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Preface

This work has mainly been carried out at the Department of Material
Science and Technology at the Norwegian University of Science and
Technology, NTNU, and at Elkem Silicon Materials, Trondheim.
Experiments have also been performed at two Elkem plants and at the
Pilot facilities of Elkem Technology in Kristiansand. The work is part of
an industrial PhD funded by the Research Council of Norway and
Elkem Silicon Materials. Some experiments have also been supported
by the KMB project ROMA-Raw material Optimization and energy
recovery in the MAterials industry and eCAST-Energy and cost effective
casting of ferroalloys. eCAST is funded by the Research Council of
Norway and The Norwegian Ferroalloy Producers Research Association
(FFF).
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Abstract

Abstract

Silicon of purity 90 to ~100 wt % was cast at different cooling
conditions. The temperature recordings from the experiments were used
to validate a heat transfer model of the solidification. The model,
thermal history and experimental observations were utilized to
determine the factors that had the largest impact on the cast product.

Three experiments were performed in industrial scale. In addition a
directional solidification experiment and casting onto a water cooled
copper plate were performed for different silicon grades in order to
study the effect of cooling rate.

These experiments have illustrated that several factors determined the
silicon grain size. In addition to the well known effect of cooling rate -
other factors were: inclusions present, amount of alloying elements, the
temperature of the melt and the formation of solidification layers during
casting. The layers acted as a barrier to further growth and may be
more frequent in industrial castings. The layers were important to the
overall silicon macro- and microstructure.

For the industrial MG-Si2 experiment it was observed that small silicon
grains were often accompanied by an uneven distribution of
intermetallic phases, while large silicon grains were found in
combination with a more even distribution of intermetallic phases. This
work supports that the cooling rate after the solidification of primary
silicon had an effect on the size and form of the intermetallic phases.
This may be utilized industrially to achieve a wanted intermetallic
structure. The distribution of the intermetallic phases also depended on
solidification layers, available space between the silicon grains and the
amount of alloying elements.

All the investigated casts contained a varying degree of segregation. The
segregation pattern was in good agreement with the heat transfer model.
The model may be used to predict segregation patterns in different
casting methods.

The main intermetallic phases observed in this work were consistent
with former work on the same alloys.
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Abstract

The distribution of trace elements in the intermetallic phases was
studied. Most intermetallic phases contained 10 to several hundred
times more trace elements than the bulk analysis, reflecting the low
distribution coefficients of the trace elements in question.

A few analyses of the silicon matrix indicated that an increased cooling
rate, such as in the copper plate experiments, increased the
incorporation of alloying and trace elements into the silicon matrix. This
suggests that the trade off to obtain a smaller grain size due to an
increased cooling rate was a less pure silicon matrix.

A mass balance was done and it indicated that some of the transition
elements with a high diffusion coefficients, such as nickel and copper,
could be found in the silicon grain boundaries and matrix due to solid
state diffusion.

An abrasion test was performed on samples from all experiments. For
the MG-Si2 material, a weak trend was seen where an increased cooling
rate increased the abrasion strength. It was not possible to conclude
when investigating other material, Alloy A, MG-Sil and SoG-Si and this
was believed to be a result of the inhomogeneity of the material. The
micro hardness of the intermetallic phases was measured and it
depended on the amount of cracks present in the phases before the
measurement since the cracks influenced the length of the measured
diagonals.

An initial test where MG-Si2 was purified by means of magnetic
separation showed promising results. A grade of 4.9 wt % iron was
obtained in the -53 pm fraction using the SLon 100 separator. The
recovery in the fraction was 11 % illustrating that there is potential for
further optimization of the separation.
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A Area

A Mass ratio of magnetic and non-magnetic fraction

a Absorptiviy

Cu Composition in liquid at the solid-liquid interface
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Do Diffusion coefficient in liquid

o} Boundary layer thickness

d Mean diagonal length of indentions Vickers
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1 Introduction

The use of silicon and silicon alloys play an important part in the daily
life and well-being of the 7 billion habitants on Earth. Silicon
constitutes an alloying element in aluminium and steel, it is the main
building block in silicones and has an important role in the ever
increasing use of electronic-based products.

Elemental silicon is not found in nature, but is bound to oxygen or
other elements. The source of silicon is mainly SiO> which is found in
quartz. The production process used requires a high temperature, a
high energy input and the use of a carbon-based reducing agent. The
process includes the solidification of liquid silicon to solid silicon and
the transformation into usable form and size.

The solidification step is important when it comes to determining the
quality and the yield of the cast product. Due to the high silicon
temperature and high energy transformation the solidification process
also may result in a negative health, environment and safety standard
at a plant. For metallurgical grade silicon many of the casting
procedures used at most silicon plants today are in principle the same
as those developed decades ago and there is a need for improvement.
The main reasons for a new and improved casting process are:

e Increasing the post taphole yield and hence reducing the total
energy consumption
e Improving the product quality regarding customer value - this
may include
o Defined silicon grain size
o Distribution of intermetallic phases
o Trace elements
o Homogeneity
e Meeting new requirements for working environment
¢ Reducing the cost for the solidification and silicon forming step

In this study silicon, ranging from 90 to ~100 wt % silicon was cast at
different cooling conditions. By tracking the silicon from the furnace
throughout the casting it was seen that several factors interacted and in
combination gave the final product. The main focus was how grain size,

1



1 Introduction

type and distribution of intermetallic phases and abrasion strength
were affected by a change in the cooling rate, chemical composition and
direction of the heat extraction. A heat transfer model was developed to
describe and understand the solidification process and the cast product.

1.1 The history of silicon

Silicon is the 14th element in the periodic table and belongs to the 4A
group together with carbon, germanium, tin and lead. Elements within
a group have some common chemical features due to the equal number
of valence electrons. In most natural substances silicon or carbon are
the building blocks, and Zumdahl (1998) describes that what carbon is
to the biological world, silicon is to the geological world. Most rocks,
sands and soils are silica and different silicates. Silicon has a great
affinity for oxygen and forms chains and rings containing Si-O-Si
bridges that are the basis in these substances. In carbon-based
compounds the carbon-carbon bond is the most stable bond, while the
Si-O bond gives the most stable silicon compounds. In Figure 1.1 the
unit cell of silicon is illustrated.

T |

o O
. © | o
L. O6—@&—0©

Figure 1.1: Unit cell of silicon, VESTA, Momma and Izumi (2011).

c

It is almost 200 years since the Swedish chemist Jéns Jakob Berzelius
discovered silicon, but almost another 100 years passed before
ferrosilicon was produced industrially in an electric arc furnace. Steel
production was the original application of the electric arc furnace, but
after the development of the Sgderberg electrode the production of
ferrosilicon became feasible. Ferrosilicon is an important additive to
steel due to the good de-oxidation properties of silicon which improves
the steel quality and yield. In the 1920s ferrosilicon also became an




1.1 The history of silicon

important part of the production of stainless steel, Gabrielsen and
Grue (2012).

In Figure 1.2 the main applications of silicon are illustrated, not
including ferrosilicon.

Figure 1.2: Main applications of silicon: aluminium alloys, electronic and solar
applications and chemical use as a backbone element in silicones, (Elkem internal).

On a world basis around 50 % of the silicon is consumed by the
aluminium industry, Table 1.1. Silicon is added to aluminium mainly to
improve the viscosity of the alloy, the floatability and mechanical
strength. The alloys are mainly used in the machinery and auto
production.

The first quantities of silicones, which is the main chemical application
of silicon, were produced in the 1930s. During the Second World War
the need for improved sealing in airplanes and submarines intensified
the research on silicones. The merge of the chemical company Dow and
the metallurgical company Corning enabled a rapid development of
silicones. Dr Eugene Rochow developed a direct method for synthesizing
silicones on an industrial scale. The aimed product of the reaction is
dimethyl dichlorosilane, MCS, (Ceccaroli and Lohne, 2003). This
process is referred to as the direct synthesis or MCS production in this
work. Dimethyl dichlorosilane, MCS, serves as a precursor to a vast




1 Introduction

number of different compounds, named silicones, which contain a Si-O-
Si backbone. This backbone can be incorporated into rings and large
chains. Parts of the chains and rings can contain different substitute
groups such as -CH3, -COOH, -OH. This gives an enormous diversity
when it comes to the properties of the different silicones. The silicones
are an important part of our modern lifestyle. Products where silicones
are frequently used are makeup, paint, water resistant clothing,
medicines and baking moulds Bluestar Silicones (2013)

The development of the first usable computers occurred during the
Second World War. In the 1950s the invention of the transistor and
combined with the development and use of semiconductor silicon
opened the era that could be referred to as the “silicon age”, Gabrielsen
and Grue (2012).

Silicon is also essential in the development of renewable energy as the
main constituent in solar cells. Both the negative impact fossil fuels
have on the environment and the decrease in their deposits have led to
increased research activity focusing on renewable energy.

There are stricter requirements to purity for silicon to be used for
electronic and solar applications due to the detrimental effect some
trace elements can have on the electrical properties. The purity of
metallurgical grade silicon, MG-Si, used in aluminium alloys and the
production of silicones, is typically 98.5 % and as seen from Table 1.2
impurities are present in the ppmw range. Silicon used in electronic
devices and solar cells requires impurity levels in the ppb(a) and ppt(a)
range. One common way to obtain this purity is by the distillation and
thermal decomposition of volatile silicon compounds. The process where
trichlorosilane, TCS, is decomposed, where the main process is the
Siemens process, has a dominant position in the industry. It is however
a process that consumes a high level of energy where 90% of the input
power is lost. Other processes have been developed. Another method to
produce Solar grade silicon, SoG-Si is to upgrade MG-Si. This can be
done by slag refining, plasma refining, acid leaching, directional
solidification or a combination of several methods, Ceccaroli and
Lohne (2003). The upraded silicon may however not be as pure as
silicon from the Siemens process.




1.1 The history of silicon

Table 1.1 and Figure 1.3 give the amount of silicon consumed in 2002
and 2012 by the aluminium industry, MCS related industry, which is
the silicone industry, and trichlorosilane related industry. The numbers
are published by courtesy of deLinde (2013). In the aluminium segment
minor miscellaneous uses are included in addition to some inventory
movements. It is assumed that the bulk part of the TCS segment is for
solar applications in 2012 but an exact number is not given.

The global production of silicon in 2012 was 2027 MT, and as can be
seen from Figure 1.3, 947 MT was consumed by the aluminium
industry, 705 MT by the MCS industry and 375 MT by the TCS related
industry. This gives an increase from 2002 of 33 %, 83 % and 317 %
respectively.

Table 1.1: Global demand for silicon 2002 and 2012 including.

Si [MT] Si [MT] Increase
2002 2012 2002-2012 [%)]
Silicon for aluminium 710 947 33
MCS related 385 705 83
TCS related 90 375 317
Total 1185 2027 71
2500
2000

=

2

T 1500

[

§ m 2002

5 1000 m2012

]

(G}

500 -~
0 4
Silicon for MCS related  TCS related Total
aluminium

Figure 1.3: Global demand for silicon in 2002 vs. 2012, courtesy of deLinde, CRU
(2013)

The increase in silicon consumption also means there will be an
increased demand for metallurgical grade silicon. The silicon industry
faces some main challenges. The industry will have to improve




1 Introduction

regarding cost, product quality, health, environment and safety (HES)
and the access of energy and raw materials.

1.2 Production of silicon

The high stability of the Si-O bond has led to the formation of oxides
such as quartz, olivine and feldspars. The main production route to
elemental silicon is by carbothermal reduction between quartz, SiOo,
and carbonaceous materials in an electric arc furnace, as illustrated in
Figure 1.4.

Figure 1.4: [llustration of the production of metallurgical grade silicon in an electric
arc furnace from raw materials quartz, coal/coke and woodchips (Elkem internal).

A simplified equation for the production of silicon collected from the
textbook by Schei et al. (1998) can be written as

SiO2 (s)+ 2 C (s)=Si(l) + 2 CO (g) (1.1)

The silicon melt is tapped from the furnace, usually into a ladle, and
then poured into a mould for solidification. The quartz and
carbonaceous materials used in production contain impurities and as a
consequence impurities may be present in the silicon produced.
Metallurgical grade silicon, MG-Si, is here defined as silicon produced
from an electric arc furnace with purity around 98.5 %. The typical
composition of MG-Si is listed in Table 1.2. As can be seen from the
table the gap between the low value and high value is large for most
elements and the obtained bulk purity will depend on the raw materials
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used and type of electrodes. The variation in purity within a cast will
depend on the solidification

Table 1.2: Typical chemical composition of cast MG-Si (Ceccaroli and Lohne, 2003)

Element | O Fe Al Ca C Mg Ti Mn
Low (ppm) | 100 [300 [300 |20 50 5 100 |10
High (ppm) | S000 | 25000 | 5000 | 2000 | 1500 | 200 1000 | 300
Element |V B P Cu Cr Ni Zr Mo
Low (ppm) |1 5 5 5 ) 10 5 1

| High (ppm) | 300 [ 70 100 [100 [150 [100 [300 |10

In the work by Myrhaug (2003) the source of impurity elements in
ferrosilicon is listed. For silicon as opposed to ferrosilicon no iron ore is
added, and the Sederberg electrodes can be the main source of iron and
give in the order of 1 % iron in the silicon. To produce silicon with MG-
Si quality, electrodes are utilized that yield lower iron contamination in
the silicon. Solid graphite electrodes are used in smaller furnaces — and
composite electrodes are used in larger furnaces. The principles for the
composite electrodes are extrusion of the electrode through a slow
moving outer steel casing — or that parts the electrode are made from
aluminium, Tveit (2013).

The different elements that originate from the raw materials and the
electrodes will end up in the off gas, slag or the solidified product.
According to the boiling point model by Myrhaug and Tveit (2000)
elements with a low boiling point will evaporate at the furnace top while
elements with a higher boiling point will follow the melt out of the
furnace.

As the global resources of high purity quartz and carbonaceous material
are limited it will be crucial to develop good refining techniques to be
able to reduce the level of unwanted elements. This can be processes
such as slag refining, leaching or directional solidification. Beneficiation
techniques such as magnetic separation or flotation may also obtain an
increased interest.

There are different specifications for silicon that are used in the
chemical industry as opposed to silicon used in solar applications or in
the production of aluminium alloys. It is important to be aware of the
similarities and differences in specification in order to obtain a product
and a production route that is suited for its application. From an
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industrial point of view the economics and emissions during production
also need to be considered. It will be the combination of production
cost, quality and environment that will predict what method that should
be chosen in the future.

1.3 Publications

Parts of this work have published in the proceedings of the Silicon for
the Chemical and Solar Cell Industry conference XI, Mell et al. (2012)
and INFACON XIII, Mell et al. (2013).

1.4 Structure of the thesis

Chapter 2 introduces the theory that has been considered relevant
during this work. A literature survey regarding silicon rich alloys has
also been included. In Chapter 3 a basis for the materials and methods
used during this work will be presented. In addition a discussion
around uncertainties related to some of the experimental methods will
be given. Chapter 4 describes the thermal history of the experiments. A
heat transfer model in COMSOL 4.3a (2012) has been developed based
on two of the experiments. The model has been used to predict
important casting phenomena. The chemical segregation, distribution
and size of silicon grains and intermetallic phases are given in Chapter
S. This is put in context of the thermal history presented in Chapter 4.
A discussion regarding the partition of trace elements is given including
a mass balance between the intermetallic phases and the silicon matrix.
Some aspects regarding post processing of MG-Si are included in
Chapter 6 and include a discussion about abrasion strength, micro
hardness and fines generation. In Chapter 7 an introductory test of
magnetic separation of crushed and milled metallurgical grade silicon is
presented. The work is summarized in Chapter 8- conclusions. Finally a
discussion regarding future work will be given in Chapter 9.




2 Theoretical Background

Solidification involves the transition from a liquid to a solid state. The
process will have a substantial impact on the properties of the finished
product. The main product characteristics that are influenced by the
solidification process are grain size and grain size distribution, size and
distribution of intermetallic phases, chemical segregation on micro and
macro scales, product strength and product yield. The solidification
process includes the transport of a high amount of thermal energy -
and has a significant role in the health, environment and safety, HES,
standard in the silicon plant.

This chapter describes a basis for important solidification phenomena.
This includes an introduction to the thermodynamics of solidification,
nucleation and growth, heat transfer, distribution of impurity elements
and morphology. In addition an introduction to magnetic separation
and a literature review regarding silicon rich alloys will be given. The
main focus has been metallurgical grade silicon and silicon alloys
intended for the production of silicones and hydrometallurgical leaching.
If the subjects described in this chapter are to be studied in more detail
the reader is referred to Flemings (1974), Stelen et al. (2004) and Kurz
and Fisher (1998), Geankoplis (2003), Gaskell (2008) and Incropera
and DeWitt (2002).

2.1 Thermodynamics of solidification

In thermodynamics a system is defined as the matter subjected to
thermodynamic analysis. With a given set of conditions, such as
temperature, pressure and composition, a system will always try to
minimize its energy. At this minimum the system will be in equilibrium
and the equilibrium states of a system can be represented by a phase
diagram.

At equilibrium the change in free energy during solidification can be
written as

AG=AH-T,AS=0 (2.1)
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, AG is the change in free energy and AH and AS the changes in
enthalpy and entropy at the equilibrium transformation temperature Tw.

At other temperatures the free energy change can be written as
AG=AH-TAS#0 (2.2)

Assuming that the enthalpy and entropy are not dependent on small
changes in temperature the two equations combined yields

A’;AT £0 (2.3)

M

AG =

, where AT is the undercooling (Tw-T).

The driving force for solidification increases when the negative value of
the free energy increases. Since AH is negative for solidification,
increased undercooling will increases the driving force for solidification.

In Figure 2.1 free energy curves as a function of temperature are
illustrated for a pure material (Baker and Cahn, 1971). At T >Twu the
free energy is at a minimum for the liquid phase and the liquid will be
the thermodynamically stable phase.

Figure 2.1: Free energy curves versus temperature for a pure material (Baker and
Cahn, 1971).

At T =Twu, the liquid phase will be in equilibrium with the solid phase o
and further cooling could lead to the solidification of this phase. If

10
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however nucleation is suppressed for some reason the liquid will
continue to cool. The formation of the metastable phases  and y may
take place in subsequent order. The & phase has no melting point and
can therefore never form from the liquid. For a pure element the
transition between liquid and solid will occur at a distinct temperature.

The equilibrium melting temperature will depend on the pressure in the
system and is given by the Clapeyron equation.

AT, _ T,AV 2.4)
AP AH

Silicon expands during solidification and increased pressure would
decrease Twm. (For most materials the density increase upon
solidification and Tm would increase following a change in pressure).

The surface curvature of the particles formed will also affect equilibrium
melting point as given in equation (2.5).

Ar _20TViK

’ AH
, K is the mean surface curvature and increases with decreasing radii, o
is the surface tension and Vs is the molar volume of the solid. The
surface tension of liquids is usually lower than the surface tension of
solids. This result in suppression of the liquidus and solidus lines as
the radius of a particle decreases. This yields when the surface area is
less than ~1 pm (Stelen et al., 2004).

(2.5)

In Figure 2.2 a phase diagram for an ideal binary alloy is illustrated
(middle figure) together with free energy curves at temperatures, Ty, the
melting temperature (left figure), and T1 <Twum (right figure). At the melting
temperature, the free energy of the liquid is less than the free energy of
the solid over the whole compositional range. As a result the liquid is
the thermodynamically stable phase. At temperature Ti, the solid will
be stable at low concentrations of B, while the liquid will be stable at
high concentrations of B. Similar diagrams as shown to the left and
right in Figure 2.2 can be calculated for all temperatures, and the loci of
all these diagrams constitute the liquidus and solidus curves of the
equilibrium phase diagram shown in the middle of Figure 2.2. The

11
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derivations of the equations constituting the diagrams are described by
Flemings (1974).

TEMPERATURE

Figure 2.2: Free energy curves at temperatures T=Ty and T; <Twm for an ideal binary
solution and resulting phase diagram (Flemings, 1974).

In a binary system the melting or solidification will occur over a range of
temperatures given by the liquidus and solidus lines. The area between
the liquidus and the solidus of the system is termed the mushy zone,
and here liquid and solid will coexist, (Flemings, 1974). The micro
structural characteristics such as shape, size and distribution of
concentration variations, precipitates and pores are determined in this
region (Kurz and Fisher, 1998).

All crystalline material will contain a various degree of imperfections
and impurity atoms can be found in solid solutions where they are
found as substitutional or interstitial point defects. The degree of
dissolution of the solute will depend on factors such as, atomic size, the
crystal structure, electro negativity and valences (Callister and
Rethwisch, 2007). The crystal structure of silicon restricts dissolution
of most elements and most elements will therefore have a lower
solubility in solid silicon than in liquid silicon (Trumbore, 1960). This
means that when a silicon alloy start to solidify the liquid will be
enriched in alloying elements, while nearly pure silicon solidifies. When
solidification phenomena are to be studied -constrained, local
equilibrium is assumed. This means that equilibrium is valid only at the
solid-liquid interfaces. For other processes the rate is assumed to occur
at a negligible rate. If complete diffusion in both solid and liquid are
assumed a description of equilibrium solidification can be outlined.

12



2.1 Thermodynamics of solidification

Figure 2.3: Binary phase diagram of a A-B system where the distribution coefficient is
smaller than unity k<1 (Kurz and Fisher, 1998).

The solid and liquid compositions at the solid-liquid interface are
temperature dependent as illustrated in the binary equilibrium phase
diagram, Figure 2.3. The distribution of the solute between the solid
and the liquid phases can be expressed by the equilibrium distribution
coefficient, k.

*

c
k=== (2.6)

L

, where Cs"and Cr" are the solid and liquid composition at the solid and
liquid interface respectively (Flemings, 1974). For an initial
concentration C,, the liquid will be the only phase that exists above the
liquidus temperature. When the liquidus line is crossed, assuming that
nucleation is not suppressed, a solid phase will start to nucleate. The
composition of the solid and liquid phases, Cs"and Ci" is given by the
tie-line between the liquidus and the solidus at that specific
temperature. A material balance for the system will be

Cf+C /=G (2.7)

13
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, where fs and fiL are the solid and liquid fractions respectively. The
remaining liquid disappears when the solidus line is crossed.

If it is assumed that diffusion in the solid is negligible, another
expression for the solidification can be developed. Since the amount of
solute rejected at the interface must be equal to the increase of solute in
the liquid a material balance can be given when a small amount
solidifies, dfs.

(C, = C.)df, = (1- £,)dC, (2.8)

If we use the relationship from the phase diagram k= Cs/Cr+ and
integrate from Cs» = k*Co at fs=0 one obtains an expression for the
concentration in the solid as a function of the fraction solid

C.=kCy(1—f )" (2.9)

, or the relationship between solute in liquid as a function of fraction
liquid.

C, =Cof " (2.10)

The equations are termed the Scheil equation or the non-equilibrium
lever rule. A practical application of this is directional solidification of
silicon. For elements with a small distribution coefficient it is possible to
purify an ingot in a way where the bulk part of the impurity elements
ends up in the last part to solidify (given that the planar front does not
become unstable). This is a good method to remove e.g. iron and
aluminium, but for elements such as P and B that have a segregation
coefficient close to unity, see Table 2.1, directional solidification is not
as efficient.

14



2.1 Thermodynamics of solidification

Table 2.1: Distribution coefficients in silicon for a selection of elements.

Atom | k (ke Reference | Atom | k (Kes) Reference
Al 2.0¥10-3 1) Ni 8.0%10-6 4)
B 0.8 1) 0 0.25-1.25 [4)
C 0.07 2) P 0.36 1)
Ca 1.6*103 3) Sn 0.016 1)
Cr 1.1*10-5 | 4) Ti (2.0%106) | 4)
Cu 4.0%10-4 1) Y% (4.0106) [ 2)
Fe 8.0*10-° 1) Zn 1.0*10-5 1)
Mg 2.3*103 2) Zr 1.6 10¢ 5)
Mn 1.0*105 1) N 7.0*104 4)
Mo (4.5*108) | 2) W 1.7 10¢ 5)

1)Trumbore (1960), 2)Zulehner and Huber (1982) 3)Sigmund (1982), 4)Hull (1999),

5) Hopkins (1985)

Table 2.2: Maximum solid solubilities for a selection of elements.

Maximum Maximum
Solid Solid
Atom Solubility Reference | Atom Solubility Reference
(at/cm-3) (at/cm-3)
Al 2.0¥1019 1) N 4.5%1015 2)
B 6.0%1020 1) Ni 8.0¥1017 2)
C 3.0*1017 2) O 3.0*1018 2)
Cu 1.5%1018 1) P 1.3%1021 2)
Fe 3.0*1016 1) Sn 5.0*101° 1)
Mn 3.0¥1016 1) Zn 6.0¥1016 1)

1)Trumbore (1960), 2)Hull (1999)

At higher growth rates the distribution coefficient will not equal the
equilibrium distribution coefficient but it will increase asymptotically
towards 1 for k<1. The distribution coefficient can according to Burton
et al. (1953) be expressed as:

kyy = a

eff 29
ky +(1— ko)exl:)(_?)

L

(2.11)

,where V is the growth rate of the interface, § thickness of the boundary
layer and Dy the diffusion coefficient of the impurity in the melt. At
higher growth rates more impurities will be incorporated into the silicon
crystal.
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2.2 Nucleation and growth

Even though thermodynamics predicts the phases that are stable at
equilibrium, thermodynamics will not predict the time for equilibrium to
be reached. Before a solid can start to grow the first solid nucleus needs
to be formed. In a melt there are random fluctuations of atoms, and at a
given moment there will be a certain amount of clusters due to these
fluctuations. If a cluster is larger than a critical size a stable nucleus is
formed and can continue to grow by adding atoms arriving at the
nucleus. During the transformation from one phase to another the
atoms must be arranged into new positions. This transition can only
occur if the probability of the transfer of atoms from the parent phase to
the product phase is higher than the opposite transfer (Kurz and
Fischer, 1998).

2.2.1 Nucleation

In pure materials the solid is formed from its own melt without the help
of foreign materials. In order to do so a large energy barrier must be
surpassed. This process is named homogeneous nucleation. An
expression for the free energy change involved in the transition between
liquid and solid is given in the equation below.

AG,.:—VA—G-#AO' (2.12)

s

, where AG; is the free energy of formation of one cluster with i atoms, V
is the volume of the cluster, Vs is the molar volume, AG the driving for
solidification, A the surface area and o the surface tension between the
liquid and the solid. For small particles the surface energy, the second
term in the equation, plays a large role determining the total free energy
of the particles. The bulk energy, the first term, dominates at a larger
radius. A cluster needs to be larger than a critical radius in order to be
stable and grow. This critical radius will decrease with the degree of
undercooling, AT, as seen from Equation 2.13 below.

P —20T,,V, (2.13)
AHAT

The critical free energy of formation for the cluster is given in equation
2.14.
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. 16 7o’ T V!

) 2.14
"3 AH’AT? ( )
The nucleation rate can be written as
J=J exp(=250) (2.15)

kT

, where Jo is the density of available nucleation sites and k is
Boltzmann’s constant, Cantor and Nabarro (2003). The nucleation rate
increase with increased undercooling. For metals the maximum
undercooling attained around is 0.18 of the absolute melting point
according to different studies (Flemings, 1974). The barrier to
nucleation can be reduced when the nucleation starts at foreign
particles and in practice most liquids start to crystallize only with a few
degrees of undercooling. This is termed heterogeneous nucleation.
The barrier to nucleation decreases when the wetting between the
crystal and the substrate improves.
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Figure 2.4: Formation of a cluster on a substrate (Flemings, 1974).

