure from ideality. The two plots show that
diffusion-related activities will be higher in liquid Fe—Mn alloy than in liquid

Fe—Co alloy.
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Figure 4.8: Mutual diffusivity against bulk concentration (Fe) for Fe—Mn alloy
at 1863 K.
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Figure 4.9: Mutual diffusivity against bulk concentration (Fe) for Fe—Co alloy
at 1863 K.
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The viscosities of the two liquid alloys were computed from the model of Moelwyn-
Hughes (1961) given in equation (3.26). To do this, the values of viscosity of pure
Fe, Mn and Co at 1863 K are required. Due to lack of experimental viscosity values
of the alloy components at 1863 K, equation (3.27) was used to predict their
viscosities at this temperature. Table 4.3 shows the comparison of experimental
viscosity values of Fe, Mn and Co with calculated values using Arrhenius type
equation (3.26).

The experimental values of viscosity for Fe, Mn and Co were obtained from Kaptay
(2005). The calculated values of viscosity for these liquid metals at their melting
points are in close agreement with experimental values. Thus, equation (3.27) was
used to predict the values of viscosity for Fe, Mn and Co at 1863 K. The calculated
values of viscosities of Fe, Mn and Co were substituted into equation (3.26) to
determine the viscosities of Fe—Mn and Fe—Co alloys throughout the whole

concentration range.
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Table 4.3: Viscosity values of some liquid metals. Calculated values were obtained

using Arrhenius type equation (3.27).

Metals | Experimental viscosity at | Calculated viscosity at | Calculated viscosity
melting point (mPas) melting point (mPas) |at 1863 K (mPas)
Fe 41-53 4.55 4.46
Mn 5.0 3.66 3.25
Co 4.7 -6.2 4.76 4.60
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Figures 4.10 and 4.11 show the variation of viscosity with bulk concentration of iron
(Fe) for liquid Fe—Mn and Fe—Co alloys respectively. For the liquid Fe—Mn alloy,
there is a small negative deviation from the linear law in viscosity as observed in
figure 4.10. On the other hand, for liquid Fe—Co alloy there is a large negative

deviation from the linear law in viscosity of about 0.83 mPas as seen in figure 4.11.
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Figure 4.10: Viscosity against bulk concentration (Fe) for Fe—Mn alloy at 1863 K.
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Figure 4.11: Viscosity against bulk concentration (Fe) for Fe—Co alloy at 1863 K.
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4.1.4 Surface properties

The values of surface properties (surface concentrations and surface tension) of
liquid Fe—Mn and Fe—Co alloys were computed numerically from equations (3.32)
and (3.33). The two equations were solved simultaneously. The activity coefficients
for Fe, Mn and Co atoms in liquid Fe—Mn and Fe—Co alloys, respectively, at
1863 K were computed from equation (3.8) through equations (3.6) and (3.7) using

the model parameters shown in Table 4.1.

The surface tension and atomic volume of Fe, Mn and Co at their melting
temperatures were taken from lida and Guthrie (1988). In order to obtain the surface

tension and atomic volume at 1863 K for the components of both liquid alloys,
equations (3.38) and (3.39) were used. The values of % and 0 for pure Fe, Mn and

Co were taken from lida and Guthrie (1988). Equations (3.40) and (3.41) were used
respectively to calculate the atomic surface area A; and the mean surface area A for
Fe, Mn and Co.

The surface tension values obtained at 1863 K for Fe, Mn and Co are 1.845, 1.020
and 1.825 (Nm™1) respectively. For atomic volume at 1863 K, the values are 8.00,
10.10 and 7.70 (x 10~®m3mol~1) for Fe, Mn and Co respectively.

Figure 4.12 shows the variation of surface concentration of iron (Fe) with its bulk
concentration for liquid Fe—Mn alloy while figure 4.13 shows the variation of
surface concentration of iron (Fe) with its bulk concentration for liquid and Fe—Co

alloy. For the liquid Fe—Mn alloys, figure 4.12 shows a negative deviation from
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ideality. From figure 4.13, the surface concentration of liquid Fe—Co alloys is close
to ideality. The presence of more iron (Fe) atoms at the surface of Fe—Co alloy

suggests that Fe—Mn alloy will be more resistant to corrosion than Fe—Co alloy.
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Figure 4.12: Surface concentration (Fe) against bulk concentration (Fe) for Fe—Mn
alloy at 1863 K.
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Figure 4.13: Surface concentration (Fe) against bulk concentration (Fe) for Fe—Co
alloy at 1863 K.
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Figures 4.14 and 4.15 show the plots of calculated surface tension values against
bulk concentration of iron (Fe) for Fe—Mn and Fe—Co alloys respectively. For lack
of experimental data at 1863 K, the calculated surface tension values for both liquid
alloys could not be compared with experiment. However, calculations based on this
model had shown close agreement with experiment (Anusionwu, Akinlade, &
Hussain, 1998). The surface tension of Fe—Mn and Fe—Co alloys indicate a negative

