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Abstract

Aluminium production is expected to increasingly depend on recycled
aluminium, driven by lower energy costs and the need to reduce carbon
footprints as environmental regulations and policies become stricter. One of
the main limitations of recycling aluminium, mainly aluminium-silicon (Al-
Si) alloys, is the high iron (Fe) concentration. Fe forms the 3-AlsSiFe phase,
which has a plate-like morphology with sharp edges that severely degrades
both castability and the mechanical properties of the cast Al.

A promising approach for Fe refining is through the addition of Fe-bearing
intermetallic particle formers, such as manganese (Mn), chromium (Cr) and
strontium (Sr). The main aim of this research is to develop a quantitative
understanding of Fe removal in low-Fe Al-Si alloys by investigating the
formation and sedimentation behaviour of Fe-bearing intermetallic particles
under different Mn, Cr, and Sr combinations. To do so, a series of small-scale
experiments was conducted using 8 kg of molten Al-11Si-0.5F¢ alloy.

The results demonstrated that, for a low-Fe Al-Si alloy, a relationship between
Fe removal efficiency and the Fe-bearing intermetallic particles was
established by calculating the Fe removal potential. When comparing the Fe
removal potential with the clean aluminium yield, a clear trade-off was
noticed. The higher Fe removal efficiency results in lower clean aluminium
yield (Mn-Cr addition) and vice versa (Mn-Sr/Mn-only additions).

To further understand the effect of cooling rate on Fe-bearing intermetallic
particles, a physics-based growth-sedimentation model was developed and
calibrated using experimental results to quantitatively describe the coupled
evolution of particle size and settling behaviour at different cooling rates. The
model showed that the 1.5Mn0.6Cr addition results in a lower yield due to
increased resistive forces arising from viscosity, tortuosity, particle-particle
interactions, and drag. While in 1.5Mn and 1.2Mn0.3Sr, a higher yield was
obtained due to their compact morphology and more effective sedimentation.

Keywords: Al-Si alloy, Fe removal, Fe-bearing intermetallic particles,
sedimentation, cleaning and refining.



Sammanfattning

Aluminiumproduktion forvidntas i allt hogre grad bestd av atervunnet
aluminium, drivet av ldgre energikostnader och behovet av att minska
koldioxidavtrycket, i takt med att miljoregler och policyer blir allt mer
krdvande. En av de storsta begransningarna med &tervinning av aluminium,
frimst aluminium-kisel (Al-Si)-legeringar, &r nirvaron av jarn (Fe) i
atervunnet aluminium. Fe bildar B-AlsSiFe-fasen, som har en plattliknande
morfologi med skarpa horn och kanter som kraftigt forsdmrar bade
gjutbarheten och de mekaniska egenskaperna hos den aluminiumlegeringar.

En lovande metod for Fe-rening dr genom tillsats av legeringselement som
bildar intermetalliska partiklar som innehéller Fe, sésom mangan (Mn), krom
(Cr) och strontium (Sr). Huvudsyftet med detta arbete &r att utveckla
kvantitativ forstaelse for Fe-rening i Al-Si-legeringar med 1ag Fe-halt genom
att undersoka bildnings- och sedimentationsforloppet hos Fe-innehallande
intermetalliska partiklar under olika Mn-, Cr- och Sr-kombinationer och
halter. For att gora detta genomfordes en serie smaskaliga experiment med 8
kg smilt Al-11Si-0.5Fe-legering.

For en Al-Si-legering med lag Fe-halt faststélldes ett samband mellan Fe-
reningseffektiviteten och de Fe-bédrande intermetalliska partiklarna genom att
berdkna Fe-reningspotentialen. Vid jaimforelse av Fe-reningspotentialen med
utbytet av renat aluminium identifierades ett vdgval. Den hogre Fe-
reningseffektiviteten resulterar i ldgre utbyte av rent aluminium (Mn-Cr-
tillsats) och vice versa (Mn-St/endast Mn-tillsatser) kopplat till partiklarnas
karaktar.

For att ytterligare forstd effekten av svalningshastigheten pa de Fe-
innehallande intermetalliska partiklarna utvecklades och kalibrerades en
fysikaliskt baserad tillvixt-sedimentationsmodell med st6d av experimentella
resultat for att kvantitativt beskriva den kopplade partikeltillvixten och
sedimenteringsbeteendet vid olika kylningshastigheter. Modellen visade att
tillsatsen av 1.5Mn0.6Cr resulterar i ett ldgre utbyte kopplat till viskositet,
flodesmotstdnd beroende pé partikelformen. Vidare paverkar partikel-
partikel-interaktioner och packningsgraden i sedimentet. I kontrast till 1.5Mn



0.6Cr sa ger en 1.5Mn och 1.2Mn0.3Sr ett hogre utbyte pa grund av deras mer
kompakta partikelmorfologi och dirmed dven mer effektiva sedimentering
och packning i sedimentet.

Nyckelord: Al-Si-legering, Fe-rening, Fe-innehdllande intermetalliska
partiklar, sedimentation, rening och avlagsnande.
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1 Introduction

Chapter introduction

This chapter provides the background, motivation and research focus of this
thesis, with emphasis on iron (Fe) impurity issues and current mitigation
strategies in recycled aluminium-silicon (Al-Si) alloys.

1.1 Background

Currently, aluminium plays a crucial role in the automotive and aerospace
industries due to its high strength-to-weight ratio, high corrosion resistance,
and excellent electrical and thermal conductivity [1,2]. In addition, the
mechanical properties could be tailored through alloying. As a result, the
demand for aluminium has increased, leading to a significant expansion of
primary aluminium production. At the same time, the aluminium industry is
facing increasing pressure to reduce the environmental impact of aluminium
production, as primary aluminium production is energy-intensive and
contributes significantly to global greenhouse gas emissions [3,4].

One of the most effective ways to reduce the carbon footprint of aluminium
production and support the circular economy is through aluminium recycling,
as secondary aluminium production emits about 0.6 kg of CO, per kg of
aluminium, compared to about 12 kg of CO» per kg of primary aluminium
[5,6].

Consequently, aluminium production is expected to increasingly depend on
recycled aluminium, driven by lower energy costs and the need to reduce
carbon footprints as environmental regulations and policies become stricter.
These policies and regulations aim to reduce greenhouse gas emissions in line
with international agreements [7]. This places intense pressure on energy-
intensive industries, such as aluminium production, to reduce their carbon
footprint.



However, continuous recycling leads to a progressive accumulation of
impurities from mixed or downgraded scrap. These impurities promote the
formation of various intermetallic phases that reduce melt fluidity, increase
porosity, and impair machinability, thereby negatively affecting the material's
mechanical properties [8—10].

In Al-Si alloys, which are most commonly used in aluminium casting [11,12],
high concentrations of iron (Fe) are the most problematic, as Fe forms the [3-
AlsSiFe phase. The B-AlsSiFe phase has a plate-like morphology with sharp
edges, which has detrimental effects on both castability and the mechanical
properties of the cast aluminium [13]. One promising Fe reduction method is
the addition of Fe-bearing intermetallic particle formers, such as manganese
(Mn) and chromium (Cr) [14,15]. The addition of these alloys promotes the
transformation of the harmful B-AlsSiFe phase to a less harmful phase that
could later be removed through either sedimentation or filtration [13].

Despite substantial literature on the use of Fe-bearing intermetallic particle
formers to reduce the Fe content in Al-Si alloys [13—15], critical uncertainties
remain regarding their effectiveness at low Fe concentrations, especially
regarding the formation, morphology, and sedimentation behaviour of the Fe-
bearing intermetallic particles.

1.2 Aluminium

1.2.1 Aluminium production

Aluminium can be produced either through primary or secondary production.
Primary aluminium is produced through the chemical refining of bauxite ore
to alumina, followed by the electrolysis reduction. Bauxite ore is a naturally
occurring ore, primarily composed of hydrated aluminium oxides and
hydroxides, together with impurities (like iron oxides and silica). Bauxite ore
is refined by the Bayer process to produce alumina (Al>Os). This process
involves the alkaline extraction of Al,O; using sodium hydroxide at elevated
temperature and pressure, followed by the separation of insoluble residuals
(red mud) [16,17].



The alumina generated by the Bayer process is then used to produce
aluminium via the Hall-Héroult process. In the Hall-Héroult process, alumina
is dissolved in molten cryolite-based electrolyte and then reduced by
electrolysis. In the electrolysis process, an electric current is passed through
the electrodes to separate alumina into aluminium. Molten aluminium is
produced at the cathode, while oxygen released from the alumina will react
with the carbon anode and produce carbon dioxide (CO»), formed from the
reaction of oxygen with the carbon anode [18]. On the other hand, secondary
aluminium production is produced by remelting aluminium scrap.

1.2.2 Classification of aluminium alloys

From a materials perspective, aluminium alloys are commonly classified into
wrought and cast alloys, depending on their processing route.

e  Wrought aluminium alloys are originally cast as billets or ingots and
then are processed through plastic deformation methods such as
rolling, extrusion, or forging. These processes improve the strength,
ductility and toughness of aluminium. Wrought aluminium typically
requires low impurity levels and precise compositional control to
ensure good mechanical performance and formability [19].

e Cast aluminium alloys are designed to be directly shaped from the
liquid state by pouring the liquid aluminium into a mould in order to
obtain the desired shape. Consequently, alloy fluidity, castability and
resistance to solidification defects are crucial for cast aluminium [20].
From these characteristics, cast aluminium enables the production of
more complex geometries and larger components, making it
particularly suitable for the automotive and aerospace industries.