For complete wetting the wetting angle, 6, is zero, while for zero wetting,
0 is 180°. The barrier to nucleation, can be reduced by the function f(6),
so when 6 goes to zero the barrier to nucleation goes to a minimum as
expressed in Equation 2.16

AG) = AG; f(0) (2.16)

In commercial practice inoculants/ grain refiners are added to many
molten alloys to form fine-grained materials. The grain refiner increases

17
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the amount of stable nucleus formed in the initial stage and therefore
gives a more fine-grained material.

2.2.2 Growth

When the barrier to nucleation is surpassed the nucleus can continue
to grow. At the interface, atoms will be both attached and detached and
the growth rate will be dependent on the rate of these processes.
Diffusion in the liquid will influence the rate of attachment and the
number of neighbours binding the atoms to the interface will influence
the rate of detachment. The more neighbours binding an atom to the
crystal, the higher the probability that it will remain. If an atom is to be
incorporated in a position with few neighbours a large difference in the
force binding it to the crystal and binding it to the melt must exist. A
large undercooling is needed in order to create such a difference.

It is common to divide the interface structure into non-faceted and
faceted interfaces. For most metals the atomic structure of the solid
will be quite similar to the structure in the liquid and atoms are added
easily to any position of the surface, a non-faceted morphology will be
adapted. This is illustrated in point a to the left in Figure 2.5, and point
b to the right in the right figure. In faceted crystals there is a greater
difference between the structure and bonding in the solid to that in the
liquid as compared to metals. Some atomic planes accept atoms readily.
The faster growing planes will disappear, while the slower growing
planes define the structure.

10pm

Figure 2.5: Non-faceted, a, and faceted, b, growth morphology, left, and the form of
faceted, a, and non-faceted, b interfaces, right (Kurz and Fisher, 1998).
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Generally one can look at the melting entropy in order to predict the
morphology the crystal will adapt. When the dimensionless entropy,
a=(AS/R), is <2, a non-faceted growth morphology is predicted, while
when a>2, a faceted growth morphology is predicted. AS is the entropy
related to the phase change and R is the gas constant. Beatty and
Jackson (2000) describes that facets that develops in silicon are only of
the {111} family. The growth in other planes is non-faceted and the
interfaces are rough.

There are several mechanisms describing the growth of silicon. Two
terrace-step kink, TSK, models, Liaw (1990), have been widely accepted
in addition to the twin plane re-entrant edge model, TPRE. The TSK type
models are, the two-dimensional nucleation model, TDN, and the screw
dislocation growth model, SCG. In the TSK models, if there is a step
present, the atom will diffuse towards and along it until it meets a kink
where it can be incorporated, see Figure 2.6. In the TDN model a 2D
nucleus must first form on top of a flat surface. When the nucleus
reaches a critical size, it is stable and can continue to grow with a
lateral step upon the surface. At the start of each new layer a two-
dimensional nucleus must be formed once more. When the surface has
a defect such as a screw dislocation, the SCG model, Figure 2.6c is
applicable. New atoms arriving can diffuse to the steps of the
dislocation and continue to grow. The dislocation will still be present
when a new atomic layer is to be formed so the undercooling required
for 2D nucleation is not called for. The TDM model requires a high
degree of undercooling in the range of 3.7 to 9 K, while the SCG model
ranges from 0.32 to 0.8 K according to Abe (1974) and Chikawa and
Sato (1980)

Figure 2.6: Growth mechanism in silicon- a) and b) representing the TDN model and
c) the SCG model.
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In the TPRE model new atoms can arrive at re-entrant edge which
facilitates the bonding and leads to a more rapid growth. The defects
introduce new bonds which will reduce the kinetic undercooling needed
for growth to occur.

Figure 2.7: Illustration of a twin re-entrant angle (Hamilton, 1960).

The basis for the TPRE model is given by Hamilton (1960) and Wagner
(1960). A summary of this growth mode is given by amongst others
Rong (1992) and Forwald (1997).

Both the SCG and the TPRE models are the result of crystal defects.
The growth mechanism will depend on factors like the growth rate,
thermal gradient and undercooling. A review regarding crystal growth
behaviours of silicon during melt growth processes can be found in the
review article by Fujiwara (2012).

2.3 Microstructure
The material in this section is mainly collected from Kurz and Fisher,
(1998) if nothing else is stated.

Figure 2.8 illustrates a typical representation of several structural zones
in a casting. In usual castings one or more of these zones exists. The
formation of these zones will be outlined below.
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Figure 2.8: Structural zones in a casting (Kurz and Fisher, 1998).

The driving force towards nucleation is large close to the mould wall due
to a large temperature difference. An outer equiaxed zone will develop
consisting of many small equiaxed grains. When the temperature
difference is reduced grains that remove heat efficiently, that is grains
that grow opposite to the heat flow, will outgrow grains growing in other
directions. A columnar zone is developed. If small branches of the
columns become detached, the branches can continue to grow if they
are in an undercooled region of the melt. The heat will be dissipated
isotropically and an equiaxed shape will be attained i.e. an inner
equiaxed zone is developed. The solid-liquid interface is said to be
morphologically stable if a plane front is attained and unstable if cells
and dendrites are developed.

For a pure element the solid-liquid interface will be stable as long as the
thermal gradient at the interface is positive

G= Ty >0 (2.17)
dz

For an alloy the situation is more complex due to variations in

composition along the interface. When an alloy solidifies the solute will

either be rejected at the solid liquid interface, k<1, or accumulated in

the solid when k>1. In silicon most solutes will be rejected at the solid-

liquid interface and this will be described further. Mass can neither be

created nor destroyed, so the atoms rejected at the interface will pile up
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in a boundary layer as illustrated in Figure 2.9. Simplified the length of
the boundary layer can be expressed as

L (2.18)

, where § is the thickness of the boundary layer, Dy the diffusion
coefficient of the impurity in the melt and V is the growth rate of the
interface. Since the solute rejected needs to be removed from the
interface by diffusion, a higher growth rate means that the solute will
not have as much time to diffuse and the boundary layer thickness is
reduced.

Figure 2.9: Steady state boundary layer at a planar solid-liquid interface. Growth rate
V2>V1 (Kurz and Fisher, 1998).

From the phase diagram, Figure 2.10a, it is seen that the liquidus
temperature will be affected by the amount of solute in the liquid. In
Figure 2.10b the liquid composition as a function of distance from the
solid-liquid interface is given. Since the amount of solute is higher close
to the interface the liquidus temperature will be lower here then further
away from the interface. If the temperature in the melt at all times is
higher than the liquidus temperature a protuberance at the interface
caused by an instability will be in a superheated environment and melt
back, Figure 2.10c. However if the actual temperature is below the
liquidus temperature a protuberance will find itself in undercooled
region where it can grow Figure 2.10d. This is called constitutional
undercooling.
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Figure 2.10: d) illustrate the condition for constitutional undercooling in alloys, where
Tactuat is less than Tiquiqus (Flemings, 1974).

For a binary alloy the front will be stable as long as the criterion below
is fulfilled.

G . _mGClil—k)

> (2.19)
v kD,

If this criteria is not fulfilled cells will start to develop at the interface.
The cells will grow perpendicular to the solid-liquid interface regardless
of crystal orientation. Crystallographic features will be more important
if the growth rate is increased and dendrites start to develop.

Kattamis et al. (1967) described the grain coarsening during
isothermal holding which is similar to coarsening during dendritic
solidification. The same models are also explained by Flemings (1974),
where Figure 2.11 is from.
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MODEL I MODEL I

START

CENTER ARM
DISAPPEARING

END

Figure 2.11: Model I (left) and II (right) explaining dendrite coarsening during
isothermal holding (Flemings, 1974).

In the first model, model I, one of the dendrites has a smaller radius, ro,
and will consequently have a lower melting point than the dendrite with
the larger radius, as shown in Equation 2.5. The dendrite with radius ro
will melt since it is in a region above the melting temperature. The
concentration in the liquid surrounding ro will be higher than the liquid
surrounding a, so the solute will diffuse to dendrite a and grows. In the
second model the radius of the dendrite is smaller at the root so the
arm melts. The effect of this phenomenon during solidification is that
an increased coarsening time tc, that is the time the system is in the
solid-liquid region, will result in a coarsening of the dendrites.

Figure 2.12: Morphological spacing vs. cooling rate for some silicon rich alloys
(Forwald, 1997)
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Forwald (1997) illustrated how the morphological spacing in some
silicon rich alloys is affected by the cooling rate. Values for Tveit (1988)
and Sverdlin (1994) are also illustrated in Figure 2.12. Decreasing the
cooling rate increases the morphological spacing in agreement with the
model by Kattamis et al. (1967).

2.4 Heat transport during solidification
Solidification of a material involves the extraction of heat from the melt
to ambient temperature. As the heat is extracted there will be a change
in the enthalpy of the material due to cooling; AH=/c,dT, and due to the
transition from liquid to solid; AfH, which is the latent heat of the
material. In Figure 2.13 AH is represented as a function of temperature
for several ferro-silicon alloys with increasing silicon content. It is seen
that the latent heat, which in the figure is represented as a jump in AH
at the melting temperature, increases with increasing silicon content.
The latent heat is a material property and for silicon the latent heat is
about 5 times larger than for most metals. AHris 50 kJ/mol for silicon
while it is only 14 kJ/ mol and 11 kJ/mol for iron and aluminium
respectively, (Aylward and Findlay, 2008).
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Figure 2.13: Enthalpy in Fe-Si alloys in the range of 0-1600 °C (Tveit,1988 adapted
by Klevan, 1997),
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2.4.1 Mechanisms of heat transfer
The three main mechanisms of heat transfer are; conduction,
convection and radiation (Incropera and DeWitt, 2002).

Conduction involves the transport of heat though molecular movements
in a solid, gas or liquid. There is no bulk movement, but heat can be
conducted by an energy transfer between adjacent molecules due to
lattice vibrational waves and migration of free electrons. Higher
temperatures involve higher molecular energies and when particles with
a high level of energy collide with particles with less energy there will be
a transfer of energy between the particles. The net flux of the heat is
towards lower temperature region. An example of heat conduction can
be dipping a metal spoon into a glass of cold water. Even though the
whole spoon is not in contact with the water, the metal will reach the
same temperature as the water after a while. The rate of heat transfer
by conduction can be expressed by Fourier's law.

g=-kT (2.20)
dx

, in (W/m?2) where k is the thermal conductivity of the material. Metals

typically have high thermal conductivity while isolating materials have a

low thermal conductivity.

Convection involves heat transfer by bulk motion and mixing
(Geankoplis, 2003). It describes the energy transfer between a moving
fluid and a surface. Close to the surface the mechanism will be by the
diffusion of heat while further away the mechanism is usually by bulk
motion of fluid particles. A boundary layer and temperature and velocity
profiles develops at the surface. An example of convection is blowing air
over a hot cup of chocolate to make it cool faster. This is named forced
convection. Convection can also be natural such as flow due to
temperature differences in a fluid. At different temperatures the density
will differ and a low density liquid will rise while high density liquid will
sink. The rate of the convective heat transfer can be written as Newton’s
law of cooling

q=hT,-T,) (2.21)

, in (W/m?), where h is the convective heat transfer coefficient and Ts
and T, the surface and fluid temperature respectively. The conductive

26



2.4 Heat transport during solidification

heat transfer coefficient depends on the conditions at the boundary
layer between the surface and the fluid. Using Equation (2.21)
convective heat transfer is set to be positive if heat is transferred from
the surface, Ts > T, and negative if heat is transferred to the surface, T,
> Ts (Incropera and DeWitt, 2002).

Energy can also be transferred by means of electromagnetic waves. This
form of energy transfer is termed radiation. An example is the heat
emitted from the sun. The rate at which the energy is emitted from a
surface is called the emissive power, E. The upper limit to radiation
occurs for an ideal surface named a perfect black body. The emissive
power is then

E, =0T} (2.22)

, given in (W/m?2). Ts is the absolute temperature at the surface and o is
the Stefan Boltzmann constant.

The emissivity, €, of a perfect black body equals 1. For a body that is not
a black body e<1. The emissive power can then be written as

£ =oeT} (2.23)

The surface will also absorb some radiation from the surroundings and
this can be described as

G,,=aG=acT} (2.24)

a sur

,o is the absorptiviy and has a value between 1 and 0. Assuming that o
and & are equal, the net heat transfer due to radiation can then be
written as the combination of Equations 2.23 and 2.24.

g=oe(T"-T") (2.25)
The radiative and the convective heat transfer can be combined into one

equation describing the heat transfer from a surface.

q=h(T,~T,)+oe(T* ~T*) (2.26)
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At temperatures where Ts>>>Tgyr the radiative term will dominate while
at lower temperatures the convective term will dominate.

2.4.2 Solidification in an industrial sized mould

In the following section solidification in a mould covered in fines will be
used as an example of heat transfer during solidification. The energy
that needs to be transported in order for the melt to cool to ambient
temperature is the energy related to the reduction in enthalpy during
cooling, AH=[C,dT and the energy related to the phase transfer from
liquid to solid AfH.

With the cooling rates used in industrial casting of silicon and
ferrosilicon the rate of heat removal will mainly depend on the
resistance to heat transfer to the surroundings. It seems that the
conductivity in silicon/ ferrosilicon is only decisive at very high cooling
rates. This means that the cooling rate can be altered by changing the
mould material. This is illustrated in the thesis by Tveit (1988). A
sketch of the solidification of silicon in a mould covered in fines is given
in Figure 2.14 at different snapshots into the solidification.
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Figure 2.14: Heat flow during solidification, time to, ti, t2, t3. The mould is illustrated
in black, the fines in dark grey, liquid silicon in orange and solid silicon in light grey.

to is a snapshot prior to filling the mould. The mould-fines layer has a
temperature equal to the surroundings.




2.4 Heat transport during solidification

t1 is straight after filing of the mould. Tmelt-Tmoud is large and the
solidification starts instantly close to the mould wall. From the top
surface, heat will be lost in a combination of radiation and convection
and can be given by Equation 2.26 at a given moment. Assuming a low
over temperature in the melt, the surface solidifies rapidly. The radiative
term will dominate when the surface temperature is much higher than
the surrounding temperature. Through the solid silicon, mould-fines
layer, heat will be transported by conduction, Equation 2.20. As
described above heat removal will mainly depend on the resistance to
heat transfer to the surroundings, which for the lower part will be the
mould-fines. At the solid- liquid interface latent heat will be generated
and this heat also needs to be removed. In liquid silicon there will be
flow due to density differences which will result in convective heat
transfer. Solid silicon has a lower density compared to liquid silicon and
this density difference is enhanced due to the enrichment of alloying
elements in the liquid during solidification. In the case of solidification
from the top surface this leads to low density silicon floating at the top,
while higher density liquid enriched in impurity elements will sink.

t>. For a given position the heat will be transported in the direction
where there is least resistance to heat transport. That is where the
temperature gradient is largest. Depending on the mould material and
the size of the fines heat will preferentially be transported upwards or
downwards. In Figure 2.14 the positions a and b at time t2 are
examined. For point a, the temperature above, that is in the liquid, is
higher than the temperature below, so the heat will be removed in the
direction where the temperature gradient is negative; towards the mould.
For point b, the temperature below, that is in the liquid, is higher than
above, so the heat will be removed toward the top surface. Two
solidification fronts will develop, one moving downwards and one
moving upwards and the rate of their movement will depend on how fast
the heat is removed from the top and bottom.

ts- Since there has been an accumulation of alloying elements in the
liquid during solidification, the area where the two fronts meet is
enriched in alloying elements. If the heat has been removed faster from
the top than the bottom the fronts meet closer to the mould than the
top surface.

29



2 Theoretical Background

2.5 Magnetic separation
According to Oberteuffer (1974) magnetic separation is conventionally
used for two general purposes:

1) Purification of feeds with magnetic components
2) Concentration of magnetic materials.

For silicon that contains a certain amount of intermetallic phases the
objective is to separate the intermetallic phases from silicon in order to
obtain a purified product. The degree of purification will depend on
several factors, such as design of the separation device, magnetic field,
particle size and magnetic susceptibility of the intermetallic phases. The
susceptibility is a measure of how much a material will affect an electric
field. The following presents an introduction to magnetism and
magnetic separation. The theory is collected from Oberteuffer (1974),
Xiong et al. (1998), Sandvik et al. (1999), Sherrell and Dunn (2012)
and Zumdahl (1998).

2.5.1 Magnetism

In Bohr's atomic model the atom is built up by a positively charged core
surrounded by negatively charged electrons positioned in different
orbitals. In the molecular orbital theory the atomic orbitals bond which
results in orbitals with energy levels both higher and lower than the
original orbitals. The orbitals are filled with electrons in subsequent
order starting with the lowest lying orbital. The electrons are usually
arranged in pairs with opposite spins that will cancel the magnetic
momentum. When a sample of a non-magnetic material is put into a
magnetic field two types of magnetism are induced. If the material is
attracted to the inducing magnetic field it is a paramagnetic material-
not all electrons are paired, as for O». If the material is repelled by the
magnetic field it is a diamagnetic material- all electrons are paired, this
is the case for N2 (Zumdahl, 1998). Elements that are close to iron in
the periodic table have a lot of unpaired electrons and spontaneously
magnetize, they are named ferromagnetic materials. In an induced field
ferromagnetic substances will order parallel to the field and the total
field can be strong.

A measure often used when talking about magnetism is the magnetic
susceptibility of a material, x. For a paramagnetic material x>0, while
for a diamagnetic material x<0. For paramagnetic substances the
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2.5 Magnetic separation

magnetic susceptibility decreases with temperature. For ferromagnetic
substances it is dependent on both temperature and field strength,
while for a diamagnetic material it is always negative no matter the
temperature and field strength.

The magnetic force acting on a particle in a magnetic field can be
expressed in the simplified equation below (Sandvik et al., 1999)

m

F,=VH 2 fu) g, -1) (2.27)
dx

V is the volume of the particle, f(u) the shape factor, H the field strength,
dH/dx the gradient of the field strength, pr and po, the relative
permeability and the permeability in vacuum respectively. The
absolute permeability dependent on the material and the relative
permeability can be related to the susceptibility in the equation below

n=1+y (2.28)

From this it is seen, as given above, that Fm will be negative for a
diamagnetic material and positive for paramagnetic materials.

When a material is to be separated there will be a competition between
several forces, as illustrated in Figure 2.15. The magnetic force Fm binds
the magnetic particle to the magnetized wire, while the competing forces
F¢, such as gravity and hydrodynamic drag force, pulls the particle away
from the magnetized wire. Attraction between the particles Fj, such as
electrostatics and surface chemical double layer forces, will decide how
many non-magnetic particles that will join the magnetic fraction.
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2 Theoretical Background

Figure 2.15: Forces acting on a particle attracted to a magnetized wire by a force Fu,
(Oberteuffer, 1974).

The efficiency of the magnetic separation can be reported as:

Recovery, Rm: ratio of magnetic material in the magnetic fraction relative
to that in the feed.

Grade, Gm: the fraction of magnetic materials in the magnetic fraction.

The grade can be defined as
R 1
szR ;R = 7 (2.29)
m + nm 1+ AM
, Where A is the mass ratio between the non magnetic and magnetic
particles in the feed, and Rum is the recovery of non magnetic particles

in the magnetic fraction.

The recovery of magnetic particles is given in the equation below.

R —kin (2.30)

, where K is proportionality constant.

The recovery of the non-magnetic particles will depend on the inter
particle forces and the competing forces as shown below.

R =K'Rm§ (2.31)

c

Inserting this into Equation 2.29 the following expression is given for
the grade.
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2.6 Micro hardness

G, :;F (2.32)
1+ AK—+
F.
It is seen that Ry increases when the competing forces decrease and the
magnetic force increases. However as the competing forces decrease the
grade will be reduced. Increased inter-particle force will also reduce the

grade.

2.6 Micro hardness

Hardness is a measure of the resistance of a material to localized plastic
deformation. The lower the hardness index number, the larger and
deeper the indention is, that is, the softer the material is (Callister and
Rethwisch, 2007). A material that is soft is usually ductile, while a
hard material is brittle.

Figure 2.16: Principle of Vickers hardness measurements (ISO 6507-1, 2005)

The hardness can be calculated from the equation below.

HV =1.8540 (2.33)
d2

, where P is the load in kg and d the mean diagonal in mm (Callister
and Rethwisch, 2007). The equation can also be written as

HV = 0.1891% (2.34)
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, where 0.0191 is the conversion factor from mass to force, F is the force
in N and d the mean diagonal in mm, (ISO 6507-1, 2005).

2.7 Solidification of MG-Si and its alloys -

literature study

The production of metallurgical grade silicon was outlined in Chapter 1.
Iron, aluminium, calcium and titanium are usually the main impurities
and will in this work be referred to as alloying elements. Other elements
are referred to as trace elements. During the 1990s much of the
research regarding solidification of MG-Si focused on how the
solidification would influence the direct synthesis. The bulk part of this
literature is published in connection with the conference Silicon for the
Chemical and Solar Cell Industry. The International Ferro Alloy
conference, INFACON, has also been represented with contributions
from the industry. For metallurgical grade silicon several of these
publications have described the microstructure of metallurgical grade
silicon and the effect of cooling rate. Examples are the publications by
Anglezio et al. (1990), Dubrous and Anglezio (1990), Rong (1992),
Schei et al. (1992), Margaria (1994), Margaria (1996), and Meteleva-
Fischer et al. (2012). The publications give a thorough description of
the intermetallic phases found in MG-Si and emphasise the effect of
cooling rate on the degree of grain coarsening of primary silicon.
Amongst others Margaria (1994) studied the influence of cooling rate on
the distribution of intermetallic phases and described that the
distribution of the intermetallic phases was determined by the silicon
grain size. It was therefore dependent on the cooling rate in the region
the grain size of primary silicon was defined. Rong (1992) on the other
hand noted that the shape of the intermetallic phases changed when
the cooling rate in the region after solidification of primary silicon
decreased. This was attributed to minimizing the surface energy.

In addition to MG-Si, research on hydrometallurgical leaching of alloyed
silicon has also been an area of interest. This includes the development
of the Silgrain process®. The last decades the research on silicon for
solar and electronic applications has increased.

As can be seen from Figure 1.3 the demand for high purity silicon has
increased dramatically over the last 10 years. The increase has been
highest for silicon for solar applications, listed as TCS in the figure,
where the main process is the Siemens process. Numbers given by
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2.7 Solidification of MG-Si and its alloys - literature study

Tranell et al. (2012) state that the Siemens process uses 180 kWh/kg
silicon produced as opposed to 40-60 kWh/ kg for silicon produced by
the metallurgical route. From an energy perspective the metallurgical
route is to be preferred. The silicon from the metallurgical route will
however contain more impurities than the silicon from the Siemens
process. This can reduce the efficiency of the solar cell. Since the
deposits of pure raw materials for the production of MG-Si is reduced it
can be expected that the purity of MG-Si will decrease in the following
years. If refining of MG-Si is to be cost efficient the refining techniques
must be improved or new techniques must be developed.

2.7.1 Binary systems
The binary system of greatest interest in this work has been the binary
Fe-Si system. The phase diagram is given in Figure 2.17.

O¢

Termperature

Figure 2.17: Binary phase diagram Fe-Si, Massalski (1990). Superimposed on the
diagram is the labelling used in this work, HT-FeSi, and LT-FeSi,.

For the purpose of this study only the Si-rich corner of the phase
diagram is studied. For compositions above 58.2 wt % Si, Si will be the
first phase to solidify. In the two-phase region between the liquidus
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temperature and the solidus temperature at 1220 °C, pure silicon
crystals will solidify while the melt will be enriched in iron. At 1220 °C
the high temperature phase, HT-FeSi> will solidify with a structural
formula is close to FeSiz4. At around 927 °C an eutectoid reaction is
predicted from the phase diagram. HT-FeSi;, the high temperature
version should transform into LT-FeSiz, the low temperature version.
Examinations of MG-Si have indicated that this transformation does not
take place to a great extent. de Huff (1969), reported the minimum time
for this transformation to be completed is 3h at 700 °C. This means
that the cooling rate in the conventional casting used in industry is too
rapid for the transformation to be complete. It is also reported that the
phase can contain a varying degree of aluminium. According to
Anglezio et al. (1990), the maximum amount is 3 wt % Al. Al will
substitute for silicon in the structure. According to Margaria (1996) the
maximum content of Al can be up to 8 at % and the aluminium
stabilizes the high temperature version.

The Al-Si system is a simple eutectic system with an eutectic point at
577 °C and 12.6 wt % silicon, (Massalski, 1990). The solubility of Al in
Si is limited, but Si has some solubility in the Al phase. For the Ca-Si
system the only phase relevant for metallurgical grade silicon is the
CaSiz phase, which is observed in MG-Si with high concentrations of
calcium, see Figure 2.19. The eutectic point is at 1030 °C and 61.4
wt %Si. (Massalski, 1990). Si>Ti is observed in silicon with a high
content of titanium and the eutectic temperature is 1330 °C (Massalski,
1990).

2.7.2 Ternary systems

The Al-Fe-Si system has been investigated by several authors, ranging
from early studies by Takeda and Mutuzaki (1940), Rivlin and Raynor
(1981), to the more recent work by Liu (1999), Krendelsberger et al.
(2007) Raghavan, (2009) and Raghavan (2010). The regions with high
concentrations of either Al or Fe have attained most of the focus, due to
their importance in aluminium and iron alloys. A complete study of the
whole compositional range was performed by Takeda and Mutuzaki
(1940). In the literature the different Al-Fe-Si phases have been
designated letters and numbers which are not always consistent. In
Table 2.3 different ternary phases are designated with the letters t
collected from the review by Raghavan (2009).
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Table 2.3: Stable phases in the Al-Fe-Si ternary system, Raghavan (2009).

Phase Designation | Composition at %

Al Fe Si
AlxFesSis T1 0T To 21.5-44.5 ~37 18.5-41.5
AlsFeSi T2 0Ty 54.4-64.8 ~20 15.2-25.6
AloFeSi Ts 53.5-55-5 ~24 20.5-22.5
AlsFeSio T4 or 6 46-53.5 ~16 30.5-38
Al7.4FexSi Ts 68.75-71.25 | ~18.75 10-12.5
AlqsFeSi Te0r 65-67 ~16 17-19
AlsFes Siz | wr 39.7-48.2 ~24 27.8-36.3
AlbFesSiq Ts 24.6-28.1 ~32.4 39.5-43
AloFesSis Tio 57.5-58.5 ~24.5 17-18
AlsFeoSi T 64.5-66 24.5 9.5-11

Some of the phases are reported to have a large homogeneity range, like
14, while others have a more restricted range, as for ti0. It can be seen
from the table that the iron content is relatively stable, while the
aluminium and silicon content varies. This is due to the ease these
elements substitute each other. When it comes to MG-Si, there have
been several studies regarding the structure of intermetallic phases
found in the material. Anglezio et al. (1990) listed AlsFeSia and
AlgFesSi7 phase as common phases in MG-Si. According to Liu (1999)
the group later modified the stoichiometry of this phase to AleFe4Sis,
which is equal to t7 in Table 2.3. The two Al-Fe-Si phases were also
reported by Schei (1992), Rong (1992), and Margaria et al. (1992). A
liquidus projection for Al-Fe-Si, as given by Krendelsberger et al.

