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1 Introduction

1.1 Background

Aluminium has two main advantages over copper for use in high-voltage transmission lines. First,
as aluminium is lighter than copper fewer pylons are required. Second, aluminium is significantly
cheaper than copper per unit weight. Other properties such as mechanical strength and corrosion
resistance makes aluminium a feasible option for high-voltage transmission lines.

Altering the grain size and distribution in a metal can change the mechanical properties of that
metal, which is also true for aluminium. This can be done by changing the solidification rate, the
addition of grain refiners and by the application of an electromagnetic (EM) field. It has been
found in earlier studies (e.g. Metan 2009 [1] and Vives 1993 [2]) that the use of a strong EM field
can influence the microstructure. While grain refiners can be used to adjust the microstructure, the
addition of said grain refiners has been proven to influence the electrical conductivity of aluminium
(e.g. Hassanabadi 2018 [3]).

1.2 Objective and experimental work

The objective of this study is to explore how solidification rate, the addition of grain refiner and
the application of of an EM field affect the microstructure of commercially pure Al and Al-Si alloys.
This includes how and to what extent the solidification rate, the addition of grain refiner, and the
application of a magnetic field affects grain structure and electrical conductivity in these alloys.
This exploration provides a base for further research into the use of EM fields for grain adjustment
purposes and provides a comparison with the effects of solidification rate and grain refiners.

Commercially pure aluminium, hereby referred to as Al and the Al-Si alloy, AlSi7, supplied by
SINTEF and three grain refiners supplied by Norsk Hydro ASA were used for the purposes of this
experiment. These resources were used to cast 50 different samples for analysis. Three methods
were used for casting. These three methods were repeated once for Al and once for AISi7:

e The metal was melted then cast into four different moulds with varying solidification rate.

e Three different grain refiners were added to separate melts, before they were cast in the four
moulds.

e Samples were cast in an EM field at four different strengths.

After casting, the samples were cut, polished to a flat surface, and then anodized. This was
done to optimise imaging from polarised light microscopy of the prepared samples. These images
were in turn analyzed by qualitative inspection and quantitative image analysis by deterministic
segmentation. Though several more rounds of casting and an improved method are required to
determine the optimal procedure for casting aluminium in an EM field, this work provides a base
knowledge which highlights what variables affect the microstructure.

A systematic overview of the structure and main aspects of this thesis is provided in Figure 1







2 Theory

2.1 Aluminium and Aluminium Alloys

Aluminium is suitable for electrical purposes, as it is lightweight and considered a good conductor.
By combining aluminium with other elements, new alloys can be customised to meet specific
demands. Aluminium has a tensile strength between 186 and 510 MPa and a density of 2.7 g/cm?,
while stainless steel has a tensile strength between 515 and 1140 MPa and a density of 7.7 g/cm?
[4]. The lower density allows aluminium to be used as an replacement for stainless steel under many
circumstances. This versatility combined with its recyclability has made aluminium an important
material for construction, aviation, transportation, and other sectors. The world is said to have
entered the ”age of aluminium”, and the use of aluminium is expected to continue to increase.

Relevant properties for two commonly used alloys, commercial pure Al and AlSi7, are listed below in
Table 1. The electrical conductivity of aluminium is altered substantially by impurities and defects.
Alloying elements, such as silicon or magnesium, alter both thermal and electrical characteristics,
while also affecting the physical properties of aluminium.

Table 1: Chemical composition in wt%, possible intermetallics [5], solidification temperature in °C
[6] and electrical conductivity in %IACS for 99.7% Al and AlSi7 [4].

Alloy Chemical Possible Solidification Electrical
composition intermetallics temperature | conductivity
[wt%)] [°C] [%IACS]
A199.7% A1 99.7 B8 — AlsFeSi, 630 - 660 59.5 - 63.9
Fe 0.2 0 — AlyFeSi,
Sio.1 o — AlgF@QSi
AlSi7 Al balance B — AlsFeSi, 575 - 625 38.3 - 40.1
Si 6.5-7.5 0 — AlyFeSi,
Mg 0.4-0.7 AlgF@MggSig),MgQSi
Fe 0.15 m — AlgM g3 FeSig

The electrical conductivity refers to a materials capability to conduct electric current. One common
unit of measurement is the relative conductivity compared to the International Annealed Copper
Standard(%IACS) [7]. The conductivity is determined by the type of atoms, and the mobility of
electrons in a material. A material with weakly bound electrons can more easily move current due
to higher electron mobility. In most metals the outermost electrons can be considered to be free
due to their ability to move between adjacent atoms, resulting in a high electrical conductivity
compared to non-metals. Aluminum is more conductive than silicon as silicon has more strongly
bound electrons, restricting electric current [8] [4].

2.1.1 Magnetic Properties

A material which exclusively consists of paired electrons is diamagnetic, if unpaired electrons are
present in the material, it is paramagnetic. For this reason, aluminium is paramagnetic, while for
example aluminium oxide is diamagnetic. Both of which are considered non-magnetic because they
do not exhibit magnetization unless being in the proximity of a magnetic field. In the presence of
a magnetic field a paramagnetic material will align itself with the flux and a diamagnetic one will
align itself perpendicular to the flux [9]. While being considered nonmagnetic, both commercial
pure Al and AlSi7 are paramagnetic and will thereby exhibit weak attraction to magnetic fields.

The permeability, p, measures obtained magnetization of a material in response to an applied
magnetic field in H/m. Mathematically this is the ratio between the magnetic flux density, B,
which is a measure of the actual magnetic field within a material and the magnetizing field, H.
This relationship is shown in Equation 1.




p=1 (1)

The ratio between the permeability of the material, u, and the permeability of free space, uo,
gives the relative permeability, p,. This relationship defines the magnetization of a material and

is shown in Equation 2.
“

= (2)
po is approximately 47%10~7 H/m. If the relative permeability is less than one, the material is dia-
magnetic, whereas a relative permeability larger than one indicates a paramagnetic material [10].
The relative permeability of aluminium is slightly larger than one, thereby confirming that alu-
minium is paramagnetic. In comparison, the relative permeability of iron, which is a ferromagnetic
material, is several thousands [4], depending on the purity of the material.

2.2 Electromagnetism
2.2.1 Electromagnetism and Inductors

Electromagnetism is the physical interaction between electrically charged particles. An inductor
consists of a coil of conducting wire that induces a magnetic field when an electric current is
passing through [11]. An inductor can have a solid or gaseous core, and are usually used to provide
resistance to a DC current. The inductor is defined by its inductance L, which describes the
physical parameters of the inductor. An illustration of a basic inductor is shown in Figure 2.
Every turn in coil adds to the total sum of the magnetic field [12].

) /

) \

Figure 2: Illustration of a basic inductor in the shape of a round coil [13]. I is the electric current
and the blue lines illustrates the magnetic field lines.

The magnetic field strength in the middle of the coil is inversely proportional to the cross-sectional
area of the coil [14]. An inductor opposes sudden changes in current flowing through it. This means
that an inductor meant to create a powerful switching magnetic field will experience a substantial
increase in electrical resistance in the coil. Most large inductors are water-cooled to avoid excessive
heating. [12].

Because of aluminium’s conductivity, a changing magnetic field induces a current in the metal. The
governing equations to describe this phenomenon are the Ampere’s law with Maxwell’s additions
which expresses that magnetic fields either can be generated from electric current or by changing an
electric field in a conductor. This makes it relevant for time-varying currents inducing time-varying
magnetic fields. The other relevant equation is Faraday’s law linking the changing magnetic field
to the changes of the electric field [15].




The Ampere-Maxwell equation is shown in Equation 3:

oD
VxH= Jf + — (3)
ot
where Vx is the curl operator, H is the the magnetic field, Jy is the conduction current density, D

is the electric displacement field, and ¢ is time [15]. Faraday’s law of induction is mathematically

described in Equation 4:
By = / / B(t) + dA (4)

22(0)

where ®p is the magnetic flux for the surface Y (¢), and B x dA is the vector dot product which
represents the element of flux through area dA [16].

The aluminium within the coils will experience changing electric fields as the alternating current
(AC) generates varying flux. This induces Lorentz forces, which act as an electro-motive force
on the metal. This force can be used to stir molten aluminium and achieve a more homogeneous
temperature in the melt [17].

The Lorentz force law states that the electromagnetic force equals the cross product of induced
current density and magnetic field strength, and is given in Equation 5:

F=gqE+quxB (5)

where F' is the electromagnetic force on a particle with a charge ¢ moving with velocity v through
an electric field E and magnetic field B [18].

2.2.2 Skin Effect

Skin effect refers to the tendency of AC to avoid the centre of the conductor, and crowd on the
surface. This reduces the cross-sectional area in which the current can flow, thus increasing the
resistance of the conductor. By increasing frequency the skin effect is made more pronounced [19].

The skin effect can be visualized by the penetration depth of the magnetic field into different ma-
terials. The penetration depth defines how far the magnetic field can interact with the material
in every cycle of the applied frequency. The conductivity is here the key parameter for paramag-
netic and diamagnetic materials. Ferromagnetic materials also alter the penetration depth by the
permeability. The equation for the electromagnetic penetration depth is shown in Equation 6:

-

where ¢ is the penetration depth in m, p is the electrical resistivity in Q-m, f is the frequency in
Hz, g is the permeability of free space, p is the permeability of the material and p,. is the relative
permeability of the material [20].

From the equation it can be observed that the electromagnetic penetration depth is inversely
proportional to the square root of the frequency. The electromagnetic penetration depth in mm as
a function of frequency in Hz is plotted in Figure 3 for pure aluminium at 25 and 750 °C, as well
as aluminium with high resistivity and A356 at 750°C. The Figure was provided by Prof. Robert
Fritzsch.
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= = Lig. pure Al [Brandt] 750 C

= = Lig. Al with highest resistivity 750 C

Electromagnetic penetration depth, [mm]

— - -A356at750C

1 10 100
Frequency, [Hz]

Figure 3: Electromagnetic penetration depth in mm as a function of frequency in Hz for alu-
minium at 25°C and 750°C (liquid), highest resistivity aluminium at 750°C (liquid) and A356 at
750°C(liquid).

2.3 Casting

Casting is the process of pouring molten metal into a prepared mould. The metal cools in the
mould, inheriting its shape. Casting can be done with a variety of metals, like aluminium. Casting
can make complex structures which could have been difficult to make with other manufacturing
processes. However, casting can also result in a substandard microstructure causing the material
to be brittle and have low strength. Machining the desired product from a solid block of aluminium
takes time, while extrusion has a size constraint that casting does not [21].