1.2.3 Aluminium-silicon (Al-Si) alloys

The most commonly used cast aluminium alloys in industrial applications are
Al-Si alloys, aluminium containing Si as a major alloying element, due to their
excellent castability and a desirable balance between mechanical properties
(such as strength and toughness) and processability (such as fluidity, defect
tolerance, and production cost). The addition of Si lowers the aluminium
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melting temperature (Figure 1), increases melt fluidity, and reduces
solidification shrinkage [21,22]. Also, Si addition improves the strength and
hardness of the material by forming a eutectic Si phase within the o-
aluminium matrix, which constrains plastic deformation and enhances wear
resistance [23]. As aresult, Al-Si alloys are being extensively used in both the
aerospace and automotive industries [21].

The AI-Si alloys are divided into three areas based on Si concentration:
hypoeutectic (Si content below 12.6 wt%), eutectic (Si content equal to 12.6
wt%), and hypereutectic (Si content above 12.6 wt%), as shown in the Al-Si
phase diagram (Figure 1) [24]. Hypoeutectic and near-eutectic Al-Si alloys
are widely used in both automotive applications due to their combination of
good mechanical performance and manufacturing efficiency [23,25,26].
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Figure 1. Al-Si phase diagram [24].



1.3  Sustainable aluminium production

1.3.1 Aluminium recycling

Due to its high strength-to-weight ratio, high corrosion resistance, and
excellent electrical and thermal conductivity, aluminium has seen a significant
increase in demand, leading to a significant expansion of primary aluminium
production [1,2]. At the same time, the aluminium industry is facing
increasing pressure to reduce the environmental impact of aluminium
production, as primary aluminium production is energy-intensive and
contributes significantly to global greenhouse gas emissions [3,4].

Consequently, future aluminium supply is expected to be driven by stricter
environmental regulations and climate policies aimed at reducing greenhouse
gas emissions in line with international agreements. In particular, the
European Union has adopted a 2030 climate framework that aims to reduce
greenhouse gas emissions by at least 55% relative to 1990 levels by 2030 [7].
This places intense pressure on energy-intensive industries, such as
aluminium production, to reduce their carbon footprint.

One of the most effective ways to reduce the carbon footprint and the energy
consumption of aluminium production is through aluminium recycling, as
secondary aluminium production requires 90—95 % less energy and emits
significantly lower CO; per kg of aluminium compared to primary aluminium
production [5,6].

The circular economy is an industrial framework that has been increasingly
adopted in recent years, aiming to close the loop by encompassing the design-
manufacture-use-recycle cycle. This approach replaces the traditional linear
economy method, the 'Take-Make-Dispose' production model, by minimising
material waste and reintroducing end-of-life products as usable resources.
Furthermore, the circular economy promotes both environmental
sustainability and long-term economic development, particularly for energy-
intensive production processes such as aluminium [27,28].

Figure 2 illustrates the life-cycle of aluminium production routes [29]. The top
row of Figure 2 highlights the energy-intensive nature of primary aluminium



production (from both Bauxite refining and the electrolysis process), which is
followed by product manufacturing and use. Recycling aluminium products
after their service life enables partial closure of the materials loop (in line with
the circular economy) by reducing the need for primary aluminium.

Figure 2. Aluminium life cycle, including the recycling loop [29].

1.3.2 Aluminium recycling limitation

The primary limitation of aluminium recycling is not the recycling itself but
the progressive accumulation of impurities from mixed and downgraded
scrap. Recycled aluminium has many more impurities and unwanted alloying
elements that need to be reduced compared to primary aluminium [13].
Therefore, the quality and availability of scrap play a crucial role in recycling,
as they vary greatly [3].

Impurities commonly present in recycled aluminium include, but are not
limited to, dissolved gases, non-metallic solid inclusions, and dissolved
impurities. Dissolved gases, particularly hydrogen, lead to porosity. Solid
inclusions such as nitrides, bromides, carbides, chlorides and oxides cause
undesirable defects when their content in the melt exceeds the critical point
[30]. While dissolved impurities promote the formation of various
intermetallic phases that reduce melt fluidity, increase porosity, and impair
machinability, thereby negatively affecting the material's mechanical
properties [8—10].



As a result, over the past 30 years, the demand for control and removal of
impurities and aluminium cleanliness has increased [31]. High purity levels
are also essential for many performance-critical applications in both the
aerospace and automotive industries [32-34]. The high purity of aluminium
positively influences its chemical and physical properties, such as
conductivity, strength, and corrosion resistance. Many aluminium refining
processes have therefore been developed and improved to be both
environmentally friendly and cost-efficient.

1.3.3 Iron as a limiting impurity in Al-Si alloys

Iron (Fe) is widely regarded as one of the most detrimental impurities in
aluminium alloys, particularly in Al-Si alloys, since Al-Si alloys constitute a
large fraction of the recycled aluminium [27,35,36]. Fe is unavoidably
introduced during the secondary aluminium production, originating from
scrap streams and contamination from small steel components. Additionally,
there is a lack of industrially viable refining processes for selectively
removing dissolved Fe from the aluminium melt, resulting in progressive Fe
accumulation with each recycling cycle [37].

High concentrations of Fe are problematic, as Fe forms the B-AlsSiFe phase
during the solidification of the molten aluminium alloy. The B-AlsSiFe phase
is characterised by a plate-like morphology with sharp edges, which
significantly degrades both castability and mechanical performance of Al-Si
cast alloys [13]. The coarse plate with sharp edges of the B-AlsSiFe increases
the stress concentration, leading to reduced ductility and increased
susceptibility to crack initiation in aluminium alloys [13]. Also, the $-AlsSiFe
phase reduces feeding effectiveness, as Fe-bearing intermetallic particles
block the melt and reduce its fluidity.

Figure 3a shows the morphology of the B-AlsSiFe phase in the Al-Si
microstructure, where the black flake-like phase is the eutectic silicon, the
white phase is aluminium, and the grey plate-like phase is the B-AlsSiFe phase
(selected in Figure 3a). To illustrate the true three-dimensional morphology of
the B-AlsSiFe, a 3D reconstruction obtained by serial sectioning is presented
in Figure 3b, where successive layers were mechanically polished, imaged and
digitally stacked to recover the true 3D particle morphology [38].
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Figure 3. As-cast Al-Si alloy a. optical micrograph showing the plate-like
P-AlsSiFe particles b. 3D reconstruction of the p-AlsSiFe obtained by serial
sectioning [38].

1.4  Current strategies for Fe mitigation and their
limitations

Based on the literature, a wide range of strategies has been investigated to
mitigate the detrimental effects of Fe on Al-Si alloys. These methods can be
broadly categorised into upstream control, melt treatment, and alloying
strategies.

1.4.1 Upstream control: scrap sorting and dilution

The currently used industrial approach is scrap sorting and dilution of Al-Si
alloys. In the scrap sorting stage, scrap streams are separated by alloy family
to reduce compositional variability in the recycled aluminium streams.
Currently, there are many effective and advanced sorting methods, such as
Dynamic LIBS (laser-induced breakdown spectroscopy), X-ray transmission,
and eddy current separation [39—41]. These sorting methods help mitigate the
accumulation of Fe in recycled streams. However, Fe impurity cannot be
completely eliminated by sorting alone, as it is present both as a contaminant
and as an intentional alloying element in many aluminium products.



To achieve the Fe tolerance level of high-quality Al-Si alloys, the sorted scrap
is diluted with low-Fe primary aluminium [6,42,43]. This strategy is simple
and mostly used by secondary aluminium producers. This process is effective
for processing high-quality scrap (low-impurity scrap). Primary aluminium
dilution is not favourable since it diminishes both the environmental and
economic benefits of aluminium recycling.

When considering low-quality scrap and high-purity aluminium (Fe content <
0.2 wt%), dilution becomes particularly impractical, as disproportionately
large primary aluminium additions relative to the scrap mass would be
required. Given the high energy consumption and carbon intensity of primary
aluminium production, this approach progressively offsets the sustainability
advantages of recycling [5,6,44].

1.4.2 Melt treatment techniques

The conventional melt treatment techniques for impurity removal in the
aluminium industry are flux injections and filtration [1,45,46].

In the flux injection method, gas (nitrogen or argon) and metal powders
(aluminium fluoride or magnesium chloride) are injected into the casting
furnace to remove impurities from the aluminium melt [47]. These impurities
will form slag and float to the surface when they react with the fluxing material
[30,48]. The primary purpose of fluxing is to remove alkali metals (such as
Na and Li) and oxide inclusions from the melt. However, the flux injection
method has minimal effect on the Fe content in the melt.

For the filtration, a ceramic foam filter or a deep-bed filtration system is used
to trap solid particles present in the melt. The efficiency of filtration depends
strongly on particle size, morphology, and the timing of Fe-bearing
intermetallic particle formation relative to the filtration step. This process is
most effective when Fe-bearing intermetallic particles are large enough to get
stuck in the mesh. However, in most Al-Si melts, Fe-bearing intermetallic
particles precipitate during the solidification rather than in the fully liquid state
(harder to filter) [49]. Moreover, the commonly formed B-AlsSiFe phase
exhibits a thin, plate-like structure, which conventional filtration methods may
not effectively capture.



1.4.3 Alternative purification techniques

Alternative aluminium purification methods investigated for Fe removal
include three-layer electrolysis, fractional crystallisation and vacuum
distillation. These approaches mainly rely on the thermodynamic differences
and volatility between aluminium and the Fe impurity.

Electrochemical processing is one of the most effective methods for removing
impurities and obtaining high-purity aluminium [50,51]. In this method, an
electric current is passed through the aluminium melt (enabling
electrorefining). During electrolysis, aluminium is selectively deposited at the
cathode, while many impurities (e.g., Fe) remain in the electrolyte, allowing
Fe to be refined from molten aluminium. Some factories use three-stage
electrolysis to further purify aluminium. In this method, the factories use three
electrolytic cells and, in each layer, the aluminium is refined and purified
further to reach the desired composition [50]. A significant disadvantage of
this method is that it is expensive to run and has a negative environmental
impact due to the high-power consumption it requires [50].