(2007) is illustrated in Figure 2. 18.
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Figure 2. 18: Liquidus projection for Al-Fe-Si, Krendelsberger et al. (2007)

In the publication by Anglezio et al. (1994a), a review of the literature
regarding the binary and ternary, Al, Ca, Fe and Si systems relevant for
MG-Si was given. For silicon rich alloys the relevant ternary phase in
the Al-Ca-Si system is AlxCaSiz. It melts congruently below 975 °C
according to Anglezio et al. (1990).

The ternary Fe-Si Ti system was amongst others studied by Weitzer et
al. (2008). Nine ternary phases were observed, where the FeSi>Ti phase
is the phase normally observed in MG-Si. From the ternary phase
diagram listed it can be seen that for high concentrations of titanium
the binary SioTi phase is formed.

The quaternary phase of highest importance in the Al-Ca-Fe-Si system
is the AleCaFes4Sis phase. This phase is studied in detail by Anglezio et
al. (1990).
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2.7.3 Intermetallic phases in MG-Si

There is a consensus between authors describing MG-Si when it comes
to which intermetallic phases that are usually found in silicon after
industrial casting. These phases include HT-(Al)FeSiz, SioTi, AlsFeSio,
(Al)FeSioTi, AloCaSiz, AleCaFesSis, CaSiz and AleFesSis. The solidification
starts with the solidification of almost pure silicon below 1414 °C. As
the temperature is reduced more silicon solidifies while the melt is
enriched in alloying/trace elements. Calculation done by the
programme Sistrucl3, described by Dons et al. (2009) gave a
solidification range of the subsequent solidification of the intermetallic
phases from ~1100 °C to ~600 °C depending on the composition.

The crystal structures of the most common phases in MG-Si are given
in Table 2.4.

Table 2.4: Crystal structure of common intermetallic phases in MG-Si

Phase Crystal structure
HT-(Al)Fesi, | Tetragonal 1

CaSiz Hexagonal?

Si>Ti Orthorhombic 3)
AlsFeSia Orthorhombic 4
Al¢FesSies Monoclinic 9
AlxCaSis Hexagonal 6

(Al)FeSioTi Orthorhombic 3)
AlsCaFesSis | Triclinic?)
1)Maex and van Rossum (1995), 2) Massalski (1990) 3)Weitzer et al. (2008)
4)Gueneau, (1995a), 5)Gueneau, (1995b), 6) Anglezio et al. (1994a ). 7)Anglezio et al.
(1990)

In the study by Dubrous and Anglezio (1990) 30 samples within the Al-
Ca-Fe-Si-Ti system were examined. They varied the content of Ca and Al
in the samples while the iron content was kept constant at 0.4 wt %. In
Figure 2.19 the areas of existence of the main intermetallic phases in
MG-Si developed from their study is illustrated. In the samples titanium
was always present as FeSisTi.
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Figure 2.19: Area of existence for intermetallic phases in MG-Si containing 0.4 wt %
Fe and a varying amount of Ca and Al. (Dubrous and Anglezio, 1990)

In this figure, Siz4FeAl and SirAlsFes equals the phases designated HT-
(Al)FeSiz and Ale¢FesSie in this work respectively. The figure illustrates
that HT-(Al)FeSi2» was found in all the MG-Si alloys and when the Al
content increases the ternary Al-Fe-Si phases starts to form as well. The
quaternary calcium phase was found in all the alloys except when the
calcium content was very low. Increasing the calcium content led to the
subsequent formation of the ternary and the secondary calcium phases.

2.7.4 Impact of the MG-Si quality on the downstream
consumer

As mentioned in the introduction there are different specifications to

metallurgical grade silicon depending on the application. In this section

silicon for the aluminium industry, the direct process and

hydrometallurgical leaching is discussed.

2.7.4.1 Silicon for aluminium industry

In aluminium alloys silicon is added to improve amongst other things
the viscosity of the alloy, the floatability and mechanical strength. A
high and constant silicon yield and a low level of fines are preferred.
Low iron, calcium and phosphorus contents in silicon are critical for
this application (Ceccaroli and Lohne, 2003). The size distribution of
the silicon is also vital to the alloying process. Small sized material will
flout and end up in the slag causing material loss and a reduced control

40



2.7 Solidification of MG-Si and its alloys - literature study

of the alloy composition. In addition it is more energy demanding to
melt small sized particles compared to larger particles.

An example of the impact impurities have on the system is in near
eutectic Al-Si alloys. When phosphorus is present AIP can form and
these particles nucleate fine silicon grains. This effect can however be
poisoned by sodium or calcium since (Can-xNax)Pm or CaSiP compounds
that are more stable than AlIP are formed. Then AlIP can no longer work
as a nucleating agent. Lui et al. (2005) describe that the calcium level
in the alloy they have studied was directly related to the purity of the
commercial silicon, which was MG-Si. From this it was seen that it is
important to control amongst others the level of P and the level of Ca.

2.7.4.2 Silicon for direct syntheses, MCS related
The first step in producing silicones involves the production of dimethyl
dichlorosilane.

Si (s) + 2 CHsCl (g) — (CH3)2SiCl (g) (Cu catalyst, 260 to 370 °C)

The reaction is carried out in a fluidized bed reactor. To obtain a good
fluidization of the bed particles, a size of 20-300 pm is preferred
(Ceccaroli and Lohne, 2003). If particles are too small they can be
blown out of the reactor, leading to silicon loss, or if they are too large
they can accumulate in the reactor. Important parameters for the
reaction are the reactivity, the amount of (CHjz)2SiCl> produced per
tonne silicon, and the selectivity, the amount of the (CHj3)2SiCl>
produced versus the total amount of products (Margaria et al., 1992).
The direct synthesis is complex and not fully understood. Different
design and operating conditions of the fluidized bed reactor affect the
reactivity and selectivity. The same yields for the catalyst chosen and
the intermetallic phases present in silicon. Owing to the fact that the
reactivity and selectivity are dependent on many factors it is difficult to
give a strict specification when it comes to MG-Si. There have been
several attempts to describe the effect of the different intermetallic
phases, but so far there is not a complete consensus. It can however be
concluded that homogeneity in the material, a given grain size and
minimum level of some elements are important. Rong (1992) lists
several elements that can act as promoters, inhibitors or auxiliaries in
the synthesis. It is stated that the process is sensitive to the presence of
impurities.
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2.7.4.3 Hydrometallurgical leaching

For some purposes the silicon is alloyed with a higher amount of e.g.
iron, calcium and aluminium, in order to facilitate a process such as
leaching. This is done in the Silgrain process, where a 90-94 % silicon
alloy is leached. In 1971 Aas described the technology for the Silgrain
process, Aas (1971). He described how silicon alloyed with Fe, Al, Ca
and Ti was solidified, crushed and leached in a solution of hot acidic of
FeCls. The bulk part of the alloying elements was found as intermetallic
phases that were leachable to a varying extent, while the silicon was not
leached. The result was therefore a purified material consisting of
purified silicon grains. Table 2.5 is collected from Aas (1971), and it is
seen that the calcium containing phases were easiest attacked by the
Silgrain acid, followed by the Al-Fe-Si phases. The Fe2Sis, which equals
the HT-FeSi», was not leachable in Silgrain acid. @A chemical
composition and solidification procedure that suppress the FesSis, that
is the HT-FeSiz, phase should be chosen.

Table 2.5: Solubility of intermetallic phases in silicon (Aas, 1971) with designations of
solubility, A: Not soluble, B: Slightly soluble, C: soluble, ® solution used in Silgrain

Phase Analysis % Relative solubility
Fe Si Al Ca FeCls | FeCls | HC1 HF HF HNOs
+ +
HCI® HNOs
FexSis | 42- | 53- A A A C C -
47 58
Fe-Al-Si | 28- | 30- |28- A B B C - -
38 39 37
Fe-Al- 32- |31- [22- |[3- |B C C C - -
Ca-Si 39 34 24 13
“Ca 37. |35. |26, |C C C C C B
Al:Si2” 4 9 7

Queiroz et al. (2001) came to the same conclusion. In their work
several Si alloys were leached in both HCI and a mixture of HCl and
FeCls*6 H20. The relative reactivities for the phases were listed as
follows: Ca-Si > CaAl»Sii s> Fe-Al-Si-Ca, Al-Fe-Si >>> FeSia.

It is assumed that the CaAl>Siis was the same as the CaAlxSiz notation
used by Aas, and that the quaternary and FeSi» phases were the
AleCaFesSig and HT-(Al)FeSi> phases respectively.

Other factors that are important for the leaching are solidification time
and distribution of phases. Even if the cast contains leachable
intermetallic phases they must be located such that the acid can attack
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them. All the phases contain silicon so this means that removal is
associated with a silicon loss that should be kept to a minimum.
Dissolution time in the acid, temperature of the acid and pressure can
also affect the leaching.

Due to the low solubility of most elements in solid silicon, as seen from
Table 2.2 there will usually be an accumulation of trace elements in the
intermetallic phases. This means that purification is achieved not only
by removing the main constituents in the intermetallic phases, but also
trace elements that following the intermetallic phases will be removed.

2.7.5 Industrial method for solidification of MG-Si

A summary of the casting processes used for silicon aimed for chemical
industry, is given by Nygaard (2006). This includes mould casting,
granulation and casting on a copper plate. In the silicon plants located
in Norway, casting in a bed of fines, casting onto cast iron moulds and
layer casting are common practices for silicon alloys ranging for 54-99
wt % Si. In addition granulation has been tested, but mainly due to
explosions this is not in use in Norway today. Granulation may also
yield a product that is not applicable for aluminium customers due to
its small grain size. In recent years casting onto cooled copper plates
has gained increased attention and the basis for this is described by
Bullon (2007) and Boisvert et al. (2004). When a casting method is to
be chosen, it is important to define the qualities the producer aims for
in the product. In the next chapters the effect the casting method has
on the product will be elucidated.
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3 Experimental Work

3.1 Introduction
In Figure 3.1 images from the main casting experiments in this thesis
are shown with respect to the order they were conducted.

, g =\ U
Figure 3.1: Experiments included in this work left to right: A1-A2-MGSi2 Industrial,
Cyberstar furnace experiment —Copper plate experiments.

The experiments were designed using a 90-94 wt % silicon alloy, alloy A,
and standard metallurgical grade silicon, MG-Si 1 and MG-Si2. Alloy A
and MG-Si2 were collected from industrial experiments, while MG-Si 1
was collected from a cast without exact knowledge of the thermal
history. MG-Si 1 and MG-Si2 were re-melted and used in two new
solidification experiments: Solidification on a copper plate, carried out
at the Elkem Pilot Plant in Kristiansand, and a directional solidification
experiment in the “Cyberstar” furnace at NTNU. In addition Solar Grade
Silicon, SoG-Si, was used for two of the copper plate experiments and
one of the four crucibles in the Cyberstar furnace was filled with
Electronic Grade Silicon, EG-Si. Comprehensive temperature
measurement and alloy sampling were performed in all the experiments.

The collected samples were used for chemical and metallographic
analysis. As an alternative to purifying metallurgical grade silicon, an
initial test run with magnetic separation was carried out. Furthermore
the abrasion strength of the materials was determined by a tumbler test
and the micro hardness of selected intermetallic phases was
investigated.

3.2 Industrial experiments

3.2.1 Alloy A

The silicon alloy was produced in an electric arc furnace from raw
materials, quartz, coke, coal and woodchips. Al, Fe and Ca rich
material were added in order to obtain the required alloy composition.
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3.2 Industrial experiments

The alloy was continuously tapped from the furnace into moulds placed
on a railway that surrounded the furnace. The moulds used were cast
iron moulds. To prevent the mould from experiencing a “thermal shock”
and to avoid iron contamination of the alloy, the mould was covered in a
fines layer of the silicon alloy, size 0-2 mm. On average it takes 15
minutes to fill a mould, but the flow during tapping will depend on the
ease of draining the silicon from the taphole. Two experiments were
performed using alloy A.

A1l: Solidification in an industrial sized mould covered in a layer of fines
(0-2 mm) of the same material, Figure 3.2 (left).

A2: Solidification in an aluminium box (500x300x195mm) insulated
with the ceramic fibre Kaowool, Figure 3.2 (right)

Figure 3.2: Pictures taken before and during experiment Al (to the left top and
bottom) and experiment A2 (to the right top and bottom).

In experiment Al, 3 C-type thermocouples, (W5%Re-W26%Re, 0.1
diameter wire, 125 x 600mm molybdenum sheath, where 500 mm was
coated with tungsten, hafnia insulation, ungrounded junction with ultra
high temperature ceramic plug ) in quartz protection tubes were used to
record the temperature in different positions in the cast as shown in
Figure 3.3. In addition one K-type element recorded the temperature
increase in the fines.
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Figure 3.3: Placement of the thermocouples as taken with respect to sample Al.

In experiment A2, 7 C-type thermocouples of same specification were
positioned in different positions in the box. Three of the thermocouples
were protected by quartz tubes while four of the thermocouples were
protected by graphite and quartz tubes. The temperature increase in the
fines was recorded in this experiment as well with a K-type
thermocouple. A DT80 Datataker was used to collect the temperature
data in both experiments. After pouring the melt from the ladle into the
mould the casts were left to cool to ambient temperature.

For experiment Al samples were collected in the proximity of the
thermocouples where the thermal history was exactly known. The box
from experiment A2 was cut in half and the half that contained the
thermocouples was divided in to seven samples, 2.1-2.7. Thermocouples
C1 to C3 were part of sample 2.2, thermocouples C4 and C5 were part
of 2.4 and thermocouples C6 and C7 were part of sample 2.6. The
samples were cut at SINTEF Building and Infrastructure and Elkem
Technology, Materials Characterization.
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3.2 Industrial experiments

Figure 3.5: Extraction of samples in experiment A2.

3.2.2 MG-Si 2
A cast iron mould (2100 x 2100 cm, outer dimensions) was prepared for
the experiment: 8 holes were drilled through the cast iron mould walls
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to fit the thermocouples. To avoid movement of the thermocouples
during casting two steel plates were mounted to the bottom of the
mould. Kaowool plates were attached to the steel plates and the C-type
thermocouples were supported by this. To protect the mould a 15 mm
layer of silicon gravel of size 10-15 mm covered the mould. Metallurgical
grade silicon, MG-Si, of purity 99 wt % silicon produced in an electric
arc furnace was tapped from the furnace and refined in a ladle. After
refining the melt was poured from the ladle into the mould, as shown in
Figure 3.6.

Figure 3.6: Picture taken during the industrial experiment, MG-Si2.

The temperature in the melt/cast was recorded by 6 C-type
thermocouples of same quality as for experiments Al and A2. Two K-
type thermocouples recorded the temperature under the layer of silicon
gravel and one K-type thermocouple logged the temperature underneath
the mould. A DT80 Datataker was used to collect the temperature data
in both experiments. After pouring the melt from the ladle into the
mould the cast was left to cool to ambient temperature.

Figure 3.7: Placement of the thermocouple after the experiment.

After the experiment samples were collected in the proximity of
thermocouples C1, C3, C5 and C2, C4, C6, samples B and D
respectively. In addition a sample from another location was collected,
sample G, and a sample from another cast that had been left to cool
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3.3 Lab scale solidification experiments

underneath another cast, sample H. The samples were cut at SINTEF
Building and Infrastructure and SINTEF Materials and Chemistry.

Figure 3.8: Extraction of samples in experiment MG-Si2.

3.3 Lab scale solidification experiments
3.3.1 Solidification on a cooled cooper plate

Figure 3.9: Experimental setup for the copper plate experiment.

The casting experiments onto a cooled copper plate were performed in
Kristiansand at Elkem Technology. The experimental setup used for the
experiments are shown in Figure 3.9. As seen from the photo, a
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graphite frame was mounted on top of the copper plate. This gave a cast
with dimensions 19 cm * 39 cm. At the middle of the plate,
thermocouples were mounted symmetrically. Three qualities of silicon
were used in this experimental campaign comprising of 10 experiments.
Table 3.1 lists some conditions used in the experiments. The silicon
was melted in a 75 KW induction furnace with argon atmosphere. The
casting was initiated at a melt temperature in the furnace of 1480 °C.
The furnace was tipped so that the melt flowed to the runner, into a
graphite cup and then onto the copper plate. The temperature in the
melt/cast was recorded by B type thermocouples (Pt6Rh, Pt30 Rh). In
addition 2 K type thermocouples measured the temperature at the inn
and outlet of the water stream. When the temperature in the cast
reached 400 °C the cast was moved to a nearby location. The
thermocouples were located 0.5 and 1 cm from the copper plate in the
1.5 cm casts, 1 and 2 cm and 1.25, 2.5 and 3.75 cm from the copper
plate in the 3 and 5 cm casts respectively.

Table 3.1: Experimental parameters copper plate experiments.

Experiment | Material | Height [cm] t:ree:il;: [;:Z]
1.1 SoG-Si 3 6.5
1.2 SoG-Si 5 9.3
2.1 MG-Sil 1.5 3.5
2.2 MG-Sil 3 6.3
2.3 MG-Sil 3 7.1
3.1 MG-Si2 1.5 3.6
3.2 MG-Si2 3 5.7
3.3 MG-Si2 3 5.6
3.4 MG-Si2 5 9.2
3.5 MG-Si2 5 10.2
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3.3 Lab scale solidification experiments

Figure 3.10: Extraction of samples for SEM and chemical analysis Experiment 2.3
and 3.4.

In Figure 3.10 the extraction of samples for SEM and chemical
analysis are illustrated for experiment 2.3 and 3.4. For the other
experiments the samples were extracted in the manner of either 2.3 or
3.4 depending on the amount of cracks in the sample. The sample that
was least fractured was chosen for the SEM. The sample for chemical
analysis was divided in 2, 3 and 5 pieces from top to bottom for the 1.5
cm, 3 cm and 5 cm casts respectively. It can be seen from Figure 3.10
that the surface of the cast was not plane, but for simplicity the pieces
were said to be 0.75 cm for the 1.5 cm cast and 1 cm for the 3 and 5 cm
cast when they are referred to in figures representing the chemical
analysis, Chapter 5 and Appendix A.

3.3.2 Directional solidification- Cyberstar furnace
experiment

The Cyberstar furnace experiment was performed at NTNU with the aid
of Halvor Dalaker and Martin Syvertsen from SINTEF Materials and
Chemistry. The description of the Cyberstar furnace is reproduced from
Dalaker et al. (2010). The Cyberstar furnace, Figure 3.11, is a 250 kg
Cyberstar unidirectional furnace. It is equipped with two independently
controlled susceptors, each powered by a 100 kW generator. The two
susceptors are placed immediately above and below the crucible, causing
a unidirectional heat flow from the hot (top) to the cool (bottom) susceptor.
The ability to control each susceptor independently gives good control of
the vertical temperature gradients of the system. Each susceptor is
controlled by a type C thermocouple and a Eurotherm 3504 controller.
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Four quartz crucibles of inner dimensions 0.225x0.225 (1 x w) were
stacked with the given quality of silicon. Sandblasted quartz tubes
coated in silicon nitride, Si3sN4, were placed in the centre of each ingot.
In addition one quartz tube was placed in the centre of the furnace, see
Figure 3.11. C-type wires (W5%Re-W26%Re) protected in alsint tubes
were positioned at different heights inside each quartz tube, as seen in
Table 3.2. A molybdenum wire was twisted around the quartz tubes to
hinder them from falling. Graphite insulation was mounted outside the
crucibles as shown in Figure 3.11.

Table 3.2: Placement of thermocouples Cyberstar furnace experiment.

. Position
Time the
Placement of . Thermo from
Material thermocouple .
thermocouple couple q crucible
functioned [h]
bottom [cm]
) T.1.1 31.3 5
Crucible 1 MG-Si 2 T.1.2 no signal 8.5
14.9 kg
T.1.3 31.4 10.5
_Si T.2.1 .
Crucible 2 MG-Si 1 3‘% e S
15.0 kg T.2.2- no signal 8.5
_Si T.3.1 .

Crucible 3 MG-Si 2 29.6 5
14.7kg | T.3.2 29.6 8.5

. EG-Si 1 T.4.1 room temp S
Crucible 4 15.0 kg T.4.2 whole exp 8.5
Centre of T.M.1 no signal 5
furnace T.M.2 whole exp 8.5

Figure 3.11: The Cyberstar furnace, left, and stacking of the ingots, right.
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3.3 Lab scale solidification experiments

A temperature program was initiated for the wupper and lower
susceptors and their set points are illustrated in Figure 3.12 together
with the power of the suscpetors.

1600 80
Setpoint Upper —
1400 Susceptor 70
Setpoint Lower \
1200 Susceptor 60
9 |
[N 1000 Power. | Ilnlnpr 50 =
g Susceptor ' "\ E
> =
E 800 Power Low, 40 3
g Sucept /\*\ E
£ 600 30 a
g
400 20
200 ™ 10
0 = 0
0 10 20 30 40 50
Time [hours)

Figure 3.12: Temperature settings and power for the upper and lower susceptor.

Figure 3.13: Extraction of samples for SEM and chemical analysis Ingot 1-4. Samples
divided in to 5 small pieces are for the chemical analysis. The picture to the right
illustrates how samples for SEM were cut prior to encapsulation in epoxy, and the red
rectangles samples for additional chemical analysis.

As shown in Figure 3.13, a slice of each ingot was cut for chemical
analysis and SEM. The samples for chemical analysis were divided into
S equal parts from top to bottom. For the metallographic analysis, 3
samples, T (top), M (middle) and B (bottom) were cut from each of the
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large SEM samples extracted from each ingot. These were encapsulated
in epoxy before they were ground and polished.

3.4 Differential thermal analysis-DTA

A Setaram SetSys 2400 DTA/TGA with a W5%Re/W26%Re DTA/TGA
rod, were used for the tests. Two alumina crucibles were utilized, one
filled with the sample and one empty reference crucible. The difference
in temperature between the sample and a reference (DTA signal), weight
change (TGA signal) and sample temperature were measured during
heating of the sample and the reference. In a curve illustrating the DTA
signal a dip will indicate an endothermic reaction. This can be a phase
change or a reaction. A temperature calibration was done prior to the
test and compared to known values a maximum of 5 °C deviation was
measured. Copper and Iron were used for the calibration. Milled
samples from experiments Al and A2 were tested. The DTA analyses
were performed by Sarina Bao, SINTEF Materials and Chemistry.

3.5 Mechanical properties

3.5.1 Abrasion strength

Samples from all experiments were crushed down to a size of +3.36-
9.52 mm by Odd Corneliussen at the Department of Geology and
Mineral Resources Engineering, NTNU. A Hannover drum was used to
test the abrasion strength. The tests were run by Edith Thomassen and
Wilhelm Dall at SINTEF Materials and Chemistry. Figure 3.14 is a
photo and a sketch of the Hannover drum. The experimental procedure
for the abrasion test was based on the work of Tangstad et al. (2010),
except that a different set of sieving fractions were chosen.

Figure 3.14: Sketch and photo of the Hannover drum.
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3.6 Magnetic separation of MG-Si2

All samples were split into 250 g fractions and the sample was sieved at
8, 6.3, 4, 2 and 1 mm before each fraction was weighed. The sample
was tumbled for 30 min at a speed of 40 rpm. After the test the sample
was sieved and weighed again.

To study the variation of elements as a function of size several of the
crushed and sieved samples were analysed by XRF. The samples
analysed were -3.36, 3.36-9.52, +9.52. The sample -3.36 mm was
sieved into fractions —-53 pm, 53-180 pm, 180-300 pm, 300-900 um,
0.9-2 mm, 2-3 mm. In addition the samples of size +1 mm and -1 mm
from after the abrasion test were analysed.

3.5.2 Vickers hardness test

A sample from the MG-Si2 industrial experiment was used to test the
micro hardness of the different intermetallic phases. The micro
hardness test was performed using a DuraScan 70 from Stures with a
load of 25 g. This equals 0.025 kg*9.81m/s2=0.245 N. The dwell time
was 10 s and the speed: 0,8 mm/s. The micro hardness was measured
on intermetallic phases that had been characterized by electron
microprobe analysis, EPMA, prior to indentions. The tests were run by
Tone Anzjen, SINTEF Materials and Chemistry.

3.6 Magnetic separation of MG-Si2

Two methods of magnetic separation were tested, a dry and a wet
separation method: The Permroll separator and the SLon 100 separator
respectively. The basis for the SLON separator can be collected from
Xiong et al. (1998), Sherrell and Dunn (2012), and Chen et al. (2013)
and the basis for the Permroll can be collected in Sandvik et al. (1999).

Sample G for experiment MG-Si2 was used for the separation. The
sample was crushed down to a size of 4 mm by a large and small jaw
crusher with FeMn jaws. The sieve analysis after crushing is given in
Table 3.3.

Table 3.3: Sieve analysis after crushing of sample G- MG-Si2.

Fraction Weight [g]
-53 um 93
53-150 ym 164
150-300 um 202
+300 um 81
Total weight 540
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The different fractions were divided in two parts, one for the Permroll
separator and one for the SLon 100 separator. The experimental
conditions for the separation are given in Table 3.4 and Table 3.5.

Table 3.4: Experimental conditions SLon 100 separation.

- q q Water Pulse q
Experiment Fraction Matrix (1/h) (rpm) Field(T)
01 -53 um 2 mm 10 250 1.1
02 53-150 ym 2 mm 10 250 1.1
Table 3.5: Experimental conditions Permroll separation.

Experiment Fraction Field (T)

01 -53 um 0.9

02 53-150 pm 0.9

03 150-300 ym 0.9

04 +300 pm 0.9

After the separation the sample >10 g were analysed with an XRF while
sample < 10 g were analysed with ICP-OES.

3.7 Characterization and microstructural

analysis

3.7.1 X-ray fluorescence spectroscopy (XRF)

The chemical analysis of all samples of size > 10 g and analysis < 99.5
wt % Si were analysed by means of an XRF. The XRF analysis was
performed at Elkem Thamshavn and Elkem Technology Lab in
Kristiansand. The instrument at Thamshavn was of the type Panalytical
Axios. The instrument is calibrated on a daily basis with a sample of
silicon reference material. The lower detection limit for the standard
program used is shown in Table 3.6.

Table 3.6: Lower detection limits, LDL, Panalytical Axios XRF, Elkem Thamshavn.

Element | LDL wt % | Element |[LDL ppmw| Element | LDL ppmw
Al 0.002 Pb 10 Cr 10

Ca 0.002 Bi 10 v S

Ti 0.001 |As 10 Ba 20

Fe 0.005 Zn 10 Mo 15

Mg 20ppmw Cu 10 Sb 10

Zr 20’ ppmw Ni S Sn 10

Sr S ppmw Mn S P 3
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3.7 Characterization and microstructural analysis

The instrument used in Kristiansand was of Panalytical PW 2404.

All samples were prepared by first reducing the size <lmm. The
material was then split into 10 g fractions and 0.6 g Polyethylene (PE
tablets) was added. A wolfram carbide mill was used to grind the sample
for 90 seconds. The milled sample was then pressed by a force of 200
kN for 20 seconds. The finished tablet was subsequently analysed by
means of X-ray Diffraction.

3.7.2 Inductively coupled plasma - Optical Emission,
ICP-OES

The chemical analysis of the samples that were less than 10 g was
determined by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES). The instrument used was of type: Spectro
Arcos. The solutions used were prepared by dissolving ground material
of size < 0.5 mm in HF and HNOj3 in a platinum cup. The dissolved
samples were heated in a sand bed until all liquid had evaporated. This
removed the remaining acids and silicon in the form of H>SiFe. After
heating a 10 % HCI solution was added until the salts were dissolved.
Finally the sample was poured into a volumetric flask and dissolved to
50 ml. The analyses were performed at the chemical lab of Elkem
Technology in Kristiansand.