The process of grain formation is illustrated in Figure 4. This figure shows how nucleation occurs
and the grains grow resulting in irregularly shaped grain boundaries, illustrated as black lines.
These irregular shapes can be hard to control and will contribute to the substandard microstructure
often observed in castings. As these grains grow, impurities in the metal will start to concentrate
in the remaining melt. This often results in a high concentration of intermetallics and impurities
along grain boundaries, as these are the last areas to solidify.




Figure 4: Illustration of grain and grain boundaries formation. (a) Nucleation starts, (b) the grains
start to grow from nucleation sites, (c¢) grain boundaries form, (d) grain boundaries seen as black
lines. [9].

2.3.1 Solidification Rate

Solidification is the process in which the atoms in a molten liquid are arranged into an ordered
solid state. The solidification rate is the rate at which the molten liquid solidifies. The main
factors that affects solidification rate is the temperature gradient and the thermal conductivity
between the mould and the molten metal. A higher temperature gradient would lead to a faster
solidification rate [21][22]. For solidification to instigate a nucleation point is needed. Nucleation
requires a degree of undercooling or foreign particles introduced to the melt [23].

Chvorinov’s rule is the mathematical expression for solidification rate and is given in Equation 7:

tzB(Z)Q )

where ¢t is the solidification time, V is the casting volume, A is the wall area of the mould, and B
is the mould constant which is defined in Equation 8:

B= |2 _1, . L+ co(Tyour — T)) ’ (8)
7] [

where p,, is metals density, T}, is the metals solidification temperature, Ty is the moulds initial
temperature, k is the moulds thermal conductivity, p is the moulds density, ¢ is the moulds specific
heat, L is the metals latent heat of fusion, c,, is the metals specific heat, and T}, is the metal
pouring temperature [24].

While casting, the solidification rate is greatly reliant upon the material of the mould. This is
due to the liquid phase having a higher energy than the solid phase. The solidification process is
exothermic, meaning that the transition from a liquid to a solid releases’ energy in the form of
heat. A cast with high thermal conductivity will allow this energy to dissipate out of the system
efficiently. A mould with a lower thermal conductivity will take longer to dissipate heat from the
molten metal. This means that the molten metal retains more thermal energy for a longer time,
decreasing the rate of solidification [21].

The shape and size of the mould affects the solidification rate. As shown in Figure 5 below, the
solidification instigates along the edges and develops inwards. Thereby, the centre of the cast is




the last to solidify. Additionally, the mass of the mould influences the solidification rate. This
is due to a larger mould requires more energy than a smaller one before heating up to the same
temperature. Thereby keeping the temperature gradient lower, thus increasing the solidification
rate of the molten metal [21].

Figure 5: Solidification of molten aluminium in a cylindrical mould from the mould walls.

Figure 6 shows the phase diagram of a binary Al-Si system. This diagram explains how AlSi7
with 7 wt% Si will start to solidify at around 630 °C. The first phase to solidify will be a-Al,
which makes the concentration of Si in the remaining melt increase. The difference in solidification
temperature between a-Al and Al+Si Eutectic is around 50 °C. This causes a lot of small a-Al
particles to nucleate and move around while the Al-Si is still liquid and growing on a-Al. This
leads to a smaller grain size and a more uniform distribution of grains.
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Figure 6: Phase diagram of aluminium with wt% silicon [6].

2.3.2 Shrinkage and Pores

Solid aluminium has FCC structure, which has the densest packing fraction of 0.74 [9]. When
aluminium solidifies, a substantial and rapid volume change occurs as it changes from the less
dense packing of liquid aluminium to the denser FCC structure. Liquid aluminium at 700 °C has a
density of 2368 kg/m?3, while solid aluminium at 600 °C has a density of 2550 kg/m?3. The volume
change for aluminium as it solidifies is therefore 7.14%. As the solid aluminium cools down further
from 600 °C to 25 °C it shrinks another 5.1% and has a density of around 2700 kg/m? [25]. This
effect can be observed as a reduction in solid aluminium volume compared to the volume inside the
mold. This reduction in volume is typically seen as a dimple on top of the cast, which is formed
when the still molten metal moves down to replace the reduced volume of solid aluminium [26].
This shrinkage can also lead to shrinkage pores, where different parts of the cast either solidifies
or shrinks at different times, creating a porous area inside the cast [27]. A typical shrinkage pore
is exemplified in Figure 8 (a).

Molten aluminium reacts with moisture in the air to create aluminium oxide and hydrogen that
dissolves into the metal [28]. The solubility of hydrogen in aluminium is shown in Figure 7. This
plot shows that the hydrogen solubility increases with temperature, and increases drastically when
the metal changes from solid to molten.
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Figure 7: Solubility of hydrogen in aluminium as a function of temperature [28]

The dissolved hydrogen in molten aluminium will recombine to form (H3) gas and reach an equilib-
rium concentration in the metal depending on the relative humidity in the air and the temperature.
When the aluminium is cast and starts to cool down and solidify, most of the dissolved hydrogen
will recombine to form Hy gas [29]. This will create small gas bubbles that nucleate at impurities
or grain boundaries in the melt. Dissolved hydrogen around these bubble will mostly add to the
gas volume instead of creating a new nucleation point. These gas bubbles may then be trapped in

the melt and create a gas pore as shown in Figure 8 (b) [30].

(a)

Figure 8: Cast aluminium alloy with (a) a typical shrinkage pore and (b) a typical gas pore [31].

Both shrinkage pores and gas pores are undesirable in cast metal, as they will affect the metals
properties negatively. Aluminium is especially prone to gas pores because of its ability to dissolve
high amounts of hydrogen and is usually degassed before being cast. [32]

2.3.3 Dendrites

In metallurgy, a dendrite is a tree-like structure of crystals growing as the molten metal solidifies.
The shape seen in a scanning electron microscope (SEM), shown in Figure 9, is produced due to
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growth being more energetically favourable in certain crystallographic directions. The growth of
these dendrites affects the material properties.

80 pm

Figure 9: A SEM image of dendrites in a cobalt-samarium-copper alloy [33].

In order to attain dendrites, the given metal has to be undercooled below the freezing point of the
metal. During casting of aluminium, the temperature decline is generally rapid enough to cause
undercooling and thereby promote dendritic growth. The growth rate of the crystalline solid is
largely dependent on the dispersion of heat away from the material. The nucleation and growth
will determine the size of the grains, while proximity to adjacent dendrites determines the spacing.
A slow cooling process would result in less nucleations compared to a rapid cooling process. This
growth will result in dendrites of larger size [33]. Dendritic growth is also more prominent in
samples with a larger solidification range. Al has a smaller solidification range than alloys such as
AlSiT.

2.3.4 Electromagnetic Casting

Electromagnetic casting (EMC) is the process of subjecting molten aluminium to a magnetic field
while it solidifies. This process can be used to solidify aluminium without contact with the cast,
thereby creating a smooth surface. It can also be used to influence properties of the metal, such
as grain size. Other than using EM fields to stir the aluminium and achieve a more homogeneous
temperature [17], it can be used to increase the amount of nucleation points in the melt without
adding grain refiners. As a result of the skin effect, which is explained in 2.2.2 Skin Effect, the
electric current moves along the edges of the conductor. When current passes through a material
with thin dendrite structures, the current will move along the edges of the dendrites. This induces a
magnetic field in each dendrite branch that could break them apart. These pieces of loose dendrites
can then move around in the melt and act as seeds or nucleation points and increase the amount
of grains in the cast.

Because of the stirring caused by most EM-fields the metal experiences, the molten metal will
move in a very turbulent way. When Hy bubbles starts to form in molten aluminium as explained
in 2.3.1 Solidification Rate, this turbulent motion traps more of the bubbles in the melt. This
increases the volume of gas porosity in the cast.
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2.4 Grain Size and Effect

Aluminium normally solidifies in a polycrystalline state, where the metal consists of several smaller
crystals often referred to as grains. These grains are oriented in different directions and the size can
vary a lot depending on how the sample is made. Figure 10 shows how grains can be distributed
in a metal, where each colour is a grain oriented in a different direction.

Figure 10: An example of grain size distribution in gold metal [34].

Properties of aluminium are greatly affected by the grain size in the metal. This makes grain size
refinement an important part of casting or manufacturing parts in aluminium. One important
property affected by grain size is the yield strength of the material. Yield strength is defined as
the stress at which a material begins to experience plastic deformation. The relationship between
grain size and yield strength is described by the Hall-Petch equation [9]:

ky

oy =00+ Nz (9)
where oy is the yield strength, o¢ is a materials constant for starting stress for dislocation move-
ment, k, is a strengthening coefficient unique to each material and d is the average grain diameter.
This relationship shows that as the grain size decreases, the yield strength can increase substan-
tially. This is because plastic deformation mainly happens by moving dislocations, and grain
boundaries act as pinning points that impede further propagation of these dislocations. Therefore,
as the number of grains and grain boundaries increase, the yield strength also increases [9].

2.4.1 Microstructure Effect on Conductivity

The overall electrical conductivity of a metal sample is mostly determined by its the least conductive
area, which is usually the poor conductivity at grain boundaries. Somewhat counter-intuitively
this means that samples with large grains and few grain boundaries are expected to have a lower
conductivity compared to samples with smaller grains. This is because fewer grain boundaries leads
to a higher concentration of intermetallics and impurities in these boundaries. These often have a
very low electrical conductivity compared to metal grains and lowers the already poor conductivity
at grain boundaries even more. This leads to a considerable drop in overall electrical conductivity
in samples with large grains [35][36].

2.4.2 Grain Refiners

The first aspect of the solidification process is nucleation, the spontaneous forming of small solid
nuclei in the liquid mass. Places where the liquid metal is in contact with a foreign material are
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optimal for nucleation. The edges of the mould or oxide particles or impurities are such places
[37].

Certain particles, such as 7By, can act as grain refiners in very small percentages. The grain
refiners stay solid in the molten aluminium, thereby acting as nucleation points. This increases
the amount of grains that starts to grow, leading to a reduced grain size. While grain refiners
offer the advantage of smaller grains, they also come with some disadvantages. The grain refiner
may pile up in certain areas creating a less homogeneous material [37]. It also adds an artificial
contamination to the metal.