Fractional crystallisation is a purification method that exploits the differences
in solubility of impurities in the material. During controlled solidification,
aluminium-rich solid phases form first, while certain impurity elements are
partitioned into the remaining liquid phase. The separation efficiency is
determined by an equilibrium distribution coefficient, which is calculated as
the ratio of the impurity concentration in the solid phase to that in the liquid
phase [1,47]. For effective purification, the distribution coefficient should be
significantly lower than 1 to ensure that the impurity segregates into the liquid
phase during solidification, as is the case for Fe (0.018-0.053) [1,47].

The vacuum distillation method utilises differences in the physical properties
of elements, namely their boiling points and vapour pressures. Under reduced
pressure, elements with high vapour pressure evaporate and can be separated
via condensation [33]. The effectiveness of the vacuum distillation mainly
depends on the relative vapour pressure of aluminium and the target impurity.
In the case of Fe, its vapour pressure is significantly lower than that of
aluminium over typical processing temperatures, meaning aluminium would
evaporate while Fe remains in the molten phase [33].
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In theory, both fractional crystallisation and vacuum distillation could be used
to reduce Fe in Al-Si alloys. However, the process's practical implementation
is severely constrained by process complexity, high energy consumption, and
substantial capital investment.

1.4.4 Alloying strategies

One of the best ways to mitigate the detrimental impact of the f-AlsSiFe phase
is by adding Fe-bearing intermetallic particle formers (sludge), like Mn and
Cr, to the Al-Si alloy in order to transform the harmful B-AlsSiFe phase into a
less harmful a-phase [13—15,27,52—54]. This method helps reduce the impact
of Fe and makes Fe-bearing intermetallic particles easier to remove without
major changes to the current industrial setup, making it attractive to industry.

Song et al. [54] examined how Mn/Fe ratios influence Fe removal, as well as
the impact of varying the initial Fe content on both the microstructure and
mechanical properties of aluminium. Their results show that, in Al-7.0Si-
2.4Fe alloy, increasing Mn/Fe ratio causes the primary Fe-rich phase to
gradually shift from o-AlsFe;Si to o-Alis(Fe, Mn);Sio. This phase
transformation alters the morphology and stability of the Fe-bearing
intermetallic particles, thereby improving overall removal efficiency.

According to Dietrich et al. [13], Mn promotes the formation of larger Fe-
bearing intermetallic particles with higher particle density, thereby enhancing
their gravitational settling and facilitating their easy removal by filtration or
sedimentation. While Cr generates a greater number of smaller Fe-bearing
intermetallic particles with lower density, making them harder to remove [13].
To overcome this limitation, a combination of Mn and Cr additions is often
employed, as it promotes the formation of more and larger dendritic Fe-
bearing intermetallic particles and, in turn, decreases the Fe content in the melt
[13].

A paper by Mathew and Srirangam [55] also investigated the effect of the Mn-
Sr combination on Fe-bearing intermetallic particles in Al-Si alloys. The
results indicated that small amounts of Sr (0.04 wt%) slightly modify the Fe-
bearing intermetallic particles. This study suggests that higher Mn-Sr ratios
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may further modify the Fe-bearing intermetallic particles and influence Fe
removal.

Several studies have demonstrated that varying the amounts of added Fe-
bearing intermetallic particle formers in high-Fe Al-Si alloys significantly
affects the morphology and characteristics of the particles [13,54,56].
Research conducted by Ferraro et al. [56] showed that in Al-9Si-3Cu(Fe)
alloys, the formation kinetics, size distribution, and density of the Fe-bearing
intermetallic particles are strongly influenced by the concentrations of Fe, Mn
and Cr in the Al-Si alloys.

Furthermore, the amount of Fe-bearing intermetallic particles that is expected
to form can be empirically predicted by calculating the sludge factor (SF) by
using Equation 1, which relates the Fe-bearing intermetallic particles to the
composition of Fe, Mn and Cr of the original alloy, expressed in wt% (w,)
[13]. The equation shows that Cr has a stronger contribution to the formation
of Fe-bearing intermetallic particles than Mn. Additionally, the higher the
value, the more easily the Fe-bearing intermetallic particles form. However,
the SF is purely composition-based and ignores the kinetic factors, such as
cooling rate, that may significantly affect the formation and growth of Fe-
bearing intermetallic particles.

SF = WFe + ZWMTl + 3WCT 1

The melt-cooling rate and melt-holding temperature play a crucial role in the
formation of Fe-bearing intermetallic particles, as demonstrated by Sanchez
et al. [27]. The paper showed that lower holding temperature and slower
cooling rate lead to improved Fe removal [27]. Longer cooling times and a
hold temperature between the solidus and liquidus help promote polyhedral
crystallite growth by providing time for particles to nucleate and grow. While
shorter cooling times reduce the formation of large primary crystallites, which
in turn reduces Fe removal efficiency [13], emphasising the strong
relationship between thermodynamic driving forces and kinetic constraints
during particle formation and growth.
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In addition to the experimental investigation, Sinha et al. [57] developed a
thermodynamic and kinetic model to describe the sedimentation behaviour of
Fe-bearing intermetallic particles. In their work, the sedimentation velocity
was derived using Stokes' law, indicating that the particles' settling behaviour
depends primarily on particle diameter, the density difference between the
particles and the liquid aluminium, and the melt viscosity. This model
confirmed that as the particle size increases, the particles will settle faster.
However, the model did not incorporate the particle growth during
sedimentation.

After the Fe-bearing intermetallic particles have been created, they need to be
removed by adding a further step, such as gravity separation, filtration, or
electromagnetic (EM) separation.

e Gravity Separation: The aluminium melt is left undisturbed for an
extended period for the Fe-bearing intermetallic particles to settle.
The longer the settling time and the lower the temperature, the more
Fe is removed from the metal [52,58,59].

e Filtration: Primary Fe-rich particles are eliminated using porous
filters. In this process, the melt is held at the formation temperature of
the Fe-bearing intermetallic particles. The melt is then decanted
through a preheated filter to remove the formed Fe-bearing
intermetallic particles [13,60].

e Electromagnetic (EM) separation: Applies an external magnetic field
to the molten aluminium to generate forces within the electrically
conductive molten aluminium. These forces help move and separate
the Fe-bearing intermetallic particles from the melt due to differences
in their physical properties (between Fe and aluminium) [61-63].

1.5 Knowledge gap

Recycled aluminium reliance has significantly increased to reduce the carbon
footprint and energy consumption. Therefore, significant advances in
aluminium refining technologies have been made, particularly in refining Fe
impurities. Among the current Fe removal methods, one of the most
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industrially applicable approach, given current technologies' readiness levels,
is the addition of Fe-bearing intermetallic particle formers. This method helps
reduce the impact of Fe. Also, this method makes the Fe-bearing intermetallic
particles easier to handle and dispose of, with minimal changes to the current
industrial setup and at minimal cost.

Although Fe mitigation in Al-Si alloys via alloy addition has been extensively
researched, most studies focus on alloys with relatively high Fe contents (0.8—
2 wt%) [13-15,27,52-54]. However, limited research has been conducted to
investigate the Fe removal efficiency and particle characteristics of Al-Si
alloys with low initial Fe content. The available findings for high initial Fe
content cannot be extrapolated, as the primary Fe-rich phase, including
thermodynamic driving forces, particle population, and separation efficiency,
may differ. Also, limited research has been conducted on different Fe-bearing
intermetallic particle formers, such as strontium (Sr), in combination with Mn.

Additionally, there is a lack of validated models, correlated with experimental
data, that couple particle growth, sedimentation kinetics and morphology-
dependent resistance across different cooling rates. Such an integrated
approach is necessary to better understand the dynamic behaviour of the Fe-
bearing intermetallic particles in the melt and to determine the required
holding time prior to solidification or particle removal to obtain the optimal
clean yield.

1.5.1 Research focus

Based on the identified knowledge gaps, the main aim of the research is to
develop a deeper quantitative understanding of Fe removal in low-Fe Al-Si
alloys by investigating the formation and sedimentation behaviour of Fe-
bearing intermetallic particles under different Mn, Cr, and Sr combinations.
Also, this research seeks to establish a scientifically grounded, process-
relevant framework to define the governing physical and kinetic constraints
of particle sedimentation on Fe removal, thereby supporting more reliable
process control. Ultimately, these findings contribute to reducing reliance on
primary aluminium dilution within the existing industrial setup.
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2 Research Approach

Chapter introduction

This chapter presents the research purpose and outlines the methodological
framework adopted for this work. Additionally, the main experimental and
modelling procedures used to address the research questions are
summarised.

2.1 Purpose and aim of the research

The main aim of this research is to make aluminium production resource-
efficient, climate-neutral, and circular by improving the separation of
unwanted impurities from recycled aluminium. The primary focus of this
research is the effective removal of Fe in secondary Al-Si alloys, as Fe
accumulation remains a critical limitation in the recycling of Al-Si alloys.

This thesis investigates Fe refining through the formation and sedimentation
of Fe-bearing intermetallic particles in low-Fe AI-Si alloys. By
systematically evaluating the influence of alloying additions and
solidification conditions, the research aims to provide industrial partners
with scientifically valuable information and calculation tools that support the
industrial production of aluminium with improved Fe removal efficiency and
reduced environmental impact.

2.1.1 Reflection on the chosen method

An experimental approach method based on deductive reasoning, assisted by
equilibrium calculations using Thermo-Calc software [64], was employed in
this research. The experiments were carried out on a well-controlled
laboratory scale, with each experiment isolated and only certain controlled
parameters varied at a time. This was done to improve the precision of the
experiments that were performed. Also, when possible, ISO standards were
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followed during sampling and testing. To enhance the validity, reliability,
and reproducibility of the findings, multiple iterations of the analysis were
conducted for each sample.