3.7.3 Grinding and polishing

For samples for metallographic analysis the samples were mechanically
ground using SiC paper in the order 120, 320, 500, 1200 and 2400.
They were then polished using DP-mol 3um and DP-Nap lum. Except
for the samples from experiments Al and A2, samples were prepared by
Tone Anzjen, SINTEF Materials and Chemistry, Trondheim. Samples
from experiments Al and A2 were prepared at the Materials
Characterization lab at Elkem Technology in Kristiansand.

3.7.4 Etching
To reveal the grain structure the samples were etched in a stirred
solution of 20 g/ 100 ml NaOH at 70-80 °C for S minutes.

3.7.5 Scanning electron microscopy

Investigation of the microstructure was performed by a LV-FE- SEM
(Zeiss Supra 55 VP) and a FE-SEM (Zeiss Ultra 55 LE). Most
micrographs were imaged with a back scatter electron detector, BSE-
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detector. The fraction of backscattered electrons, n, is defined as
number of electrons backscattered, ngs divided by number of electrons
in the primary beam, ns (Hjelen ,1989)

p="lss (3.1)
U

With the same settings for voltage, electrons will penetrate deeper into a
material with a low atomic number than a material with a higher atomic
number yielding more backscattered electrons for a material with a high
atomic number. In the micrograph the effect was seen as a difference in
contrast depending on the atomic number of the material. The lower the
mean atomic number, the darker the phase appeared in the micrograph.

3.7.6 EPMA

An electron probe micro-analyzer, EPMA, (JEOL JXA-8500F) was used
to determine the composition of the intermetallic phases observed. The
work was performed by Morten Raanes at the Department of Material
Science and Technology at NTNU.

3.7.7 Light microscopy

A Leica MEF4M was used to for the optical observations of the samples.

3.7.8 Grain size determination

The circular intercept method described in ASTM E112-96 (2004) was
used to determine the average grain size with the exception that the
circumference of the circles was not kept constant in all samples as
described by the standard. The circles were imposed on the sample in
Image Pro- Analyzer (2005-2009).

Figure 3.15: Example of grain size measurement sample B.

For two of the samples the average surface area of the grains was
determined by imposing a circle onto the sample and counting the
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3.8 Evaluation of uncertainties related to the experimental results

grains within the circle and grains that intersect the circle. The number
of grains, N, was accounted for as given in the equation below.

N- Ncircle + Ncircumference/2 (32)

,where Ncircle is the number of grains within the circle and
Ncircumference/ 2 the number of grains that intersects the circumference of
the circle.

Since the area of the circle, A, was known, the number of grains in the
circle was used to find the average grain size.

- A

Agrain :N (3.3)

The equivalent grain size was then calculated by the equation below.
A,
]/' — grain (3 ‘4)

The grain size measurement was performed by Bente Kroka at Elkem
Technology Materials Characterization Lab in Kristiansand.

An EBSD scan was performed on a small part of sample B by Yingda Yu,
Department of Material Science and Technology, NTNU, in order to
obtain a grain size measurement. The basis for the EBSD technique can
be found in Goldstein et al. (2003).

3.8 Evaluation of uncertainties related to the

experimental results
In the following some of the uncertainties related to the experimental
work are presented.

3.8.1 Temperature measurements

As the cooling rate increased, the deviation between the recorded
temperature and the actual temperature increased due to a prolonged
response time. From the thesis of Tveit (1988) it was seen that 90 % of
the maximum temperature recorded was recorded 17 seconds after the
melt hit the thermocouple. For the copper plate experiments, the rapid
heat removal of the copper plate/water cooling and a low flow rate of the
melt contributed to that the correct temperature in melt was not
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measured. For some of the experiments the maximum recorded
temperature was only 1200 °C.

In Chapter 4 the cooling rates in the experiments were calculated. Since
the long response time led to a lower recorded temperature than the
actual temperature, the time the melt solidified had to be estimated in
some of the calculations which led to an uncertainty in the calculated
value.

Calibration data from the manufacturer of the C-type thermocouples
gave a departure from the ASTM-E230/E230M (2012) standard curve
of -4 °C at 1400 °C. For the B-type thermocouples no deviation was
presented.

In the COMSOL model of the water cooled copper plate, the heat flux
from the bottom was based on Tinlet and Toutlet in the water stream. The

calculation used £ = CPourer Fmassflow™* AT
A

Since this AT is only a couple of degrees, a small uncertainty in the
temperature can have a large impact on the calculated heat flux.

3.8.2 Chemical analysis

The material that was analysed was inhomogeneous due the segregation
of alloying and impurity elements. This resulted in a variation in the
analysis depending on the area the sample has been extracted from.

For the bulk part of the XRF analysis two parallels were run. A sample
was mixed and split into two equal sized samples. This reduced the
inhomogeneity between the parallels.

During sample preparation impurity elements could be introduced
during crushing of the samples. Since the material in question was
impure it was not assumed to affect the analysis significantly. The
instruments used for analysis had calibrated against a reference
material similar to the material analysed. The sample used for XRF was
10 g and would give a good representation of the analysis in the area
where the sample was extracted.

The XRF signal will account for the total amount of the alloying
elements present in oxides and intermetallic phases. It does not
distinguish between the two. It was observed that most samples were
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slag free except that some of the samples of alloy A that might have
contained small amounts of slag inclusions.

A few samples from the magnetic separation were too small to be
analysed by XRF and were thus analysed by ICP-OES. The samples
were dissolved in HF and HNOs;. In two of the samples it was observed
that the solubility limit of Al, Fe and Mg was reached thus leading to the
precipitation of the respective salts. Since the instrument only detects
dissolved elements, the levels of Al, Fe and Mg will be lower than the
actual value. Some elements were above the calibration range for the
instrument, but for the instrument used the calibration curves are
assumed to be linear so the reported values should be quite accurate.

3.8.3 EPMA

The electron beam used for the analysis will penetrate the surface. This
means that in some cases the beam will penetrate through an
intermetallic phase and also knock out electrons from the phase below.
The beam will also have a circumference which means that the beam
can touch the area of a neighbouring phase. For MG-Si 2, the low
contrast between the phases means that in some cases a point where
the circumference includes two or more phases could have been chosen.
This gives an analysis that will have an influence from several phases.
From the study of Rong (1992) approximately 10 % of the analyses
performed were a combination of two or more intermetallic phases. This
could be the reason for the relatively high standard deviation of the
mean atomic % given in Appendix C. In the calculation of the mean
atomic %, oxygen and carbon were removed from the original data set
and the amount of the remaining elements was normalized.

3.8.4 Grain size determinations

For silicon it is difficult to define a good value of the grain size because
of the large variation in grain size and shape of the grains. In some
areas grains are columnar and in other areas more equiaxed. An
automatic measurement was attempted, but not achieved due to the
following reasons:

1) For SEM micrographs the intermetallic phases do not cover all grain
boundaries so it was not possible to define a grain.
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2) Etched samples gave different contrast between the grains, but the
contrast was not good enough for the image processing program Image
J (2013) to distinguish between them. Also in most grains twins were
seen and it was not always possible to say if a boundary was a twin
boundary or a grain boundary.

The standard deviations of the average grain size are listed in Table 5.3.
The table illustrates the large variation in the grain size in the samples.
The grain size of a part of sample B was measured with EBSD and an
automatic intercept method. This gave an average grain size several 100
microns smaller than what observed from the circular intercept method
indicating a weakness in the methods used. Grain size measurements
have not been the main focus during this work, but it was clearly seen
that there is a need for a better definition of the grain size in
industrially cast silicon.

3.8.5 Abrasion strength

The material used for the abrasion test was inhomogeneous with regard
to factors such as grain size, distribution of intermetallic phases, layers,
crack and porosity. Even though a given sample was mixed and spilt
prior to the tumbler test these variations leads to large standard
deviations in the obtained results.
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4 Thermal History

In Sections 4.1 to 4.4 the thermal history of the different experiments
will be given. One of the main objectives with the temperature
recordings was to correlate the microstructure of the cast to the thermal
history. The result of this will be given in Chapter 5. In addition, casting
experiments can serve as a basis for heat transfer models of the casting.
Two mathematical simulation models was developed in COMSOL 4.3a
(2012), one describing the industrial experiment with MG-Si2 and the
other describing the copper plate experiments. Both models will be
outlined in Section 4.6. Together with temperature recordings and
observations during the experiment, the models gave an increased
understanding about the solidification process and the cast product.

4.1 Alloy A

Two experiments were performed utilizing Alloy A as outlined in Chapter
3. In the first experiment, Al, the alloy was tapped directly into the
mould from the furnace and in the second experiment, A2, it was filled
into an insulated box.

4.1.1 Experiment Al

The thermal history of experiment Al is given in Figure 4.1. The curves
in the figure represent temperature recordings from three
thermocouples positioned in the cast. Their positions can be read from
Figure 3.3. The thermal history was mainly explained by Figure 2.14,
but in practical silicon casting some exceptions were observed. The flow
of silicon out of the taphole was slow. This caused the melt to solidify
stepwise and several solidified layers were formed before the casting
process ended.
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Figure 4.1: Temperature -time curve for experiment Al.

4.1.1.1 Surface temperature during solidification

In Figure 4.2 several images shot between 2 minutes and 77 minutes
after the mould was full are given. IR images were shot simultaneously
and the images were processed by the ThermoCAMT™ Researcher Pro
2.10 (2007-2010) software. Average surface temperatures were
calculated by the program utilizing a set emissivity of 0.75. The results
are illustrated in Figure 4.2 for 2, 12, 28, 45 and 77 minutes after the
mould was full. From Equation 2.25, the radiative heat transfer,
q( W/m?2) was calculated. It can be seen from the figure that the
emissive power was high initially, but decreased.
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Figure 4.2: Average surface temperature during solidification. The emissive heat flux
from the surface is also given.

Figure 4.3 illustrates an IR image shot 12 minutes after the mould was
full. It can be seen that the surface temperature varied with position.
Even though most of the heat flowed in the vertical directions, some
heat was extracted horizontally, as illustrated by the lower temperature
close to the sides of the mould.
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Figure 4.3: Surface plot 12 minutes after mould was full,
illustrating the temperature in different positions of the cast.
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After casting it was observed that the surface was oxidized in addition
to that some areas consisted of slag. A surface covered in slag will be
less reflective than a surface of pure silicon. In the textbook by
Incropera and DeWitt (2002) emissivity values are listed for some
metallic and non-metallic materials. Highly oxidized stainless steel has
an emissivity of 0.76 at 1200 K, while polished stainless steel has an
emissivity of 0.3 and 0.17 at 1000K and 300K respectively. This
illustrates that emissivity is dependent on the temperature and the
surface finish. Since the silicon surface was oxidized the emissivity
value of 0.75 was considered to be a good average fit.

4.1.2 Experiment A2

As explained in the experimental section an aluminium box insulated in
Kaowool was used as a mould in order to reduce the cooling rate during
solidification. The box was placed onto a mould of industrial size that
followed the railway around the furnace. In Figure 4.4 the cooling curve
for thermocouple C3 is shown. Cooling from liquid to ambient
temperature can be divided into several domains, as delineated in the
figure. The basis for separation is outlined in Table 4.1. The same
reasoning was used by Schei et al. (1998) and Tveit (1988) for silicon
and FeSi respectively.
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Figure 4.4: Temperature and cooling rate curves for thermocouple C3, experiment A2.
Roman letters signifying different cooling domains given in Table 4.1

Table 4.1: Descriptions of different cooling domains during casting.

Cooling domain | Silicon status Description
I Liquid Low heat capacity — very
high heat loss
1I Solidification near High heat loss — evolution of
thermocouple latent heat
III Parts of the cast not | Increased thermal gradient
solidified — some liquid silicon below
or above the thermocouple
IVaandb Bulk part of silicon | Low heat capacity — heat
has solidified loss high but abating
Vv Solidification of Release of latent heat —
intermetallic phases | lowers the cooling rate

Two local minimums were seen in the cooling rate around 900-800 ° C.
The same peaks were observed in a few samples that were delivered for
DTA analysis. Analysing the area around thermocouple C3 by EPMA, it
was seen, as will be shown in Chapter 5, that AlCaSi> and AlsFeSiz
were the main phases observed in experiment A2 as opposed to AloCaSia,
AleCaFesSia and AlsFeSiz in experiment Al. The observed peaks were
assumed to be a result of the solidification of the intermetallic phases.

Figure 4.5 illustrates melting point measurements obtained by DTA
from samples extracted from experiments Al and A2. The melting point
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4.1 Alloy A

is given as a function of the total amount of alloying elements. A sample
extracted close to C3 had a melting point close 1395 °C, as indicated by
the temperature curve in Figure 4.4. The DTA results are illustrated
together with a calculation of the melting point utilizing Sistrucl3.
Sistrucl3 is a computer program that calculates temperature,
precipitation of phases and purity of silicon during the solidification of
MG-Si. The basis of the program has been described in the SINTEF
report by Dons et al. (2009).

Melting point at different alloy compositions
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Figure 4.5: Comparison of melting temperatures from DTA results and by Sistruc
calculation.

As seen from the figure the DTA results gave the same trend for most
data points as the Sistruc values; alloy addition resulted in a melting
point depression. The outliers from the trend were assumed to be a
result of the analytical method used to determine the composition of the
samples, XRF. The XRF signal will account for the total amount of the
alloying elements but the method does not distinguish between
elements in intermetallic phases or elements present as an oxide, such
as aluminium. Al present as an oxide would not contribute to the
melting point depression and the amount of Al used in the Sistruc
calculation would then be too high compared to the result obtained by
DTA. The DTA temperature in the figure was adjusted with respect to
the calibration performed with iron and copper.
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4.2 MG-Si2- Industrial experiment

4.2 MG-Si2- Industrial experiment

In the second industrial experiment, 99 wt % metallurgical grade silicon
was cast.

4.2.1 Thermal history

The recorded temperature as a function of time during the experiment
is illustrated together with the COMSOL model in Figure 4.16 and
Figure 4.17. In the figures it can be seen that the temperature increased
for elements C1 and C2 after 12-15 minutes. During this period it was
observed that liquid silicon erupted from the surface of the cast. The
reason for the eruption is that silicon expands during solidification and
pushes the remaining melt upwards. The temperature rise was larger
for C2 and occurred prior to the temperature rise of C1. This indicates
that the flow of the melt pushing its way up to the surface started closer
to thermocouple C2 and had a more pronounced effect here.
Examinations of the top surface revealed that the top part close to C2
had the typical structure of silicon pushed to the surface- it looked like
a “worm”.

Figure 4.6 shows the main cooling domains for metallurgical grade
silicon — ref Table 4.1.
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Figure 4.6: Temperature and cooling rate for thermocouple C5, 3 cm from gravel.
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4.2 MG-Si2- Industrial experiment

4.2.2 Emissions during casting

Health, safety and environment, HSE, are important issues when a
given casting process is to be evaluated. In the textbook by Tangstad et
al. (2013), Metal production in Norway, Tveit, discuss the health, safety
and environmental issues regarding metal production.

The main environmental issues in the casting and screening area are
emission of silica fume during casting and dust generated during
handling, transport and crushing /sizing of the cast. Several measures
have been made over the last few decades to improve the HSE
standards at the Elkem plants such as Naess (2013), Kamfjord (2012).

Figure 4.7: Industrial casting at an Elkem plant.

Figure 4.7 presents a picture taken during casting. During casting it
was observed that the emissions of fume ceased after around 20
seconds. This was in good agreement with the COMSOL model of the
industrial mould, Figure 4.18. In the model a casting temperature of
1427 °C resulted in a surface that solidified within 20 seconds. As
clearly seen from Figure 4.7 the silica fume mainly developed at liquid
or near liquid surfaces. In the figure this would be the liquid surface in
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4.3 Copper plate experiments

the ladle, the beam from the ladle to the cast and the surface of the cast
while liquid.

Removal of the silica fume has to be done close to the ladle and the
silicon surface until it has solidified. A stationary point where the
moulds could be filled within the reach of a powerful suction would
collect most of the silica fume generated in the casting area.

4.3 Copper plate experiments

As seen from Table 3.1, Chapter 3, 10 experiments were conducted on
the cooled cooper plate. Three qualities were used, Solar Grade Silicon
(SoG-Si), Metallurgical Grade Silicon Type 1 (MG-Sil) and Metallurgical
grade silicon type 2 (MG-Si2). In Figure 4.8 to Figure 4.10 temperature
time plots for three of the experiments are illustrated.
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Figure 4.8: Temperature-time curve for experiment 1.1.
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Figure 4.9: Temperature-time curve for experiment 2.2.
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Figure 4.10: Temperature-time curve for experiment 3.2.

Due to a long response time there was an uncertainty connected to the
recorded temperatures as explained in Section 3.8. From the 10
experiments conducted it was seen that the flow pattern had an impact
on the thermal history. Solidification occurred with two fronts evolving
from top and the bottom- or as observed in most cast solidification
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4.4 Directional Solidification- Cyberstar furnace experiment

layers formed during casting because of a poor flow, as seen from
Figure 5.12. This had an impact on both the distribution of
intermetallic phases and the silicon grain size.

4.4 Directional Solidification- Cyberstar furnace

experiment
Several experiments have been conducted in the Cyberstar furnace
prior to this experiment and the general trend in the temperature profile,
Figure 4.11, was consistent with that explained by Dalaker (2009),
Dalaker et al. (2010) and Dalaker and Syvertsen, (2013).
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Figure 4.11: Temperature and power input during the casting.

In Figure 4.11 the temperature and power during solidification is
illustrated. A program for the solidification was initiated after complete
melting, as presented in the experimental part. As a consequence of the
program initiated, the power of the lower susceptor was reduced. The
upper susceptor started to compensate in order to keep a stable
temperature at the top. This was seen as an increase in the power of the
upper susceptor. When the solidification started, heat evolved and the
upper susceptor no longer needed to increase its power. The
solidification was assumed to occur when the power of the upper
susceptor was at maximum, which was around 45.63 hours. For
thermocouple T.4.2, which was placed in ingot 4 a lower cooling rate
was observed after 54.5 hours. This was assumed to be the time the
front starts moving close to the thermocouple and it felt the release of
the latent heat. After 55.56 hours the temperature tipped below 1414 °C
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4.4 Directional Solidification- Cyberstar furnace experiment

and the solidification occurred at this position. When the solidification
was almost complete, the upper susceptor needed to increase its power
in order to maintain the temperature of the set point. This was due to a
reduction in the latent heat evolved and was observed after 59 hours.
Thermocouples, T.4.2 and T.M.2 should both have been placed 8.5 cm
from the crucible bottom. It can however be seen that the temperature
was somewhat lower for T.4.2 which indicated that it was positioned a
bit closer to the crucible bottom or that the temperature profile in the
furnace was not equal in all horizontal positions. The height of the solid
ingot was approximately 12.7 cm compared to an initial melt height of
11.5 cm. It took around 13.4 hours to complete the solidification. This
yielded an average solidification velocity of 0.95 cm/hr or 2.6 pm/s.
Not all thermocouples lasted the whole experimental run. The
thermocouples might have been destroyed in the MG-Si cases due to a
reaction between the Ca in the melt and the quartz tubes. Martin et al.
(2009) have showed that alkaline impurities can have a detrimental
effect on fused silica crucibles during multi-crystalline ingot growth.

A 1D- heat flow model describing directional solidification was
developed by Mjes (2006). This model has been further developed for
the Cyberstar by Dalaker et al. (2010) and Dalaker and Syvertsen
(2013). The reader is referred to these references if further details
concerning the basis for this model are of interest.

Data from the experiment was put into this 1D model and the result is
illustrated in Figure 4.12 . The modelled temperature is illustrated
together with the measured temperature curves 8.5 cm from the bottom
of ingot 4 and the 8.5 cm from the bottom in the middle of the furnace.
It can be seen that the correlation between the model and the
thermocouple in the melt was good, ingot 4. In Figure 4.13 modelled
values of front velocity and front position are shown together with front
positions obtained from the experimental data.
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Figure 4.12: Measured and modelled temperature 8.5 cm from the crucible bottom

ingot 4, and the middle of the furnace.

4.5 0.14
A
4 0.12
3.5
/ - 0.1
3 /
) A/
- - 0.08
S 25 / /
=
s> 2 / / - 0.06
1.5
/ / - 0.04
/7
05 - 0.02
0 'M T T T T T 0
45 47 49 51 53 55 57 59
Time [hours]

——v[um/q]

(M)

A measured
front
position
Ingot4 [m]

i

n

Figure 4.13: Modelled solidification speed, v (um/s) and modelled and measured front

position, x (m),

4.5 Comparison of the cooling rates
As described in the theoretical section factors such as the cooling rate
and direction of heat flow will affect the microstructure of the solidified
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product. To see how the grain size varied with the cooling rate, the local
solidification time and cooling rate was estimated in the temperature
interval where silicon grains were able to grow. The fraction solid, fs, at
1396 ° C was 0.95 according to calculations in FactSage by Kai Tang
(2013). It was assumed that after this point, no grain coarsening would
occur so that the interval where the grain size was determined was
between 1412.8 °C (start solidification calculated by Kai Tang (2013)
for a composition close to MG-Sil, Fe= 0.3 wt %, Ca = 0.01 wt % and
Al= 0.1 wt %. Ti not included in the calculation) and 1396 °C.
Kinoshita and Champier (1981) illustrated that recrystallization of
silicon after annealing at 1396 °C was a very slow phenomenon. This
was taken as a confirmation that with the considerably higher cooling
rates in these experiments no grain coarsening occurred below 1396 °C.
The cooling rates from a selection of the experiments are presented in
Table 4.2

Table 4.2: Cooling rate of selected experiments.

Experiment| Thermocouple Interval (°C) Cooling rate
(-°C/minute)
MG-Si2
Industrial
C1 1413-1396 4.7
C2 1413-1396 10.2
C3 1413-1396 4.3
C4 1413-1396 1.4
C5 1413-1396 2.6
C6 1413-1396 3.0
Al
Al-lower 1395-1360 1.8
A1l middle 1395-1360 4.2
Al-upper 1395-1360 17.5
A2
A2 1395-1360 0.3
Copper plate
experiments
1.2 1 cm from plate 1413-1396 21.0
1.2 1.25 cm from plate 1413-1396 9.2
2.1 0.5 cm from plate 1413-1396 32.4
2.2 1 cm from plate 1413-1396 10.6
2.3 1.25 cm from plate 1413-1396 8.9
3.2 1 cm from plate 1413-1396 15.0
3.3 1 cm from plate 1413-1396 8.9
3.4 1.25 cm from plate 1413-1396 7.2
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4.6 Modelling of the casting

Due to the long response time of the thermocouples temperatures
around the solidification temperature were usually not recorded. In the
calculation, the time solidification started was estimated. The
estimation was based on the position of the thermocouples and the time
it took to fill the mould under the assumption of a constant flow rate.

Based on the DTA analysis it was assumed that alloy A on average
started to solidify at 1395 °C disregarding macrosegregation in the cast
which would give different chemical composition at different locations.
The fraction solid as a function of temperature was not known, but
35 °C was used in these calculations.

It can be seen from the table that the cooling rate for the upper
thermocouple in the MG-Si2 industrial experiment, C1, was 4.7 °C/min
compared to 17.5 °C/min in experiment Al, even though C1l was
positioned closer to the surface. During casting in experiment Al the
low flow during filling caused a lot of heat to be lost from the surface
during the 15 minutes before the mould was full. For the MG-Si2 case
the filling was complete in only two minutes and the heat had to be
transported through the cast where only a small part of the melt/cast
was in contact with the ambient. The heat transport would therefore be
slower initially for the upper thermocouples in the MG-Si2 experiment.
However as more silicon solidified, less heat due to over temperature
and latent heat needed to be removed. It was easier to transport the
remaining heat since the MG-Si cast was thinner and the gravel size
larger which increased the transport from the bottom, hence MG-Si2
reached ambient temperature faster than cast Al.

For the copper plate experiments it can be seen that the cooling rates of
the thermocouples placed 1.25 cm from the bottom were similar, while
there was a larger span of the cooling rates 1 cm from the plate. All
experiments were started when the temperature in the furnace was
1480 °C/min, but the flow from the furnace to the plate and the flow at
the plate differed. This may be the reason for the variation.

4.6 Modelling of the casting

Two models was developed using COMSOL Multiphysics 4.3a (2012), a
model describing the industrial experiment MG-Si2 and a model
describing the copper plate experiments. COMSOL Multiphysics uses
the finite element method (FEM. The models gave a flexibility to
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4.6 Modelling of the casting

calculate the consequence of changing certain parameters without the
need to conduct new experiments.

4.6.1 Basis of the model

During the development of the model it was assumed that many of the
thermo-physical properties of metallurgical grade silicon were close to
the properties of pure silicon. Literature values describing pure silicon
have been used for the latent heat, heat conductivity, emissivity and
heat capacity of silicon, Mills and Courtney (2000).

COMSOL has a user friendly interface and allows the user to build the
model stepwise. First the heat transfer module was chosen and for the
case of solidification, the heat transfer in solids module was used. The
geometry also needed to be defined and in Figure 4.14a and Figure 4.15
the geometry of the industrial experiments and one of the copper plate
experiments are illustrated. When building a model the user defines the
mechanisms of heat transfer at the boundaries and in the different
domains. The equations used to solve the model are given in the
COMSOL user guide included in the COMSOL Multiphysics 4.3a
(2012) software. As described in the theory the main mechanisms for
heat transfer are radiation, conduction and convection. The basis for
the calculation was the principle of conservation of energy. Over a time
interval the energy into the system + the energy generated (latent heat
in the solidification case) must equal be to the energy out of the system
— the accumulated energy. In the domains, silicon, gravel and mould,
heat was transported by conduction and the latent heat generated was
accounted for in the expression for heat capacity. At the boundaries a
heat flux was defined, such as a radiative heat flux at the silicon
surface. Values, boundary conditions and assumptions used in the
models can be collected from Table 4.3 and Table 4.4.
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4.6 Modelling of the casting

Figure 4.14a: Sketch of the 2D geometry of the industrial mould 1560 mm horizontal,
150 mm vertical. Fines 15 mm vertical and Silicon 100 mm vertical.
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Figure 4.14b: Mesh used in the model. The sequence type used was physics
controlled mesh and the element size extra fine.

Figure 4.15: Sketch of the 2D geometry of the 30 mm cast from copper plate
experiments. Mould dimension: 10 mm vertical and 400 mm horizontal. Silicon
dimensions: 30 mm vertical and 390 mm horizontal. Graphite: 5 mm horizontal.
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4.6 Modelling of the casting

Table 4.3: Properties used for the COMSOL model. Heat was transported by
conduction in silicon, gravel and moulds. The boundary conditions at the different

surfaces are also given.

Silicon

MG-Si2- Industrial

Copper plate

surface.

Heat capacity | Cp(T) 1 Cp(T) b

[J/kg*K]

Thermal k(T) v k(T) v

conductivity

[[W/m*K],

Latent heat (Cp(T)+((0.1*AHxs)* (Cp(T)+((0.1*AHxs)*
[J/kg*K] ((T>1675 K)*(T<1685K))V2 | ((T>1675 K)*(T<1685K))1-2
€ 0.151Y 0.151

€s 0.75 34 0.75 34

Silicon gravel | MG-Si2- Industrial

Heat capacity | Cp(T) V

[J/kg"K]

Thermal k=1.4 ,extrapolated from

conductivity 5)

[W/(m*K)]

Latent heat (Cp(T)+((0.1*AHsus)*

[J/kg*K] ((T>1675 K)*(T<1685K)) 12

Density 0.6*psi®

Mould Industrial MG-Si2 Copper plate

Heat capacity | Cp=4653 Cp=3853.9)

[J/kgK]

Thermal Cp=52 at 100 °C3 Cp=4009).9
conductivity

[W/(m*K)]

Boundaries

Heat flux A total convective and A total convective and
mould air radiative heat of 50. radiative heat flux, 10.
[W/m2*K] Tuned to model. Tuned to model.