AlTisB; and AlTi3B; are common grain refiners with varying contents. AlTizB; and AlTi3B;
are aluminium samples with 5 wt% and 3 wt% titanium respectively, and 1 wt% boron. This
means that the grain refiners contain some amount of pure elements, as well as T'iBs particles. All
samples have parts of other foreign elements, most notably iron, silicon, vanadium and potassium.
Titanium has a melting point at 1668°C and boron at 2076°C, these materials will therefore not
melt during the casting [4] and may act as nucleation points. TiBs particles agglomerate at high
temperatures, it is therefore not ideal to leave grain refiners in molten metal for a longer time than
necessary before casting. The temperature of the aluminium with grain refiners should exceed
750°C as the morphology will change into dendritic structure [38].

The quality of the grain refiner is dependent on many factors, and it is therefore possible to gain
different effects from grain refiners with similar composition. An example of this is the AlTi3B;
grain refiner from the different producers KBM and GR, which therefore can have different abilities
even though they have the similar content.

2.5 Microscopy
2.5.1 Polarized Light Microscopy

Polarized light microscopy (PLM) is a contrast enhancing technique that can be used to study
a wide range of anisotropic specimen. PLM achieves a high level of contrast in these specimens
from the interference created between horizontal- and vertically polarized light reflected from the
sample. Aluminium grains are isotropic. To achieve contrast between different grain orientations,
aluminium must first be anodized in a solution such as Baker’s reagent. This creates an anisotropic
alumina layer that is ordered depending on the orientation of the grain and makes it possible to
study the grain size in aluminium samples [39][40].

2.5.2 Scanning Electron Microscope

A scanning electron microscope (SEM) scans a focused beam of high-energy electrons across a
sample surface. A detector then picks up different signals that are created when the electrons hit
the sample to generate an image of the surface. The most common signals used to create images in
a SEM is secondary and backscattered electrons. A main advantage of SEM is that these electrons
can be used to gather information of not only topography, but also chemical composition in the
sample. The resolution is also substantially greater compared to traditional light microscopy, and
can usually reach magnification greater than 25 000X [41]. Most SEMs are capable of energy
dispersive x-ray spectroscopy (EDS). This is a technique that can be used to determine specific
elements that make up different areas of a sample. The biggest limitation for EDS is that relatively
light atoms like boron can not be detected. [42]
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3 Materials and Methods

An overall representation of the steps in the methods is given in Figure 11. The blue represent
casting processes, orange - sample preparation, and green - analysis. More detailed descriptions of

the procedures are given below.

Casting

Reference

Grain refined

Electromagnetic

Sample preparation

Polishing

Analysis

Light

microscopy

Anodizing

Conductivity
measurements

SEM imaging of
grain refiners

Figure 11: Flow chart of the methods starting from the left.

3.1 Materials and Equipment

The following materials and equipment were used in the experiments. The equipment is grouped
under casting, electromagnetic casting, cutting and polishing, and etching and microscopy to clarify
where they were used. In addition to the equipment listed below appropriate HSE gear was used.

Materials:

Casting:

Electromagnetic casting:

e Commercial pure Al of

1370 series (Al 99.7%)

e AlSi7 (Si 6.5-7.5%, Mg 0.4-

0.7%, Al balance)
e Grain refiners:

1. KMB AlTi3 B,
2. GR AlTiz B,
3. Aleastur A1T15Bl

e Cylindrical iron mould
e RSD iron mould
e Graphite mould

e Crucible

e Insulated cover with lid for

graphite mould
e Furnace

e Thermometer
to thermocouple

e Insulated cover plate

e Casting tools

connected

e Coil made of insulated
copper tubing

e 5180
meter

Gauss/Tesla

e Chauvin Arnoux F407
power harmonics meter

e Transformer for low
field

e Variac variable trans-
former

e Transformer for high
field
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Cutting and polishing: Etching and microscopy: Conductivity measurments:

e Labotom-5 cutting ma- e Bakers reactant (10 ml e Electrical conductivity
chine 48% HBF, to 400 ml meter (AutoSigma
H50) 3000)

e 20A25 cutting blade

e DC power suppl
e EpoFix resin P PPLY

e Light microscope with

e Saphir 550 polarizing filter

e Diamond fluid 15 and 3 e SEM
pm

320 grit sand paper

Largan 9 polishing plate

Allegard 3 polishing plate

Utrasonic bath with isop-
ropanol

Ethanol

3.2 Casting

One kilogram of molten metal was heated to 730 °C + 10 °C. The metal was melted in a graphite
crucible coated with boron nitride (BN). After melting the metal, the dross was removed using a
graphite rod. Two graphite moulds were pre-heated, one to 250°C, and the other to 650°C and
placed in an insulted refractory cover. This was done to ensure that the solidification rates in the
different moulds are optimal for analysing the effect of solidification rate on the grain size. The
cylindrical iron mould and rapid solidified disc (RSD) iron mould were kept at room temperature.
The moulds can be seen in Figure 12. The dimensions of the casting moulds as well as the insulation
are given in Appendix A.

After ensuring that the molten metal was in correct temperature range and removing the dross,
the metal was poured into the moulds. For samples with grain refiner, 0.1 wt% of grain refiner
was added when the metal reached a temperature of 730 °C + 10 °C. The melt was then stirred
with a graphite rod for 30 seconds prior to pouring into the moulds. The procedure was executed
in the same manner for Al, AlSi7, both with and without the KBM AlTi3B;, GR AlTizB; and
AlTis By additions. This resulted in 32 regular casting samples. Al without grain refiner was cast
an additional time in both graphite molds.

Figure 12: Left to right: cylindrical iron mould, RSD iron mould, heated graphite mould at 250°C
and insulated heated graphite mould at 650°C.

The four different moulds were used to achieve different solidification rates whereas the solidification
rate reduces from fastest to slowest from left to right for the moulds in Figure 12.
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3.3 Electromagnetic Casting

The method of EMC applies an electromagnetic field during the casting process. A F407 power
harmonics meter and a 5180 Gauss/Tesla Meter was used to measure and calculate voltage, current,
real power, apparent power and field strength for the EM fields. These measurements were taken
at the edge and center at the top, middle and bottom of the mould in the EM fields. These results
were used to model the EM fields in COMSOL. The following methods were used for the two
different setups for EMC.

3.3.1 Pancake Coil

Aluminium was melted as described above and a graphite mould was heated to 750°C and placed
in an insulated cover. This ensured that the metal did not begin to solidify before the coil was
placed around the cast and the magnetic field could be induced.

The liquid metal was poured into the mould as fast as practically possible, the lid was placed on
top, and the top of the coil was moved over the mould. The coil was connected to a step down
transformer, driven by a high current VariAC, which was used at three different voltage outputs,
giving three different field strengths. All fields were generated using mains frequency of 50 Hz. The
cast was kept in the field for 10 minutes, until the metal solidified. The procedure was executed
for Al and AlSi7, twice for each voltage and alloy, resulting in 12 samples from the pancake coil.
The power at these three different voltages is shown in Table 2 and the average field strength was
calculated from the measurements detailed in Appendix B.

Table 2: Voltage, current, real power, apparent power and average field strength for the three
different field strengths.

Field | Voltage | Current Real Apparent | Average field
[V] [A] power[W] | power[VA] | strength[mT]
e 1.33 76 90 101 2.20
B8 2.76 154 380 427 4.20
y 4.05 226 816 915 6.04

The coil and how the mould was placed in the coil are shown in Figure 13. An insulated plate
was placed on the bottom part of the coil to ensure that possible aluminium spill did not get in
contact with the coil. The dimensions of the coils are given in Appendix C.

Figure 13: Pancake coil and an insulated graphite mould at 750°C placed in the coil.

3.3.2 Round Coil

Aluminium was melted, as described above, and a graphite mould was heated to 750°C and placed
in an insulated cover. The aluminium was poured in the mould and a lid was placed on top. The
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water cooled coil was then placed around the mould as shown in Figure 14 and the magnetic field
was then induces. The dimensions of the coil are given in Appendix C.

Figure 14: Insulated graphite mould heated to 750°C placed in the round coil.

The coil was driven directly from a step down transformer, controlled by a switch. The cast was
kept in this position for 20 minutes, until the aluminium solidified. This process was repeated
twice for both commercially pure Al and AlSi7, resulting in 4 samples from the round coil cast.
The coil was kept at the same power for all casts, the power is given in Table 3 and the average
field strength was calculated from the measurements detailed in Appendix B.

Table 3: Voltage, current, real power, apparent power and average field strength for the round coil
casting.

Voltage | Current Real Apparent Average field
V] [A] power [W] | power [VA] | strength [mT)]
28 738 11 500 20 600 158.56

3.4 Labelling of Samples

An overview of which moulds were used for the different casts as well as labelling of the samples
are shown in Table 4.

Table 4: Labelling, casting type, type of mould, temperature of mould and number of samples.

Sample Casting Mould Temperature | Number of
label type used samples
A regular Cylindrical iron mould - 8
B regular RSD iron mould - 8
C regular graphite mould 250°C 9
D regular insulated graphite mould 650°C 9
P EMC pancake coil | insulated graphite mould 750°C 12
R EMC round coil | insulated graphite mould 750°C 4
- Grain refiner - - 3

Further in the report the samples are referred to by their alloy, Al or AlSi7, and their representative
letter as described in Table 4. The samples with grain refiner added are also labelled with 1 if there
is addition of KBM AlTi3B;, 2 for GR AlTi3B; addition and 3 for Aleastur AlTisB; addition.
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For example, a sample of AlSi7 and KBM AITi3B1 grain refiner from the A mould is labelled
AlSi7-1-A. Samples of the pancake coil are labelled with their field strength, «, 8 or v as described
in Table 2, and a P for pancake coil. Rectangular cross section samples are labelled with an X at
the end.

3.5 Cutting and Polishing

All A samples were cut 27-31 mm above
the bottom. All B samples were cast in
Epofix resin. Around 5 mm was then
cut off from the bottom of the sample.
The remaining half of the sample was
left encased in resin to later be polished.
How the A and B samples were cut are
shown in Figure 15. One sample from
each of the different EMC samples, as
well as the additional Al-C and Al-D
were cut into rectangular cross section.
The samples were cut 17-24 mm above Figure 15: Cut of A and B samples.
the bottom of the sample as shown in
Figure 16.

The samples were polished with a
Saphir 550 shown in Figure 17, in the
following order: Aluminium oxide P500
grit sandpaper until plane, 15 pm dia-
mond particle solution on Largan 9
plate for five minutes, 3 pm diamond
particle solution on Allegard 3 plate for
five minutes and then OP-S on a cloth
disc for five minutes. Between each pa-
per switch the samples were rinsed in
water. Before the diamond and OP-

S polishing, the samples were rinsed in Figure 16: Rectangular and circular cross section
ethanol and an ultrasonic bath for two of the C, D, P and R samples.
minutes.
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Figure 17: Saphir 550 polishing machine and the sample holder on the machine.