deviation from ideality.
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Figure 4.14: Surface tension against bulk concentration (Fe) for Fe—Mn alloy

at 1863 K.
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Figure 4.15: Surface tension against bulk concentration Fe) for Fe—Co alloy
at 1863 K.
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Surface S..(0) gives the local arrangement of atoms at the surface of liquid alloys.
Figures 4.16 and 4.17 show the variation of surface S..(0) with bulk concentration
of iron (Fe) for liquid Fe—Mn and Fe—Co alloys respectively. Fe—Mn alloy exhibits
ideal behaviour below 0.4 and above 0.95 atomic fractions of iron at the surface. On
the other hand, Fe—Co alloy exhibits ideal behaviour below 0.12 and above 0.9
atomic fraction of irons. These corroborate the results from bulk properties

calculations.
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Figure 4.16: Surface S..(0) against bulk concentration (Fe) for Fe—Mn alloy

at 1863 K. Dots represent ideal values.
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Figure 4.17: Surface S..(0) against bulk concentration (Fe) for Fe—Mn alloy

at 1863 K. Dots represent ideal values.
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4.2 Discussions

Thermodynamic properties calculations show that for liquid Fe—Mn alloy, the
calculated and the experimental values for Gibbs free energy of mixing at 1863 K
are in excellent agreement (Fig. 4.1). It is also observed that the Gibbs free energy
of mixing is symmetric around the equiatomic concentration. Similarly, the
calculated and the experimental values of activity at 1863 K are in excellent
agreement (Fig. 4.2). The activity values appear to obey Raoult’s law. These
observations suggest that liquid Fe—Mn alloy exhibits properties of ideal mixing

with no tendencies to form complexes.

It is observed that for liquid Fe—Co alloy, there is some level of qualitative
agreement between its calculated and the experimental Gibbs free energy of mixing
at 1863 K (Fig. 4.3) . The experimental values of the Gibbs free energy of mixing
have some slight asymmetry about equiatomic concentration which the calculated
values could not reproduce quantitatively. For activity, there is also some level of
qualitative agreement between the calculated and experimental values (Fig. 4.4).
Also, the calculated and experimental values of activity show some disparity
between 0.5 and 0.9 atomic fractions of iron (Fe). These observations suggest that,
unlike Fe—Mn, liquid Fe—Co alloy do not exhibit properties of a regular alloy. This
possibly suggests the presence of some complex forming activities in the liquid alloy
at the temperature of investigation. However, no complexes were suggested in the
phase diagram of Fe—Co alloy (Hultgren et al., 1973); therefore the self-association

model was used to study the alloy.
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Fe—Mn alloy exhibits ideal mixing property below 0.25 and above 0.88 atomic
fractions of iron while in the rest of the concentration of iron, it shows low tendency
for homocoordination. Hence the alloy has a regular behaviour with more tendency
to ideal mixing where S..(0) = S4(0) at all concentrations. Liquid Fe—Co alloy
exhibits ideal mixing property below 0.20 and above 0.88 atomic fractions of iron
while it shows tendency for homocoordination between 0.2 and 0.7 atomic fractions
of iron. The experimental S..(0) appear to be slightly below the ideal values
between 0.70 and 0.90 atomic fractions of iron (Fe). This possibly suggests that at

these concentrations, weak ordering is expected in the alloy.

Small positive values of a, clearly indicate that the two systems are weakly
segregating (Fig. 4.7). Maximum segregation will occur around 0.67 atomic fraction
of Fe for Fe—Mn alloy with the maximum value of @; = 0.0151. For Fe—Co alloy,
maximum segregation will occur around 0.62 atomic fraction of Fe with the

maximum value of a; = 0.0178.