Heat flux A convective heat flux, A convective heat flux,
silicon air 1347 134)7)

[W/m2*K]

Radiative heat | ¢ (T) was used to calculate | ¢ (T) was used to calculate
flux[W/m?2*K] the heat flux at the silicon | the heat flux at the

silicon surface.

Heat flux sides

Assumed to be insulated

Heat flux A total convective and
graphite air radiative heat flux 10.
[W/m?2*K] Tuned to model.

silicon/copper

Thin Thermally Resistive Layer

d=1e-3[m], k=0.4 [W/
(m*K)] Tuned to model.

Heat flux in the water stream

Based on Tin, Tout and flow
[1/s] of water cooling.

1) Mills and Courtney, (2000), 2) Aylward and Findlay, (2008), 3) Geankoplis, (2003),

4) Tveit, (1988), 5) Ksiazek, (2012), 6) COMSOL 4.3a (2012) 7) Bakken (2000)
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4.6 Modelling of the casting

Table 4.4: Assumptions used in the models.

Parameter Model Experimental
t, The mould was full Solidification started when
the melt hit the mould
bottom.
€ 0.15 > 1412 °C for liquid Temperature dependent
silicon 0.75 < 1412 °C
for solid silicon
Flow Assumes no liquid flow. Convection in the liquid

This was corrected by
using a higher “heat
conductivity” in the
liquid zone.

silicon assumed to
increase heat transfer

Direction  of
the heat flow
industrial
cast

Since the length of the
cast was much larger
than the height, the heat
was assumed to be
transported mainly in y
direction, sides were set
to be insulated.

Heat flow in vertical
directions, but also some
in horizontal directions.

Planarity top

Assumed that the top

The surface was not plane-

surface surface was plane and Worms covered some

that the height of the areas.

cast was equal

throughout the cast.
Gravel Assumed a constant The height of the layer of
industrial layer of gravel with a gravel varied and as did
experiment uniform size and the size which affected the

constant height.

heat flow in the lower part
of the cast.

4.6.2 Comparison of model and industrial experiment

In Figure 4.16 and Figure 4.17 the temperatures recorded during the
experiment are illustrated together with the model. Figure 3.7
illustrated the placement of the thermocouples.
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Figure 4.16: Temperature - time curve for thermocouple C1, C3, C5 and the
thermocouple below the mould. E- denotes temperature recorded during the

experiment and M- denotes the modelled value.
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Figure 4.17: Temperature - time curve for thermocouple C2, C4, C6 thermocouple
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denotes the modelled value.
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4.6 Modelling of the casting

As mentioned in Section 4.2, liquid silicon erupted from the surface of
the cast during the experiment in the same time period as a
temperature increase was observed for the thermocouples. This increase
was not accounted for in the model and led to a deviation between the
experimental and modelled values in this time range. The reason for the
eruption was that silicon expanded during solidification and pushed the
remaining melt upwards. Comparing the experiential and modelled
temperatures it is seen that the model gives a good description of the
thermal history during the casting.

4.6.3 Parameter study

As mentioned at the start of this chapter a model can be a useful tool to
see the effect of changing one parameter in the system. Below, a few
examples are given that illustrated the effect of a change in melt
temperature, fines size and height.

4.6.3.1 Changing over temperature in the melt

During the experiment it was observed that the silica fume formation
ceased soon after the mould was full. The fuming was a result of the
oxidation of silicon. Figure 4.18 shows that an increased casting
temperature increased the time before the fume formation ceased. The
calculations were performed by changing initial temperature of the melt
in the industrial MG-Si2 model and extracting the time the surface
temperature reached 1413 °C.
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Figure 4.18: Time before the fuming ceases as a function of start temperature in the
melt.

4.6.3.2 Changing the size of the gravel
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Figure 4.19: Surface plot 1825 seconds after casting- model based on the industrial
case, but with thermal conductivity 0.5 [W/m*K]. Regions with temperatures below
800 ° C are illustrated in dark blue.
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4.6 Modelling of the casting

To illustrate the sensitivity of thermal conductivity the thermal
conductivity was set to 0.5 [W/m*K]. A resulting surface plot is shown
in Figure 4.19. (Surface plot with a thermal conductivity of 1.4 [W/m*K]
is given in Figure 5.5.) Since the driving force to heat transport has
been reduced at the bottom, more heat must be to be transported
through the top part of the cast. The two solidifying fronts meet closer
to the bottom as a result of the changed thermal conductivity. The lower
part would be liquid for a longer time than in the industrial experiment.

4.6.3.3 Changing the height of the cast

Since the heat that needs to be removed per m? increases when the
height of the cast increases this will affect the thermal history of the
cast. To investigate this further the temperature 1 cm from the fines
layer was modelled for casts of height 1.5, 3, 5 and 10 cm and the
result is given in Figure 4.20

Temperature 1 cm from fines
1400 - =10 cm cast

1200 { | \“”\\ 5cm cast
1000 \ @3 cm cast
800
1.5 CcmM
cast
600 s \
400 a N\ .

0 5 10 15 20 25 30 35 40 45 50

Temperature [ °C]

Time [minutes]

Figure 4.20: Temperature 1 cm from fines layer in 1.5, 3, 5 and 10 cm cast. Note the
large variation in the time length from 1396 °C to 600 °C for the different casts.

As mentioned earlier, the FactSage modelling by Kai Tang (2013) gave a
solid fraction of 95 % at 1396 °C and it was assumed that the primary
silicon grain size was given at this temperature based on the
recrystallization experiments by Kinoshita and Champier (1981). It
can be seen that the cooling rate through the temperature range where
the silicon grain size was determined was quite similar for the different
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4.6 Modelling of the casting

casts, indicated by the blue rectangle. For the cooling rate in the
subsequent cooling the difference was larger, given by the orange
rectangle. The position 1 cm from the fines maintained a temperature in
the region between 1396° C and 600° C for 3.3 minutes for the 1.5 cm
cast. In the 10 cm cast a temperature in this region will be maintained
for 40 minutes. If the remaining melt can rearrange in this temperature
range, as suggested by Rong (1992), one would expect a difference in
the distribution of the intermetallic phases between the cast. However if
the distribution was determined by the cooling rate in the region where
the primary silicon solidifies, Margaria (1994), the distribution is
assumed to be quite similar. This is looked into in chapter 5.

Temperature in different positions-10 cm cast

1400 -~ m
1300 1N TS \ ——0.5cm
— 1200 —1lcm
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< 1100
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S e CM
]
g 900
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700 N 7.5cm
600 N em
500 : : : ‘ . 10cm
0 10 20 30 40 50
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Figure 4.21: Temperature in different positions from the bottom of the 10 cm
modelled cast. It is seen that when the position was close to the top or bottom surface
the temperature decrease is fast initially, but slow subsequently due to the heat from
other areas that must be transported through the surfaces.

Figure 4.21 illustrated that positions close to the top and bottom
surfaces cooled fast initially, but the subsequent cooling was slow since
the heat from the rest of the cast was transported through these areas.
The opposite was observed for positions close to the area where the
solidifying fronts meet, e.g. 4 cm from the bottom. The initial cooling
was slow, while the subsequent cooling was rapid.

For most positions in a thicker cast, the remaining melt will have a
longer time to rearrange before solidification. In industry several casts
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4.6 Modelling of the casting

are often moved from the mould and stored on top of each other. This
will retain the heat for a longer time and could have an effect on the
microstructure of the intermetallic phases.

4.6.4 Modelling of the copper plate experiments

From the copper plate model it was shown that for the 3 cm and the 5
cm cases the solidifying fronts met closer to the upper surface since the
resistance to heat transfer was less from the bottom than from the top
of the cast. This is illustrated as a surface plot 180 seconds after start
solidification for the 3 cm cast, experiment 3.3.
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Figure 4.22: Surface plot 180 seconds after casting- model based on copper plate
experiment 3.3, 3 cm. Regions with temperatures below 800 ° C are illustrated in dark
blue.

For the 1.5 cm cast it was observed that the model calculates a more
homogeneous temperature profile than for the 3 and 5 cm casts, seen
from the surface plot given in Figure 4.23. A sample extracted from cast
3.1 was superimposed on the surface plot. It can be seen that the area
were the two fronts have met in the sample was equal to the area where
the melt solidifies last; that is where the fronts met. Examining the
segregation pattern in the extracted samples with the model there was a
good fit between where the highest amount of alloying elements were
found and where the model predicted the liquid to solidify last. This
supports the idea that the model was able to predict the solidification.

89



4.6 Modelling of the casting

The model indicated that the heat transport have been significant also
in horizontal directions, not only in vertical directions. (The whole cross

section was not included in the figure
figure).

so this cannot be seen from
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Figure 4.23: Surface plot 85 seconds after casting- model based on copper plate
experiment 3.1, 1.5 cm. A sample cut from the cast is superimposed in the plot.
Regions with temperatures below 800 ° C are illustrated in dark blue.
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5 Investigation of the Macro-
and Microstructures

To facilitate the reading of this chapter a set of colour codes was
assigned to the chemical species and intermetallic phases encountered
in the experiments. An overview is given in the table below. The
colouring assigned to the chemical elements is used in figures
describing the segregation pattern, while the colours assigned to the
intermetallic phases are in general used in all aspects relating to a given
intermetallic phase.

Table 5.1: Colouring assigned to elements and intermetallic phases encountered in
the thesis.

Chemical elements: | Intermetallic phases:
Al>CaSis
Aluminium- Al HT- (Al)FeSi2
Calcium- Ca AlsFeSiz
AlesFes4Sie
Copper-Cu
Manganese-Mn
Magnesium-Mg (AlL,Fe)SiTi2
(Al,Zr)SiTiz
Vanadium-V Al-Ba-Si
Tin-Sn Al-Si

In the following sections several micrographs will be presented. All the
SEM micrographs are obtained using a SEM with a backscatter detector.
The basis for the back scatter detector technique was outlined in the
experimental section. A phase is imaged with a darker contrast when
the mean atomic number is low compared to a phase with a higher
mean atomic number. This means that the silicon matrix will be darker
than the intermetallic phases with a higher mean atomic number. It is
also possible to distinguish between some of the intermetallic phases
based on contrast.
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5.1 Segregation pattern

Samples from the experiments will be referred to frequently in the text
and the origin of the samples is summarized in Table 5.2.

Table 5.2: Labelling of the samples extracted from the experiments.

Sample name Experiment
Al Alloy A, Al
A2-2.2,2.4 and 2.6 Alloy A, A2

B,D,G MG-SI2 Industrial
1.1 Copper plate SoG-Si 3 cm
1.2 Copper plate SoG-Si 5 cm
2.1 Copper plate MG-Sil- 1.5 cm
2.2 Copper plate MG-Sil- 3 cm
2.3 Copper plate MG-Sil- 3 cm
3.1 Copper plate MG-Si2- 1.5 cm
3.2 Copper plate MG-Si2- 3 cm
3.3 Copper plate MG-Si2- 3 cm
3.4 Copper plate MG-Si2- 5 cm
3.5 Copper plate MG-Si2- 5 cm

Ingot 1 Cyberstar MG-Si2

Ingot 2 Cyberstar MG-Sil

Ingot 3 Cyberstar MG-Si2

Ingot 4 Cyberstar EG-Si

The segregation pattern in the samples extracted will be outlined in this
chapter. Silicon grain size, distribution of intermetallic phases and the
relationship to thermal history, casting procedure and alloy composition
are also discussed. In addition the distribution of trace elements and
their preferences for some of the intermetallic phases will be looked into.
The objective is to elucidate how the solidified product was affected by a
change in alloy composition, inclusions present, the solidification
process including flow during filling of the mould and cooling rate.

5.1 Segregation pattern

Lower solubility of most elements in solid silicon as compared to liquid
silicon result in an enrichment of the melt during solidification. There
are multiple phenomena that can lead to segregation. On the micro
scale there will be segregation between the relatively pure silicon and
the intermetallic phases. Density differences between solid silicon and
the melt can increase the segregation at a larger scale. Solid silicon has
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S Investigation of the Macro- and Microstructures

a lower density than liquid silicon and will therefore rise while
remaining melt will descend. Temperature differences can also initiate
density-related flow. These factors contribute to an inhomogeneous
distribution of the elements in the cast. In this section the
macrosegregation observed in the different experiments will be
discussed.

5.1.1 Segregation pattern experiment Al

Two experiments were performed utilizing alloy A. For alloy A the
chemical analysis is given in a relative scale. None the less the relative
scale also provided useful insight into the segregation phenomena and
gave an opportunity to compare the segregation pattern from all the
experiments based on factors such as the cooling rate and direction of
the heat flow.
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§
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0-3.3 3.3-6.6 6.6-10.0 10.0-13.3  13.3-16.6
Distance from the top where sample Al was cut [cm]

Figure 5.1: Relative analysis of sample Al.

The relative amount was calculated according to the formula below.
wt % sample

relative value =
max wt %

This means that the sample with the maximum amount was assigned a
value of 1.
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5.1 Segregation pattern

The conclusion to be drawn from the figure was that compared to the
bulk analysis, the top part of the cast was deficient in alloying elements
and the lower part was enriched in alloying elements. The silicon
content in the top sample was approximately 5 wt % higher than in the
bottom sample. In the case of solidification from the top surface this
has lead to low density silicon floating at the top, while higher density
liquid enriched in trace elements have descended. Solidification from
the bottom will not give the same macrosegregation as expected with
solidification from the top. Here grains that started to float melt back if
they met melt with a temperature higher than the melting point of
silicon. If however they arrived in an undercooled region equiaxed
grains could start to grow. Equiaxed growth could also have been
facilitated by impurity particles. The reason for the high amount of
alloying elements in the sample between 13.3 and 16.6 cm from the top
was remelted fines.

There was not a pronounced difference in alloying elements (or silicon)
in the three top samples. This was attributed to the solidification layers
in the cast, see Figure 5.12. The layers acted as barriers for the
enriched melt and alloying elements solidified close to this boundary
when their solidification temperature was reached. The enriched melt
would therefore not sink all the way to the area where the two
solidifying fronts met. The layers had a great impact on the silicon grain
size and the distribution of the intermetallic phases.

Alloying elements that were not stopped by a layer accumulated in the
remaining liquid and solidified in the area between 10 and 13.6 cm-
which seemed to be where the solidifying fronts have met.
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5.1.2 Segregation pattern experiment A2
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Figure 5.2: Relative analysis of sample 2.2 (A2).

In sample 2.2 the highest content of alloying elements was found in the
top sample. This was explained by the density change of silicon during
solidification. When silicon expanded, melt from the inside parts of the
cast could have been pushed to the surface where there was more space.
This melt was enriched in alloying elements because it solidified at a
later stage.

5.1.3 Segregation pattern MG-Si2 industrial

Metallurgical grade silicon with a chemical composition applicable for
the direct synthesis was chosen as the second industrial alloy. Prior to
the casting the bulk composition of the ladle was measured. The
content of the main alloying elements was: Fe = 0.42 wt %, Al = 0.26
wt %, Ca= 0.06 wt % and Ti = 0.03 wt %. A post refining took place in
the ladle during casting as seen from the lower mean analysis of Al and
Ca in the figure below.
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Figure 5.3: Chemical analysis of samples Bl and B2 in different positions from the
top. The error bars give the standard deviation.
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Figure 5.4: Segregation pattern of the main trace elements in sample B1/B2.

Figure 5.3 and Figure 5.4 present the mean chemical analysis of two
vertical samples Bl and B2, cut in the proximity of thermocouples C1,
C3 and CS5S. Sample B2 was slightly larger than Bl due to remelted
gravel, so the sample from 10-11.2 only consisted of material from B2.
The analysis revealed that there was a segregation of alloying elements
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5 Investigation of the Macro- and Microstructures

from top to bottom of the cast. The amount of Al, Fe, Ca and Ti was at
a minimum in the top sample, which was from 0-2.5 cm from the top.
The maximum content of these elements was found in the sample from
5-7.5 cm from the top. The segregation can be explained by
solidification from top and bottom as outlined in Section 2.4.2. This
area was the last to solidify as shown in Figure 5.5b. The temperature
curves from the experiment, the COMSOL model and the chemical
analysis all indicate that the two fronts met in the area from 5-7.5 cm

from the top.
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Figure 5.5a:

Surface plot 600 seconds after start solidification obtained by the

COMSOL model.

The scale bar gives the temperature of the surface. Regions with

temperatures below 800 ° C are illustrated in dark blue.
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Figure 5.5b: Surface plot 1250 seconds after start solidification obtained by the
COMSOL model. Regions with temperatures below 800 ° C are illustrated in dark
blue. The area inside the rectangle corresponds to the sample extracted 5-7.5 cm from
the top.

Sample D, extracted close to thermocouples C2, C4 and C6, and sample
G, revealed another segregation pattern than sample B1/B2, Appendix
A. The top part of sample D contained a worm which resulted in a high
content of alloying elements in this sample.

The segregation pattern for trace elements Cu, Mg, Mn, P, Sn and V are
illustrated in Figure 5.4. For MG-Si2 an analysis program that also
could detect Pb, Bi, As, Zn, Ni, Cr, Ba, Mo, Sb, Sn, Y, Se, La and Ce was
utilized, but the concentration of these elements was generally below
the detection limit of the instrument. An exception was the sample that
contained the maximum amount of Al, Ca, Fe and Ti. When comparing
the segregation of the trace elements with the main alloying elements it
was easy to see a similar trend for Cu, Mn and V.

The distribution coefficients of tin and phosphorus are high compared
to those of vanadium, copper and manganese, as seen from Table 2.1
Magnesium, phosphorus and especially tin did not have a pronounced
segregation pattern, Figure 5.4. In some cases it was opposite to the
other trace elements, that is; tin followed the pattern of silicon.
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5 Investigation of the Macro- and Microstructures

The conclusion from the chemical analysis is that there were large
variations in the composition throughout the cast. A general trend was
that the area that contained the remaining melt had the highest
concentration of alloying elements. This area may be found where the
solidifying fronts met as well as in “worms”.

5.1.4 Segregation pattern copper plate experiments
For the copper plate experiments MG-Si2 industrial was remelted in
addition to MG-Sil and a SoG-Si quality, as explained in Chapter 3.

The chemical analysis of experiments 3.1, 3.3 and 3.5, all conducted
with MG-Si2, are illustrated in Figure 5.6 to Figure 5.8. The analyses of
samples 2.1-2.3 and 3.2 and 3.4 are given in Appendix A. In the 1.5 cm
samples, 2.1 and 3.1, it was observed that the two solidifying fronts met
closer to the top then the bottom of the cast and that the lower front
moved approximately 1.1 mm from the copper plate. This explains the
increased amount of alloying elements in the top sample seen from
Figure 5.6. It can be seen that both the calcium and aluminium content
in the samples were lower than for the starting material. The vapour
pressures of calcium and aluminium are higher than of silicon which
means calcium can easily evaporate from a silicon melt (Safarian and
Tangstad, 2012). As described in the experimental part, the different
grades of silicon were re-melted in a furnace under an argon flow prior
to casting. Ca and Al may have evaporated during this process. Slag
was observed in the furnace and on top of some casts so Al and Ca
could also have been be lost due to oxidation to their respective oxides.
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Figure 5.6: Chemical analysis of sample 3.1 in different positions from the top. The
error bars give the standard deviation.
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Figure 5.7: Chemical analysis of sample 3.3 in different positions from the top. The
error bars give the standard deviation.
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Figure 5.8: Chemical analysis of sample 3.5 in different positions from the top. The
error bars give the standard deviation.

For samples 3.3 and 3.5 the maximum level of Fe, Al and Ti was found
in the sample 1-2 cm from the top. Examining sample 3.3 this was the
area where the two fronts met. For sample 3.5 a layer was seen in the
area between 1 to 2 cm from the top. Mapping of the area adjacent to
the layer in sample 3.5 illustrated that this area contained oxygen, see
Figure 5.29. This is confirmation that the layer was due to low flow rate
and that the surface of the layer solidified and oxidized before new melt
covered the surface.

Examining the segregation pattern of a selection of trace elements,
Appendix A, a similar trend as observed for MG-Si2 was seen. Except
for Mg, P and Sn the segregation pattern resembled the pattern of the
alloying elements. As seen before, the segregation was not as
pronounced for P and Mg. When it came to Sn, if segregation was
observed it usually followed the silicon analysis.
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5.1 Segregation pattern

5.1.5 Segregation pattern Cyberstar furnace experiment
Analysis for Ingot 1, 2 and 3 are given in Appendix A. The segregation
pattern for Ingot 2, MG-Sil, is illustrated in Figure 5.9.
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Figure 5.9: Segregation pattern main impurities, Ingot 2, MG-Sil, Cyberstar furnace
experiment.

Constitutional undercooled regions developed during solidification due
to the enrichment of the liquid. This resulted in the breakdown of the
plane front, probably when the solid fraction was between 0.2 and 0.4.
This was supported by SEM examinations of the samples. In the lower
region of ingots 1, 2 and 3, no intermetallic phases were found. In the
middle and the top sample they were found more frequently.

A comparison with the Scheil equation was done, Figure 5.10. It was
seen that the concentration of alloying elements throughout the ingot
was larger than predicted from the Scheil equation.
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Figure 5.10: Experimental and Scheil values for iron as a function of fraction solid,
Ingot 2, MG-Sil, Cyberstar furnace experiment. For the Scheil calculation, kFe=
8.0*10% and fs = 0.2, 0.4, 0.6, 0.8 and 0.999999 have been used.

It was not attempted to find an effective distribution coefficient that
corresponded to the observed segregation pattern, since the XRF
analysis gave the combined amount of trace elements in silicon matrix
and intermetallic phases. Investigating the effective distribution
coefficient, the concentration in the silicon matrix should be used to see
if more trace elements have been incorporated into the matrix than
what predicted using the equilibrium distribution coefficient.

As in the prior experiments no segregation was observed for tin, while
other elements showed a pattern similar to the main elements. A lower
concentration of calcium was observed in this experiment as well,
indicating that it evaporated.

When comparing samples from several locations in the furnace it was
observed that the analysis was higher towards the centre of the furnace
compared to close to the mould wall. An explanation can be that a
temperature gradient existed with decreasing temperature towards the
mould wall. The result would be that the solidifying front bended
towards the middle of the furnace. When alloying elements were
rejected at the interface they would be pushed towards the liquid
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5.2 Grain size

regions causing a melting point depression. This would reduce the
planarity of the front.

5.2 Grain size

In Table 5.3 the average grain size obtained by the circular intercept
method, mm, and equivalent grain size, mm, is listed for a selection of
samples extracted after the experiments. It can be seen from the table
that the standard deviations in the measurements were large, indicating
a heterogeneous distribution of grain size. In Section 3.8 a discussion
around the uncertainty relating to the grain size measurements was
given. In Figure B.1-B.8, Appendix B, four magnified areas of samples
Al, 2.2(A2), B, 1.1, 1.2, 2.1, 2.3 and 3.5 are illustrated. The individual
squares in the figures all correspond to a real size of 1 cm x 1 cm.

Table 5.3: Average and equivalent grain size [mm] for a selection of samples. The
average cooling rate is the average of the values calculated for a given experiment in
Table 4.2. E.g. for sample Al, Alloy A this is the average of the upper, lower and
middle thermocouple.

Sample Mean| Std | Measured |Average |Equivalent| Average
[mm)] | [mm] grain cooling | grain size | grain
boundaries | rate [mm)] area
[-°C/s] [mm?2]
Al 0.63 | 0.49 523 0.13
2.2 (A2)| 1.35 | 0.95 240 0.005
B 0.89 | 0.76 546 0.07 0.73 3.3
H 0.91 | 0.73 455
2-1 0.52 | 0.36 328 0.54 0.41 1.1
2-3 0.53 | 0.44 342 0.15
3-1 0.52 | 0.32 340
3-3 0.53 | 0.34 348 0.15
3-5 0.58 | 0.48 574 0.12

5.2.1 Comparison of grain size

Sample Al is illustrated in Figure 5.11 together with a selection of SEM
micrographs. Figure 5.11 and the images in Figure B.1, Appendix B,
illustrate that there were large variations in the grain size throughout
the cast. Some grains were more than 1 cm in length while others were
only a few mm.

Layers that have been formed during solidification were present in some
of the casts. The layers were a result of low flow rate of silicon into the
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mould during the experiment. In Figure 5.12 there is an illustration
explaining how the layers were formed.

Figure 5.11: Selected SEM microgfaphs illustrating the distribution of intermetallic
phases in sample Al. Red squares contain areas that have been magnified in Figure
B.1. Micrograph 2 and 4 illustrate layers and micrograph 6 remelted fines.

Oxide skin
Silicon melt

Silicon melt Silicon melt Sillconhusis ke el

Mould Mould

Figure 5.12: Illustration of the formation of a layer during casting. Left to right, SEM
micrographs collected from copper plate experiment 3.5.

1) The silicon starts to solidify from the bottom once the melt
touches the mould. Due to the low flow, a silicon skin forms at
the surface before new melt arrives, illustration to the left Figure
5.12. This skin consists of an oxidized layer of silicon.
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5.2 Grain size

2) New melt arrives on top of the skin, and when the mould is filled
the melt also start to solidify from the top surface.

3) The solidifying front from the top surface acts as a “snow shovel”
where alloying elements are pushed together with the front due to
a higher solubility in the melt. When the front reaches the oxide
skin the alloying elements are not able to pass and will precipitate
along the oxide skin. This is also illustrated in micrographs 2 and
4, Figure 5.11.

4) New grains will nucleate and start to grow in the direction
opposite to the heat flow. Below the layer depicted in Figure 5.12
the silicon melt will be depleted on alloying elements compared to
above the layer since the enriched melt was stopped by the layer.

The observed layers reduced the average grain size in the cast since new
grains started to grow on the other side of a layer. The layer also
reduced the amount of alloying/trace elements in the area where the
solidifying fronts met since they could not cross the layer boundary. A
new enrichment of the liquid started below the layer (or above
depending on the direction of the heat flow).

In the upper picture to the right in Figure B.1, an area between two
layers is seen. This was the area with the smallest distance between
two layers and the effect was numerous small sized grains. In the lower
left picture the grains were much larger. This was from the area where
the distance between two layers was largest. This area was also filled
with melt at an early stage in the casting, and it was the last to solidify
due to poor heat conduction through the bottom part and the long
distance to the top.

Comparing the grain distribution from experiment Al to that of sample
B, MG-Si2, where no pronounced layers were formed, it was seen that
the grains in general were longer in MG-Si2 when no layers were
present to act as a barrier to growth, Figure B.2. Another distinction
between the two casts, A1 and MG-Si2, was the refining step prior to
casting for MG-Si2. During a reefing step impurity particles such as
silicon carbide can be captured by the slag phase or stick to the ladle
walls as described by Klevan (1997). Also potential slag from the
furnace can be retained in the ladle. This means that a casting
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procedure with no prior refining would have a melt containing more
impurity particles. This was confirmed from the carbon analysis given
in Section 5.6, Alloy A contained more carbon than MG-Si2. The SiC
particles can act as a source for heterogeneous nucleation and stabilize
the growth of equiaxed grains and thus yield a finer grain distribution.
This was observed by Mangelinck- Noél and Duffar (2008) who
registered a large number of equiaxed grains in a polycrystalline silicon
wafer. SEM observations correlated this to the presence of SiC in
equiaxed regions.