3.6 Anodizing

A Bakers reactant bath was connected to the negative pole of a DC power supply at 3 amps and
20V. The sample was held with the polished side down in the liquid, with a platinum thread
connected to the positive pole held onto the backside of the sample. The sample was held like this
for 2-4 minutes. The anodizing time varied for some samples, these were done in increments of
30 seconds after 2 minutes until a good contrast was seen in the microscope. The samples were
scrubbed with soap and cotton and then rinsed with ethanol directly after anodizing. The setup
is shown in Figure 18.

Figure 18: Setup for anodizing samples.

3.7 Microscopy

The samples were examined using an Univar microscope equipped with an automatic stage, po-
larized light capabilities and 15X magnification, shown in Figure 19 (left). This is a top-down
microscope, which made it necessary to use a sample holder to keep the specimen parallel to the
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stage. Each sample was captured completely by using the automated stage to cover the entire sur-
face while capturing photos. The stage captured photos in lines from left to right, top to bottom,
as illustrated in Figure 19 (right). The photos were then stitched together to create an image of
the entire sample surface. This was all done using Image-Pro® Plus and Stage-Pro® software.

Figure 19: Overview of how the microscope and each sample was set up (left) and how the auto-
matic stage moved across each sample (right).

Samples of the pure grain refiners were examined in a SEM using an SE2 detector and an acceler-
ation voltage of 15kV.

3.8 Conductivity Measurements

As part of the justification of this experiment was to
maintain electrical conductivity in aluminium, while re-
ducing grain size, it is prudent to measure said conduct-
ivity. An electrical conductivity meter which is shown in
Figure 21 was used to measure the conductivity of the
material. The meter was first set to 500 kHz and cal-
ibrated. All Al samples were then measured, before the
process was conducted again for the AlSi7 samples. The
conductivity of each sample was measured 3 times. First
at one edge, then at the centre before the last measure-
ment was taken at the edge opposite of the initial meas-
urement, as shown in Figure 20.

Figure 20: The positioning of the conductivity measure-
ments across the rectangular and the circular samples.

Figure 21: Conductivity meter.
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3.9 Grain Size Analysis

The images gathered from SEM for the grain refiner samples and light microscopy for the refined
metal samples were analysed. This included observing grain size, orientation and growth patterns,
as well as porosity. In addition to the visual inspection, as in called qualitative observations,
the samples were analysed using a custom-made grain analysing algorithm, yielding quantitative
results.

The algorithm organizes the
grains based on size, given
in equivalent spherical dia-
meter (ESD) and the count
of the grains in different size
ranges. This data is struc-
tured in the diagram in Fig-
ure 22. The top left picture
in the figure is the original mi-
croscope picture and the top
right is how the program di-
vides the RGB image into dif-
ferent color classes using k-
means clustering. The cen-
ter picture in the figure is a

list of the different phases and I ohase 2: 7.4 %, 63645009.7 sq.micrometer (ESD 4.9 1o 2050.8, mean 275.5 micromeler)

. I phase 4 10.5 %, 90533256.5 sq micrometer (ESD 4.9 1o 31128, mean 239.1 micrometer)
their area of the sample, ESD N hase 5: 13.8 %, 119312778.7 sq.micrometer (ESD 4.9 to 3492 0, mean 266.9 micromeler)
range and mean ESD The I chase 6: 3.8 %, 33253715.8 sq.micrometer (ESD 6.9 1o 2538.5, mean 347.3 micrometer)

I phase 7: 14.3 %, 123626802 2 sq micrometer (ESD 4.9 to 3323.1, mean 234.3 micromeler)

Surface area Of the sample | | phase B: 10.4 %, 90270697.1 sq.micrometer (ESD 4.9 1o 27743, mean 244 .1 micrometer)
and average grain Size is also H chase 9 8.0 %, 69145009.7 sq.micrometer (ESD 4.9 1o 3257 4, mean 328.6 micrometer)

. H ohase 10 4.1 %, 35727872.3 sq micrometer (ESD 4.9 to 1879.7, mean 323 2 micrometer)
given.
There are some inaccuracies 300
to this process because ad- 250
jacent grains are identified 200

as larger agglomerates rather
than individual grains. Holes o

and pores are also counted

as grains, but have been re- 0 I
moved from the calculations
as they show up as separate
phases. The same method is
used for all samples, and the Enclosed circle diameter [um]
results are perceived as suffi-
cient for a comparison for the
samples with larger grains.

150

Count

Figure 22: Information given from grain size analysis.
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4 Results and Discussion

4.1 Sources of Error During the Experimental Execution

Due to the experimental procedure consisting of multiple processes, several sources of errors need
to be addressed. The most prominent of these are listed below and further discussed.

e Pores and holes in the samples. e Inconsistencies in the height at which

) o the samples were cut and examined.
e Inconsistencies in time, temperature

and mass during casting. e Scratches on the sample surface.

4.1.1 Casting

As the samples were cast manually, we experienced inconsistencies in the mass of the sample. The
time between taking the crucible out of the oven and the metal being poured into each mould
and the temperature of the aluminium and moulds varied slightly between each round of casting.
While the same moulds were used throughout the experiment, some samples may have been over
or under filled, altering the amount of metal in the same samples from separate batches. In turn,
a sample with more metal could extend the time needed for solidification as it would hold more
thermal energy due to its larger mass. During casting, the same procedure was maintained for each
mould, however slight time variations are likely to have occurred. These time variations made it so
the aluminium cooled down to different temperatures while still in the crucible. This temperature
difference added to the 20 °C difference in the casting temperature of the aluminium set at 730 °C
+ 10 °C, resulting in a total difference that slightly varies solidification times between the samples.

During EM casting, the field had a noticeable effect on the protective steel layer on the floor, causing
it to vibrate and possibly shake the sample as it solidified. The experimental setup was placed on
a pallet in order to increase the distance between the coil and steel layer and somewhat reduce
these vibrations. The movement of the metal floor may still have caused additional stirring which
could alter the intended effect of the magnetic stirring. The vibrations were most prominent during
the round coil casts, likely due to the stronger magnetic field. This could have been avoided by
exchanging the metal sheet for a non-metallic flooring capable of withstanding molten aluminium
spills.

4.1.2 Cutting and Polishing

Inconsistencies of the cutting height are to be expected, as well as variable angles since a ductile
cutting blade was used. The samples may have been polished so that more than one plane appear
on the surface of the sample. There were observed scratches on the sample surface during polishing
which likely came from small particles which loosened from the surface. Due to how soft aluminium
is, some aluminium oxide-particles from the sandpaper were embedded into the sample surface
during polishing and may have caused scratches to form if they were released from the sample at
a finer polishing stage.

4.1.3 Anodising and Microscopy

During anodising, the voltage was kept constant, but the samples drew more current depending on
their surface area. Larger area resulted in higher electric current. This caused the 3 amp limit of
the power supply to be reached, and the voltage had to be reduced to 10V for around 15 seconds,
and then raised back up to 20V. The distance the sample was held from the bottom of the Baker’s
reagent bath also influences the effect of the process. In addition, hydrogen gas developed on the
sample surface and gathered as bubbles on the surface, reducing the contact area between the
sample and the solution. Although the samples were cleaned after anodising, a small amount of
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Baker’s reagent was trapped in narrow pores in some samples. This caused deterioration of the
sample surface after anodising.

4.1.4 Conductivity Measurements

The results acquired from the conductivity meter, reliant on the state of the sample and the
accuracy of the meter. Several samples had substantial defects and markings from casting and
anodising, that would affect conductivity. Some of the samples also had a slight coating of deposited
silica from OP-S or other materials causing disruptions in the measurements. The meter itself was
also found to change measurement values with time passed from last calibration. This was corrected
by measuring the first sample again after all samples were measured. This measurement was then
compared to the first measurement of the sample. From this, a linear drift was assumed and the
results for the other samples were corrected with this value. The drift may have been caused by a
temperature difference in the probe or the samples, as conductivity is dependent on temperature
[43].

4.2 Field Analysis

The different field strengths are given in Table 2 for the pancake coil and Table 3 for the round
coil. To summarise, the average strength in mT is 2.20 for P, 4.20 for 8P, 6.04 for vP, and 158.56
for R. From these values it is clear that the strength span internally in the P field are remarkably
lower compared to the R field.

The P and R coils have different magnetic fields due to their differences in shape and will there-
fore have different effects on the liquid aluminium. These coils were simulated in COMSOL
Multiphysics® to get a better understanding of how the magnetic field penetrates the metal and
affects it. These models were provided by Prof. Robert Fritzsch. The P field is shown Figure 23.
The simulated properties of the magnetic field match our measured values well enough to assume
that the simulated velocities are close to reality.
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Figure 23: Comsol model of the vP field with magnetic strength and flowrate of liquid Al.
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The movement of the liquid aluminium in
the vP EM field is given in Figure 24. Here
the red arrows indicates the direction of the
movement and the colour the speed which is
the same as in Figure 23. From the figure it
can be observed that the liquid metal moves
from the sides to the center of the sample.
The model of the round coil (R) field is
shown in 25. The red arrows indicate the
direction of movement in the liquid metal.
The direction of movement are similar for
both the P and R field, but the R field has a
higher field strength resulting in more move-
ment.

The inductive heat added to the metal is ap-
proximately 400 to 1200 W for the R field
and and below 10 W for the P fields [44].
For the R field this value is high enough
to drastically increase how long it takes for
the sample to solidify. For the P field, this
value is a minuscule amount compared to
how much heat energy is already in the metal
and is not likely to affect the time it takes
for the sample to solidify.

freq(l)=50

Figure 24: Comsol modulation of the move-
ment in the vP field.
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Figure 25: Comsol modulation of the R field.
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4.3 Visual Inspection

One sample from the EM cast and one sample from the regular cast are shown in Figure 26. This
picture shows a clear difference in both the surface texture and colour. The EM cast is darker and
the surface is rougher compared to the regular cast sample.

Figure 26: Untreated EM cast and regular cast samples seen from the top and the side. The EM
cast sample is darker in colour.

After having cast the samples, clear trends were identified based on appearance. The regular casting
samples exhibited clear dimpling at the top of the samples, while some of the EMC samples had a
narrowing at the sides. A likely factor causing this is the stirring in the liquid aluminium created
by the magnetic field. This stirring causes the aluminium to flow towards the centre of the mould
before circulating out along the top and bottom, as shown in Figure 24.