2.2 Research design

2.2.1 Research perspective

This research employs a positivistic approach methodology anchored in
deductive reasoning principles to identify clear causal-and-effect relationships
among independent and dependent variables in the performed experiments. In
deductive reasoning, the tested hypothesis could either be accepted or rejected
after examining the quantitative and experimental results [65,66]. Deductive
research includes the following steps:

1. Formulate a hypothesis and research questions.

2. Plan the study (research design, chosen sample population and data
collection method).

3. Gather data.

4. Analyse the data.

5. Draw conclusions.
The conclusions are based on the analysed data, which either corroborate or
refute the hypothesis and could provide insights for future studies.

2.2.2 Research methodology

This research project primarily involves theoretical and experimental research
in a laboratory setting. The investigation was initiated by identifying the main
refining problems and challenges currently faced by the aluminium recycling
industry. After that, a focused, comprehensive literature review was
conducted to establish the scientific background and identify knowledge gaps
related to the formation and sedimentation of Fe-bearing intermetallic
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particles in low-Fe Al-Si alloys. After identifying a research gap, the research
questions were formulated accordingly.

The experimental setup was designed, and pre-experiments were conducted to
test it and verify new procedures, ensuring controlled, reproducible
conditions. Then, a series of controlled small-scale experiments was
conducted, followed by systematic evaluation and analysis of the results.

This research will be divided into two areas: sample manufacturing and
sample analysis. Sample analysis includes composition analysis and
microstructure characterisation. In the end, the collected data were analysed
to establish relationships between alloy composition, Fe-bearing intermetallic
particle formation and sedimentation, and Fe removal behaviour. An overview
of the research methodology is shown in Figure 4.

Areaishilnterest Literz_lture Resea'rch Design of
Review Questions Experiment

Gathering information and literature studies
are performed during the whole process

v

Discussion of Perform Perform Pre-
Results and Experiments Experiments
Conclusions

Figure 4. Overview of the research methodology.

2.2.3 Research questions

Based on both the industrial needs and the current research gaps regarding Fe
removal in low-Fe Al-Si alloys, the presented research is guided by the
following research questions:

RQI

How does alloy chemistry, particularly Mn, Cr and Sr additions, influence the
formation, population and morphology of the Fe-bearing intermetallic
particles in low Fe-Al-Si alloys? (Supplements I and II)

Targeted knowledge gap: Limited research has been conducted to
investigate the effects of Mn and Mn-Cr additions on the
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RQ2

characteristics of Fe-bearing intermetallic particles in low-Fe Al-Si
alloys. Also, limited research has been conducted on different Fe-
bearing intermetallic particle formers, such as strontium (Sr), in
combination with Mn.

To what extent could the Fe removal in low-Fe Al-Si melt be enhanced
through Fe-bearing intermetallic particle former additions, and what trade-offs

could arise? (Supplements I and II)

RQ3

Targeted knowledge gap: Limited research has been conducted to
investigate the Fe removal efficiency and potential trade-offs of Al-Si
alloys with low initial Fe content. Also, limited research has been
conducted on different Fe-bearing intermetallic particle formers, such
as strontium (Sr), in combination with Mn.

How do the cooling rate and particle morphology affect growth, interactions
and sedimentation behaviour of the Fe-bearing intermetallic particles?
(Supplement III)

Targeted knowledge gap: There is a lack of validated models,
correlated with experimental data, that couple particle growth,
sedimentation kinetics and morphology-dependent resistance across
different cooling rates. Such an integrated approach is necessary to
better understand the dynamic behaviour of the Fe-bearing
intermetallic particles in the melt. It also helps determine the required
holding time before solidification or particle removal to achieve the
optimal clean yield.

Following the formation of the research questions, their relation to each

appended paper and the overall thesis framework is illustrated in Figure 5.
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Figure 5. Schematic illustration of the research questions' relation to
Supplements I, 1 and I111.

2.3  Material and experimental procedures

The experimental procedure that was conducted in this research is summarised
in Figure 6. This thesis starts with Thermo-Calc calculations to define the
amounts of Mn and Cr additions for each experiment and the temperature
ranges for sampling. Based on these calculations, 8 kg of the used Al-Si alloy
was melted, and the master alloys to increase the Mn, Cr, and Sr were added.
After the master alloys had dissolved, two types of samples were collected:
the Fe-bearing intermetallic particle analysis samples and the chemical
analysis samples.

The Fe-bearing analysis samples were examined using optical and scanning
electron microscopy in order to characterise the Fe-bearing intermetallic
particles' morphology, sedimentation rate and packing density.

The chemical analysis samples were analysed by optical emission
spectroscopy to monitor the melt composition as temperature decreased and
to determine the Fe removal efficiency.
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Figure 6. Schematic illustration of the experimental procedure performed
for Supplements I, Il and I11.

2.3.1 Alloys

In all the Supplements, EN-AB 44300 secondary cast aluminium alloy was
the base alloy used. The composition of the base alloy, obtained using the
optical emission spectroscopy (OES, SPECTROMAXx CCD LMXM3,
AMETEK), is shown in Table 1.

Table 1 Chemical composition of the EN-AB 44300 base alloy.

Alloy | (Wt%) | Si Fe Mn Cr Sr Al
EN-AB | Avg 11.0 | 051 0.11 0.01 0.01 | Bal
44300 Std 0.2 0.01 0.01 | 0.001 | 0.001 -

Fe-bearing intermetallic particle formers, including Mn, Cr and Sr, were
introduced individually or in combination, depending on the specific study.
For Mn and Cr additions, the composition ranges were selected based on the
thermodynamic equilibrium calculations performed using Thermo-Calc
(TCALS8/Al-alloys database version 8.2) [64]. The lowest Mn and Cr
compositions were selected at the point where the Al15Si12M4 phase becomes
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the stable primary precipitation phase and remains stable until complete
solidification. The highest Mn and Cr composition was selected at the point
where Al15Si2M4 forms without the nucleation of other phases.

That is not the case for Sr addition, since the effect of Sr on the Fe-bearing
intermetallic particles is not represented in the Thermo-Calc database used.
Therefore, the Sr content was chosen empirically, with relatively high
additions used to amplify the Sr effect on the morphology and packing density
of the Fe-bearing intermetallic particles [67,68].

2.3.2 Sample preparation

In Supplements I, II and III, a series of small-scale experiments were
performed. In each experiment, 8 kg of recycled EN-AB 44300 alloy was
melted at 750 °C in a tilting furnace. Seven different experiments were
conducted using different Mn, Cr and Sr combinations. In order to reach the
desired composition, master alloys were used (Al-80Mn, Al-10Cr and Al-
20Sr).

The sample production is divided into two parts: the Fe-bearing intermetallic
particle analysis and the chemical analysis samples.

In the Fe-bearing intermetallic particle analysis samples, the melt was poured
into two preheated steel moulds (preheated to 900 °C). The preheated mould
was submerged in the melt, and the two samples were taken. Then, the moulds
were covered. One mould was covered (insulated) with 1 cm-thick alumina
(AlxO3) wool, and the other mould was covered (insulated) with a 1 cm-thick
cylindrical steel cover. The temperature was then measured with a K-type
thermocouple. The cooling rate of the melt in the alumina-wool-covered
sample was 30 °C/min, and in the steel-covered sample was 84 °C/min. The
schematic representation of the setup is shown in Figure 7. These samples
were used in Supplements II and II1.
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Figure 7. Schematic illustration of the Fe-bearing intermetallic particle
analysis sample setup.

The remaining melt in the furnace was then cooled at 3 °C/min. During the
cooling stage, two to three samples were taken at temperatures above the
formation temperature of the Fe-bearing intermetallic particles. This
formation temperature was determined by Thermo-Calc. In Thermo-Calc, the
Al15Si2M4 phase, where M is a combination of Fe, Mn, and Cr, is the term
used to describe the Fe-bearing intermetallic phase. Then, four to five samples
were taken at temperatures below the Al15Si2M4 formation temperature.

In the Sr addition case, to ensure direct comparability and eliminate
temperature as a variable, samples were taken at the same temperatures as for
the 1.2Mn0.3Cr alloy addition, as the two alloys are compared in Supplement
1L

All samples were taken from the top of the crucible (0.2 m height X 0.25 m
diameter) to evaluate the Fe concentration in the particle-depleted zone
following sedimentation. The melt was poured into a coin-shaped copper
mould using a scoop to ensure rapid solidification and minimise post-
sampling microstructural evolution. The schematic representation of the
mould’s geometry is shown in Figure 8. These samples are hereafter referred
to as the chemical analysis samples and were used in Supplements I and II.

22



20.00mm

10.00mm

30.00mm

Figure 8. Schematic illustration of the chemical analysis sample setup.

2.3.3 Sample and alloy testing

The chemical analysis samples used in Supplements I and Il were analysed by
optical emission spectroscopy (OES) to determine the melt's chemical
composition at different temperatures during furnace cooling. For each
sample, four OES measurements were taken at different locations and
averaged to improve the statistical reliability of the composition by
minimising the influence of local microsegregations and spark-to-spark
variability.

Before measuring the composition of the samples, certified reference
materials (CRMs) were analysed (using OES) to validate the instrument's
calibration and ensure analytical accuracy.

2.3.4 Material characterisation and evaluation

Before particle characterisation, the samples were metallographically
prepared. These preparations include the longitudinal cutting, grinding and
polishing of the Fe-bearing intermetallic particle analysis samples as shown
in Figure 9.

23



Figure 9. Metallographic preparation of the Fe-bearing intermetallic
particle analysis sample.