Prior to examining the thermal history and the grain size of the two
casts it was assumed that Al, due to an increased height
(approximately 16.6 cm vs. 10 cm) and a smaller size of fines (0-2 mm
vs. 10- 15 mm), would have a lower cooling rate and that this would
yield a larger average grain size compared to MG-Si2. It seems however
that time to fill the mould (15 minutes vs. 2 minutes) and the lack of a
refining step decreased the grain size in portions of the cast. For the
MG-Si cast a rapid filling of the mould led to a situation where less heat
was removed during filling and more superheat and latent heat had to
be removed after filling. For alloy A, a low flow rate reduced the
temperature of the melt and in the regions where layers were thin, the
distance to the top surface of the layer was short, which facilitated the
heat transport. For a layer to form, the temperature in the melt must
have been low so that the surface could solidify before new melt arrived
on top. Hunt (1984) describes that in small castings low poring
temperature is often used to promote equiaxed growth.

Another distinction between the two casts was the increased amount of
alloying elements in alloy A compared to MG-Si2. The melt contained
around 8 % alloying elements and if a silicon grain was detached from
its parent crystal and found itself in a constitutionally undercooled
region an equiaxed grain could grow. The effect was illustrated by the
Cyberstar furnace experiment. All ingots had the same thermal history,
but only Ingot 4, containing EG-Si consisted of mainly columnar grains.
In the ingots that contained MG-Si the concentration of alloying
elements at the interface increased so much that constitutionally
undercooled regions developed which facilitated equiaxed growth. It was
observed that columnar grains advanced further close to the furnace
wall than close to the middle of the furnace. This supports the
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observations from the chemical analysis; the front was not been planar
during solidification.

For the copper plate experiments when no layers were present the
grains were more or less able to grow until the two fronts met. The effect
of the layers was a reduction in the average grain length. This was seen
for the 3 cm and 5 cm samples that were examined, there was not a
distinct difference in grain size/grain length between these copper plate
experiments as a consequence of the layers, as seen from Table 5.3 and
Figure B.4 to Figure B.8.

Correlating the thermal history obtained from the COMSOL model of the
industrial cast, illustrated in Figure 4.21, to the grain size in the
industrial cast, it was observed that in areas where the heat was
removed rapid initially, grains were smaller, Figure B.3. These were the
areas close to the top and bottom surfaces. As seen from Figure 4.21
the subsequent cooling was slower since heat from the rest of the cast
had to be transported through these areas. In areas where the initial
cooling was slow, while the subsequent cooling was rapid grain
coarsening was observed. This supports the assumption that the grain
coarsening of the silicon grains took place at temperatures close to the
melting point of silicon.

When observing etched silicon samples, numerous twin boundaries
were revealed illustrating that growth by twinning was a common
growth mechanism in the samples. Some of these boundaries can easily
be seen from Figure B.1 to Figure B.8. Twin boundaries were also
observed in samples cut normal to the growth direction.

In Table 5.3, both average grain size and average cooling rate in the
region where the silicon grain size was determined, was presented for a
selection of the experiments. The values for Al, 2.2 (A2), B and 2.1 are
superimposed on the results collected from Forwald (1997) in Figure
5.13.
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+

1000 -

Figure 5.13: Data collected from Forwald (1997) and superimposed data from a few of
the experiments in this work, B, A2, Al, 2.1. Stars in circles are both of sample B,
MG-Si2 Industrial, but the grain size in the lower circle was determined by EBSD,
electron backscatter diffraction. Note the large deviation between the methods.

It can be seen from the figure that the calculated values from the
circular intercept method were larger than the given from earlier work.
The average grain size of a part of sample B obtained from electron
backscatter diffraction, EBSD, was compared to the grain size obtained
by the circular intercept method: 185 + 292 pm vs. 890 + 760 pm. The
EBSD value was obtained with the linear intercept method. The results
from the EBSD are given in Table B.1, Appendix B. Some of the
limitations concerning the determination of grain size and cooling rate
were discussed in Chapter 3, and these uncertainties might have
contributed to the deviation from earlier work. In addition, as seen
from among others experiment Al and Cyberstar furnace experiment,
several factors contributed to the final grain distribution, not only the
cooling rate. This means that a simple linear relationship between
cooling rate and grain size will not be able give the whole picture. The
factors that were considered to be of highest importance and their effect
are listed in Table 5.4. The final grain distribution was a result of
interplay between the factors listed in the table. If a given grain
distribution is the aim, these factors must be controlled.
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Table 5.4: Main factors that determined the grain size of the castings.

High

Low

Cooling rate

A large grain population
was able to grow- the
average grains size was
reduced.

Grains that removed
heat most efficiently
outgrew other grains. A
grain coarsening took
place and average grain
size increased.

Particles in
the melt,
such as SiC

Inclusions could have
reduced the barrier to
nucleation - more grains
nucleated -grain
refinement.

Less heterogeneous
nucleation.

Layers acted as a barrier to
growth. Average grain size

Disregarding equiaxed
growth. Grains grew

an increase in average
grain size.

Layers reduced. until the solidifying
fronts met- result was
increased grain length.

Constitutional cooling- If the temperature
created undercooled regions | gradient at the interface
where detached silicon was positive a plane
Alloying grains were stable to grow front would be stable for
elements with the result of more pure materials.
equiaxed grains.
Breakdown of a planar front
in directional solidification.
Silicon grains that were Low melt temperature
detached from their parent | increased the possibility
crystal would melt back in that a detached silicon
Temperature | contact with the liquid grain could grow. Less
in melt when T>Twu. The result was | heat needed to be

removed. Result-
Decreased average
grain size.

The basis for the theory concerning the factors given in the table was
given in Chapter 2. It can be seen that the cooling rate, heterogeneous
nucleation, constitutional undercooling and temperature in the melt are
all factors that are well described in the literature. Layer casting is also
a method that has been used in industry for a while to obtain a smaller
grain size. However in the literature search no study has been found
describing how the layers act as a boundary for inclusions and
intermetallic phases. This is an important aspect when considering the

segregation and distribution of intermetallic phases in the cast.
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5.3 Distribution and identification of the

intermetallic phases
In the following it will be described how the distribution of intermetallic
phases and the type of intermetallic phases formed differs in the
experiments as a result of the composition, thermal history and casting
method.

5.3.1 Distribution of intermetallic phases

The distribution of intermetallic phases changed with the cooling rate
and affected the structure of the cast silicon. This was observed by
comparing SEM micrographs of MG-Si2 industrial and MG-Si2 copper
plate 1.5 cm, Appendix B, Figure B.11 and B.14. More grain
boundaries were covered with intermetallic phases in the 1.5 copper
plate case, Figure B.14. This observation has also been done by authors
such as Margaria (1996), Bullon (2007) for silicon cast onto a water
cooled copper plate.

When grains are small, the total surface area of the grains will be larger
and the intermetallic phases can distribute over a larger surface. In the
direct synthesis, the number of sites attacked is determined by the
length of the grains associated with intermetallics according to Baud
and Margaria (1995).

One reason for the increased surface area in contact with silicon effect
can be found considering surface energy. Simplified it can be said that
the surface energy is a result of an imbalance in the intermolecular
forces that act on the molecules in the boundary between two phases.
In the bulk there would be no such imbalance and the sum of the forces
acting on the molecules is zero. For molecules at the surface this
imbalance causes the molecules to be drawn towards the bulk, Merk
(1997). For a remaining melt it will be preferential that the ratio surface
area in contact with silicon matrix, A, and the bulk volume, V, is low,
assuming that the contact angle, 6, is larger than O °. The result would
be that at low cooling rates A/V is low, while at higher cooling rates
were the molecules will not have time to rearrange, A/V increases. In
this work it was assumed that the rearrangement stops when the
intermetallic phases have solidified, which was assumed to be 600 ° C.

Observing the 1.5 cm, 3 and S cm casts, Figure 5.14, it was seen that
compared to the industrial cast, utilizing a copper plate with water
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cooling only changed the distribution of intermetallic phases
significantly if the height of the cast was reduced to 1.5 cm. This can
also be seen from B.12-B.14, Appendix B. The COMSOL model
compared casts of height 1.5, 3, 5 and 10 cm, cast in an industrial
mould. It was seen that with increased thickness the time before the
intermetallic phases (assumed to be 600 °) have solidified would
increase from 4.2 minutes for the 1.5 cm cast to 10, 18 and 45 minutes
for a 3, 5 and 10 cm cast respectively, Figure 4.20. This implies that an
increased thickness of the cast increased the time the remaining melt
had to rearrange.

Figure 5.14: Comparison of SEM micrographs, copper plate experiments, 3.1 (1.5 cm),
3.3 (3 cm) and 3.5 (5 cm). A faster cooling combined with a more homogeneous
temperature profile for the 1.5 cm cast resulted in a more homogeneous distribution of
intermetallic phases for the 1.5 cm cast compared to the 3 and 5 cm casts. The black
spots in the micrographs are pores and intermetallic phases that were removed during
sample preparation.

The COMSOL model was used to compare different positions in the 10
cm industrial MG-Si2 cast, Figure 4.21. It was observed that in areas
where the heat initially was removed fast, the subsequent cooling was
slow since heat from the rest of the cast was transported through these
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areas. In these areas the intermetallic phases were rounder due to a
longer time to rearrange. In areas where the initial cooling was slow
and the subsequent cooling was rapid the intermetallic phases are more
evenly distributed in the grain boundaries, see Figure 5.15.
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Figure 5.15: Microstructure top part, upper micrograph, and 6 cm from top, lower
micrograph, sample B, MG-Si2- Industrial.

The results support the observations done by Rong (1992): the
distribution of the intermetallic phases can be altered below the
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temperature were primary silicon solidifies and not the hypothesis by
Margaria (1994): the distribution of the intermetallic phases is
dependent on the cooling rate where the primary silicon grain size is
defined.

The shape will also depend on the amount of alloying elements. In
Figure B.9 and Figure B.10 micrographs from Al and A2 are compared.
A2 reached 600 °C around 8 hours later than Al. However all
intermetallic phases were not found as round particles. The phases
were larger, but the area they could distribute themselves might have
been limited by the already solidified primary silicon grains. This
implies that the shape with the lowest A/V ratio was not possible.

Figure 5.16: Etched sample left, and SEM mlcrographs right, of the same area,
sample Al. It is seen that the intermetallics mainly are found in the silicon grain
boundaries and not in the silicon matrix. An accumulation of intermetallic phases is
seen above the layer.

In Figure 5.16 a segment of sample (3 mm x 1.5mm) of Al after etching
is illustrated together with SEM micrographs from the same area. From
the figure it is seen that the intermetallic phases generally were found
in the grain boundaries and not in the silicon matrix. In the figure a
layer is also seen, and above the layer there have been an accumulation
of intermetallic phases where it was not possible to pass thorough the
layer. SEM micrographs from the other experiments have also been
compared to etched samples and the intermetallic phases were in
general found in the grain boundaries.

5.3.2 Identification of the intermetallic phases
In Table 5.5 an overview of the different intermetallic phases observed
in the experiments is illustrated. For MG-Si2 and MG-Sil Image J
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1.46r (2013) was utilized to determine the amount of each intermetallic
phase. However the contrast of several phases was similar so it was not
possible to separate them by contrast in a reproducible manner. A
more qualitative approach was applied which described the major and
minor intermetallic phases based on coupled SEM/EPMA observations.

Table 5.5: Intermetallic phases in the different experiments. X, x, (x), indicating a
major phase- a minor phase- or an observed, but rare phase, respectively. The
labelling of the experiments was given in Table 5.2.

Phase Experiment
Al | A2 | MG- |2.1- ([3.1- |C1 |C2 |C3
Si2 2.3 | 3.5
X X (%) (%) X X X
Al>CaSi. X | X (x)
HT-(Al)FeSi2 X X X X x x
AlsFeSiz X | X X X X X X X
AlsFesSie X X X X x X
X X X b4 b4 b4
x| ® = ) ®)
(AL, Fe)SiTiz ® |® | ®
(Al1,Zr)SiTi2 x) |x
Al-Si-Ba X | x
Al phase X |x
)

Samples from all experiments were investigated by electron probe micro
analysis, EPMA. In total, more than 700 point analysis were performed,
and in Appendix C the mean composition of the main intermetallic
phases observed in all the experiments is given. The basis for the EPMA
was given in Section 3.7.6 and some of the uncertainties with the
method were discussed in Section 3.8. Most of the intermetallic phases
observed are well documented in the literature and were listed in
Chapter 2. This yields for the HT-(Al)FeSi> phase the ternary Al-Fe-Si
phases, AlzsFeSi> AlgFesSis, the calcium phases AloCaSiz and AlgCaFe4Sis,
and also the titanium phases (Al)FeSi>Ti and Si2Ti.

Examining the intermetallic phases in Appendix C, it was seen that
there was a variation from experiment to experiment. Besides
measurement uncertainty, the reason could be that some elements
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occupied the same lattice positions. This could be the case for
aluminium and silicon and this led to dissolution of aluminium in all
phases. It has been noted that the AlsFeSi> phase has a larger
compositional range than the AlsFesSie phase, e.g. Dubrous and
Anglezio (1990). This is also seen from Appendix C, the standard
deviation was larger for the AlsFeSi» phase than the AlsFesSie phase.
When the average composition of the intermetallic phases from each
experiment was compared, it was noted that the aluminium content in
the AlsFeSis phase for alloy A was higher than in the metallurgical grade
silicon. In experiments Al and A2 the average amount was 48.9 and
51.7 at % respectively, while for MG-Si2 industrial the average amount
was 44.5 at %. A higher amount of aluminium in alloy A was probably
the reason for this.

Figure 5.17 to Figure 5.21 present SEM micrographs of intermetallic
phases frequently observed in the experiments.

Major Major
phases phases
Al;CaFe,Sig Al;CaFe,Sig
Al,CaSi, Al,CaSi,
Al;FeSi, Al;FeSi,
Minor Minor
phases phases
Al-Ba-Si Al-Fe-Si-Ti

Al-Si

Major - = = Major
phases ™ phases
Al,CaSi, ; Al,CaSi,
Al,FeSi, o Al,FeSi,

Minor Minor
phases 7 o phases
Al-Ba-Si  [—— (AL,Zr)Si,Ti

Al-Si 2 #
(ALZn)Si,Ti

Figure 5.18: SEM micrographs sample 2.6, experiment A2.
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For sample Al three phases dominated. These were the phases
containing Ca, Al¢CaFes4Sis and Al2CaSiz, and one Al-Fe-Si phase,
namely AlsFeSi>. However in the samples examined from experiment A2,
2.2 and 2.6, the quaternary phase was absent. (Figure 3.5 illustrated
where the samples were extracted). Sample 2.4 was not analysed by
EPMA, but observing the contrast in the micrographs one phase
appeared to be missing here as well. When the cooling rate was reduced
for alloy A, experiment A2, more AloCaSi» was found. This experiment
indicated that the alloy was in a compositional range where the ternary
phase was the thermodynamically stable phase. In the Cyberstar
furnace experiment, the reduced cooling rate did not yield the same
effect, no AlCaSi; was observed. In this compositional range
AleCaFesSis was the stable phase with both a high and low cooling rate,
as described by Margaria (1994).

The main phases observed for the metallurgical grade silicon were HT-
(Al)FeSiz, AleCaFesSig, AleFesSis, AlsFeSio and (Al)FeSioTi. According to
Krendelsberger (2007), the ternary phases present in the Al-Fe-Si
phases are formed by peritectic reactions. This was also mentioned by
Margaria (1994) who described that equilibrium calculations of a MG-Si
system give the solidification route Si>HT-(Al)FeSiz —>AlsFesSis. In
addition AlsFeSi» phase was observed in experimental samples, which
was attributed to incomplete peritectic reactions. The phases observed
in the MG-Si system are in accordance with Figure 2.19, given in
Dubrous and Anglezio (1990).
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Operation |
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Figure 5.20: SEM micrographs sample 3.5, experiment 3.5, MG-Si2.
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Figure 5.21: SEM micrographs sample 3.3, experiment 3.3, MG-Si2.

The main distinction between the phases observed in the industrial
experiment, MG-Si2 and the copper plate experiments, was the
deficiency of calcium phases. As described in Section 5.1.4 calcium
evaporated due to a high vapour pressure. The amount of aluminium
was also reduced and this reduced the amount of the ternary
aluminium phases. From the chemical analysis it was seen that the Al
content (and the Al/Fe ratio) increased in the order MG-Sil< MG-Si2
copper plate < MG-Si2 Industrial. MG-Si2 industrial contained the
highest amount of AlsFeSi> which was the phase richest in aluminium,
while copper plate MG-Sil contained the least.

For the Cyberstar furnace experiments all the phases observed in the
parent material were observed here as well except for the ternary
calcium phase. The segregation from bottom to top of the ingot was
significant, as seen from Figure 5.9. The bottom samples, extracted as
illustrated in Figure 3.13, contained no particles. The AlsFeSi> phase
was hardly observed in the middle samples, but frequently in the top
samples. There were also more trace elements in the phases at top than
in the middle samples.
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Figure 5.22: SEM micrographs sample 2T-Ingot 2, MG-Sil, Cyberstar furnace
experiment.

operation
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HT-(Al)FeSi,
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(Al Fe)Si,Ti

Figure 5.23: SEM micrographs sample 2M, MG-Sil, Cyberstar furnace experiment.

The type of intermetallic that forms mainly depended on the chemistry,
but as noted an increased cooling rate could give incomplete reactions
causing the intermetallic phases observed to differ from the equilibrium
phases. When starting at a low aluminium content only the HT-(Al)FeSiz

120



5 Investigation of the Macro- and Microstructures

phase was formed. Increasing the Al/Fe ratio more AlgFeSis is formed in
addition to AlsFeSiz. This was in accordance with the phase diagram
given in Figure 2.18 and Figure 2.19 for iron content 0.4 wt % which is
a typical MG Silicon level. At a low Ca/Al content only the AlsCaFesSis
was observed, but with increasing the Ca/Al ratio AloCaSiz also formed.

In the slowly cooled samples, A2 and Cyberstar, an increased amount of
titanium rich phases were observed, see Appendix C. These phases also
contained an increased amount of trace elements, such as vanadium,
zircon and chromium. This indicated that the decreased cooling rate
led to a better purification of the silicon matrix consistent with equation
2.11.

It was observed that the final distribution and shape of the intermetallic
phases depended on the time the remaining melt/ intermetallic phases
had to rearrange, solidification layers present, available space between
the silicon grains and amount of alloying elements

5.4 Distribution of trace elements in the

intermetallic phases

The mean atomic % of the main intermetallic phases is presented in
Appendix C. In addition to the main constituents of the intermetallic
phases, Al, Ca, Fe, Si and Ti, a few minor elements were present in low
concentrations in these phases. A trend predicting the intermetallic
phase a given trace element preferred was observed from these data. In
Appendix C, Figure C.1 to Figure C.6, the amount of trace element,
ppmw, in the main intermetallic phases is presented. A summary of the
results from Appendix C will be given below for a selection of trace
elements. In the discussion regarding trace elements the three
intermetallic phases that contained the highest average concentration of
a given trace element are tabulated. Since the average differs in the
experiments, the experiment where the intermetallic phase contained
the highest average value is also listed.

The micro probe analysis, EPMA, of the intermetallic phase confirmed
that most elements had a preference for the intermetallic phases and
not the bulk matrix. As will be seen in the following, most trace
elements were present in a concentration range of 10 times to several
100 times higher in the intermetallic phases.
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Based on a few simple assumptions a material balance was done
predicting the amount of each intermetallic phase formed in the MG-Si2
industrial. Two things were known from the EPMA analysis of this
system:

1) All the calcium went into the quaternary Al¢CaFes4Sis (assumed
that only a negligible amount of Al.CaSi> was formed).
2) All the titanium went into the FeSi>Ti phase.

Based on SEM micrographs it was assumed that the remaining
aluminium divided itself between the ternary Al-Fe-Si phases, AlsFeSia
and Ale¢FeSis in a 1 to 1 ratio, disregarding the fact that aluminium was
also found in small portions in the HT-(Al)FeSi> phase and the FeSioTi.

Based on the average composition of MG-Si2 industrial, drawn from
sample G and B1/B2, Al=0.18 wt %, Ca = 0.03 wt %, Fe= 0.4 wt % and
Ti = 0.02 wt %, a mole balance was calculated as presented in Table 5.6.

Table 5.6: Amount Al, Ca, Fe, Si and Ti, mol, found in the intermetallic phases, per
100 g MG-Si2.

Al (mol]) |Ca (mol) |[Fe (mol) |Si (mol) |Ti (mol)
AlsCaFe,Sis 0.0047| 0.0008 0.0032 0.0063
0.0010 0.0003 0.0007
0.0025 0.0060
Al) FeSi,Ti 0.0005 0.0009| 0.0005
0.0010 0.0007 0.0010

The amount of the element in question that went into a given phase was
calculated from the EPMA results. The partition in % between the five
main intermetallic phases in MG-Si2 industrial was presented in Figure
5.24. The figure will be discussed in connection with the trace elements.
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Figure 5.24: Partition of trace elements between the main intermetallic phases. Bulk
analysis: Al=0.18 wt %, Ca = 0.03 wt %, Fe= 0.4 wt % and Ti = 0.02 wt %.

By comparing the total amount of trace elements calculated from the
EPMA results with the amount attained from the XRF analysis a
partition between the silicon matrix and the intermetallic was
calculated, Figure 5.25.
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Figure 5.25: % of trace elements found in the intermetallic phases compared to bulk
composition. Due to uncertainty in EPMA and the bulk analysis the mass balance
gave more than 100 % for barium. Loss during sample preparation and solid state
diffusion could have been reasons for to low values.
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From the segregation pattern given in Section 5.1 one would expect that
most of the elements with low distribution coefficients would be
removed efficiently from the matrix. It was seen that of the elements
listed in Figure 5.25, phosphorus did not segregate to the same extent
as the main alloying elements, but still some segregation was seen. The
low removal of phosphorus could be a result of a higher distribution
coefficient, but probably also a result of loss during sample preparation.
This is explained in Section 5.5.2.

Transition elements, especially the 3d elements, are known to have high
diffusion coefficients in silicon Ceccaroli and Lohne (2003) and
increase with an increasing atomic number. In silicon the high
diffusions coefficients of the 3d elements are explained by an interstitial
diffusion mechanism. In most metal alloys diffusion occurs by
interstitial diffusion and due to their small size the transition elements
are able to diffuse rapidly even in solid silicon. The diffusion will be a
function of temperature, decreasing with decreasing temperature. Solid
state diffusion could explain why the mass balance did not add up for
the transition elements. In order to confirm if copper or other elements
were found in the matrix or grain boundaries more investigations
should be done. An alternative would be to investigate if secondary ion
mass spectrometry, SIMS is applicable. The basis for the method is
outlined on the website of EAG, Secondary Ion Mass Spectrometry,
SIMS (2013). Another alternative could be a concentration profile with
the EPMA.

Several analyses were performed by EPMA of the silicon matrix. Several
transition elements were observed, such as Cu, Fe, Mn and V, in
addition to P and Al. Large elements like wolfram, barium, lead were not
found in the silicon matrix. The highest concentration was seen for iron.
It was noted that the concentration in the matrix was less for the
Cyberstar furnace experiments, indicating a better segregation in this
experiment, while for the copper plate experiments the average iron
content in the positions analysed was 1000 ppmw. This was in
agreement with Equation 2.11. That states that with an increasing
growth rate, the incorporation of other molecules into the matrix will
increase. This indicated that “the trade-off’ to obtain a smaller silicon
grain size was an increased content of trace elements in the silicon
matrix. Figure 5.25 revealed that the uncertainty in the EPMA analysis,
the XRF analysis and the coarse assumptions in the model gave results
over 100 % for barium. The barium content in the MG-Si2- industrial
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samples was below the detection limit of the XRF instrument and this of
course affects the uncertainty of the average bulk analysis obtained. If a
lower average bulk analysis than the actual value was used in the
calculation, this explains why the calculation predicts more barium to
be present in the intermetallic phases than what was available. The
uncertainty in the XRF analysis, EPMA analysis and loss during sample
preparation means that it was not possible to pin-point the partition,
but based on the fact that it related well to segregation and diffusion
coefficients is a good illustration of the trend.

The assumptions used in the mass balance cannot be used as general
assumptions for all MG-Si systems. When using the same assumptions
for sample H, MG-Si2, which was taken from another cast where the
calcium content was higher, the material balance fails. When all the
calcium was put into the quaternary phase in this system there was no
aluminium left for other phases. From the EPMA analysis of sample H,
AlzFeSiz, AlgFesSis and HT-(Al)FeSi> were observed in addition to the
AlxCaSiz> phase. This was consistent with Figure 2.19, collected from
Dubrous and Anglezio (1990); starting from the set point of sample
B/G, MG-Si2 of Al = 0.18 wt % and Ca = 0.03 wt %, increasing the
Ca/Al ratio leads to the formation if AloCaSi; in addition to the
quaternary phase.

5.4.1 Vanadium

From the chemical analysis of MG-Sil and MG-Si2 it was seen that
vanadium was present in around 10 — 15 ppmw in the bulk material. Of
all the phases examined, the highest amount of vanadium was always
found in correlation with a high level of titanium. This is seen from
Figure C.1 to C.6, Appendix C. The top three vanadium containing
phases found are given Table 5.7. For the copper plate experiments,
MG-Si2 industrial and MG-Sil before re-melting, the only titanium
phase observed was (Al)FeSi2Ti. The amount of V in this phase was
several hundred per cent larger than for the bulk material. The
preference for the titanium phases were also seen from the material
balances presented in Figure 5.24.

Table 5.7: The top three intermetallic phases containing vanadium.

Phase (Al)FeSiTi >
Maximum 32940 ppmw 10700 ppmw 9400 ppmw (0.94
(experiment) | (3.3 wt %) (1.1 wt %) wt %)

(Cyb MG -Si2/1 (Alloy A) (Cop MG -Si2)
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The effective distribution coefficient of vanadium is 4.0¥*10-6, Table 2.1,
which means that vanadium was expected to be found in the
intermetallic phases. Vanadium and titanium are neighbours in the
periodic table and their similar size allows vanadium to substitute for
titanium in the structure. Callister and Rethwisch (2007), list that a
solute is allowed to substitute another atom if the difference in their
atomic radii is less than about +15 %. High vanadium content in the
titanium rich phases have been described by authors such as Margaria
et al. (1992). Vanadium, chromium, zirconium, wolfram all form stable
silicides and when the Si>Ti phase was found it was often accompanied
by the presence of these elements.

5.4.2 Phosphorus

Due to its importance in solar cells several studies have been performed
with the focus on removal of phosphorus from silicon.

The phosphorus content was found to be maximum in the ternary
calcium phase, AloCaSiz. For sample Al, the average content was 0.15
wt %, see Table 5.8. In MG-Si2 the highest content was also observed
in this phase, but since this phase was hardly ever observed, in total
only a negligible quantity of the total phosphorus will be found in this
phase.

Table 5.8: The top three intermetallic phases containing phosphorus.