The regularly cast samples had a smooth surface with a metallic gleam and a dimple caused by
molten metal at the top of the mould moving down to fill the reduction in volume caused by
solidification shrinkage. The EMC samples had a rough, darker surface with no gleam. The EMC
samples showed no sign of dimpling and had a very uneven surface at the top of the sample
instead. This is where the metal was not in contact with the mould and the roughness is likely due
to the movement of the molten aluminium caused by the magnetic field. As the magnetic field was
maintained until complete solidification of the sample, the aluminium most likely solidified during
movement. This would cause the metal to not move down and fill the lost volume from solidification
shrinkage. This movement may also have compromised the BN coating inside the graphite mould,
allowing more carbon from the graphite mold into the cast and affecting the sample colour.

After cutting, polishing, and anodising the samples, substantial defects were visible on the surface
of the D and EMC samples. These surfaces are shown in Figure 27. The most common defect
is pores, but some samples also have larger scratches on the surface. The most notable of these
samples are Al-3-D, Al-aP, Al-R, AlSi7-2-D and AlSi7-R as they have a larger size and or number
of visible defects.

25
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AlSi7-D AlSi7-1-D

AISi7-BP

Figure 27: Photoscan of D and EMC samples showing defects on the polished surface.

The likely cause of the pores is dissolved hydrogen which forms H, gas during solidification. The
gas bubbles nucleate at the grain boundaries or impurities during solidification and are usually
found at the grain boundaries. A closeup of gas and shrinkage pores from AlSi7-1-D is given in
Figure 28.
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The D and EMC samples have a relatively
long solidification time that enables larger
hydrogen bubbles to form. These bubbles
may then have become trapped by surround-
ing grains, resulting in large pores inside the
samples. The EM casts have the lowest so- _
lidification rate of all samples, because the 19

added energy from the electromagnetic fields
can heat the molten Al inside the mold. The i . \ £
stirring caused from the fields could also be 2 ‘ ‘ : )

a contributing factor. This stirring action : 3 .
could cause hydrogen bubbles that form in B0 ¢

the melt to be moved around while colliding
and combining with other bubbles. While
the bubbles are being stirred in this way,
they may not be able to escape the melt
and will be trapped once solidification hap-
pens. This would explain why the holes in
the EMC samples are generally larger in size,
compared to the D samples.

2mm

Figure 28: Gas and shrinkage pores found in
AlSi7-1-D.

The A, B, and C samples had some pores as well. These were however very small in comparison to
the D and EMC samples and were only visible under the microscope. The pores and holes created
inconsistencies in the micro structure which resulted in less distinct grain boundaries. They also
created areas where the grain analysis algorithm isolated a huge number of grains, which in reality
was the space between pores. These results show the importance of degassing molten aluminium
before casting samples and should be done even at lab scale. The reason inert gas degassing was
not done for this research is due to not having the equipment needed.

4.4 Microscopy

Images acquired from polarised light microscopy makes it possible to distinguish between different
grains and see the grain distribution within each sample, as well as pores or other defects. This
process can be somewhat imprecise, but is a low cost and time saving alternative to an EBSD
analysis. The different colours in the microscope pictures indicates different grain orientations.
Areas with the same colour can therefore still contain more than one grain. If a grain has a
changes orientation while it grows, the colour will therefore also change making it possible for one
singular grain to have more than one colour. Grains with spills or marks affect polarised light
differently than anodised aluminium.

4.4.1 Effect of Solidification Rate for Aluminium

Due to the differences in the moulds used for casting, the rate of solidification differs between
the various sample types. The solidification rate of the samples decreases alphabetically from
A to D. This difference is caused by the rate at which heat can be transferred away from the
aluminium, which again is dependent on the thermal conductivity, specific heat and mass of the
mould. The solidification rate for mould A and B is likely to be similar as they are both made of
iron, thereby having the same thermal conductivity. Different solidification rates are therefore a
result of differing volume of liquid metal and mass of the mould. Because mould A has a larger
mass, it can receive more thermal energy from the sample without increasing its own temperature
as much as mould B. Thereby maintaining a higher gradient giving a more rapid cooling. Mould
B has a different shape than the three other moulds. It is a disk instead of a cylinder, and is also
the only sample where the metal has contact with a lid at the top of the mould. This will likely
cause a difference in solidification mechanisms.
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Figure 29 contains the polarised
light microscope images of whole
surfaces of the A, B, C, and D
samples of Al without grain re-
finer. Al-C and Al-D show clear
indications that solidification in-
stigates at the interface between
the mould and the liquid Al. The
samples begin solidification at the
edges and the grains grow inwards
towards the centre, creating long
thin grains. Al-D had the lowest
solidification rate, and the grains
therefore had more time to grow
in size, resulting in large grains
which reached from the edge to the
middle of the sample.

Figure 29: Pure Al samples from the four different moulds.

Al-A also has indications of grain growth starting from the edges. However, approximately 5 mm
from the edge of the mould a more uniform grain pattern is observed. This pattern could be caused
by the moulds shape, where the bottom is thicker than the walls encouraging faster solidification
from the bottom since this area can conduct more heat. Al-B has a lower solidification rate than
Al-A and more grain growth converging towards the centre are therefore expected. However, no
such convergence is seen in the Al-B sample. This is likely caused by the difference in mould
shape. While mould A has the same relative shape as C and D, mould B is considerably different.
Mould B creates a disk-shaped sample as opposed to a cylindrical shaped one. This entails a larger
interface between sample and mould at the top and the bottom of the mould, rather than at the
sides as it is for mould A, C, and D. Therefore, the growth mechanisms for mould B differs from
the others. Despite the difference in solidification rate the structure within the grains are relatively
similar. Closeups of the pure Al samples are shown in Figure 30.

The grains appear long and thin, reaching from the edge toward the center of the sample. A similar
effect is to be observed in the Al-D sample. This effect is a result of Al only solidifying into one
phase and having low enough solidification rate to slowly solidify inwards, and at the same time
produce long and relative big grains. Most variations seem to stem from either surface porosity or
poor sample preparation resulting in scratches.
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Figure 30: Closeups of the pure Al samples.

A higher magnification of Al-A, Al-B, Al-C, and Al-D is shown in Figure 30. Al-A, Al-B and Al-C
show no sign of dendritic structure. Al-D does however show a more textured grain structure. This
less uniform grain structure is the result of dendritic growth. Dendrites had more time to grow as
sample D had a lower solidification rate than the other samples. This allowed for more prominent
dendritic structures to form. Samples from mould C and D mostly solidified from the side wall
due to the shape of the mould whereas mould A and B have high thermal conductivity through
the bottom as well. This, as well as the higher solidification rate, resulted in grains that are more
rounded compared to Al-C and Al-D.
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The solidification mechanisms promoted by a cyl-
indrical mould may affect the results gathered based
on where on the sample an analysis is conducted.
Therefore, Al-C and Al-D samples were also cut into
rectangular cross sections, Al-CX is such a sample and
is shown in Figure 31. Al-CX clearly indicates how so-
lidification in the sample instigates at the sides and
bottom, where the cast interfaced with the mould. Al
does not have multiple phases, where one phase can
solidify first and act as a seed. Therefore, nearly all
grains start to grow from the edges of the sample. This
causes lines from the sides and bottom stretching to-
wards the center of the sample. In addition, there
clearly are core grains stretching vertically through the
sample from the top of the sample to the grain growth
instigated from the bottom of the sample. This im-
age shows why it is important to cut the circular cross
sections around two thirds up from the bottom. The
height at which the sample is investigated will affect
how much grain growth from the bottom is observed.

4.4.2 Effect of Solidification Rate for AlISi7

Figure 32: Pure AIlSi7 samples from the four different

moulds.

Figure 31: Rectangular cross section of
the pure Al C sample (Al-CX).

Figure 32 shows AlSi7 alloy with
no added grain refinements solidi-
fied at four different rates. Here we
do not see the same growth charac-
teristics in the C and D samples as
in the Al. Though the grain sizes
are slightly smaller at the edges,
there is no convergence towards
the centre of the sample. This is
due to the different solidification
process caused by the addition of
silicon. Figure 6 illustrates how
at Twt% silicon, AlSi7 will create
a partly solidified zone during so-
lidification. These partly solidi-
fied areas will be spread through-
out the sample and act as seeds
for solidification. Thereby, caus-
ing a more uniform grain growth
throughout the sample and not
just from the edges and inwards.

The full sample images are too large to achieve an accurate understanding of the micro structure
within the separate grains. Figure 33 shows a higher magnification image of AlSi7-A, AlSi7-B,
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AlSi7-C and AlSi7-D.

1mm

Figure 33: Higher magnification images of the pure AlSi7 samples.

From the closeup of the pure AlSi7 alloy in Figure 33 it can be observed that the grains are more
similar and uniformly spread than those of Al shown in Figure 30. The grains also appear smaller
for all AlSi7 samples than those of Al.

All AlSi7 samples have a clear dendritic growth as opposed to Al. This is not nearly as evident
in the Al samples because of the large solidification range of the alloy, a-Al phase will start to
nucleate and solidify early in the solidification process. This mix of molten and solid is called a
mushy zone, and leads to a longer solidification time that allows dendrites to grow bigger. The
shrinkage of molten and solid metal when it cools down causes voids when the alloy solidifies.
These voids make the dendritic growth structure more clear.

4.4.3 Inspection of Grain Refiner

For comparing the effect chemical grain refiners have on grain size, they were each inspected in
SEM. The distribution of T'iBs particles did not vary substantially across the surface. One 200X
magnified imagine from the centre of each sample surface is shown in Figure 34. The images
were captured using an SE2 detector that has a compositional contrast where heavier elements are
lighter. Using EDS point scans the lighter particles were determined to consist of titanium, and
the dark background aluminium. Although no boron was detected, it is assumed that the lighter
particles are TiBs clusters. This is because EDS cannot detect lighter elements like boron.
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Figure 34: Samples of pure grain refiners at 200X magnification: 1 - KBM AlTi3B;, 2 - GR
AlTiz By, 3 - Aleastur AlTi5B;

The T'iB; particles should ideally be thin and pointy to promote growth of fine grains in Al. The
AlTi5 By grain refiner contains more particles, but they are also more rounded compared to the
AlTi3 B, grain refiners. The KBM AlTi3B; grain refiner also has noticeably less particles compared
to the GR AlTi3B; grain refiner.

