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Abstract

The growing demand for high-performance lithium-ion batteries, driven by the electric vehi-
cle (EV) market, necessitates the development of current collectors that offer both superior
electrical conductivity and enhanced mechanical properties. AA1XXX series aluminum al-
loys, commonly used in battery applications, are limited by their strength and ductility. As
an alternative, AASXXX aluminum alloys, particularly those based on the Al-Fe-Si system,
show promise due to their improved strength. However, their intermetallic particle (IMP)
microstructure needs to be understood for optimal performance.

This research investigates the impact of chemical composition, cooling rate, and homoge-
nization processes on the IMP microstructure of AA8021 and AA8079 alloys, which are poten-
tial candidate alloys for this application. Using 2D and 3D analytical approaches supported
by analytical tools including light microscopy (LM), scanning electron microscopy (SEM),
scanning transmission electron microscopy (STEM) and X-ray diffraction (XRD).

The study identified three primary morphologies: plate-shaped, feathery/skeletal, and
needle-shaped, corresponding to AlsFe, Al Fe, and AlgFe phases. The results reveal that
higher Fe content in AA8021 leads to a higher volume fraction of finer IMPs, while higher Si
content in AA8079 enhances the stability of Al;Fe and reduces the presence of Al Fe. Further-
more, cooling rate significantly influences IMP morphology and phase stability, with higher
cooling rates favoring the formation of finer, metastable phases at the surface. Homogeniza-
tion treatments induce phase transformations from metastable AlgFe and Al Fe to the stable
Als;Fe phase, improving the uniformity and distribution of IMPs.
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1.Introduction

1.1 Background to and motivation for investigation.

The demand for high-performance lithium-ion (Li-ion) batteries has surged with the increasing
popularity of electric vehicles (EVs), which require lighter batteries capable of delivering
higher energy and power densities. Current collectors, a critical component of Li-ion batteries,
play a vital role in ensuring efficient charge and discharge cycles . Traditionally, AA1XXX
series aluminum alloys have been used as current collectors in these batteries due to their
superior electrical conductivity, stemming from their high purity. However, these alloys do
not possess enough strength and ductility, which are essential properties for improving battery
performance and ensuring structural integrity during operation [1], [2].

As electric vehicle technology evolves, there is a growing need for materials that not only
maintain excellent electrical conductivity but also offer enhanced mechanical properties, in-
cluding strength and ductility. In this context, AASXXX aluminum alloys, which are based
on the Al-Fe-Si system and characterized by higher levels of iron (Fe) and silicon (Si), are
being considered as a promising alternative [3]. These alloys are known for their improved
strength compared to AA1XXX alloys, but their microstructural characteristics, particularly
the intermetallic particles (IMPs), must be carefully understood to ensure their suitability as
current collectors in high-density battery applications.

The microstructure of AASXXX alloys is significantly influenced by several factors, includ-
ing the chemical composition, solidification rate, and homogenization process. Specifically, the
volume fraction, size, distribution, and morphology of the intermetallic particles present in
the alloy directly affect its mechanical and electrical properties [4]. Therefore, the aim of
this work is to use DC-cast ingot slices of AA8021 and AA8079, two alloys with varying Fe
and Si contents as a vehicle to interrogate the effects of composition and cooling rate on the
intermetallic particle (IMP) structures. Beyond this a number of homogenisation practices
will be imposed on the alloys and on samples extracted from different locations of the ingot,
representing cooling rates at the surface and at the centre of the ingot. The evolution of the
IMPS during these homogenisation heat treatments will allow for understanding the complex
phase changes and morphological evolutions that occur, and their link to composition and
initial solidification rates.

Understanding the significant interactions is crucial for optimizing the material’s perfor-
mance in battery applications. By studying these factors in detail, the ultimate goal is to
gather knowledge so that these insights can then drive proposals for implementation for fur-
ther strength testing to fine-tune the AASXXX foil protocols to achieve a balance between
high strength and electrical conductivity, making them suitable as current collectors for next-
generation high-energy and high-power density batteries.
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1.2 Objectives of Report

The objectives of this study are therefore to:

e Use 2D and 3D analytical approaches to interrogate IMP microstructures in the As-Cast
(AC) samples of AA8021 and AA8079 extracted from two key locations of DC-cast ingot
slices, namely, the surface (representing fast cooling) and the centre (representing slower
cooling). This will facilitate investigations into:

— the role of varying chemical composition in the form or Fe and Si concentrations
and ratios.