Then, the chemical composition of the particles in the micrograph was
investigated using scanning electron microscopy (SEM, Tescan LYRA3) and
energy-dispersive X-ray spectroscopy (EDS, EDAX Octane Plus) to identify
and quantify the composition of the Fe-bearing intermetallic particles.
Particles containing Mn, Cr, Fe and Si in their composition were identified as
Fe-bearing intermetallic particles.

The microstructures of the samples were then studied using a DSX1000
optical microscope. A panoramic view of the entire sample was taken to
identify the sedimented region and measure its height. The sedimented region
is the region in which the Fe-bearing intermetallic particles have settled at the
bottom of the sample (since they are denser than the aluminium melt).

A magnified panorama image of a small section of the sedimented region
(1018 um x 2036 um) was acquired to perform quantitative image analysis of
the Fe-bearing intermetallic particles using MIPAR software. This was done
to obtain the total area fraction and the total number of Fe-bearing
intermetallic particles in the sedimented region (Supplements II and III).

2.3.5 Modelling methodology

To further evaluate the sedimentation behaviour of Fe-bearing intermetallic
particles, a physics-based particle growth and sedimentation model was
developed.
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This was done by integrating the growth kinetics of Fe-bearing intermetallic
particles with settling velocity calculations derived from the force balance,
since simple Stokes' law was insufficient to describe the settling behaviour of
growing particles. The calibration of this model was performed using
experimental measurements of sedimented height, max particle height and the
area fraction of the sedimented Fe-bearing intermetallic particles at different
cooling rates.
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3 Results and Discussion

Chapter introduction

This chapter focuses on the critical results and discussion for the appended
papers.

3.1 Equilibrium and experimental chemical analysis
of alloy addition on Fe removal

3.1.1 Equilibrium calculation

Based on the literature review, the formation of Fe-bearing intermetallic
particles in low-Fe Al-Si alloys is mainly governed by alloy chemistry, which
determines the tendency of the Fe-bearing intermetallic phase to form at a
given temperature and composition. The thermodynamic equilibrium stability
was predicted using Thermo-Calc, including the phase formation temperature
and the equilibrium volume fraction of the Fe-bearing intermetallic particles.
The Al15Si2M4 phase is the term that Thermo-Calc used to describe the Fe-
bearing intermetallic phase.

Based on Supplement I, the thermodynamic equilibrium analysis showed that
increasing the Mn content from 0.6 to 1.5 wt% in low-Fe Al-Si alloys
stabilises the Al15Si2M4 phase at higher temperatures (increases formation
temperature by 50 °C) and increases the particle volume fraction from 2.4 %
to 5.7 %. This implies an increase in thermodynamic driving force for the Fe
partitioning from the aluminium melt into the Al15Si2M4 phase.

When Cr is introduced alongside Mn (Supplement II), the formation
temperature of the Al115Si2M4 phase increases significantly compared to the
Mn-only addition. In the 0.6Mn case, the addition of 0.6 wt% of Cr shifts the
formation temperature from 600 to 735 °C. In contrast, when increasing the
Mn content to 1.5 wt% with the same Cr addition, the formation temperature
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only increases by 4 °C. This behaviour indicates that Cr addition has a more
dominant influence on increasing the Al15Si2M4 phase formation
temperature. In contrast, an increase in Mn addition has a weaker impact on
the formation temperature.

Mn addition strongly affects the particle equilibrium volume fraction in low-
Fe Al-Si alloy. Increasing Mn from 0.6 to 1.5 wt% at constant 0.6 wt% of Cr
significantly increases the equilibrium volume percent of the All15Si2M4
phase from 3.1 % to 5.9 %.

When looking into Sr addition in combination with Mn (Supplement II), the
Sr addition does not alter the calculated equilibrium formation temperature of
the Fe-bearing intermetallic particles. This is due to the fact that the Thermo-
Calc database (TCALS.2) used does not account for the effect of Sr in the
formation of the Fe-bearing intermetallic particles.

3.1.2 Chemical analysis

The equilibrium calculations helped define the maximum achievable Fe
removal (under ideal conditions). However, they don’t account for the
precipitation of non-equilibrium phases and time-dependent kinetic factors,
such as nucleation rates, diffusion-controlled growth, and sedimentation
dynamics. Therefore, OES measurements were performed on the chemical
analysis samples for all seven cases to monitor the Fe reduction as a function
of temperature. The results of Fe content as a function of temperature are
shown in Figure 10 (Supplements I and II).
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Figure 10. Experimentally obtained Fe composition, using OES, as a
function of temperature for a. 0.6Mn, 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr
b. 1.2Mn0.3Cr, 1.2Mn0.3Sr and 1.2Mn0.6Sr.

The Fe removal efficiency (1) was then calculated using Equation 2 for all
seven cases.

_ Cinitial — Cfinal % 100 5
Cinitial
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Where Cjpitial and Cring) represent the Fe content in the melt at the beginning
(prior to intermetallic formation) and at the end of the experiment (last taken
chemical analysis sample), respectively. The results are summarised in Tables
2 and 3.

Table 2 Fe removal efficiency of 0.6Mn, 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr.

Alloy 0.6Mn | 1.5Mn | 0.6Mn0.6Cr | 1.5Mn0.6Cr
Fe removal
efficiency (%) 26 26 >9 69

Table 3 Fe removal efficiency of 1.2Mn0.3Cr, 1.2Mn0.3Sr and 1.2Mn0.6Sr.

Alloy 1.2Mn0.3Cr | 1.2Mn0.3Sr | 1.2Mn0.6Sr
Fe removal
efficiency (%) 33 40 41

In the Mn additions (Supplement I), increasing the Mn content (dashed lines
in Figure 10a) from 0.6 to 1.5 wt% significantly improves the Fe removal
efficiency (Table 2) and shifts the onset of Fe reduction to a higher
temperature (from 610 to 706 °C). This indicates that increasing the Mn
content promotes the earlier formation of Fe-bearing intermetallic particles
and enhances the driving force for Fe partitioning in low-Fe Al-Si alloys
(Supplement I).

The addition of Cr in combination with Mn (Supplement II) further improves
the Fe removal compared to Mn addition (Supplement I), as shown in Figure
10a and Table 2. In addition to increasing the Fe removal efficiency, Cr
addition shifts the onset temperature significantly (meaning Fe starts to
decrease at higher temperatures). This increase in the onset temperature
extends the available time window for particle growth and sedimentation,
thereby benefiting Fe removal in low-Fe Al-Si alloys.

A Fe removal comparison between Mn-Cr and Mn-Sr at constant Mn is shown
in Figure 10b and Table 3 (Supplement II). The results show that Mn-Cr
addition is more effective than Mn-Sr addition for Fe removal, while both
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exhibit similar onset temperatures. When Sr is further increased from 0.3 to
0.6 wt%, the Fe removal efficiency increases slightly, and the onset
temperature remains the same (within experimental uncertainty). This means
that a further increase in Sr has a limited effect on Fe removal in low-Fe Al-
Si alloys.

The details of how combinations of Mn, Cr, and Sr additions influence Fe
removal efficiency will be discussed in later sections (Section 3.2).

3.1.3 Chemical analysis vs equilibrium calculation

To better understand how Mn, Cr, and Sr influence Fe removal and to evaluate
how closely the experimental results match Thermo-Calc equilibrium
calculations, the latter were compared with the OES composition results
obtained in the experiment.

Supplement II compared the experimental data with the equilibrium data of
both 0.6Mn0.6Cr and 1.5Mn0.6Cr. The results are shown in Figure 11.

——0.6Mn-0.6Cr —4&—1.5Mn-0.6Cr
----- 0.6Mn-0.6Cr Thermo-Calc -----1.5Mn-0.6Cr Thermo-Calc

800 750 700 650 600 550
Temperature (°C)

Figure 11. Measured Fe compositions against temperature for 1.5Mn0.6Cr
and 0.6Mn0.6Cr alloys, showing experimental and equilibrium data, and
the green arrow shows the shift of the experimental data towards
equilibrium.
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Under equilibrium conditions and constant Cr, increasing Mn from 0.6 wt%
to 1.5 wt% results in only minor differences in the equilibrium Fe content in
the liquid as temperature decreases. However, equilibrium predictions and
comparisons with experimental data indicate that the Fe concentration
measured by OES remains higher than the corresponding equilibrium values.

Furthermore, increasing the initial Mn content significantly enhances Fe
removal efficiency, bringing the measured Fe content closer to equilibrium
predictions (green arrow in Figure 11). This behaviour indicates that
increasing the initial Mn content accelerates the formation kinetics and
promotes faster sedimentation of the Fe-bearing intermetallic particles during
cooling.

To support this interpretation, microstructural analysis was conducted on the
four chemical analysis samples collected at different stages of cooling. The
chosen samples are: (i) the sample taken at the highest temperature, (ii) the
sample collected immediately before the onset of Fe decrease, (iii) the sample
collected shortly after Fe reduction and (iv) the sample taken at the lowest
temperature. The representative micrograph and area fraction (f;) of all four
chemical analysis samples are shown in Figure 12 (Supplement II). The dark
grey in the micrographs is the Fe-bearing intermetallic particles.

The micrographs and the Fe-bearing intermetallic particles area fraction
analysis help explain why the measured experimental Fe content is higher than
the predicted equilibrium Fe content. One reason is that the OES results
obtained from the chemical analysis samples included both suspended Fe-
bearing intermetallic particles and the liquid metal. While the equilibrium Fe
content is the content of the liquid melt only. Although part of the discrepancy
between the experimental and equilibrium Fe content can be attributed to
suspended intermetallic particles in the sampled melt, this does not fully
account for the difference.

When looking at lower temperatures (590—-600 °C), most of the Fe-bearing
intermetallic particles have settled (indicated by low f,), and there is still a

significant difference between the equilibrium and experimental results. This
indicates that thermodynamic equilibrium was not reached during cooling,
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most likely due to kinetic limitations associated with nucleation, growth and
sedimentation dynamics of the Fe-bearing intermetallic particles.
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Figure 12. The micrographs, along with the area fraction of the Fe-bearing
intermetallic particles (f,) of four chemical analysis samples at different
temperatures for 0.6Mn0.6Cr and 1.5Mn0.6Cr alloys.