4.4.4 Effect of Grain Refiner

The samples containing grain refiner generally have smaller grains. All A, B, C, and D samples
with commercial pure Al are shown in Figure 35. The columns represent the different moulds,
while the rows represent different grain refiners. The blank row is Al without grain refiner, row
717 is with KBM AlTi3 By, row 727 is with GR AlTi3B; and row ”3” is with Aleastur AlTisB;.
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Figure 35: Al A, B, C and D samples with and without grain refiner.

The Al samples with grain refiner follow the same trend as shown in the Al and AISi7 samples,
namely having coarser grain shapes with a better insulated mould. Though the images of some
samples, such as Al-2-A and Al-3-A are somewhat unclear, the trend seems to be uniform through-
out the samples. The unclear areas in some of the pictures are likely due to the samples being
compromised during polishing and anodising. The C and D samples with grain refiners also seem
to solidify from the edges and converge towards the centre of the sample, while B samples do not.
This is consistent with the theory that the disk-shaped B mould will solidify mostly from the top
and the bottom and not from the edges. The A samples do show some grain characteristics that
are similar to that of C and D. At the edge of each of all Al-A samples there is a small region
where grains seem to grow from the edges converging towards the centre. The addition of grain
refiner does not seem to affect the convergence of grains towards the center of the samples.

In a similar study (Hassanabadi 2018 [3]) the effect of Al-3Ti-1B and Al-5Ti-1B grain refiner on
commercial pure Al 99.7% cast in an iron mould was studied. The result of their study is therefore
most relevant to compare to the Al-A samples with grain refiner additions. In the study the
samples were cast at 0, 30, 60, and 90 minutes from addition of the grain refiner. The reduction
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in grain size are not as substantial as observed in Figure 29. The particles in the grain refiner
agglomerates when in the liquid Al reducing its efficiency. Therefore, the difference in grain size
is likely a cause of the time difference to this study.

All A, B, C, and D samples of AlSi7 are shown in Figure 36. The columns represent the different
moulds, while the rows represent different grain refiners. The blank row is AlSi7 without grain
refiner, row 71”7 is with KBM AlTis By, row ”2” is with GR AlTizB; and row ”3” is with Aleastur
AlTisBj.

C D

Figure 36: AlSi7 A, B, C and D samples with and without grain refiner.

With a decreasing solidification rate, an increasing grain size is seen throughout all grain refinement
additions to AlSi7. The difference in grain size when adding grain refiner to AlSi7 is not as
substantial compared to Al. Especially for the AlISi7 A and B samples, the difference in grain
size with and without added grain refiner is not determinable by analysis. However a difference
in grain size can be observed for the AlSi7 C and D samples. In general, the grains are more
uniformly spread throughout the sample and do not follow the same inward growing pattern that
was observed for Al. The colour palette for the AlSi7 samples are less diverse, this can imply that
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the grains are more similarly oriented, but this theory would need further exploration in order to
be confirmed.

4.4.5 Effect of EM Fields

The surfaces of circular and rectangular cross sections of the samples from the pancake coil and
the round coil casts are shown in Figure 37 for Al and Figure 40 for AlSi7. In the figures the
field strength increases from left to right. The field strength measurements for each sample type
is shown in Appendix B

y-P

The rectangular cross section of the Al sample from the D mould is
shown in Figure 38. From this figure it can be seen that the grains
are bigger than for the EMC samples. The effect of electromagnetic
stirring during solidification is clearly shown, as the EMC sample
show no sign of dimpling, whereas a large dimple can be seen in the
Al-DX sample, caused by the directional solidification from the sides
of the moulds towards the middle of the sample. In addition, the
grains in the EMC samples does not show directional grain growth
like Al-DX does.

A comparison between the circular cross sections of Al-D and the
EMC samples are shown in Figure 39. Al-D is compared with these

samples, as they all have the same composition and the most similar Figure 38: Pure Al rect-
solidification rate. angular cross section D
sample (Al-DX).
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Figure 39: Al D and EMC samples.

Though the samples have clear imperfections, it is evident that increasing the EM field strength
reduces grain size a considerable amount. The parts of Al-R that are easily visible, show a clear
reduction in grain size in comparison to Al-D as a result of the EM field. This is supported by the
fact that Al-yP has a noticeably smaller grain size than the two other P samples. While Al-aP
may seem to have some smaller grains than Al-SP, this could be a result of two aspects. Firstly,
the samples may simply have been cut at a slightly different heights. As seen in the rectangular
cross sections in Figure 37 the grain size change a considerable amount throughout the height of
the sample. Secondly, the difference in effect of the EM fields could be so low that it becomes
negligible. However, without more samples to compare with, a more accurate trend cannot be
determined.

Figure 40: AlSi7 pancake (P) and round (R) coil field samples.

The grain size differences between the six P samples, shown in Figure 40, are to small to determine
if there is any changes in grain size with different field strengths generated by the pancake coil.
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AlSi7-R and AlSi7-RX does however show a substantial reduction in grain size when compared to
the P samples. This indicates that EM fields has an effect on grain size in AlSi7, but requires a
higher field strength compared to Al.

A comparison between AlSi7-D, and the EMC samples are shown in Figure 41. AlSi7-D is compared
with these samples, as they all have the same composition and the most similar solidification rate.

AlSi7-D

AlSi7-aP AlSi7-BP AlSi7-yP AlISi7-R

Figure 41: AlSi7 D and field samples.

This figure shows that AlSi7 does not seem to have any considerable grain refinement effect from
the P EM fields at all when compared to AlSi7-D. This is likely due to the mushy zone in AlSi7
lowering the efficiency of the EM stirring by quickly dissipating the stirring movement as the solid -
liquid mix is a lot more viscous compared to molten Al. However AlSi7-R has considerably smaller
grains compared to AlSi7-D, supporting the initial assumption that the higher field strength would
reduce grain size considerably compared to weaker fields. The same effect has been observed in an
experiment conducted by V. Metan [1] where it is stated that ”an increase of the field intensity
provokes a distinct grain refinement, a homogeneous distribution of fine grains...” [1].

AlSi7-R also have areas with a needle like structure. One of these areas are shown in Figure 42.
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Figure 42: Eutectic zones created by strong EM stirring in AlSi7-R.

A clear difference in the microstructure of the material can be observed in AlSi7-R. There are
numerous smaller grains that have a more needle like shape spread across the entire sample. This
structure is likely the result of eutectic zones. During solidification in AlSi7, o — Al starts to
solidify first. This causes the Si concentration to increase in the remaining melt until it reaches
an eutectic concentration and solidifies. This eutectic concentration usually solidifies at grain
boundaries. Because of the strong EM stirring in AlSi7-R, the molten eutectic Al - Si will be
separated from the solidified @ — Al and form zones. This process continues until most of the
sample has solidified, and the molten eutectic zones solidify in the needle like structure seen in
Figure 42. This development was only present in the AlISi7-R and AlSi7-RX sample and was
observed throughout the samples. However in the image with higher magnification of AlSi7-D
shown in Figure 33 does show some amount of needles in the grain boundaries. This supports the
theory that these needles are eutectic Al - Si that has solidified. This is because as the AlSi7-D
has larg grains compared to the other AlSi7 samples, the concentration of Si reaches eutectic in
the grain boundaries of some areas. This local increase in alloying elements was also observed, and
then measured in a study (Ruvalcaba, D et al 2007 [3]) looking at dendrite fragmentation.

4.5 Grain Size Analysis

The grain size analysis algorithm yielded an average grain size for the C, D and EMC samples that
was determined to be accurate enough for a meaningful comparison between these samples. These
values were in turn plotted based on sample type. The plots for the C samples for both Al and
AlSi7 are shown in Figure 43, where the gray graph represent AlSi7 and the yellow Al. This data
is shown in Appendix D.
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Figure 43: Average grain size for C samples of Al (left) and AlSi7 (right).

For both Al and AlSi7, the C sample without grain refiner has substantially larger average grain size
than samples containing grain refiner. This is expected as the grain refiner initiates solidification
evenly throughout the sample. The difference is of more prominent scale between the Al than
the AlSi7 samples, the same effect can be seen in Figure 35 and 36. The less notable difference
in grain size for AlSi7 samples with and without grain refiner is caused by the mushy zone that
occurs during the solidification of AlSi7, leading to more uniform grain distribution throughout the
sample. Both grain refiner 2 and 3 have approximately the same average grain size independently
of the alloy.

The Al-D samples were plotted together with the EMC Al samples in order to properly observe
the difference in effect. These values are seen in Figure 44. This data is shown in Appendix D.
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Figure 44: Average grain size for D samples (left) and EMC samples (right) of Al.

As shown in Figure 44, the Al sample without grain refiner or influence of a magnetic field has the
highest average grain size. This is as previously observed in the comparison of the micro structures
in Figure 39 for D and EMC samples and Figure 35 for the grain refiners. From the graph it is
clear that the R sample has lower average grain size than the other three EMC samples, being
within the same grain size range as samples containing grain refiner.

In order to compare effects of grain refiners and EMC, the grain size AlSi7-D samples were plotted
together with the EMC AlSi7 samples. This plot is shown in Figure 45. This data is shown in
Appendix D.
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Figure 45: Average grain size for D samples (left) and EMC samples (right) of AlSi7.

As seen in Figure 45 the EM P fields have not affected the average grain size of AlSi7 considerably
compared to the effect of grain refiner or the EM R field. The effect of grain refiner and the EM
R field appears to have had similar effects on the average grain size with around 2 mm?2 for all
these four samples. This can be observed from Figure 44 as well, where the R sample has close
to the same average grain size as the grain refiner samples. EM fields are therefore an option for
chemical grain refiners in terms of grain refinement.

The increase in grain size from the C to D samples with grain refiner is likely a result of the
particles in the grain refiner agglomerating more as the temperature is higher for a longer time
span for the D samples. The lower solidification rate gives the grains more time to grow and the
solidification rate itself can therefore also be a reason, as this effect is seen for the samples without
grain refiner as well.

4.6 Electrical Conductivity

The conductivity measurements of all samples are given in Figure 46. Where yellow represents
samples of Al and gray AlSi7. The samples of the two alloys are sorted based on increasing
conductivity from left to right. The samples labelled with an X are samples with rectangular cross
sections. These rectangular cross section samples are unsuitable for comparing with the circular
samples, all cut around the same height. This is because the grain structure and the volume of
pores is considerably different throughout the height of the samples as shown in Figure 31, 37, 38
and 40. The conductivity data used to plot the graphs are given in Appendix E.