— the role of solidification rate on phase formation.

e Impose a series of homogenisation protocols on the alloys and locations to mimic industry-
scale homogenisation protocols within a target parameter range and interrogate the
evolution of the IMP microstructures. This will facilitate investigations into:

— the effect of temperature and time variability in homogenisation protocols.
— the role of composition on IMP evolution during homogenisation.

— the role of solidification rate on IMP evolution during homogenisation.

e Identify composition and homogenisation combinations that allow for the most suitable
IMP development to suit the requirements for current collectors in the EV batteries.

1.3 Limitations and Scope of Investigation

The aim of this study is to investigate the influence/effect of elemental composition, cooling
rate (DC casting) and homogenisation on the IMP microstructure in AA8021 and AA8079
aluminium alloys. The aforementioned factors determine the IMP microstructure, that is the
size, type, morphology, volume fraction and distribution of the IMPs. This microchemistry,
in turn affects the strength, electrical conductivity and formability of these alloys, of which
are of paramount importance for current collectors in the EV batteries.

While the IMP microstructure clearly influences key physical and mechanical properties,
this study focuses on the qualitative and quantitative analysis of the IMP microstructure
using various analytical techniques, such as microscopy, X-ray diffraction (XRD), and image
analysis tools like ImagelJ.

Furthermore, research suggests that Al-Fe-based IMPs often share similar chemical com-
positions, and crystallographic data is rarely available when needed. Many of these IMPs
have not been extensively studied, making it difficult to distinguish them accurately based
on their chemical or crystallographic information. This lack of distinction can lead to errors
in analysis. For instance, some peaks in the XRD spectra may not correspond to any doc-
umented phases in the free crystallography open database, and peak broadening may occur,
complicating phase identification and preventing the use of the Rietveld method for phase
quantification.
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AT
1.4 Plan of Development

This report begins with a literature review, which summarizes past research findings related
to the Al-Fe-Si alloy system and the AASXXX aluminum alloys. It then outlines the exper-
imental procedures conducted to achieve the objectives of the study. The observations and
results obtained from these experiments are presented in the results section, followed by a
comprehensive discussion of these results. The report concludes with conclusions based on the
findings. Finally, the recommendations for future research are made based on the conclusions,
challenges and limitations encountered during the research.



2.Literature Review

2.1 Aluminium

Aluminium is the most abundant metallic element in the Earth’s crust, constituting approxi-
mately 8.00-8.30wt.% [5],[6]. It is primarily found in bauxite ore, a product of millions of years
of limestone and silica weathering. Due to its high affinity for oxygen, aluminium naturally
occurs in various forms of hydrated aluminium oxide (AlyO3) or alumina compounds, with
compositions determined by geological and locational factors [5]. This variation in composition
is represented by Formula (2.1):

Al,O3-xH50 (2.1)

Main impurities commonly found in bauxite ore alongside alumina minerals include iron
oxides and silica [5]. Aluminium extraction from bauxite ore occurs in two main phases:
(i) the Bayer process for alumina extraction and (ii) the Hall-Héroult process for reducing
alumina to pure aluminium [5]-[7]. The production steps of pure aluminium from bauxite
ore are illustrated in Figure 2.2. The Bayer process comprises two primary steps, depicted in
Figure 2.1. In the first step of the Bayer process, bauxite is dissolved in concentrated sodium
hydroxide NaOH under pressure (1-6 atm) and at temperatures ranging from 150 — 240°C,
yielding sodium aluminate (NaAlOs) and water (H,O) according to Equation (2.2): [5],[6]:

AlQOg 'XHQO + 2 NaOH — 2 NaA102 + (X + 1) HQO (22)