The comparison of equilibrium and experimental Fe content performed in
Supplement II for 0.6Mn0.6Cr and 1.5Mn0.6Cr was also performed for 0.6Mn
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and 1.5Mn (Figure 13). Figure 13 shows that the Fe content obtained from the
sample analysis is lower than the equilibrium. These deviations suggest the
precipitation of non-equilibrium Fe-rich intermetallic phases during cooling.
Although equilibrium calculations predict the Al15Si2M4 phase as the
primary phase, experiments performed by Que et al. [69] show that 6-AlisFe4
and Alg¢(Fe, Mn) nucleate under experimental conditions. This means that
intermetallic phases, which are not accounted for in equilibrium calculations,
further reduce the Fe content of the melt. As a result, the experimental Fe
content is lower than the equilibrium value.

0.6Mn ——1.5Mn
0.6Mn Thermo-Calc ----- 1.5Mn Thermo-Calc

800 750 700 650 600 550
Temperature (°C)

Figure 13. Measured Fe compositions against temperature for 0.6Mn and
1.5Mn alloys, showing experimental and equilibrium data.

3.2  Microstructural evaluation of Fe-bearing
intermetallic under different alloy additions

The deviations between experimental and equilibrium Fe content (discussed
in Section 3.1) demonstrate that the Fe removal is governed not only by
thermodynamic stability but also by kinetic processes. In particular, particle
nucleation, diffusion-controlled growth, and sedimentation dynamics
determine how effectively the thermodynamic driving force is realised during
cooling in the 0.6Mn0.6Cr and 1.5Mn0.6Cr cases.
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For the remaining alloy additions (0.6Mn, 1.5Mn, 1.2Mn0.3Cr, 1.2Mn0.3Sr,
and 1.2Mn0.6Sr), equilibrium calculations were not helpful because the
Thermo-Calc database used here has limitations. Therefore, equilibrium
analysis alone is insufficient to explain the decrease in Fe in these additions.

To understand how and why the Fe content in the melt decreases, direct
examination of the evolution of Fe-bearing intermetallic particles during
cooling is necessary. Accordingly, this section analyses the microstructural
development of the Fe-bearing intermetallic particles and evaluates how
different alloy additions and their combinations influence the particle
population, morphology, and sedimentation behaviour. The Fe-bearing
intermetallic particle analysis samples were used to investigate the Fe-bearing
intermetallic particles in each alloy addition.

The slow-cooling (alumina-covered) Fe-bearing intermetallic particle analysis
samples were selected for detailed Fe-bearing intermetallic particle analysis
because they provide a longer time for particle growth and sedimentation,
while minimising kinetic undercooling effects.

Additionally, comparisons between experimental and equilibrium volume
fraction of the Fe-bearing intermetallic particles show that, under slow-
cooling conditions, the measured intermetallic particle volume fraction
exceeds the predicted equilibrium volume fraction. Whereas under fast-
cooling (Fe-covered samples), the experimental intermetallic particle volume
fraction remains below the equilibrium values (Supplements II and III).

This behaviour indicates that the slow-cooling Fe-bearing intermetallic
particle analysis samples provide a reliable reference for approximating the
near-equilibrium growth path. Therefore, the slow-cooling samples were used
as a more representative reference for investigating the influence of Fe-
bearing intermetallic particles in each alloy addition.

A panorama image of the full slow-cooled Fe-bearing intermetallic particle
analysis sample and a I mm % 2 mm micrograph image in the sedimented area
of the Fe-bearing were taken. From the panorama image, the aluminium clean
yield was calculated using Equation 3. The sedimentation height is described
using two parameters. The first parameter, hg,q, represents the height of the
particles that have settled to the bottom of the mould. The second parameter,
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Rmax» 18 the maximum height of the sedimented particle that did not reach the
settled region before the solidification. In Equation 3, h,,,, was used to
calculate the yield since the yield is calculated from the fraction of the sample
height that does not contain any particles.

h
Yield = (1 — “‘a") x 100 3

total

Where higia is the total height of the sample (0.1 m). Then, from the
micrograph of the sedimented region, the elemental composition and packing
density of the Fe-bearing intermetallic particles were determined using
MIPAR and EDS, respectively. The packing density is defined as the level of
compactness of the Fe-bearing intermetallic particles in the sedimented region
of the sample. In these cases, the packing density is assumed to be equal to the
Fe-bearing intermetallic particles area fraction, as the micrograph is
bidimensional and can be easily evaluated.

3.2.1 Comparison between Mn-only and Mn-Cr additions

The results of the yield calculation (Equation 3), packing density and
elemental composition are summarised in Table 4. For the 0.6Mn addition
case, no settled layer was observed. According to Thermo-Calc, the Fe-
bearing intermetallic particles are only just becoming thermodynamically
stable as a primary phase; i.e., the volume (number) of Fe-bearing
intermetallic particles is nearly zero. Thus, the yield, packing density, and
composition of the particles were not calculated.
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Table 4 Summary of particles' yield, packing density and elemental
composition of Fe-bearing intermetallic particle analysis sample in 1.5Mn,
0.6Mn0.6Cr and 1.5Mn0.6Cr alloys.

. Packing Intermetallic Particles
Alloy ‘Ei/el)d Density Composition (wt%)
’ (%) Fe Mn Cr
1.5Mn 85 10114 | 7.8+0.5 | 21.7+0.8 -

0.6Mn0.6Cr | 55 64+13 | 79+02 | 92+0.2 | 109+0.3
1.5Mn0.6Cr | 42 128+14 | 56+03 | 154+08 | 7.5+04

The results reveal that when Mn is increased at constant Cr, the Fe and Cr
content of the Fe-bearing intermetallic particle decreases while the Mn content
significantly increases. This indicates competitive partitioning between Mn
and Cr. This means that increasing the Mn content in the melt promotes the
formation of Mn-rich Fe-bearing intermetallic particles. The same trend is
observed for Mn-only addition; the Fe content in the particle decreases and
the Mn content increases as the Mn addition increases, as shown in
Supplement 1.

Overall, increasing Mn addition leads to a shift in the intermetallic chemistry
towards Mn-rich Fe-bearing intermetallic particles and reduces both Fe and
Cr incorporation.

Regarding yield and particle packing density, the Mn-only addition in a low-
Fe Al-Si alloy yields the highest clean aluminium. While the Mn-Cr
combination leads to a significant reduction in the yield, which is mainly
attributed to the formation of more dendritic Fe-bearing intermetallic particles
[56]. Furthermore, the 1.5Mn0.6Cr addition shows a slight increase in the
packing density compared to the 1.5Mn addition.

Since Fe removal occurs through nucleation, growth and sedimentation of the
Fe-bearing intermetallic particles, both their composition and the sedimented
fraction directly influence the overall Fe removal efficiency.
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In order to better quantify the contribution of the Fe-bearing intermetallic
particles and the removal efficiency, the Fe removal potential (¢ge) was
calculated using Equation 4.

PD WFep n
X = X x 100 4
100 100 100)

¢Fe:(

Where PD is the particle packing density, 1 is Fe removal efficiency and wge j,
is the average Fe content in the Fe-bearing intermetallic particles.

In Supplement I, the Fe removal efficiency was not included in the Fe removal
potential. The reason for this was that, at the stage of writing Supplement I,
the analysis primarily focused on particle chemistry and packing density,
which describe the capacity of the intermetallic phase to capture Fe. However,
the PDand the wg, ;, alone does not reflect how effectively Fe is removed
from the melt, since it does not account for the actual fraction of Fe separated
from the melt.

Therefore, the 1 is incorporated in the ¢, calculation to ensure that ¢g,
accounts for both the Fe stored within the particle and the effective Fe removal
achieved during sedimentation. This provides a more realistic, process-
relevant evaluation of Fe separation by linking microstructural characteristics
and Fe removal efficiency. The results for ¢g, are summarised in Table 5.

Table 5 Fe removal potential for 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr.

Alloy Fe removal potential (%)

1.5Mn 0.44
0.6Mn0.6Cr 0.30
1.5Mn0.6Cr 0.50

The calculated ¢, indicates that 1.5Mn0.6Cr achieves the highest removal
potential, and 0.6Mn0.6Cr has the lowest. However, this improvement in Fe
removal potential in 1.5Mn0.6Cr comes at a significant reduction in the clean
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aluminium yield (Table 4), highlighting a clear trade-off between Fe
separation efficiency and melt recovery.

When looking at 1.5Mn and 0.6Mn0.6Cr, the Fe removal potential of 1.5Mn
is higher than that of 0.6Mn0.6Cr, while also giving a significantly higher
yield. From a process optimisation perspective, 1.5Mn addition represents a
more favourable compromise between Fe removal efficiency and yield in low-
Fe AIl-Si alloys, offering a significantly higher yield at slightly lower Fe
removal efficiency than 0.6Mn0.6Cr addition.

3.2.2 Comparison between Mn-Cr and Mn-Sr additions

A comparison between Mn-Cr and Mn-Sr additions was conducted on the
micrographs of the sedimented region in the slow-cooled Fe-bearing
intermetallic particle analysis sample. It was observed that there were two
distinct types of sedimented particles in Mn-Sr additions (Figure 14). The
EDS analysis revealed that the dark grey particles are Sr-bearing intermetallic,
and the light grey particles are Fe-bearing intermetallic.
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Figure 14. A magnified image of the Fe-bearing intermetallic particle
analysis sample’s sedimented region (1 X 2 mm region) for a. 1.2Mn0.3Cr,
b. 1.2Mn0.3Sr and c. 1.2Mn0.6Sr. ‘a’ shows light grey particles, whereas
‘b’ and ‘c’ show two particle populations.