On transport properties, above 0.85 atomic fraction of iron (Fe), the mutual
diffusivity of Fe—Mn alloy remains almost constant (Fig. 4.8). Within this region
diffusion-related activities will be low in the alloy. For Fe—Co alloy, there is a
decrease in mutual diffusivity with increasing bulk concentration of iron (Fe) with
the minimum value lying between 0.65 and 0.70 atomic fractions of iron (Fe) (Fig.
4.9). Around these concentrations, some complex forming activities are suspected.
These activities must have led to a significant decrease in diffusion-related activities
in this region in the alloy. The two plots show that diffusion-related activities will
be higher in liquid Fe—Mn alloy than in liquid Fe—Co alloy.
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Viscosity calculation shows that for the liquid Fe—Mn alloy, there is a small negative
deviation from the linear law in viscosity (Fig. 4.10). Around 0.25 atomic fraction
of iron (Fe), the viscosity is observed to decrease slightly by about 0.10 mPas and
then rises rapidly above this concentration. On the other hand, for liquid Fe—Co
alloy there is a large negative deviation from the linear law in viscosity of about 0.83
mPas (Fig. 4.11). The viscosity decreases rapidly to around 0.52 atomic fraction of
iron (Fe) and then rises rapidly above this concentration. The minimum viscosity is

expected between 0.50 and 0.57 atomic fractions of iron (Fe).

The surface concentration of Fe—Mn alloy shows that manganese with lower surface
tension with respect to iron has more concentration at the surface (Fig. 4.12). On the
other hand, iron atoms having higher value of surface tension remain in the bulk.
This suggests that alloys of Fe and Mn are likely to be less susceptible to corrosion.
Both Fe and Co atoms have almost equal concentrations at the surface of Fe—Co
alloys (Fig. 4.13).

The surface tension of liquid Fe—Mn alloy increases with increasing bulk
concentration of iron (Fig. 4.14). On the other hand, the surface tension of liquid
Fe—Co alloy decreases with increase in the bulk concentration of iron to around 0.59
atomic fraction of iron (Fe) and then rises rapidly (Fig. 4.15). Reduction of surface
tension in Fe—Co alloy to above the equiatomic concentration may be as a result of
the suspected complex forming activities within this region. The extent of surface

segregation may not be significant in the two alloys (Fig. 4.16 and Fig. 4.17)
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1 Conclusion

The self-association model of Singh and Sommer (1992) has been used in
conjunction with a model based on the hard-sphere theory, the model of Moelwyn-
Hughes and a statistical mechanical approach to compute the transport and surface
properties of liquid Fe—Mn and Fe—Co alloys. Calculations indicate that both alloys
are weak phase segregating systems. While Fe—Mn alloy tends towards ideal mixing
of a regular alloy, Fe—Co alloy shows ideal mixing property below 0.20 and above
0.88 atomic fractions of iron (Fe), homocoordination between 0.20 and 0.70 atomic
fractions of iron (Fe) and weak ordering between 0.7 and 0.9 atomic fractions of iron
(Fe).

Calculations of transport properties show that the mutual diffusivity of Fe—Mn alloy
decreases with increasing bulk concentration of iron (Fe) to around 0.85 atomic
fraction of iron (Fe) and remains almost constant. However, for Fe—Co alloy, the
mutual diffusivity shows a negative departure from ideality with the minimum value
lying between 0.65 and 0.70 atomic fractions of iron (Fe). Within the regions of low
mutual diffusivities in the two systems, diffusion-related activities will be relatively
low. The plots of mutual diffusivities show that diffusion-related activities are higher
in Fe—Mn alloy than in Fe—Co alloy. Also, as reflected by the plots of viscosity, the
viscosities of Fe—Mn and Fe—Co alloys show negative deviations from the

Arrhenius’ law. The negative deviation is more pronounced in Fe—Co alloy.
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Calculations of surface properties indicate that the surface of Fe—Mn alloy is
enriched with Mn-atoms while the surface of Fe—Co alloy has almost equal
concentrations of iron (Fe) and cobalt (Co) atoms. This indicates that Fe—Co alloy
has more Fe-atoms at the surface than Fe—Mn alloy. This possibly suggests that
Fe—Mn alloy will be more resistant to corrosion than Fe—Co alloy. The study further
shows that the surface tension increases in Fe—Mn alloy with increasing bulk
concentration of iron (Fe). On the other hand, the surface tension of Fe—Co alloy
decreases to around 0.59 atomic fraction of iron (Fe) before it rises rapidly with
increasing bulk concentration of iron (Fe). The results of surface S..(0) for the two

liquid alloys corroborate the results of bulk properties calculations.

5.2 Recommendation

The results of this work have shown that for liquid Fe—Co alloy, the self-association
model of Singh and Sommer (1992) could not reproduce quantitatively the
experimental Gibbs free energy of mixing, activity, and bulk S..(0). Therefore, it is
suggested that other theoretical models could be used to study the properties of this

important alloy.

5.3 Contribution to knowledge

The experimental values of self-diffusivities, surface tension and viscosity of the
components of the two liquid alloys studied at 1863 K are not available in the
literature. Calculations in this work have been able to predict to a reasonable extent
the values of these quantities for iron (Fe), manganese (Mn) and cobalt (Co) at 1863
K.
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