The subsequent and final step of the Bayer process involves the breakdown of sodium
aluminate into hydrated alumina by manipulating the reaction conditions to induce the reverse
reaction, as depicted in the following Equation (2.3):

The trihydrate compound (Al,O3-3 H,0) undergoes calcination in rotary kilns or fluidized
beds. This process, carried out within a temperature range of 400°C and 600°C, serves to
eliminate a significant portion of the water content, resulting in the formation of the chemi-
cally reactive v of alumina. Further heating to 1200°C produces the chemically stable a-form
of alumina. The alumina produced through this method typically exhibits a purity ranging
from 99.3% to 99.7%][5].

Following the Bayer process, the subsequent stage, known as the Hall-Héroult process, uti-
lizes electrolytic reduction to convert aluminum oxide to aluminum, as described by Equation
(2.4). This energy-intensive process occurs in smelting plants and is the most energy-intensive
step in aluminum production, requiring substantial quantities of electricity [5],[6]. However,
the purity of the resulting aluminium is never 100%, therefore, some impurities such as iron(Fe)
and silicon(Si) are commonly found in commercially pure aluminium.

ALOs + 3C — 4A1 + 3CO, (2.4)
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Figure 2.2: Alumina extraction and smelting through Bayer and Hall-Héroult processes [5].
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Despite the lengthy and energy-intensive process involved in extracting aluminum from its
ore, it remains the second most widely used structural metal after iron [5]. This is attributed
to its favorable combination of mechanical and physical properties, as outlined in Table 2.1.
Aluminum’s competitiveness as a structural metal stems from its low relative density of 2.7
g/ cm?®, which results in high specific modulus and specific tensile strength values comparable
to those of magnesium (Mg), Fe and titanium (Ti). Consequently, for an equivalent mass of
metal, aluminum is likely to perform equally well or even better than the metals listed.

Table 2.1: Physical and mechanical properties of pure common metals [9],[10].

Property Unit Al Mg Ti Fe Cu
Crystal structure - fce fce cph bece  cph
Density (d) g/em® 270 1.74 451 787 8.96
Tensile strength (o) MPa 90 175 520 262 200
Specific strength (o/d) - 33.33 100.57 115.30 33.29 22.32
Elastic modulus (E) GPa 70 45 120 211 130

Specific modulus (E/d) - 26 26 26 27 14

Electrical resistivity @20°C  pf2em 2.67 4.2 54 10.1  1.69

Another notable characteristic of pure aluminum from Table 2.1 is its low specific electrical
resistivity compared to copper, a widely used metal for electrical applications. Similarly, for an
equivalent mass, pure aluminum exhibits superior electrical conductivity compared to copper.
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2.2  Aluminium alloys.

Table 2.1, clearly illustrates that pure aluminum exhibits relatively weak mechanical prop-
erties, with approximate values for tensile strength and elastic modulus at 90 megapascals
(MPa) and 70 gigapascals (GPa), respectively. Consequently, aluminum is frequently alloyed
to enhance its properties for applications where the inherent properties of pure aluminum are
inadequate [11],[12].This necessity has led to the development of a diverse range of aluminum
alloys.

2.2.1 Classification of aluminium alloys.

Aluminum alloys are classified and distinguished in various ways. One fundamental classifica-
tion is based on primary production methods, namely cast and wrought alloys. Cast aluminum
alloys are produced by melting and pouring molten metal into a mold to achieve a near-net
shape. On the other hand, wrought alloys are initially cast into an ingot or billet and subse-
quently deformed into the desired final product forms such as foils, sheets, wires, rods, etc [13].

The Aluminium Association uses a four-digit designation system (AAXXXX) known as
the International Alloy Designation System (IADS) to categorize various wrought aluminum
alloys into different series or groups based on their principal alloying elements [11]-[14]. This
classification is summarized in Table 2.2, where "AA” in AAXXX stands for "Aluminum Alloys’
and the first digit Xxxx specifies the primary alloying element. The second digit xXxx indicates
any modifications made to the parent alloy. Finally, the last two digits in the designation xxXX
are numbers assigned to differentiate between alloys within the same series or group [13].