The results for yield, packing density, and elemental composition are
summarised in Table 6. Based on the elemental analysis of the intermetallic
particles, the Fe content within the Fe-bearing intermetallic particles in all
three alloy additions is relatively consistent. While the Mn content in Mn-Sr
addition is notably higher. The remaining composition of the Fe-bearing
intermetallic particles is aluminium.
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Table 6 Summary of particles' yield, packing density and elemental
composition of the intermetallic particle sample in 1.2Mn0.3Cr, 1.2Mn0.3Sr
and 1.2Mn0.6Sr alloys.

. Packing Intermetallic Particles
Alloy | Particles Y(l,eld Density Composition (Wt%)
(%) °
(%) Fe Mn Cr Sr
1.2Mn 8.5+ 6.7+ | 164+ | 51+
03y | Febased | 49 13 0.2 06 | 04 | -
131+ | 69+ |21.1+ 0.9 +
LMy | Febased | 92 1.5 0.2 0.2 ; 0.1
0.3Sr 011+ | 0.10+ 45.1 +
Sr-based | - ) 0.03 0.04 - 0.1
51+ 69+ | 206 0.9 +
Loy | Febased | 86 1.9 02 | 03 | 0.1
0.6Sr 011+ | 0.11+ 442 +
Sr-based | - - 0.05 0.03 - 0.2

The packing density of the Fe-bearing intermetallic particles (light grey) in
the 1.2Mn0.3Sr alloy addition is higher than that of the 1.2Mn0.3Cr addition.
This difference results in significantly lower sedimented height in
1.2Mn0.3Sr. This means that Sr addition increases both the particles' packing
density and yield, primarily by influencing the morphology and size
distribution of the Fe-bearing intermetallic particles [55,70]. When combined
with Mn, Sr promotes the formation of a more script-like Fe-bearing
intermetallic particle morphology as illustrated in Figure 14b. Whereas Cr
addition in combination with Mn changes the morphology of the Fe-bearing
intermetallic particles (more dendritic) [70], which increases melt entrapment
within the sedimented region and reduces the clean aluminium yield.

Moreover, Sr addition in combination with Mn has been reported to break
down larger a-Alis(Fe, Mn)4Si; into smaller fractions, which facilitates tighter
particle packing within the sedimented region [55].
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However, when Sr is further increased from 0.3 wt% to 0.6 wt%, the clean
aluminium yield and the packing density of Fe-bearing intermetallic particles
are negatively affected. The decrease in yield and particle packing density is
mainly attributed to enhanced formation and sedimentation of the Sr-based
intermetallic particles, which do not contribute to the Fe removal efficiency.

In order to better quantify the contribution of the Fe-bearing intermetallic
particles and the removal efficiency, the Fe removal potential (¢pe) was
calculated using Equation 4, and the results are summarised in Table 7.

Table 7 Fe removal potential calculation for 1.2Mn0.3Cr, 1.2Mn0.3Sr and
1.2Mn0.6Sr alloys.

Alloy Fe removal potential (%)
1.2Mn0.3Cr 0.31
1.2Mn0.3Sr 0.36
1.2Mn0.6Sr 0.14

The calculated ¢, indicates that the 1.2Mn0.3Sr additions exhibit higher
¢re compared to 1.2Mn0.3Cr additions, primarily due to the considerably
higher Fe-bearing intermetallic particles packing density, despite having
lower Fe removal efficiency. Moreover, a further increase in Sr from 0.3 to
0.6 wt% negatively affects the ¢, as the Fe-bearing intermetallic particles'
packing density decreases while maintaining nearly similar Fe removal
efficiency.

The relationship between ¢, and clean aluminium yield for the three alloy
additions demonstrates a clear trade-off between the Fe removal efficiency
and yield. The Mn-Cr combination enhances Fe removal efficiency at the
expense of the clean aluminium yield. For the Mn-Sr combination, it
significantly improves clean aluminium yield but moderately reduces Fe
removal efficiency.

From a process optimisation perspective, 1.2Mn0.3Sr addition represents the
most favourable compromise, as it provides a significantly higher clean
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aluminium yield while only reducing the Fe removal efficiency by around
15% in low-Fe Al-Si alloys.

3.3 Growth and sedimentation behaviour of the Fe-
bearing intermetallic particles

The previously performed microstructural analysis (Section 3.2) proves that
alloy additions significantly modify the population and morphology of the Fe-
bearing intermetallic particles. However, Fe removal depends not only on how
many particles form but also on how they grow and sediment at different
cooling rates, as well as on the dynamic interaction between growth kinetics
and gravitational settling.

To further evaluate the sedimentation behaviour of Fe-bearing intermetallic
particles, a physics-based particle growth and sedimentation model was
developed. The model was developed to quantitatively describe the coupled
evolution of particle size and settling behaviour at different cooling rates.

This was done by integrating the growth kinetics of Fe-bearing intermetallic
particles with settling velocity calculations derived from the force balance,
since Stokes' law could not be used as the particles are growing. The
calibration of this model was performed using experimental measurements of
sedimented height, maximum particle height and the area fraction of
sedimented Fe-bearing intermetallic particles from the slow-cooling Fe-
bearing intermetallic particle analysis sample, since it is near equilibrium.

Based on the force-balance analysis presented in Supplement 11, the velocity
(v) of the particle that is simultaneously growing and settling can be derived
by coupling gravitational driving force with hydrodynamic resistance.
Assuming that the particle radius (7) evolves according to a diffusion-
controlled growth (Equation 5), the particle's radius is assumed to grow until
the Fe-bearing intermetallic particles' equilibrium volume fraction is reached.
The time-dependent settling velocity is expressed in Equation 6.

r(t) = kt1/? 5
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v =B 6

. . . 3.9
Where k is the growth coefficient, t is time, A = = + n”az ,B= ( - ﬂ) g,
2 2ppk Pp

pPp is the density of the Fe-bearing intermetallic particle, p, is the density of
the liquid aluminium, a is the correction factor to correct the deviation from
spherical shape and other resistive forces acting on the particle (tortuosity,
particle interference and particle permeability), 7, is the melt viscosity and g
is the gravitational acceleration.

After deriving the settling velocity equation, the growth-sedimentation model
was implemented. First, the nucleation sites and the total number of particles
(along the x-, y-, and z-axes) were calculated from the experimental analysis
of the Fe-bearing intermetallic particle sample for the two different cooling
rates, as described in Supplement I11. Each particle is assumed to be spherical,
starting with a radius equal to zero.

Additionally, a correction factor M was introduced to account for the non-
spherical shape and packing effect of a single particle (Equation 7). This
correction bridges the idealised spherical growth assumptions with the
experimentally observed particle morphological complexity.

1\1/3
— = 7
M (f)

The parameters k and M were calibrated using the experimental results from
the slow-cooled sample, since the Fe-bearing intermetallic particles are near
equilibrium. Particles were then allowed to grow while settling at a velocity
defined by Equation 6. When the calculated particle volume fraction reaches
the equilibrium volume fraction, the particle will stop growing and continue
settling at a fixed radius using Stokes' law (Equation 8).
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Once the particle reaches the settled region, it is assumed to stop growing. The
model simulation stops the moment the melt solidifies. The model was not
extended to the Mn-Sr addition. This is because the Mn-Sr additions exhibit
dual-particle sedimentation behaviour, where Sr-containing intermetallic
particles coexist with the Fe-bearing intermetallic particles. Microstructural
observations from Supplement II showed that in many cases, the Sr-
intermetallic particles are in contact with the Fe-bearing intermetallic
particles. This suggests mechanical coupling and cooperative settling
mechanisms that are not captured by the current model framework (force
balance). Consequently, to model the Mn-Sr addition, a multiparticle
interaction approach would be required.

Regarding the fitting parameter a, the slow and fast cooling samples were set
to have different a. This is because the Fe-bearing intermetallic particle
structure varies with cooling rate, thereby affecting the particles'
sedimentation behaviour.

Under slow-cooling conditions, the Fe-bearing intermetallic particles in
0.6Mn0.6Cr and 1.5Mn0.6Cr develop a more pronounced dendritic branching
compared to those in the fast-cooling sample (shown in Supplement III). In
the 1.5Mn addition case, slow-cooling promotes the formation of a larger
plate-like structure of the Fe-bearing intermetallic particles. The changes in
the structure of the Fe-bearing intermetallic particles at different cooling rates
are supported by Fabrizi et al. [71] and He et al. [72].

The model was calibrated using experimental measurements of the maximum
particle height (hy,,x) and the area fraction of the sedimented region of the
slow-cooling Fe-bearing intermetallic particle analysis sample, since it is near
equilibrium. The correction factors that account for the resistive forces a,
sedimented height (hg,4) and total particle volume fraction (f) were estimated
and the results are shown in Table 8.
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Table 8 Model results summary when having different a for different cooling
rates for 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr.

Cooling Rate Rseq (X 1072 m) F (%)
Alloy °C/mi a
(°C/min) Model | Exp. |Model | Eq.
30 (slow) 2.8 1.97 125 | 3.00 | 3.00
1.5Mn
84 (fast) 0.8 0.71 069 | 1.72 | 3.00
0.6Mn | 30 (slow) 21.4 2.19 1.83 | 250 | 2.50
0.6Cr 84 (fast) 11.8 0.18 - 1.05 | 250
1.5Mn | 30 (slow) 34.7 1.23 134 | 450 | 4.50
0.6Cr 84 (fast) 12.6 0.17 - 1.56 | 4.50

In the fast-cooling sample of 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr, the f,04e1
remained consistently lower than fp, indicating that the equilibrium has not
been reached in this cooling condition. While for the slow-cooling condition,
fmoder Was equal fp, since the slow-cooling sample was assumed and

calibrated to reach equilibrium.