Phase Ale¢CaFe4Sis>
Maximum 1770 ppmw 1550 ppmw 640 ppmw
pPpmw (MG-Si2 (A1) (Cyb MG-Si2)
(experiment) Industrial)*

*Only one observation

Ludwig et al. (2013) described an enrichment of phosphorus in the
Al2CaSiz phase when studying an Al-7 wt % Si alloy. According to Lui
et al. (2005) phosphorus forms stable compounds with calcium and
silicon but was difficult to give an exact quantitative analysis due to the
reaction

Ca,Si P, +6H,0 —Ca, Si P, +2H,P T +3Ca(OH), (5.1)

.,
The reaction can result in loss of phosphorus during the sample
preparation for EPMA. This means that the amount of phosphorus in
the intermetallic phase was probably higher than measured by the
EPMA.
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Shimpo et al. (2004) reported that alloying of calcium and subsequent
leaching increased the removal of phosphorus from silicon. In total
80.4 % of the phosphorus was removed with an addition of 5 at %
calcium. The main calcium phase was CaSi;, and phosphorus was
thought to be found as CaP3 precipitates in correlation with the CaSiz
phase. Alloying of metallurgical grade silicon was also performed by
Meteleva-Fischer et al. (2012). They found an increased level of
phosphorus in the FeSi>Ti phase after alloying, up to 0.2-0.4 wt %. No
phosphorus was detected in this phase in the source MG-Si before
alloying. The amount of P in the CaSiz phase did not increase and they
suggested that CaSi had an intermediate role in the removal of
phosphorus from MG-Si. In this work the average content of
phosphorus was quite similar in the titanium and the quaternary
calcium phase for the MG-Si2 industrial case, ranging from 100 to 200
ppma. Based on the mass balance, more AleCaFesSis was formed
compared to the titanium phase, as seen in Figure 5.19. This means
that in total more phosphorus will be found in this calcium phase than
in the titanium phase. For the copper plate and the Cyberstar furnace
experiments it was clear from the chemical analysis that calcium had
evaporated prior to and during casting which led to less AlsCaFesSig in
the casts. The statement above was therefore not valid here. It seems
that if no additional alloying elements were added it was difficult to
accumulate phosphorus to a great extent in the intermetallic phases.

5.4.3 Chromium

As much as 1.2 wt % Cr was observed for the titanium rich phase
(Al,Fe)SiTiz found in Cyberstar MG-Si2 and MG-Sil samples. For the
metallurgical type silicon used the main titanium phase was (Al)FeSi.Ti,
and an average of 0.2 wt % Cr was observed in this phase in MG-Si2
copper plate experiments. The ternary aluminium phase AlsFeSi> also
contained up to 0.13 wt % Cr. In general all intermetallic phases in the
metallurgical grade silicon used contained 20 to 1200 X more Cr than
the bulk. For alloy A the bulk concentration was not known and the
amount of Cr was lower in the intermetallic phases. This could have
been due to the formation of some chromium rich phases, which would
have reduced the amount available for the other phases.

Table 5.9: The top three intermetallic phases containing chromium.

Phase (Al)FeSiTi >
Maximum 12060 ppmw 2090 ppmw 1340ppmw
(experiment) | (Cyb MG -Si2/1) | (Cop MG -Si2) (Cop MG -Si2)
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5.4.4 Manganese

Table 5.10: The top three intermetallic phases containing manganese.

Phase (Al)FeSi2Ti >
Maximum 117200 ppmw 7790 ppmw 6820 ppmw
(experiment) | (Cyb MG -Sil) (Cyb MG -Si2) (Cop MG -Si21

Except for the industrial MG-Si2 experiment, the highest content of
manganese was always found in connection with the ternary AlsFeSi»
phase. The bulk material, MG-Si2, contained around 50 ppmw Mn,
which made it the main trace element. Manganese easily substitutes for
iron and this led to its presence in all iron rich phases. In the phases
that contained only minor amounts of iron such as AloCaSiz, Al-Si, Al-Si
(Ce,La,Nd) and Al-Ba-Si, manganese was hardly present, see Appendix
C. In total, based on the material balance outlined for MG-Si, almost
equal amounts of manganese went into the quaternary calcium phase
and the HT-(Al)FeSi> phase, while due to a lower frequency of the
AlsFeSiz phase, in total less manganese was found here.

5.4.5 Zirconium
Table 5.11: The top three intermetallic phases containing zirconium.

Phase (Al)FeSi2Ti > Al-Fe-Si-Ti
Maximum 77763 ppmw 13914 ppmw 7595 ppmw
(experiment) | (Alloy A) (Cyb MG-Si2) Al1/A2

As for vanadium the maximum content of zirconium was found in the
titanium rich phases. Both Si?Ti and SioZr are stable silicides with an
orthorhombic crystal structure (Maex and van Rossum, 1995). This
could explain the ease of substitution between Ti and Zr in the
structure. There was almost no zirconium related to the phases that
only contained Al, Fe and Si, see Appendix C. Zr is close to titanium in
the periodic table and based on atomic size considerations it could
substitute for titanium.

5.4.6 Nickel

The maximum content of nickel alternated in the experiments between
the quaternary calcium phase, AleCaFesSis and the two ternary
aluminium phases, AlsFeSi> and AlgFes4Sie. From the mass balance
between 44- 70 % nickel was removed from the matrix, but as stated
earlier the mass balance only gave a trend. Considering the low
distribution coefficient of nickel, Table 2.1, one should expect most of
the nickel to be found in the intermetallic phases. Nickel is one of the
3d transition elements, with the high diffusion coefficient in solid silicon
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(Ceccaroli and Lohne, 2003) and it was suspected that some nickel
diffused into the silicon matrix or grain boundaries.

Table 5.12: The top three intermetallic phases containing nickel.

Phase
Maximum 8282 ppmw 3533 ppmw 1837 ppmw
(experiment) | (Cop-MG-Si2) (Cop-MG-Sil) (Cop-MG-Sil)

Rong (1992) described that an increase in nickel content can be seen in
correlation with an increase in the vanadium content. This was not
observed in this work.

5.4.7 Barium

What seemed to be a distinct barium phase was formed in the case of
alloy A. A theoretical value of the distribution coefficient of barium was
not found, but barium is a large element and it will have problems
dissolving in the other intermetallic phases in high concentrations as
well as in silicon. If the solubility limit in the intermetallic phases was
reached a new barium phase would be formed. In the metallurgical
grade silicon this Al-Ba-Si phase was not observed. Hardly any barium
was found in correlation with other phases than titanium rich phases.
The exceptions were the AloCaSiz; and the AlsFeSiz phases in alloy A, as
seen from Appendix C. This was attributed to higher barium content in
alloy A compared to MG-Si2, although this was just an assumption that
has not been confirmed by chemical analysis.

Table 5.13: The top three intermetallic phases containing barium.

Phase Al-Fe-Si-Ti>
Maximum 42 wt % 48791 ppmw 6524 ppmw
(experiment) | (Alloy A) (Alloy A) (Alloy A)

The fact that barium was able to dissolve to some extent in the titanium
rich phases implies that the crystal structure of these phases were more
spacious, and that it would be easier here to either fill vacant sites or
substitute for titanium in the lattice.

5.4.8 Copper

For the metallurgical grade silicon investigated the maximum amount of
copper was always found in the ternary AlsFeSi> phase, which was the
phase richest in aluminium in the system. In alloy A copper was also
found in the phase with the highest aluminium content, but here this
was a Al-Si phase, not the AlsFeSiz. The copper content in the AlsFeSiz
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was 20 to 40 x lower in alloy A compared to MG-Si2. An explanation to
the reduced level in the AlsFeSio> phase could be the increased amount
of aluminium in alloy A, while the amount of copper did not increase.
More aluminium containing intermetallic phases were formed and
copper divided itself among more phases, which would reduce the
average concentration in a given phase.

Table 5.14: The top three intermetallic phases containing copper.
Phase
Maximum 4300 ppmw 4584 ppmw 2097 ppmw
(experiment) | (Alloy A) (Cyb MG-Si2) Cyb MG-Sil)

According to the mass balance 21 % of the copper present in the bulk
material was removed from the matrix. As explained, it was expected
from the segregation pattern in Section 5.1 that Cu should be found in
correlation with the intermetallic phases. But as for nickel a high
diffusion coefficient could have led to more copper in the grain
boundaries or in the silicon matrix. Copper was observed from EPMA
analysis of the silicon matrix. Silicon grain boundaries were not
examined.

5.4.9 Lead

Lead did not seem to have an affinity for a particular phase. The
maximum content, usually around 300 ppmw, was found in different
phases in almost all the experiments. Pb was below the lower detection
limit of the XRF instrument, Table 3.6. The average Pb content was O
ppmw for most samples and naturally Pb was not found in high content
in the intermetallic phases either.

5.4.10 Zinc

Like lead, zinc does not seem to have an affinity for a particular phase,
and was not present in a high concentration in the bulk material. The
maximum concentration was found together with the (Al,Zr)Si2Ti and
AlzFeSip, in the Cyberstar furnace experiment and in the Al -Ba-Si
phase in alloy A.

Table 5.15: The top three intermetallic phases containing zinc.

Phase
Maximum 3056 ppmw 500 ppmw 400 ppmw
(experiment) | (Cyb MG -Si2/1 | (Cop-MG-Sil) (Alloy A)
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5.4.11 Magnesium

In the first EPMA runs that were performed magnesium was not one of
the elements that were searched for. Only the analysis in the Cyberstar
furnace experiments, Al and A2 contained information about this
element.

Table 5.16: The top three intermetallic phases containing magnesium.

Phase AlsCaFe4Sis

Maximum 9528 ppmw 5465 ppmw 1194 ppmw

(experiment) | (Cyb MG -Si2/1 | (Alloy A) (Alloy A)
5.4.12 Wolfram

Wolfram was assumed to be present due to contamination from the
wolfram rhenium thermocouples. Wolfram has a very small distribution
coefficient, 1.7¥10-8, Table 2.1, which means it would effectively
segregate from the silicon matrix. This was confirmed from the analysis
of the matrix, no wolfram was found. The maximum content was found
in (Al,Fe)SioTi, sample MG-Si2 from the Cyberstar furnace experiment.

5.4.13 Cerium, lanthanum and neodymium

For alloy A, one phase, that was observed only three times, contained
considerable amounts of cerium, lanthanum and neodymium. In total
the content was 10 wt %. These elements were not detected in the other
intermetallic phases of alloy A. Meteleva- Fischer et al. (2013) alloyed
MG-Si with lanthanum and neodymium and observed an increased
amount of phosphorus in these phases. The same observation was
made in phases containing La, Ce and Nd in the MG-Si before alloying,
Meteleva- Fischer et al. (2012). This was not seen in the case of alloy
A.

5.5 Porosity

All the examined samples, except the Cyberstar samples, contained a
varying degree of porosity. In a publication by Anglezio et al. (1990)
porosity was explained by gas bubbles trapped during refining. When
silicon was cast on the copper plate no refining was done prior to the
casting, but porosity was still present in the cast. The silicon was
however melted prior to solidification in a furnace flushed with argon.

The pores in samples extracted from experiment Al were larger than the
pores seen for the metallurgical grade silicon. A possible explanation
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was the ease of nucleation due to the increased amount of inclusions,
such as carbides in alloy A. In some cases it was observed that the
pores are found in combination with an accumulation of intermetallic
phases.

Figure 5.26: Horizontal cross-section sample G, illustrating porosity in the sample.

A cross section of a sample extracted from a porous layer of sample G is
presented in Figure 5.26. Porous layers were found in regions where two
solidification fronts met or close to a solidification layer where the gas
could not penetrate.

The effect the pores will have in further processing steps such as
leaching or the direct synthesis have not been studied, but at least for
the direct synthesis which is a surface reaction, a porous material could
behave differently in the process. In a leaching process, it is assumed
that the acid would have a different contact with the intermetallic
phases in a porous material than in a non-porous material.

5.6 Carbides

From examinations of the samples in the light microscope and SEM, it
was observed that carbides were present at a much higher level in the
Al and A2 samples, alloy A, compared to MG-Si where carbides only
were observed occasionally. In Section 5.2, carbides were mentioned as
potential nucleation sites. The reason for the high carbide content was
explained by the lack of a refining step for alloy A. The average carbon
content in sample Al was 70 ppmw compared to 11 ppmw for sample G
/B. In sample A2 the content was much higher, 400 ppmw, but this
was attributed to contamination by the carbon protection tubes used in
the experiment and not seen as representative for the material. No bulk
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analysis of carbon was taken in the tapping beam so the carbon content
prior to refining was not known.

In Figure 5.27 a belt of carbides that was observed 13 cm from the top
in sample Al is presented. Sample Al contained several belts of
carbides. Some of the SEM micrographs taken in areas with a high SiC
content revealed that the carbides often were interconnected. Ciftja
(2009) mentioned that particles in the melt can form agglomerates that
were either within a grain or in the grain boundary.

Figure 5.27: Belt of carbides found 13 cm from top surface.
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Figure 5.28: Section close to the belt around 13 cm corresponding to a 0.5 mm x 0.5
mm square on the sample.

From the two preceding figures it was observed that carbides were not
only found in combination with intermetallic phases, but a substantial
amount was present in the silicon matrix. During a process such as
leaching, carbides present within the silicon matrix will not be removed,
while carbides found in grain boundaries in connection with the
intermetallic phases probably would be. According to Margaria (1994)
SiC will modify surface properties of silicon and therefore affect the
direct synthesis.

5.7 Oxygen

Oxygen was introduced in the samples where the surfaces that have
been in contact with air or if slag was incorporated into the structure.
Oxygen was seen in correlation with the layers, as confirmed by electron
microprobe mapping, Figure 5.29.
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Figure 5.29: Mapping around a solidification layer, sample 3.5. The scale bar to the
right indicates the amount of the different elements.

5.8 Silicon loss related to the intermetallic

phases
It was seen from the above that silicon was one of the main constituents
in all the intermetallic phases. This means that the formation of
intermetallic phases represents a loss of silicon. In Section 5.4 a simple
material balance for MG-Si was presented. From the material balance,
for every iron atom present, approximately 2.4 silicon atoms were
present. This means that the number of moles silicon bound in the
intermetallic phases were more than twice the amount of moles iron in
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the cast. In weight per cent simplified this gave a ~1:1 ratio. For alloy A
the main intermetallic phases were AlsFeSis, AleCaFesSig and AloCaSio
so at least twice as many moles silicon would lost compared to iron. In
addition approximately an equal number of moles silicon compared to
the moles aluminium was found in the AlxCaSi;, which gave an
additional loss. Figure 5.30 illustrates the linear relationship between
iron and silicon present in intermetallic phases in MG-Si. The silicon
found in the ternary calcium phase was not considered. Neither was the
fact that increasing the amount and ratio between certain alloying
elements changes the ratio of the intermetallics formed, which can
change the Fe:Si ratio in the phases.

Silicon loss in MG-Si [wt %]

35

2.5

15

Silicon loss [wt %]

0.5 -

0.4 0.5 0.6 1 1.5 2 2.5 3.5
Iron added to bulk material [wt %]

Figure 5.30: Silicon found in intermetallic phases as a function of wt % iron.

As an example of amount silicon bound to the phases, a MG-Si quality
with 0.4 wt % iron content was considered. If the daily production of
MG-Si is 80 tonnes at a plant, then annually 100 tonnes silicon will be
bound to the intermetallic phases and may be lost.

Addition of other elements may be necessary, but will be accompanied
by a silicon loss.
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Crushing and Screening

The sizing process of silicon from the casted silicon to a finished
product includes several steps such as crushing and sieving. These
processes involve several kinds of cost such as energy use, wear and
losses.

If a material is to be crushed the sample needs to be exposed to a strain
larger than the resistance to rupture. This is done by impact, pressure
or abrasion. Industrially produced silicon is a heterogeneous material.
According to Sandvik et al. (1999), needle shaped asbestos grains are
said to be more difficult to crush than isometric grains. Transferred to
silicon this means that zones in the cast with needle shaped grains will
be harder to crush than the zones with a more equiaxed shape. In the
screening process a needle shaped grain might pass if it enters parallel
to the sieve, but it is stopped if it enters normal to it. This illustrates
that there will be differences in the optimal sizing process within the
same cast and between casts solidified under different conditions.

In a lecture by Krogh (1999), three main aspects of the crushing and
screening are listed:

e To obtain a granulated product to the customer's specifications.

e To liberate phases in the material for separation or cleaning.

e To obtain products with size distributions optimal for further
treatment.

For the silicon producer the aim is mainly to obtain a product with a
size distribution corresponding to the customer's specifications.
Material below the customer’s specification is considered as “fines”
material. To get an impression of how the solidification effects the “fines”
generation an abrasion test was conducted. This test was of indication
on how much fines that would be generated during handling and
transport of the material. A material with higher abrasion strength will
generate less “fines” during handling and sizing. In this work “fines”
were defined as material below 1 mm.
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In Section 6.2 the micro hardness of the main intermetallic phases in
the system has been investigated in order to see if this could be
correlated to “fines” generation.

How the composition varied with size fraction after crushing/ grinding
and sieving was also examined.

6.1 Abrasion strength
High abrasion strength can be an advantage if it means that less fines
are generated during crushing, transport and handling.

4.50
1]
o 4.00
=
c
0 N 3.74
8 T
5 350
© T 3.42
g
® 3.00 -|-
E . 2.98
£ B 285 2.92
-
E 2.50
o
0
X

2.00

1.5cm 3cm 5cm  MG-Si2 Ind Cyberstar

Figure 6.1: Results from the experiments where MG-Si2 have been used. Note the
large variation in the results due to inhomogeneous materials. The cooling rate
decreases from left to right.

In Figure 6.1 the abrasion strength is represented as amount, in wt %,
material less than 1 mm after the abrasion test for MG-Si2 type silicon.
The experiments compared are the 1.5, 3 and 5 cm copper plate
experiments, MG-Si 2 industrial and the Cyberstar Ingots containing
MG-Si2. The abrasion strength increased when the amount of sample
below 1 mm after the abrasion test decreased. The standard deviations
shown in the figure are large which illustrates that the material was
inhomogeneous.
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Prior to the abrasion test it was noted that the material especially from
the copper plate experiment contained a lot of cracks, layers and
“worms” in some regions. This could have caused zones in the material
that were weaker and thus contributed to the inhomogeneity of the
material. The figure indicated a weak trend - abrasion strength
increased when the cooling rate was reduced for the MG-Si2 material.
For the MG-Sil and alloy A it was not possible to see this trend.

Schussler et al. (1992) described that silicon with a high content of Ca
was more brittle. Experiment 3.1, — 1.5 cm copper plate, and the
Cyberstar furnace experiment both had low calcium content, but they
were at each end of the scale in the abrasion test. It was not possible to
conclude if calcium content had an effect on the abrasion strength.
There were too many variables in the system in order to conclude what
was the most important contributor to the abrasion strength.

6.2  Vickers micro hardness measurements

The micro hardness measurements were performed on intermetallic
phases that had been imaged with the SEM in combination with the
EPMA prior to the measurements. After the measurements the same
phases were imaged using a light microscope. Cracks already present in
the material could then be distinguished from those made by the
indention. In Table 6.1 the average micro hardness, HV is given for the
four of the main intermetallic phases in the sample used, sample G
from the industrial experiment, MG-Si2.

Table 6.1: Average micro hardness of the most common phases in MG-Si2.

(Al)FeSi>Ti | AleCaFesSis
Mean 900 737 720 610
Max 1184 936 902 646
Min 512 485 573 557
STD 183 105 85 47
# 14 40 30 3

The table indicates that the titanium phase was the hardest phase while
the AlsFeSi; phase was the softest phase. It can be seen from the table
that the difference between the maximum and minimum hardness
observed for a given phase was large, in addition to a large standard
deviation. It is described in ISO 6507-1 (2005) that with a decreasing
applied load there will be an increase in the scatter of the
measurements. The determination of the diagonals was according to the
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standard unlikely to be better than +0.001 mm with the load used in
micro hardness testing. It was seen that the diagonals in these
experiments vary from around 0.006 to 0.01 mm, and a small change in
the measurement of the diagonals resulted in a large change in the
micro hardness calculated. It was not possible to apply a higher load
because then the phases shattered and no diagonals were left to
measure.

sample | Realtims| operation | Exit | i

Figure 6.2: SEM micrograph prior to micro hardness measurement.
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Figure 6.3: Light microscope image after micro hardness measurement.

Figure 6.2 and Figure 6.3 illustrate three of the points where the micro
hardness was measured before and after the measurement. Points 2
and 3 were the AlsCaFesSis phase, while point 1 was the (Al)FeSi>Ti
phase. The result gave a value of 485 and 811 for point 2 and 3
respectively and 902 for point 1. There was a large deviation between
points 2 and 3 even though this was the same phase. It was observed
that there were more cracks initially in the area where indention 2 was
made compared to indention 3. Also it was seen that after indention 2
the area was more destroyed then after indention 3. This shows that the
cracks initially present affected the value obtained. From the expression
for Vickers micro hardness in Equation 2.33 it was seen that the larger
the diagonals the lower the micro hardness. For a soft material the
diagonals are long since the indenter is able to indent deep into the
material, but for a hard material the diagonals are smaller. Since
propagations of cracks could have led to longer diagonals, the hardness
value could indicate that the phases were softer than what was actually
the case. Anglezio et al. (1994b) reported a Vickers hardness of 1230
for the AleCaFes4Sis phase measured with a load of 0.05 N.
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6.3 Amount of alloying elements as a function of

particle size
Figure 6.4 illustrates how the amount of alloying elements varied with
size fraction of the sample. It can be seen that the composition was
constant in all fractions above 0.180 mm. When the size was less than
0.180 mm, the amount started to increase. In the fraction - 0.053 mm,
the amount of all elements was approximately doubled.
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Figure 6.4: Chemical analysis of Al, Ca, Fe and Ti in the different size fractions after
crushing and sieving.

The reason for the accumulation in the finer fractions was revealed by
the SEM micrographs, there were several cracks in the intermetallic
phases that divided each intermetallic phase into several cells, often
with a diameter less than 0.053 mm, Figure 6.2. This has been noted by
authors such as Gueneau et al. (1995c) and Ott (2003). Since there
were already many cracks in the intermetallic phases the material
would easily be crushed along their path. This was confirmed during
the micro hardness measurement. When the material was crushed this
caused the intermetallic phases to have a tendency to end up in the
finer fractions, given that they were liberated. According to Gueneau et
al. (1995c) the cracking in ferro-silicon was induced by thermo
mechanical stressed due to the difference between dilation coefficients
of silicon and HT-FeSi;. This might have been the case for the
intermetallic phases in silicon as well.
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intermetallic phases

6.4 The consequences of the shape, size and strength

of the intermetallic phases

The intermetallic phases show many different forms and sizes. As
described in chapter 5, there was a strong indication that a lower
cooling rate through the temperature region where the remaining melt
could rearrange resulted in larger and more spherical intermetallic
phases, that is a lower surface area/volume ratio. After crushing, given
that the intermetallic phases break along the cracks, the probability of
finding larger phases in the ground material is higher when the surface
area/volume ratio has been low.

A higher cooling rate on the contrary seemed to give more “sheet”-
formed intermetallic phases due to the higher surface area/volume ratio.
This causes the intermetallic phases to break into smaller pieces.

This difference may be significant for the usage of the silicon in the
different downstream processes.
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7 Magnetic separation

The production of MG-Si today is based on the use of relative pure raw
materials quartz and carbon. Lower quality raw materials may be a
probable future scenario. For that reason other refining processes for
raw materials and silicon may be needed. One alternative to purify
metallurgical grade silicon is by means of magnetic separation of
crushed/milled material. If the intermetallic phases in the MG-Si are
ferro- or paramagnetic they could in principle be separated from the
silicon matrix. In this work the aim was to carry out an initial test to
explore if there is potential for purifying MG-Si by means of magnetic
separation.

As outlined in Chapter 3, both a wet and a dry magnetic separator were
used. For the wet separation fractions of -53 pm and 53-150 pym were
utilized. For the dry separation fractions of -53 pm, 53-150 um, 150-
300 pm and +300 pm were utilized.

7.1 Recovery and Grade of the separated

samples
In Chapter 2 two important terms describing the efficiency of the
separation were listed as given by Oberteuffer (1974) — here adapted for
silicon alloying elements:

Recovery, Rm: ratio of alloying elements in the magnetic fraction relative
to that in the feed.

Grade, Gm: the amount of alloying elements in the in the magnetic
fraction.

Grade, Gum: the amount of alloying elements in the non-magnetic
fraction.

In Figure 7.1 and Figure 7.2 histograms representing the wt % of Al, Ca,
Fe and Ti in the magnetic and non-magnetic samples of fractions — 53
pm and -150+53 pm, are presented. From the figures it is seen that the
highest grade of alloying elements was obtained in the magnetic fraction

145



7.1 Recovery and Grade of the separated samples

of size — 53 pm using the SLon separator. For the Permroll separation of
size — 53 pm the amount of alloying elements were almost equal in the
magnetic and non-magnetic samples.

G,and G, -53 pm
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Figure 7.1: Chemical analysis wt % of alloying elements in the magnetic and non-
magnetic fractions of size -53 pm. This equals the grade Gm and Gunm. In sample
GmSLon, Al and Fe reached their solubility limits, indicating that their content could
have been higher.
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Figure 7.2: Chemical analysis of alloying elements in the magnetic and non-magnetic
fractions of size -150+53 pm. This equals the grade Gm and Gnm.
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7 Magnetic separation

In Figure 7.3 the percentage of alloying elements that end up in the
magnetic fraction is given, that is the recovery of the alloying elements,
Rm.

m Fe

mAI

mCa

Wi

Rm Slon -53um Rm Slon -150 Rm Permroll- Rm Permroll -
+53 um 53um 150 +53 pm

Figure 7.3: Recovery, Rm, of Fe, Al, Ca and Ti in the magnetic fractions.

The bulk composition before the separation of each fraction was
calculated by summarizing the amount in the non-magnetic and
magnetic samples. It was assumed that there was no loss during the
experiment.

7.2 Size of the intermetallic phases

Figure 7.4 and Figure 7.5 illustrate concentration maps at different
locations in the magnetic and non-magnetic samples from the SLon
separation. The colour indicates the amount of a given element and the
correlation between amount and colour is given by the scale bars to the
right in the images.
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Figure 7.4 : Mapping of a part of the magnetic sample -53 pm from the SLon
separation.
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Figure 7.5: Mapping of a part of the non-magnetic sample -53 pm from the SLon
separation.

Comparing the mapping of the magnetic and the non-magnetic samples
in Figure 7.4 and Figure 7.5 it is seen that the average size of
intermetallic phases was larger in the magnetic samples. From
Equation 2.27, it is seen that the magnetic force Fmn, will depend on
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7 Magnetic separation

both the volume and the size of the particle. When a particle is below a
critical size the competing forces can exceed the magnetic forces and
the magnetic particles will end up in the non-magnetic fraction.
Examining the intermetallic phases in Figure 7.6 it was seen that there
were several cracks in almost all of the intermetallic phases. Usually
they do not extend far into the silicon matrix. It was assumed that the
particle size of the intermetallic phase after crushing depended on the
size given by the cracks before crushing, given that the phases were
liberated. This means that many particles had a size less than 50 pm,
as seen from Figure 7.6. The result could be that several particles were
below the critical size needed for Fr, to exceed the competing forces.
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Figure 7.6: Backscatter micrograph of MG-Si2 material after industrial casting.