Table 2.2: Classification of wrought aluminium alloys based on principal alloying elements
[14].

Alloy group Principal alloying element
AAlxxx Unalloyed
AA2xxx Copper (Cu)
AA3xxx Manganese (Mn)
AAdxxx Silicon (Si)
AABxxx Magnesium (Mg)
AA6xxx  Magnesium (Mg) and Silicon (Si)
AATxxx Zinc (Zn)
AA8xxx Other elements

A further distinction is made on the basis of the primary strengthening method. Alloys that
respond to thermal treatments such as solution treatment, quenching, and precipitation/age
hardening, are categorized as heat treatable aluminum alloys. Conversely, those that do not
respond to thermal treatment are classified as non-heat treatable aluminum alloys. The latter
group achieves strengthening through work hardening [12].
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Table 2.3: Classification of wrought aluminium alloys based on primary strengthening mech-
anism [12].

Aluminium series Alloy system

Non heat-treatable (work-hardenable)

AATxxx Pure Aluminium
AA3xxx Al-Mn
AA4xxx Al-Si
AAbxxx Al-Mg
AA8xxx Al-Fe
AA8xxx Al-Fe-Ni
Heat-treatable (precipitation-hardenable)
AA2xxx Al-Cu
AA2xxx Al-Cu-Mg
AA2xxx Al-Cu-Li
AAb6xxx Al-Mg-Si
AATxxx Al-Zn
AATxxx Al-Zn-Mg
AATxxx Al-Zn-Mg-Cu
AA8xxx Al-Li-Cu-Mg

2.2.2 AAS8021 and AAS8079

Unlike other series of aluminum alloys, the 8xxx series comprises a wide range of chemical com-
position systems with different primary alloying elements. Each system is specifically designed
to achieve an optimal combination of properties for particular applications. For instance, al-
loys based on the Al-Fe—Ce and Al—Fe—V—Si systems are preferred for application(s) that
require elevated temperature performance [12]. Alloys within the Al-Li—Cu—Mg system are
desirable in aerospace applications due to their exceptional strength-to-weight ratio, often re-
placing some medium- to high-strength AA2xxx and AA7xxx alloys [12],[15]. Furthermore,
alloys based on Al—Fe—Si exhibit microstructural stability and possess mechanical properties
suitable for use as electrical conductors.

The alloys in the AA8xxx series, based on the Al-Fe-Si system, incorporate higher levels
of Fe and Si compared to the permissible range in Al-Fe-Si based AAlxxx series alloys. Addi-
tionally, AA8xxx alloys are typically non-heat-treatable, thus relying on the work-hardening
mechanism for primary strengthening. Common alloys within this system include AA8021 and
AA8079, with Fe and Si as the main/principal alloying elements in their matrices [16],[17].
Manganese (Mn) is sometimes also considered a primary alloying element in this system; how-
ever, its significance hinges on the quantity present in the alloy. Delijic et al. [18] reported a
typical range of 0.25-1.75 wt% for Fe, 0.05-0.65 wt% for Si and 0.01-0.5 wt% for Mn. These
reported ranges for Fe, Si, and Mn in Al-Fe-Si alloys are consistent with the values outlined in
the European Standard EN 573-3 [19], providing additional validation for their composition
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specifications.

These ranges of permissible amounts of Fe and Si in both alloys indicate potential variabil-
ity in the Fe and Si content within these alloys. Consequently, various elemental compositions
have been reported for these alloys in different studies. Tables 2.4 and 2.5 illustrate the ele-
mental composition of AA8021 [20] and AA8079 [21]. It is clear from the tables that the two
alloys exhibit distinctions in their Fe and Si quantities. AA8079 demonstrates a significantly
higher Si content than AA8021, whereas AA8021 exhibits a relatively higher Fe content than
AA8079. The Fe:Si ratio has been adopted to investigate and explain the impact of Fe and Si
levels on the microstructure and mechanical properties of aluminium alloys.

Table 2.4: Chemical composition of AA8021 aluminum alloy [20].