40



Conductivity
65,00

60,00 Al3-A  A-1-C | A-B - AMLA | Al2-A
Al-A AL3B Al-2-B  Al1B
AL2-D | prpex  ARC Al-3-C Al-2-C
AlyPx | Al-DX AlCX
55,00 Al-pP Al-1-D
Al-yP Al-3-D
Al-RX Al-R
— Al-aPX
Oso00 AP Alap
2 50,
=
g
£ 45,00
]
-
)
S 40,00
o i7-3-4
ASTA AA'S‘” 3-C Alsi7-3.B
1 -2 i
35,00 AlSi7-gp  AlSi7-1-D  AlSi7-D  AlSi7-1-C AlSi7-1-B
; AlSi7-RX AlSi7-C — AlSi7-3-A
AlSiT-aPX . AISi7-2-C
30,00 AlSi7T-pP Alsi7-3-D AlSi7-2-B -
i AlSi7-1-A
AISiT-yPX AlSi7-2-D A AlSi7-CX " AlSi7B
: AlSi7-R 17-DX
AlSi7-yP

25,00 AISI7-BPX

Figure 46: Conductivity measurements for all Al and AlSi7 samples sorted by increasing conduct-
ivity.

Figure 46 shows that all samples of Al have a higher conductivity than those of AlSi7, with a
considerable margin of at least 15 %IACS. On average the Al samples have almost twice the
electrical conductivity of the AlISi7 samples. The reason for this difference is the addition of silicon
as an alloying element. The silicon metal binds more strongly to electrons, increasing the alloy’s
electrical resistance compared to aluminium.

Figure 47 shows a plot of the average conductivity in each sample type for both alloys. The plots
show that on average the highest electrical conductivity measurements are from the Al A, B, and
C samples and that they fit well within the theoretical range of 59.5 - 63.9 %IACS. The other Al
sample types fall short of the theoretical range by 2 - 4 %IACS. For AlSi7 the highest electrical
conductivity measurements are also from the A, B, and C samples. These measurements are around
4 %IACS lower than the theoretical range of 38.3 - 40.1 %IACS. The other AlSi7 samples measured
even lower at 5.5 - 9 %IACS below the theoretical range.
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Figure 47: Average conductivity for each sample type of Al and AlSi7.

There are a lot of factors that could be the reason for no AlSi7 conductivity measurement to
be within the theoretical range for conductivity. As seen in Figure 33, the AlSi7 alloy has very
pronounced dendrites and small voids within each grain. This is likely to increase the resistivity of
the samples as the current either needs to cross more grain boundaries or take a more convoluted
path through the grains to avoid more boundaries. It is also possible that the height of the sample
we analyzed was prone to a high concentration of intermetallics or that the calibration of the
electrical conductivity meter was not correct. These are likely some of the main contributors for
why the AlSi7 measurements were lower than the expected values.
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The plot also shows that overall the EMC and D samples have the lowest conductivity. These
samples also have a considerable number of pores as seen in Figure 27 compared to the other
samples. These pores filled with insulating air caused the conductivity value to change a consider-
able amount depending on where the probe was placed on the sample. This made it problematic to
get accurate measurements for the conductivity of the whole sample, but was somewhat mitigated
by taking multiple measurements of each sample. However these pores are likely to be a main con-
tributing factor for the substantially lower conductivity in these samples. If the Al was degassed
before casting, it would be expected to see a considerable increase in conductivity, especially for
the D and EMC samples.

For both Al and AlSi7, the differences in measured conductivity for A, B, and C samples are very
small, especially for the ones with added grain refiner. More samples are required to determine if
there is a statistically significant trend between these sample types.

Figure 48 show the measured conductivity value for every Al sample type and are plotted with
increasing conductivity from left to right Figure

63,00
62,00 o B— asc B— A B— a2
61,00 Al-3-A Al1-C
60,00
59,00
58,00 Al-3-

57,00 Al-BP o

CONDUCTIVITY %IACS

56,00 ALyP
55,00
54,00
53,00 ALD

52,00
*A =B C D O Field

Figure 48: Conductivity measurements for Al sorted by increasing conductivity.

This plot shows that all of the samples with grain refiner have a higher conductivity than pure Al,
except for Al-3-B which is slightly lower than Al-B. Note that the two best conducting samples
for A, B, C, and D contains either grain refiner 1 or 2. Both of these are AlTi3B; grain refiners,
and has a higher conductivity compared to the rest of its type, especially for the D samples. This
indicates that AlTizB; grain refiners have the highest combined positive effect on conductivity.
The reason why Al with no grain refiner has a low measured conductivity is likely because of the
larger grains in these samples. Adding grain refiners is similar to adding artificial contamination
and particles which would usually lower the conductivity. The conductivity gained from the much
smaller grain size does however seem to outweigh the loss caused by this contamination.

The highest performing sample for both Al and AlSi7 is the 1-B sample. These are RSD samples
containing KBM AlTi3B; grain refiner. The higher conductivity could be due to the solidifica-
tion characteristics of the RSD samples affecting grain structure positively. In addition, the thin
RSD samples may increase the odds of gas bubbles escaping before the sample solidifies, thereby
reducing the volume of pores in the sample. The KBM grain refiner also contributes to the higher
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conductivity by reducing the grain size in these samples.

Amongst the circular EMC samples the Al-R sample has the highest conductivity and Al-aP the
lowest. They all have a higher conductivity compared to the Al-D sample. This is as expected from
the visibly smaller grain size of the EMC samples. Al-SP is notable due having the largest grains
of the Al EMC samples, but it still has a higher conductivity compared to Al-aP and Al-yP. This
is likely caused by a larger volume of pores in Al-aP and Al-yP compared to Al-GP and further
confirms the importance of degassing aluminium before casting.

The Al samples containing AlTi3B; grain refiner from different producers have the highest con-
ductivity for each sample type. This wt% of titanium therefore appears to have the best effect on
conductivity for Al. The Al-3 samples, which have additions of AlT'i5;B; grain refiner, have the
lowest measured conductivity compared with all other samples with grain refiner, however they
are still higher than the samples with no grain refiner added, except for Al-3-B. The difference
between Al-B and Al-3-B is 0.02%IACS, and can be considered equal. The conductivity difference
between the grain refiners is not substantial, where the largest difference to be observed is between
Al-3-D and Al-1-D which is of below 1.5%IACS. This difference is also likely influenced by the
large volume of pores in Al-3-D compared to Al-1-D.

Figure 49 show the measured conductivity value for every AlSi7 sample type and are plotted with
increasing conductivity from left to right Figure
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Figure 49: Conductivity measurements for AlSi7.

For both Al and AlSi7, the samples without grain refiner have the lowest conductivity for A
samples and second lowest for B samples. However Al-C and Al-D have the lowest conductivity
of its sample type, whereas AlSi7-C and AlSi7-D have the highest conductivity of its sample type.
Without adding grain refiner, AlSi7 forms much smaller grains compared to Al. This difference
in grain size is largest for C and D samples, which have the lowest solidification rate. A likely
reason for why AlSi7-C and AlSi7-D have the highest conductivity is because they have small
enough grains to dilute the impurities precipitating at the grain boundaries, while also not having
artificial contamination added from the grain refiners. This would also explain why the AlSi7 EMC
samples all have a lower conductivity than the most comparable non-EMC AISi7-D sample. The
EMC process increased the volume of pores in the samples and did not decrease the grain size as
much for AlSi7 samples compared to Al samples.
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From Figure 48 and 49 it can be observed that the conductivity measurements of A, B, and C
samples are not of substantial difference and the highest for both alloys, although they are much
closer for AlSi7. Therefore, no conductivity trend between grain refiners for these sample types
could be found. The differences in measured conductivity for a considerable amount of these
samples, is so small that they are likely to be influenced by the calibration drift of the conductivity
measurement meter. The D and EMC samples have a larger difference in measured conductivity,
and show promising results for further research into grain refinement by EM fields.

Figure 50 shows grain size from the grain analysis algorithm plotted against the conductivity
measurements for the Al samples. The coefficient of determination (R? value) for the power
regression is 0.788. This entails a moderate correlation between conductivity and grain size for Al.
It is assumed that conductivity increases as a function of grain size because the volume of grain
boundaries increases with decreasing grain size. This is also why a power regression model is used,
as grain size is then likely to affect conductivity with a ratio to the power of something.
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Figure 50: Correlation between conductivity and grain size for Al.

These results indicate an inverse correlation between grain size and conductivity, even when grain
refiner is added. The decrease in grain size causes an increase in grain boundaries, which in turn
creates a larger area for conductivity reducing precipitates to be distributed over. This explains
why a decrease in grain size yields a greater conductivity.

The conductivity values and grain size for AlSi7 was also plotted as seen in Figure 51. With a R?
value of 0.398, AlSi7 presents with a weak to no correlation.
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Figure 51: Relationship between conductivity and grain size for AlSi7.

There are two likely factors explaining the low coefficient of determination. First, the small sample
size means that small variations may have detrimental effects on the comparison. Second, the AlSi7
samples had noticeably more defects than the Al samples, which may have influenced both the
digital processing and the conductivity meter. Defects, such as scratches from polishing and pores,
distorted the results from the grain counting algorithm causing inaccuracies in the results. Samples
with more defects were also found to have a lower conductivity measurement than expected.

Both of these correlation plots show how the different sample types tend to group up, except for
Al-D and AlSi7-D. If the grain analysis algorithm could accurately determine the grain size for A
and B samples and added to the plots, it is likely that they could show similar grouping. Overall
the A and B samples also have both the smallest grain size and highest conductivity compared to
other sample types, indicating that they could follow the same trends seen in these plots.
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5 Conclusion

This thesis studied the effect of grain refiners and EM fields on the evolution of the grain structure
and conductivity of aluminium and its alloys. The following conclusions have been drawn from the
course of subject work:

Effect of solidification rate and the addition of grain refiners:

1. In all regularly cast samples, including those with grain refiner, slower solidification resulted in
larger grains.

2. For the Al samples, excluding the RSD samples, these grains converged to varying extent
towards the center of the sample. However, the AlSi7 samples showed a more uniform distribution
of grains without any convergence.

3. The addition of grain refiner caused a substantial reduction of grain size in most samples. The
effect of the grain refiner was clear in all Al tests. In the AISi7 samples the grains were already so
small that the grain refiners effect was substantially lowered.

4. However, the grain refiner does not seem to affect the convergence towards the center in the Al
samples, nor the uniform, scattered pattern of the AlSi7 samples.

5. The particles in the grain refiner agglomerates when in the liquid aluminium,thereby decreasing
the efficiency of the grain refiner.

Effect of EM fields:

1. Applying an EM field to the samples during solidification caused a significant increase in sample
porosity, but it also had a significant effect on the microstructure.