The micrographs in Figure 7.7 and Figure 7.8 also confirm that the
average size of intermetallic phases was larger in the magnetic fractions.
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Samp Realtime| Operation Exit

HT-(Al)FeSi,
Strfaceareassilicon:90.3 % AlgFe;Sie
Surface area intgrmetallics : 9.7%-

Figure 7.7: Backscatter micrograph of magnetic sample -53 pm from the SLon
separation. Black background is epoxy and particles with the darkest grey contrast
are silicon.
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Figure 7.8: Backscatter micrograph of non-magnetic sample -53 pm from the SLon
separation. Black background is epoxy and particles with the darkest grey contrast
are silicon.
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7.3 Evaluation of the experiment

According to Nkosibomvu et al. (1998) good magnetic properties for
ferrosilicon are associated with a high content of iron and a low content
of impurities. They tested ferrosilicon with an abundance of iron, with
an analysis between 60 and 69 at % iron. The average iron content in
the different intermetallic phases varied between average of 15 at % for
the AlsFeSiz to 29 at % for the HT-(Al)FeSi> and 21 at % for the
AlgCaFesSis phase. Kloc et al. (1995) reported that LT-FeSiz (B-FeSio)
and HT-FeSi> (a-FeSiz) showed a small positive magnetic susceptibility.
Literature describing other phases was not found. From the EPMA
analysis of the magnetic and non-magnetic fractions HT-(Al)FeSi> and
AlgCaFesSis were observed most frequently. These were also the phases
most found frequently in the bulk material. From the chemical analysis
an increase in all alloying and trace elements was found in the magnetic
fractions compared to the calculated bulk analysis of a given fraction.
For the -53 um fraction the bulk composition was calculated to be Fe =
0.7 wt%, Al =0.27 wt % Ca=0.06 wt % and Ti = 0.04 wt %. In Chapter 5
it was seen that the bulk part of trace elements were found in the
intermetallic phases. It is therefore natural that their content increased
together with the main alloying elements.

Examining the BSE micrographs it was seen that several intermetallic
phases often were found together in the same particle. That means that
a non-magnetic phase might end up in the magnetic fraction because it
was connected to a phase with a positive magnetic susceptibility.

Evaluating the results from this initial test it was seen that the SLon
separator gave the highest grade in magnetic fraction when the size was
less than 53 pum. The separator then removed 6.7 % of the aluminium,
10.8 % of the iron, 14.1 % of the calcium and 13.6 % of the titanium.
The downside of the -53 pm fraction is that the small particles
introduce more surface area, which again can introduce more oxygen in
the material. Also a small particle size would not be an option if the
silicon is to be remelted in an aluminium alloy as described in Section
2.7.4.1.

For the Permroll experiment the recovery of alloying elements were large
for the -53 micron, Figure 7.3. However in this case there was a large
silicon loss since 63 % of the silicon ends up in the magnetic fraction
compared to only 1.4 % for the SLon separation. The reason for the
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7.3 Evaluation of the experiment

increased amount of silicon in the — 53 pm was probably due to
electrostatic forces between the small particles. For the larger fractions
of the Permroll experiments, -300 + 150 pm and + 300 pm the increase
of iron was higher in the magnetic fraction than the increase of Al, Ca
and Ti. This might have been caused by a reduction of inter particle
forces when particles were larger and only particles that were magnetic
susceptible was separated (in addition to particles stuck on magnetic
susceptible particles). If this was the case, it is probable that the HT-
(Al)FeSiz was responsible for the magnetic properties of the material.

The bulk part of all samples was silicon, which is a diamagnetic
material (Lide, 2005) and in theory should be repelled by the magnetic
matrix. This indicated that inter particle forces were present and strong.

Brinson et al. (2002) did not obtain magnetic separation of MG-Si when
a High Grade Magnetic separator was applied. However when the silicon
reacted with methyl chloride it was possible to separator the residue. A
similar effect was observed by Rong et al. (2002) who were able to
separate the residue when silicon tetrachloride had been reacted with
silicon in a fluidized bed reactor.

Chen et al. (2013) investigated the magnetic separation of a material
containing 29 wt % iron, mainly as hematite, and quartz. They achieved
a better magnetic separation using the 1mm matrix for the SLon 100
separator. The size of the material to be separated was + 30 um, 20-30
pm, 10-20 pm and -10 pm. When utilizing the 1 mm matrix both the
recovery and the grade of iron was increased for the 20-30 pm and 10-
20 pm fractions. For the fraction -10 pm the hydrodynamic drag force
increased so the recovery was reduced. For the + 30 pm fraction the 2
mm gave the best result. This illustrate that the separation is
dependent on the matrix used, and if new experiments were to be done
a 1 mm matrix should be tested at least for the -53 pm fraction.

Alternatives for further optimization of the SLon separation would be to
change experimental settings such as the pulse in the water stream,
size of the matrix used or the field strength. The chemistry could also
be changed to gain more knowledge about the susceptibility of the
different phases.
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8 Conclusions

The results from the COMSOL heat transfer model were in good
agreement with the experimental measurements. The model and the
parameters may be utilized for future work in order to optimize existing
or design new silicon casting methods. The developed COMSOL model
was used to understand the resulting microstructure of the cast.

The experiments illustrated that several factors contributed to the final
grain size, not only the cooling rate. Other factors were: inclusions in
the melt, by reducing the barrier to heterogeneous nucleation; amount
of alloying elements in the melt, causing constitutionally undercooled
regions which facilitated equiaxed growth; temperature in the melt,
which also could have facilitated equiaxed growth but also the
formation of solidification layers during casting.

It was observed that silicon extremely quick formed a solidified
skin/layer during the casting process. These layers acted as a boundary
for the alloying/trace elements in the enriched melt. A new enrichment
of the liquid started below the layer (or above depending on the
direction of the heat flow). The result was that one side of the layer was
enriched in alloying/trace elements, and the other side was deficient in
alloying/trace elements. This influenced the segregation pattern and the
silicon grain size.

For the industrial MG-Si2 experiment it was observed that small silicon
grains were often accompanied by an uneven distribution of
intermetallic phases, while large silicon grains were found in
combination with a more even, “sheet” formed distribution of
intermetallic phases. This work supports that the cooling rate after the
solidification of primary silicon had an effect on the size and form of the
intermetallic phases. This may be utilized industrially to achieve a
wanted intermetallic structure.

It was observed that all intermetallic phases contained a large amount
of cracks. The size and shape after crushing may be defined by the
crack pattern and the original size of the intermetallic phases.
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A consequent handling of the casted silicon may be important to
influence the intermetallic phases. I.e. a pile storage of silicon casts may
retain the heat longer in the cast and result in larger intermetallic
phases with a lower probability to break-up into small pieces.

A higher cooling rate on the contrary seemed to give more “sheet”-
formed intermetallic phases due to a higher surface area/volume ratio.
This may cause the intermetallic phases to break into smaller pieces.

The distribution of the intermetallic phases also depended on
solidification layers, available space between the silicon grains and the
amount of alloying elements.

An optimized shape and size of the intermetallic phases may be
significant for the usage of the silicon in the different downstream
processes.

The segregation depended on the distance the solidifying fronts travelled.
The longer the distance the higher the enrichment in the melt. Macro
segregation was observed in all cast, but it was less in the 1.5 cm cast
since the fronts travelled a shorter distance.

Cu, Mn and V followed the segregation pattern of the main alloying
elements Al, Ca, Fe and Ti, while the pattern for Mg, Sn and P was not
as pronounced. This was in agreement with their respective distribution
coefficients. Tin hardly segregated and often followed the pattern of
silicon rather than the main alloying elements.

Over 700 intermetallic phases from the different experiments were
investigated by EPMA. It was seen that the main phases in the
metallurgical grade silicon were HT-(Al)FeSia AlsFeSiz, AlgFesSis,
Al¢CaFesSis, and (Al)FeSi>Ti. In addition AloCaSi> was observed. This
was consistent to earlier findings in literature. A few analyses of the
silicon matrix indicated that an increased cooling rate, such as in the
copper plate experiments, increased the incorporation of alloying and
trace elements into the silicon matrix. This suggests that the trade off to
obtain a smaller grain size due to an increased cooling rate was a less
pure silicon matrix.
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The transition elements close to titanium in the periodic table were
found in the highest concentration in the titanium rich phases,
(Al])FeSioTi or SioTi. This was true for vanadium, chromium and zircon.
Large elements like barium and wolfram were also found in connection
with these phases.

The highest amount of copper was found in combination with the
highest amount of aluminium, which was the AlzFeSi; phase for MG-Si
type silicon and a Al-Si phase for alloy A.

The highest amount of phosphorus was found in combination with the
Al,CaSiz phase, when this phase was not present the AleCaFesSis and
the (Al)FeSi>Ti phases were preferred.

A mass balance was done for a metallurgical grade silicon with analysis
Al = 0.18 wt %, Ca = 0.03 wt %, Fe = 0.4 wt % and Ti = 0.02 wt %.
Usually the intermetallic phases contained several hundred times more
trace elements than the bulk analysis and it was seen that most
elements with a low distribution coefficient were found in the
intermetallic phases. The mass balance indicated that some transition
elements, such as nickel and copper, could diffuse in solid state into
the silicon grain boundaries or silicon matrix.

It was not possible to find a general expression describing the abrasion
strength of the material. A higher cooling rate increased the abrasion
strength, but the material in question was too inhomogeneous to obtain
a value suitable for the bulk properties. The micro hardness of the
intermetallic phases was measured and it depended on the amount of
cracks present in the phases before the measurement since the cracks
influenced the length of the measured diagonals. Analyses from several
fractions of MG-Si revealed that fractions -180 pm and especially the -
53 pm fraction was enriched in alloying/trace elements. This was in
accordance with the cracks that divided the intermetallic phases into
smaller pieces and thus created weak zones in the material.

The initial test to separate the intermetallic phases from the matrix
showed promising results for the -53 pm and 53-150 pm size fractions
for the SLon 100 separator. The magnetic fractions were enriched in all
alloying and trace elements and it was not possible to conclude what
intermetallic phases were responsible for the separation.
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9 Future work

There are several subjects that could have been studied in more detail
and in the following some of these will be listed.

There are numerous effects that can contribute to the silicon grain size
and a natural step would be to determine the effect of the individual
factors. Variables for new casting experiments could be: amount of SiC
present, solidification layers in the cast, temperature in the melt,
cooling rate in the area where the silicon grain size is determined,
cooling rate in the temperature region where the remaining melt/
intermetallic phases can rearrange.

It was assumed that the silicon grain size was determined in a smaller
temperature region than the region remaining melt/intermetallic phases
can rearrange to reduce the surface area. The rearrangement was
assumed to occur between 1396-600 °C for metallurgical grade silicon.
This should be validated by new experiments.

It has been assumed that transition elements can diffuse back into the
silicon matrix or the grain boundaries, but this was not confirmed.
SIMS was mentioned as an alternative to test this. Another alternative
could be a concentration profile with the EPMA.

More work should be done to get a better value for the silicon grain size.
The value could include issues such as a shape factor and grain size
distribution. A small part of sample B was investigated with EBSD, and
the linear intercept method gave a smaller average grain size than with
the circular intercept method. More tests should be performed to
compare the two methods.

The 1D model by Mjes (2006), adapted by Dalaker et. al (2013),
Cyberstar, could be used to calculate the breakdown of the plane front
during directional solidification. This could be compared to the
extracted samples. To investigate the segregation in more detail samples
from different parts of the furnace could be examined.

For the magnetic separation more tests should be done in order to learn
about the magnetic susceptibilities of the intermetallic phases present.
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An optimization varying factors such as chemistry, silicon grain size,
field strength, water pulse and matrix used could be tested.

The COMSOL model could be improved to better simulate the water
cooling and the filling of the mould.

One of the key issues regarding the casting of silicon, is how does the
quality effect the downstream processes such as the leaching process,
the direct synthesis or as an additive to an aluminium alloy. It was seen
that the solidification process combined with the composition affected
the silicon grain size, the type and distribution of intermetallic phases
and the concentration of trace elements in the silicon matrix and the
intermetallic phases. These are parameters that can have an impact in
the further processing. A natural step in this work would be to connect
the solidification with a downstream process such as leaching or the
direct synthesis.
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Appendix A

Appendix A- Chemical analysis

In the following chemical analysis from a selection of experiments are
given. Sample D, G, H, 2.1-2.3, Ingot 1-3, were analysed at Elkem
Thamshavn and sample 3.1-3.5 and bulk analysis Cyberstar were
analysed at Elkem Technology. Values marked with a star are below
the detection limit of the XRF at Thamshavn.

Table A.1: Average chemical analysis sample D, MG-Si2 Industrial..

Position |wt % ppmw

from top

[cm] Al |Ca |[Fe |Ti |[Mg |[Cu |Mn |V Sn |P
0-2.5 0.22 10.03]0.44 | 0.03 | 22 21 59 10 17 31
2.5-5 0.17/0.03/0.34 | 0.02 | 24 12 45 9 14 25
5-7.5 0.20/0.04 | 0.370.02 | 22 14 50 9 15 27
7.5-10 0.27 10.05|0.54 | 0.03 | 23 20 72 14 14 31
10-11.5 0.13/0.03]0.25]0.02] 20 12 33 7 16 23

Table A.2: Average chemical analysis sample G, MG-Si2 Industrial.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti Mg |[Cu Mn |V Sn |P

0-2 0.1210.02]0.25]0.02 | 22 12 36 8 14 25

2-4 0.24 1 0.04 1 0.48 | 0.03 | 27 17 66 13 14 29

4-6 0.23/0.04/0.44 | 0.03 | 24 19 59 12 12 27

6-8 0.1410.04]10.35]0.02| 23 16 47 10 14 26

8-10 0.1410.02|0.52 | 0.02 | 22 44 60 10 13 31
Table A.3: Average chemical analysis sample H, MG-Si2 quality cast on another day.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti Mg |[Cu Mn |V Sn |P

0-2.5 0.11|0.02|0.17{0.01 | 19* | 9% 22 6 15 14

2.5-5 0.25|0.12|10.26 | 0.02 | 26 15 31 6 15 17

5-7.5 0.24 | 0.04 | 0.37 | 0.02 | 22 19 45 10 16 19

7.5-10 0.16 | 0.03 | 0.27 | 0.02 | 24 13 31 8 16 16

10-13.5 0.120.02]0.20|0.01| 19 8* 30 4* 14 15
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Table A.4: Chemical analysis sample 2.1, Copper plate experiment, MG-Sil.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti Mg |[Cu Mn |V Sn |P

0-0.75 0.08 | 0.01 |0.33]0.02| 34 38 43 8 13 19

0.75-1.5 0.09 | 0.01]0.22]0.02| 43 23 29 5 14 25
Table A.5: Chemical analysis sample 2.2, Copper plate experiment, MG-Sil.

Position |wt % ppmw

from top

[cm] Al |Ca |[Fe |Ti |[Mg |[Cu |Mn |V Sn |P

0-1.0 0.030.00|0.19]0.01| 26 21 26 5 14 13

1.0-2.0 0.06 | 0.01]0.320.02| 30 39 44 9 15 17

2.0-3.0 0.04 | 0.01]0.19]0.01| 29 20 22 6 15 15
Table A.6: Chemical analysis sample 2.3, Copper plate experiment, MG-Sil.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |[Ti Mg |[Cu Mn |V Sn |P

0-1.0 0.030.01]0.19|0.01| 28 20 26 5 16 14

1.0-2.0 0.07|0.01]0.42]0.03| 33 69 57 12 12 17

2.0-3.0 0.03{0.00|0.19|0.01| 26 23 25 6 15 15

Table A.7: Average chemical analysis sample 3.1, Copper plate experiment, MG-Si2.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti |V Cr [Mn |[Ni |Cu |Zr

0-0.75 0.15| 0.00| 0.48| 0.03 21 21 56 12 15 24

0-75-1.5 0.12]| 0.00| 0.40| 0.03 18 17 45 13 20
Table A.8: Average chemical analysis sample 3.2, Copper plate experiment, MG-Si2.

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti |V Cr |[Mn |[Ni |Cu |Zr

0-1.0 0.10 0.35]0.02| 17 39 13 18

1.0-2.0 0.16 0.54 | 0.03 | 21 21 65 12 16 29

2.0-3.0 0.09 0.35(0.02| 16 39 11 19

Table A.9: Average chemical analysis sample 3.3, Copper plate experiment, MG-Si2..

Position

wt %

ppmw

from top

[cm] Al |Ca |Fe |Ti |V Cr |[Mn |[Ni |Cu |Zr
0-1.0 0.09 0.28] 0.02]| 13.5 29 10 13
1.0-2.0 0.18 0.55| 0.03 23 18 65 10 18 29
2.0-3.0 0.10 0.32] 0.02 16 35 12 16
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Table A.10: Average chemical analysis sample 3.4, Copper plate experiment, MG-Si2..

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti |V Cr [Mn |[Ni |Cu |Zr

0-1.0 0.09 0.32] 0.02 18 34 12 16

1.0-2.0 0.17 0.49| 0.03 21 58 15 26

2.0-3.0 0.12 0.36| 0.02 16 41 14 18

3.0-4.0 0.10 0.32] 0.02 16 35 12 16

4.0-5.0 0.11 0.35] 0.02 17 40 11 18
Table A.11: Average chemical analysis sample 3.5, Copper plate experiment, MG-Si2..

Position |wt % ppmw

from top

[cm] Al |Ca |Fe |Ti |V Cr |[Mn |[Ni |Cu |Zr

0-1.0 0.08 0.28| 0.02 14 32 11 15

1.0-2.0 0.17 0.49| 0.03 22 58 16 26

2.0-3.0 0.13 0.37] 0.02 17 43 13 19

3.0-4.0 0.12 0.38| 0.02 18 44 14 20

4.0-5.0 0.11 0.33] 0.02 15 38 12 18

Table A.12: Average chemical analysis Ingot 1, Cyberstar, MG-Si2.

wt % ppmw

fs Al |[Ca |Fe |Ti |Mg|Z2r |[Cu [Ni [Mn |Cr |V |Sn P
0-0.2 0.03(0.01{0.00{0.00| 23| O*| 3*| 1*| 1*| O*| O*| 14| 19
0.2-0.4 |0.07|0.00|0.31/0.02| 31| 19*| 10 6| 37 S 7| 13| 34
0.4-0.6 |0.13]|0.00|0.60|0.03| 32| 34| 17| 10| 73| 16| 11| 12| 39
0.6-0.8 |0.21]/0.01|0.94|0.05| 33| 51| 27| 14|113| 29| 16| 15| 46
0.8-1 0.95(0.02(3.03|0.16| 30|134|120| 52(421|106| 19| 15| 71

Table A.13: Average chemical analysis Ingot 2, Cyberstar, MG-Sil.

wt % ppmw

fs Al |Cca |Fe |Ti |Mg|2r Cu |[Ni [Mn |Cr [V |Sn |P
0-0.2 0.01({0.01{0.00[{0.00| 26| 1*| 2*| 2*| 2*| 0*| O*| 14| 12
0.2-0.4 |0.07|0.01|0.46|0.03| 41| 21| 26 9| 56| 14| 15| 14| 28
0.4-0.6 |{0.10|0.01|0.67|0.04| 59| 30| 43| 13| 81| 26| 21| 14| 32
0.6-0.8 |0.15]/0.02|0.91|0.06| 73| 39| 72| 20|114| 37| 28| 14| 35
0.8-1 0.62]0.05|2.56[0.15| 53| 89|287| 59|383|107| 75| 12| 58
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Table A.14: Average chemical analysis Ingot 3, Cyberstar, MG-Si2.

wt % pPpmw

fs Al |Ca |Fe |Ti |Mg|Zr |Cu Ni Mn |Cr |V |Sn P
0-0.2 0.07|0.02|0.13|0.01| 22| 7*| 8*| 3*| 16| 1*| 3*| 14| 28
0.2-0.4 |0.25/0.01|1.17|0.06| 23| 64| 27| 18|132| 38| 27| 15| 47
0.4-0.6 |0.28(0.01|1.19(0.06| 27| 64| 28| 18|139| 36| 27| 14| 47
0.6-0.8 |0.34|0.01|1.29(0.07| 25| 68| 37| 21|158| 41| 32| 14| 52
0.8-1 1.24|0.03|3.24|0.17| 17|142|127| 58|448|109| 70| 13| 76

Table A.15: Sample cut from top to bottom Cyberstar ingots. The samples have been
extracted as illustrated in Figure 3.13

wt % ppmw
Sample Al |[Ca Fe |Ti |V Cr |Mn |Zr |P
Ingot 1 0.26 0.01({0.69]| 0.04 24 15 85 34 45
Ingot 2 0.02 [<0.002|0.04|0.00 |<10 |<15 |<10 (<10 25
Ingot 3 0.11 0.00(0.25]| 0.01 12]<15 27 11| 62*
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Appendix B

B.1 Grain distribution in the samples

S e .“‘ e 1 3 R &
Figure B.1: Examples of grain size from sample Al, alloy A- Upper left is from top,
lower right from bottom. Each square equals an area of lcm x lcm. The area where
the magnification is from is illustrated as squares in Figure 5.11.
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Figure B.2 : Examples of grain size from sample A2, alloy A. Each square equals an
area of lcm x lcm.
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ARG\ G BRSPS N\
Figure B.3: Examples of grain size from sample B, MG-Si2 industrial. Each square
equals an area of lcm x lcm. From upper left to lower right the samples have been
collected, 0-1 cm from top, 5 cm from top, 7-8 cm from top, and 9-10 cm from top
(close to mould/fines layer).
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Figure B.4: Examples of grain size from sample 3.5 (5 cm) - copper plate, MG-Si2.
Each square equals an area of lcm x 1cm.
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Figure B.5: Examples of grain size from sample 2.3 (3 cm) - copper plate, MG-Sil.
Each square equals an area of lcm x 1cm.
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Figure B.6: Examples of grain size from sample 2.1 (1.5 cm) — copper plate, MG-Sil.
Each square equals an area of lcm x 1lcm.
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Fgure B.7: Exmpleof grain size from sample 1.1 (3 cm) — copper plate, SoG-Si.
Each square equals an area of lcm x lcm.
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Figure B.8: Examples of grain size from sample 1.2 (5 cm) — copper plate, SoG-Si.
Each square equals an area of lcmxlcm.
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B.2 Distribution of intermetallic phases

Figure B.9: SEM micrograph close to the top, sample Al, experiment Al.

200 pym* EHT = 15.00 kV Signal A = AsB Date :31 Oct 2011 B NTNU
—

WD = 11 mm Mag= 36X Innovation and Creativity

Figure B.10 SEM micrograph, sample 2.2, experiment A2.
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Figure B.11: SEM micrograph close to the top, sample B, experiment MG-Si2.

Figure B.12: SEM micrograph close to the top, sample 3.5- copper plate experiment.
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100 pm* EHT =15.00 kv  Signal A= AsB Date :30 Nov 2012 @ NTNU
WD= 12mm Mag= 37X Innavation and Creativity

Figure B.13: SEM micrograph close to the top, sample 3.3- copper plate experiment.

Figure B.14: SEM micrograph close to the top, sample 3.1- copper plate experiment.

183



Appendix B

B.3 EBSD grain size measurement

Table B. 1: Grain size of a section sample B, top part.

Chart Grain Size (Intercept Lengths)

Edge grains included in analysis as half grains
813 grain intercepts sampled

65 Lines

Average Intercept length = 185.068 microns

Intercept Length [microns]  Mumber Fraction

55.5 0.630996
146.5 0102091
2375 0.0516605
3285 0.0405904
4195 0.0467405
510.5 0.0209102
g01.5 0.0295203
825 00123001
7835 0.0135301
874.5 0.00615006
965.5 0.0098401
10665 0.0098401
1147.5 0.0098401
12385 0.00738007
13245 0.00123001
14205 0.00123001
15715 0.00123001
16025 0.00246002
16935 ]

17845 0.00246002
Average

Mumber 185.068
Standard Deviation 28272
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Appendix C

C.2 Distribution of trace elements between the
intermetallic phases

AIon A m Al6CaFe4sSis
s 10000 WAI3FeSi2
€
g 9000 W AI2CaS2
3 8000 B (A, Zr)Si2Ti
5 7000 W AISi
S 6000
2 H Al-Si-Ba
% 5000
g = AL-Fe-Si-Ti
= 4000
=]
g 3000
5 [
< 2000 |
[J]
8 1000 -
* 0 1 'l'.J 1
Vv P Cr Mn Zr Ni Ba Cu Pb Zn Mg

Figure C.1: Average content, ppmw, of a selection of trace elements in the
intermetallic phases of alloy A. Peaks not shown, (Al,Zr)Si>Ti phase contain 1.1 and
7.8 wt % V and Zr. 4.9 and 42 wt % Ba is found in the Al-Fe-Si-Ti and the Al-Si-Ba
phases respectively.

. o [ Al6CaFe4Si8
MG-Si2 Industrial

10000 m Al3FeSi2
9000 W HT-(Al)FeSi2
8000 (Al)FeSi2Ti
7000 +— M Al6Fe4Si6
6000 | Al2CaSi2
5000

4000
3000
2000
1000

trace element in a given phase [ppmw]

\Y P Cr Mn Zr Ni Ba Cu Pb Zn

Figure C.2: Average content, ppmw, of a selection of trace elements in the
intermetallic phases, MG-Si2 industrial. Peak not shown, (Al)FeSi,;Ti phase contain
1.24 wt % Zr.
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Appendix C

Copper plate MG-Si2

10000 1 Al6CaFe4Si8
9000 B AL3FeSi2
8000 m HT-(Al)FeSi2
7000 W (Al)FeSi2Ti

mAI6FedSi6——

trace element in a given phase [ppmw]

Vv P Cr Mn Zr Ni Ba Cu Pb Zn

Figure C.3: Average content, ppmw, of a selection of trace elements in the
intermetallic phases, Copper plate, MG-Si2. Peak not shown, (Al)FeSi,Ti phase
contain 1.25 wt % Zr.

Copper plate MG-Sil

10000 1 AleCaFe4Si8

WAI3FeSi2

B HT-(At)FeSiZ-
A)FeSi2Ti

B Al6Fe4Si6——

trace element in a given phase [ppmw]

\ P Cr Mn Zr Ni Ba Cu Pb Zn

Figure C.4: Average content, ppmw, of a selection of trace elements in the
intermetallic phases, Copper plate, MG-Sil.

For the Cyberstar experiments the content in the (Al,Fe)Si>Ti phase is
an average of the observations in MG-Sil and MG-Si2.
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Appendix C

Cyberstar MG-Si2 . ascaressis

—10000

E m Al3FeSi2

o 2000 B HT-(Al)FeSi2

v 8000 = (Al)FeSi2Ti

©

.g_ 7000 WAI6Fe4Si6
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c T
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[
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€

(]

°

[J]

Q

©

=

T -
Vv P Cr Mn Zr Ni Ba Cu Pb Zn W Mg

Figure C.5 Average content, ppmw, of a selection of trace elements in the intermetallic
phases, Cyberstar MG-Si2. Peaks not shown, (Al,Fe)Si,Ti phase contain 3, 1.1 and 10
wt % V, Cr and W. (Cr,V)SixTi phase contain 4.9, 6.7 and 2.1 wt % V, Cr and W.
(Al)FeSioTi phase contain 1.4 wt % Zr and AlsFeSi; phase contain 1.01 wt% Mn.

= 10000 Cyberstar MG-Sil
E 1 Al6CaFe4sig
s 2000 m AI3Fes2
a 8000 m HT-(Al)FeSi2
N =
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= 4000
5
£ 3000
2
v 2000
g |
S 1000 | 3 1
fre) ll
O I T T T T T T 1
\Y P Cr Mn Zr Ni Ba Cu Pb Zn W Mg

Figure C.6: Average content, ppmw, of a selection of trace elements in the
intermetallic phases, Cyberstar, MG-Sil. Peaks not shown, (Al,Fe)Si;Ti phase contain
3, 1.1 and 10 wt % V, Cr and W. (Al)FeSi,Ti phase contain 1.1 wt % Zr and AlsFeSi»
phase contain 1.2 wt% Mn and AleCaFe;Sis contain 2.7 wt % W.
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