Alloy Fe Si Cu Mn Ti Al
AA8021 1.40 0.15 0.02 0.01 0.02 Bal

Table 2.5: Chemical composition of AA8079 aluminum alloy.[21].

Alloy Fe Si Cu 7Zn Other
AA8079 1.3 0.3 0.005 0.1 0.15
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2.3 Formation and effects of intermetallic particles (IMPs)
in Al-Fe-Si system

While Fe and Si are deliberately added as significant alloying elements in 8xxx aluminum
alloys, they exhibit limited solubility in aluminium, estimated at about ~0.05% at 650°C for
Fe and ~1.65% at 577°C for Si. Consequently, excess Fe and Si, unable to dissolve fully in
the aluminum matrix upon solidification, combine with other alloying elements to form binary
Al-Fe and ternary Al-Fe-Si IMP phases [22],[23]. This indicates that most of Fe and Si in so-
lidified aluminium alloys exist in the form of IMPs. These IMPs exhibit varying features such
as morphology, size, aspect ratio, chemical composition, and hardness/brittleness, collectively
constituting the microstructure and significantly influencing the mechanical properties of the
alloys [24]. Therefore, it is essential to thoroughly understand the formation and evolution of
these phases to potentially prevent the formation or mitigate the effects of harmful IMPs on
mechanical properties.
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Figure 2.3: Al-rich corner of the binary Al-Fe phase diagram.[23].

Figure 2.3 shows the Al-rich corner of the binary Al-Fe diagram and illustrates the equi-
librium IMPs that are stable at different temperatures for varying Fe compositions (wt%). In
the absence of Si, the primary Al;3Fe,, sometimes denoted as AlzFe, forms as the temperature
of the molten metal decreases, as described by Equation (2.6) [23]. It has been reported that
the primary Al;3Fe, particles that form prior to the eutectic temperature tend to grow larger
compared to those that form at the eutectic temperature [25],[26]. Additionally, metastable
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phases such as AlgFe may also form, typically under non-equilibrium conditions discussed in
sub-subsection 2.5.1.1 [25].

In studies focused on the aluminium-rich corner of the Al-Fe-Si ternary system, researchers
have identified more than 10 different types of IMPs when significant Si content is present
[27],]26],]28]. Some of these IMPs have been argued to be difficult to identify and characterize
using conventional techniques due to their closely similar chemical compositions. Figure 2.4a
illustrates the Al-rich corner of the system with 0.8 wt% Fe and depicts the stable equilib-
rium phases at various temperatures and Si wt% contents. It shows the expected equilibrium
IMPs for 0.8 wt% Fe content [29], corresponding to the Fe content typical of 8xxx aluminum
alloys. The chemical compositions of these IMPs exhibit significant variability, as summa-
rized in Figure 2.4b.The most common stable phases are identified as cubic AlgFe,Si (denoted
as a—AlFeSi), monoclinic AlzFeSi (5—AlFeSi), and monoclinic Al;3Fe, (—AlFe), each with
widely accepted chemical compositions [23].

The formation of Al-Fe-Si IMP phases during solidification is significantly influenced by
the alloy composition (Fe:Si ratio) and solidification conditions. The reactions responsible for
the formation of these IMP phases, as depicted in the Al-Fe-Si phase diagram shown in 2.4a,
are described by Equations(2.5)-(2.11) [27]:

L — Al—dendrite (2.5)

L — Al + AlsFe (2.6)

A + AlzFe — AlzFe 4+ a—AlFeSi (2.7)

L — Al 4+ a—AlFeSi (2.8)

L + a—AlFeSi — Al + Al + g—AlFeSi (2.9)
L — Al + B—AlFeSi (2.10)

L — Al + B—AlFeSi 4 Si (2.11)

11
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Figure 2.4: (a)Al-rich corner of the ternary Al-Fe-Si phase diagram with 0.5 wt% Fe [29] and
(b) IMP phases and their corresponding Fe and Si compositions[23].