In regard to the hg.,, the fast-cooling samples exhibit very small hgqy
meaning that only a limited fraction of Fe-bearing intermetallic particles
reaches the sedimented region before melt solidification. In the fast-cooling
samples of 0.6Mn0.6Cr and 1.5Mn0.6Cr, the experimental hg,; could not be
quantified since a distinct, densely packed sedimented layer did not form
before complete solidification. While for the slow-cooling sample, the model
slightly overestimates/underestimates the hg,.

When comparing the correction factor that accounts for the resistive force a,
the slow-cooling samples exhibit significantly higher values compared to the
fast-cooling samples in 1.5Mn, 0.6Mn0.6Cr and 1.5Mn0.6Cr alloy additions.
This behaviour supports the findings of Fabrizi et al. [71] and He et al. [72].
In addition to the cooling-rate dependence of a, the resistance parameter
varies systematically with alloy chemistry. At the same cooling rate, alloys
exhibiting an interconnected or dendritic particle morphology (1.5Mn0.6Cr)
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have higher resistive forces than those with sparser, more compact particles
(1.5Mn).

To analyse the sedimentation kinetics, the evolution of hy,qy, Rseq, and the
total particle volume fraction was evaluated over time as shown in Figures

15-17.
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Figure 15. Model-calculated evolution of settled height (top) and particle
volume fraction (bottom) for slow and fast cooling, with equilibrium
particle volume fraction f,q shown for comparison for 1.5Mn.
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Figure 16. Model-calculated evolution of settled height (top) and particle
volume fraction (bottom) for slow and fast cooling, with equilibrium
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Figure 17. Model-calculated evolution of settled height (top) and particle
volume fraction (bottom) for slow and fast cooling, with equilibrium
particle volume fraction foq shown for comparison for 1.5Mn0.6Cr.
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The decrease in h,,,, and the increase in hgeq4 in all three cases over time
corresponds to progressive particle settling and an increasing clean (particle-
free) region. Under fast-cooling conditions, the particle sedimentation
progresses more rapidly due to the lower resistance parameter a; however, the
limited growth window restricts total sedimentation. While slow-cooling
conditions provide a longer growth and settling window, resulting in a greater
final reduction of h, 4.

Comparisons between fioqe1 and feq in the fast-cooled samples revealed that
in all three alloy additions the fi04e1 < feq throughout solidification. This
indicates that the particle continues to grow while settling and the equilibrium-
constrained regime (Equation 8) is not activated. In contrast, in the slow-
cooling sample, fpoqe1 reaches fp, after approximately 17 s for 1.5Mn
(Figure 15), 105 s for 0.6Mn0.6Cr (Figure 16) and 30 s for 1.5Mn0.6Cr
(Figure 17).

Once feq 1s reached, particle growth becomes equilibrium-limited rather than
diffusion-controlled and particle growth occurs every time step rather than
continuously. As the temperature decreases f,, increases. The particle grows
until reaching the new equilibrium (radius increases) and subsequently settles
at a constant radius until the next time step.

These findings are consistent with the observed difference in clean aluminium
yield. Although the 1.5Mn0.6Cr alloy addition produced a higher particle
population, its lower yield is likely associated with the greater effective
resistance to sedimentation, as represented in the model by viscosity effects,
tortuosity, particle-particle interactions, and drag. While the 1.5Mn addition
has a higher yield, consistent with lower effective resistance and a more
compact morphology, allowing for more effective sedimentation.
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4 Conclusion

Chapter introduction

This chapter summarises the final conclusions drawn for each research
question.

The conclusions are presented for each research question, starting with RQ1
and followed by RQ2 and RQ3.

RQ1 How does alloy chemistry, particularly Mn, Cr and Sr additions,
influence the formation, population and morphology of the Fe-bearing
intermetallic particles in low-Fe Al-Si alloys?

The results in Supplements I and II show that, based on the equilibrium
calculations, Mn increases the volume fraction of the Fe-bearing intermetallic
particles, and Cr addition increases the formation temperature of the Fe-
bearing intermetallic particles.

When looking at the experimental results, 1.5Mn addition increases the
particle packing density and generates a more compact polyhedral Fe-bearing
intermetallic particle. When combining Mn with Cr, the particle packing
density further increases, and the particle morphology changes into a more
dendritic morphology in a low-Fe Al-Si alloy. Whereas Sr combined with Mn
promotes the formation of a more script-like Fe-bearing intermetallic particle
morphology (with the highest particle packing density).

Composition analysis of the Fe-bearing intermetallic particles shows that
increasing Mn addition leads to a shift in the intermetallic chemistry towards
Mn-rich Fe-bearing intermetallic particles and reduces both Fe and Cr
incorporation.
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RQ2 To what extent could the Fe removal in low-Fe Al-Si melt be enhanced
through Fe-bearing intermetallic particle former additions and what trade-
offs could arise?

The results in Supplements I and II show that, for a low-Fe Al-Si alloy, the
highest Fe removal efficiency is achieved by Mn-Cr additions. Also,
increasing Mn at constant Cr increases the onset temperature of Fe reduction
and enhances overall Fe removal performance in low-Fe Al-Si alloys.

To establish a relationship between Fe removal efficiency and the Fe-bearing
intermetallic particles, the Fe removal potential was calculated. A comparison
between the Fe removal potential and clean aluminium yield reveals a clear
trade-off: Higher Fe removal efficiency results in lower clean aluminium yield
(Mn-Cr addition) and vice versa (Mn-Sr/Mn-only additions).

RQ3 How do the cooling rate and particle morphology affect growth,
interactions and sedimentation behaviour of the Fe-bearing intermetallic
particles?

A physics-based growth-sedimentation model was developed and calibrated
using experimental results to quantitatively describe the coupled evolution of
particle size and settling behaviour at different cooling rates.

The results show that the cooling rate strongly influences the particle
morphology and associated resistive forces acting on the particle during
sedimentation. Under slow-cooling conditions, the Fe-bearing intermetallic
particles in 0.6Mn0.6Cr and 1.5Mn0.6Cr develop a more pronounced
dendritic branching, leading to significantly higher effective resistance
compared to fast-cooling conditions. In the 1.5Mn addition case, slow-cooling
promotes the formation of a larger and more compact plate-like structure of
the Fe-bearing intermetallic particles.
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5 Future Work

Chapter introduction

This chapter summarises the limitations and future work of this research.

The research presented in this thesis sheds light on the combined influence of
alloy chemistry and cooling conditions on the formation, evolution, and
sedimentation of Fe-bearing particles in low-Fe Al-Si alloys. However, to
optimise the alloy addition for Fe refining, parameters beyond Fe removal
efficiency, clean aluminium yield, and sedimentation rate could be
considered. These include the influence of the formed Fe-bearing intermetallic
particles on mechanical properties (e.g., RPT and tensile tests), the
environmental impact (carbon footprint), and the economic feasibility of the
selected alloying strategy compared to conventional recycling routes and
primary aluminium production.

With respect to alloy combinations, Mn, Mn-Cr and Mn-Sr combinations were
investigated in this thesis. However, the combined effect of Mn-Cr-Sr
additions was not explored. Investigating this alloy combination could provide
further insight into the potential synergistic interactions between these
elements, particularly regarding the morphology and distribution of Fe-
bearing intermetallic particles and Fe removal efficiency.

Furthermore, the developed growth-sedimentation model was primarily used
as a descriptive model calibrated with experimental analysis. To evaluate the
model’s true predictive capability, additional controlled experiments across
varied cooling rates and alloy compositions could be conducted for
independent validation. Additionally, this growth-sedimentation model
assumes simplified particle geometry and effective resistance parameters;
further developments should incorporate 3D particle morphology and explicit
particle-to-particle interaction (Mn-Sr addition case). Moreover, further
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model development could incorporate the influence of melt convection and
turbulence-driven particle settling, as industrial-scale melts are rarely static.

Finally, the sedimented intermetallic-rich region represents a material stream
with high intermetallic concentrations and potential functional value. Further
research could explore ways to dispose of or reuse the residuals for either
additive manufacturing purposes or composite reinforcement.
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Iron Refining in Recycled Al-Si Alloys
by Intermetallic Precipitation

Future Al supply is expected to rely increasingly on recycled Al, driven by its lower energy
demand and the need to reduce carbon emissions due to stricter environmental regulations
and policies. One of the main barriers, however, is the presence of iron (Fe) impurities in
recycled Al-Si alloys. Fe promotes the formation of a brittle Fe-bearing intermetallic phase
that severely degrades both casting and the mechanical properties of the cast Al. This makes
impurity control essential for wider use of recycled aluminium.

This thesis explores how Fe can be refined in low-Fe Al-Si alloys through the addition of
manganese (Mn), chromium (Cr) and strontium (Sr), by combining carefully designed
experiments with quantitative analysis of the formation and sedimentation behaviour of Fe-
bearing intermetallic particles under different Mn, Cr, and Sr combinations.

The results demonstrated that, for a low-Fe Al-Si alloy, a relationship between Fe removal
efficiency and the Fe-bearing intermetallic particles was established by calculating the Fe
removal potential. Comparison between the Fe removal potential and clean aluminium yield
reveals a clear trade-off: higher Fe removal efficiency results in lower clean aluminium yield
(Mn-Cr addition) and vice versa (Mn-Sr/Mn-only additions).

To further understand the effect of cooling rate on the Fe-bearing intermetallic, a physics-
based growth-sedimentation model was developed and calibrated using experimental
results to describe the coupled evolution of particle size quantitatively and settling behaviour
at different cooling rates.

By linking alloy chemistry, particle behaviour, Fe removal and yield, this work provides insight
into Fe refining in recycled low-Fe Al-Si alloys.
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