2. All EM samples experienced an increase in the number of pores and defects from their non-EM
counterparts. However, this effect was not as prominent in the pancake coil samples as in the
round coil samples.

3. The EM field also hampered the grains convergence towards the center of the sample, as in
contrast to the non-EM Al samples. This caused the Al samples to have a more similar micro-
structure to the AlSi7 samples.

4. The pancake coil Al samples showed a noticeable reduction in grain size, though the samples
were not enough to determine if the reduction in size had a linear correlation with EM field
strength. The reduction effect on grain size was not noticeable in the AlSi7 pancake coil samples,
likely because the mushy zone in AlSi7 slows the movement from the EM stirring.

5. For all samples generated by using the round coil with the strongest EM field, the reduction in
grain size was prominent, yielding a reduction that could compete with addition of grain refiners.

Effect on conductivity:

The conductivity for AlSi7 was as expected substantially lower than that of Al, however the effect
from EM field samples was likely affected by the porosity of the samples. Pure Al conducts
electricity best without the addition of alloying elements, and the reduction in conductivity for Al
compared to AlSi7 is expected.

1. The effect of grain refiner seems to be negligible in comparison to the effect of surface defects.
2. The EM samples had a substantially lower conductivity than the rest of the samples, though
this is likely to be substantially affected by the amount of surface defects in these samples.

3. Our results indicate a inverse correlation between grain size and conductivity, even when grain
refiners are added.

Final remark:

The solidification time, the addition of grain refiner and the application of an EM field have
substantial effects on the microstructure of the aluminium. This report provides a base for further
knowledge to be built upon. The most prominent areas for further exploration includes optimising
the application of EM fields, how to reduce porosity in EM casts and how to accomplish this at
a larger scale. Further research in these areas would make industrial application a possibility,
possibly even eliminating the need for grain refiners.
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6 Future Research and Outlook

This work is a pioneer research into the effect of grain refiners, solidification speed, and EM fields
on the evolution of the microstructure of aluminium and its alloys. The results observed during this
work builds a foundation for further research into electromagnetic grain refinement and provides a
baseline for comparing this with commercial grain refiners. The most important factors to explore
further are likely to be:

1. EM field strengths
2. varying the frequency of the EM field

3. the effect of grain refiners in comparison to EMC and effects of degassing

Before moving on to large scale testing, the EM field investigation should be optimized. This
thesis only investigates the effect of two different coil types with varying field strengths of 2.20
mT, 4.20 mT, 6.04 mT delivered by a parallel pancake coil arrangement and 158.56 mT delivered
by a double round coil. The optimal EM field strength can be determined by expanding the range
and adding more intervals of testing. By establishing enough data-points, an accurate model of
the effect EM fields have on castings could be developed.

All samples EMC samples in this study utilised 50Hz AC power and it is likely that changing the
frequency could substantially increase the grain refinement effect. This is because lower frequencies
penetrate deeper into the molten metal. It is also possible to tune the frequency to match the
resonance frequency of the aluminium in the mould to further increase the effect of the EM field.
The most important part of further research would be to have more samples of each type. The
average effect and variance of each field should be investigated on a small scale, before moving on
to large scale testing if the results are promising.

The main use of EM casting would likely be as a substitute for grain refiners in materials where
purity is important. One such example is the use of pure aluminium in high-voltage transmission
lines, where a reduction in aluminium purity would reduce conductivity and hereby the electrical
losses. Therefore, further comparisons between grain refiner and EMC for more specified applica-
tions would be beneficial.

Several results were affected by the amount of pores in the samples. These pores, as discussed, are
likely hydrogen from moisture in the air. By degassing the melt prior casting the pores could be
reduced. For future research in this field, all cast samples should be degassed to achieve results
that are less affected by pores.
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Appendix

A Dimensions of Casting Moulds

Table 5: Dimensions of the casting moulds in mm.

Dimensions [mm] | Cylindrical | RSD iron | Graphite | Insulation | Insulation
iron mould mould mould lid
Total diameter 98 50 82 82
Inner diameter 40 40 30 95
Total height 102 39 50 75 25
Inner height 52 12 40 50
Width 64
Length 76

B Magnetic Field Measurements
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Figure 52: Measurements of field strength in the mold for the strength used.

C Dimensions of the Electromagnetic Coils

Table 6: Dimensions of the electromagnetic coils in mm.

Dimensions [mm]| | Round coil | Pancake coil top | Pancake coil bottom
Diameter 130 230 160
Height 150

o1




D Grain Size Data

Sample |Average grain size [mm] Sample |Average grain size [mm]
Al-C 4.685154435 AlSi7-C 1.757799611
Al-1-C 2.44988258 AlSi7-1-C 0.725809177
Al-2-C 0.956123957 AlSi7-2-C 0.83927925
Al-3-C 1.058089375 AlSi7-3-C 1.102562114
Al-D 49.0722814 AlSi7-D 5.377222395
Al-1-D 4.728817265 AlSi7-1-D 1.686547666
Al-2-D 3.400480992 AlSi7-2-D 2.180361119
Al-3-D 7.924219227 AlSi7-3-D 1.985557779
Al-aP 16.78788574 AlSi7-aP 5.022541509
Al-BP 26.58081909 AlSi7-BP 4.,560354949
Al-YP 14.83580601 AlSi7-YP 5.263486184
Al-R 3.494540874 AlSi7-R 1.803792897

Figure 53: Grain size data for all circular Al and AlSi7, C and D samples.
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Conductivity Measurements

Linear

approachto  Avg egdel of  middle of |egdel of
Label |~ conductivity ~ | conductivity| ~ |sample [~ |sampte [~ |sample [~ laoy [-1|Grainrefiner |
-4 61.37 61.37 61.50| 61.30 61.30/Al99.7
AlB 61.86 51.93 £1.90/ 62.10 61.80/Al99.7
Al-C 61.39 61.53 61.60/ 61.50 61.50/Al99.7
ACX 61.62 61.83 E'LBHE 61.50 61.80|Al99.7
Al-D 52.47 52.70 51.?D| 51.00 55.40 Al99.7
Al-DX 57.80 58.10 52.30| 57.10 58.40 Al99.7
Al-R 56.91 57.23 55.’5][ 53.50 58.30 Al99.7
Al-RX 54.23 34.37 34,60/ 49,320 59,80 Al99.7
Al-1-A 61.92 5193 61.90/ 62.00 £1.90/AI99.7 KBM
Al-1-B §2.04 52.13 62.00| 62.40 £2.00/A199.7 KEM
Al-1-C 61.81 51.87 61.90| 62.00 £2.00/AI99.7 KEM
al-1-p 59.12 59.37 Eﬂ.lﬂi 58.30 55.70|4l99.7 KBM
Al-2-A 52.00 52.03 EIJIIl 652.10 62,00 Al99.7 GR 3:1
Al-2-B 61.96 52.07 62.00| 52.10 62.10|Al99.7 GR 3:1
Al-2-C 61.89 62.07 EZM[ 652.10 62.10 Al99.7 GR 3:1
Aal-2-D 58.80 39.07 59.50f 58.30 59,40 Al99.7 GR 3:1
Al-ap 54,74 55.10 52.90| 54.30 58.10/A199.7
Al-3-A 51.71 51.77 61.50| 61.80 61.70/Al99.7 Aleastur 5:1
Al-3-B 61.84 6197 62.00| 62.00 £61.90/A198.7 Aleastur 5:1
al-3-C 61.77 61.97 E‘Lﬂﬂi 62.10 61.90 Al95.7 Aleastur 5:1
Al-3-D 57.65 57.93 ECIZI]l 57.30 56.30 Al99.7 Aleastur 5:1
Al-aPX 56.32 56.73 57.90| 53.90 58.40|Al99.7
Al-BP 56.56 56.93 37.90 34.00 58.90 Al99.7
|Al-BPX 59.70 560.13 60.40 60.00 60.00|A199.7
Al-yP 55,61 56.00 54.80 55.50 57.70/A199.7
Al-yPX 57.55 58.00 59.20/ 59,30 55,50/ A199.7
AlSiT-ap 32.08 32.23 33.20 31.50 32.00 Alsi7
AlSIT-aPx 30.32 30.50 30.50 29.40 31.60 AlSIT
AlSI7-BP 2817 28.55' 28.00 25.50 31.50 AlSi7
AlSiT-R 3076 30.90: 32.70 28.70 31.30 AlSi7
asizpex | 27.25] 2743 2940 2100 3130/ais7
AlSIT-RX 30.52 30.67 32.80 31.10 28.10/AISI7
Alsi7yp | 28.60, 2877, 2970 2500 31.60|Alsi7
AlSI7-yPX 30.34 30.53 29,50 30.70 31.40|Al517
AlSi7-2-A 34.13 3413/ 3430 34,00 34,10(AlSi7 GR 3:1
AlSi7-2-B 33.80 33.83| 34.00 33.70 33.80 AlSi7 GR 3:1
AlSi7-2-C 34.44 34,50 34.60 34.50 34,40/ AlSi7 GR 3:1
AlSiT-2-D 31.83 31.53I 32.60 31.00 32.20 AlSIT GR 3:1
AlSIT-A 34.03 31.{]3| 34.00 33.70 34.40 AlSI7
AlSiT-B 34.23 3#.2?. 34.70 34.10 34.00 AlSI7
AlSiT-C 34.76 31.83] 34.80 34.80 34.90 AlSIT
AlSIT-CX 33.51 33.51]: 32.50 34.20 34,10 AlSI7
AlSi7-D 33.39 33.50| 33.20 34.20 33.10/Al57
AISI7-DX 32.37 32.50 32.40 33.00 32.10(Al517
AlSI7-1-A 34.12 34.13] 34.60 33.80 34.00|AISI7 KBM
AlSI7-1-B 34.89 34,93 35.00 34,60 35.20|AISI7 KEM
AlSi7-1-C 33.52 33.60/ 33.60 33.40 33.80|AlSi7 KEM
AlSiT-1-D 32.62 32.73) 33.70 32.20 32.30 AlSIT KBM
Al5i7-3-A 34.78 34.80| 35,10 34.10 35.20/AlSi7 Aleastur 5:1
AlSiT-3-B 34.48 34.53 34.60 34.30 34.70 AlSIT Aleastur 5:1
AlSiT-3-C 34.42 31.51]] 34.50 34.60 34.40 AlSI7 Aleastur 5:1
AlSiT-3-D 33.01 33.15_. 33.60 32.50 33.30 AlSI7 Aleastur 5:1

Figure 54: Conductivity Measurements for all samples.
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