When the Si content in the alloy exceeds 0.5% and the Fe-to-Si ratio is 3:1, hexagonal
a—AlFeSi is produced. Conversely, with a 2:1 ratio of Fe:Si, monoclinic f—AlFeSi is formed.
When Si is less than 0.5%, 6-AlFe is formed [28]. Among these phases, f—AlFeSi and 6-AlFe
are considered the most detrimental in the Al-Fe-Si system due to their platelet and needle-like
morphologies, which serve as initiation sites for cracking in the alloy. This leads to reduced
formability, ductility, and strength[30],[31]. On the other hand, a—AlFeSi is considered the
hardest of these phases, making it more brittle during the aluminum foil deformation process
[17]. However, its script-like and sometimes circular morphology minimizes its deleterious ef-
fects on mechanical properties, making it the preferred phase between the two. It is important
to note that under varying conditions, these phases may adopt different crystal structures and
morphologies [23]. Thus, the aforementioned argument addresses the most common scenarios
under equilibrium conditions.
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2.4 Effects of Alloying elements on the IMP microstruc-
ture and properties

The versatility of aluminum in numerous applications stems from its ability to be alloyed
with various elements, resulting in a wide range of desirable property combinations. This
versatility is primarily attributed to the diverse influences these alloying elements have on the
microstructure of the resulting aluminum alloys. In particular, 8xxx aluminum alloys exhibit
enhanced properties such as corrosion resistance, formability, ductility, tensile strength, and
electrical conductivity. The following discussion will elucidate the purpose and influence of
alloying elements on the microstructure of 8xxx aluminum alloys.

2.4.1 Iron (Fe)

Fe is the prediminant impurity found in aluminum. Its high solubility in molten aluminium
allows easy dissolution at every molten stage throughout the production process [7]. Con-
sequently, aluminum alloys, including pure aluminum metals, inherently contain a certain
percentage of Fe. When intentionally added to the alloy, Fe serves to refine the grains and
stabilize strength at elevated temperatures, particularly in aluminum alloys used for electrical
conductors [7]. However, an increase in the amount of Fe in aluminium alloys results in an
increase in the average size, thickness, and volume fraction of Fe-containing IMPs [32]. This ef-
fect is illustrated in Figure 2.5 which clearly demonstrates the increase in density (area/volume
fraction) and size of shiny Fe-containing IMPs as the Fe content increases from (a) to (c).

Figure 2.5: SEM micrographs of (a)Al-7Twt%Si (b) Al-7wt%Si-0.6wt%Fe (¢) Al-7wt%Si-1wt%Fe
alloys [32].

2.4.2 Silicon (Si)

Si is another common impurity in commercial aluminum alloys after Fe. Like Fe, Si is often
intentionally added to achieve the formation of Mg,Si and to mitigate the adverse effects of
Al-Fe IMPs by promoting the formation of a-AlFeSi ternary phases [7]. Shakiba et al. [22]
reported an observed increase in the proportion of a-AlFeSi with higher silicon content in
the alloy. Moreover, the transition from both §-AlFeSi and 6-AlFe (AlzFe) to a-AlFeSi is
promoted when there is a substantial amount of silicon present[22].
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2.4.3 Magnesium (Mg)

Mg reacts with Si to create the hardening Mg,Si dispersoid phase that contributes to the
strengthening of aluminum alloys [33]. Typically, this phase forms during the homogeniza-
tion heat treatment process. At elevated homogenization temperatures, nucleation of « -
Al(Fe,Mn)Si particles occurs on pre-precipitated Mg,Si, leading to the dissolution of the Mg,Si
phase [34]. This indicates that a-Al(Fe,Mn)Si typically forms at the expense of Mg,Si.

2.4.4 Manganese (Mn)

Mn exhibits a relatively high solid solubility of approximately 1.25 wt% in aluminum, which
is higher compared to Fe and Si [35]. As a result, upon solidification, most of the Mn remains
in solid solution, while some combines with other alloying elements to form IMPs. The Mn
retained in solution is directly associated with the decrease in the electrical conductivity of
aluminum alloys [36]. In the Al-Fe-Si system, metastable IMPs such as AlgMn have been
reported to form at the expense of AlsFe during non-equilibrium solidification. Additionally,
Mn is used to modify the shape of acicular or plate-shaped Fe constituents and to reduce their
embrittling effect[37].

2.4.5 Copper (Cu)

Cu can chemically react with Al and Fe, forming either tetragonal Al;CuyFe or orthorhombic
alpha-(Al,Cu,Fe) particles during the solidification process. These particles remain insoluble
in subsequent heat treatments but can undergo transformation from one form to another
during ingot thermal treatments [7].

2.4.6 Titanium (Ti)

Commercially pure aluminum usually contains titanium in the range of 10 to 100 ppm. Ti
has a detrimental effect on the electrical conductivity of aluminum. However, the addition of
boron to the melt can help reduce its concentration by forming insoluble TiB,. Titanium is
primarily used as a grain refiner in the production of aluminum alloy castings and ingots [7]
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2.5 Aluminium alloy foil

In electric vehicles (EVs), batteries function as the primary power source for vehicle propulsion.
These batteries rely on various electrochemical reactions, such as those in Li-ion and lead-acid
batteries, to convert stored chemical energy into electrical energy [1]. What distinguishes
EV batteries apart from each other is their superior attributes, which include power density,
energy density, safety, and cost [2]. Aluminum foil is recognized for its chemical stability,
formability, strength and energy density, making it a suitable choice for applications in EV
batteries.

2.5.1 Processing steps for manufacturing industrial aluminium foil

Commercial purity aluminum and several alloys from the ternary Al-Fe-Si system, such as
AA8021 and AA8079, have long been used as foil stock [38],[39]. The growing popularity and
demand for foils based on the AA8xxx series can be attributed to their exceptional combi-
nation of mechanical strength, formability, electrical conductivity, and thermal conductivity
[40]. Figure 2.6 shows the steps involved in the fabrication process of aluminum alloy foils.
This production cycle typically begins with either direct chill (DC) or twin-roll casting (TRC),
followed by meticulously controlled thermomechanical processing of the ingot leading to the
final foil product. These processes have a significant impact on the IMP microstructure and
alloy properties. Therefore, precise control over processing parameters and methods is essen-
tial to ensure that the desired IMP microstructure and properties are achieved.

Before the homogenization process, the ingot is scalped to remove any surface defects and
impurities leftover from the casting process. Next, the ingot is homogenized and hot-rolled
into a strip with a thickness of about 2 to 5 mm thick. This strip then goes through cold
rolling to achieve an intermediate gauge (known as foilstock) ranging from 0.4 to 1 mm. After-
ward, it undergoes annealing typically at temperatures between 350°C and 400°C. Following
annealing, the material is cold rolled again to reach the final desired foil thickness. For pro-
ducing thinner foil gauges below approximately 100 pm, closed-gap rolling is utilized, typically
performed in a specialized foil mill. Most aluminum foil products are used in the O-temper,
requiring a soft annealing process. Furthermore, the final gauge annealing process is crucial
not only to facilitate recrystallization but also to remove any residues of rolling lubricants
from the foil [29].

The type, size, shape, distribution and volume fraction of IMP microstructures found in
aluminum alloys are affected by the alloy’s chemical composition and the cooling/solidification
rate during casting [42]. The influence of the latter is elaborated in Subsubsection 2.5.1.1.
Homogenization, as detailed in subsubsection 2.5.1.2, is a process applied to aluminum alloys
to eliminate chemical segregation and improve the uniformity of the alloy’s microstructure.
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Figure 2.6: Manufacturing process of aluminium foil [41].

2.5.1.1 Direct-Chill (DC) Casting and its influence on the as-cast intermetallic
microstructure

Direct-chill (DC) casting technology was introduced for commercial use in the 1930s. It is
a conventional semi-continuous casting technology adopted for the production of non-ferrous
ingots and billets, which serve as feedstock for secondary production processes such as rolling,
extrusion, and drawing [11],[43]. Tts operational principle is presented by Figure 2.5.1.1, which
shows the molten metal fed into a bottomless water-cooled casting mold. Initially, with the
starter block raised, the mold is closed, and molten metal is poured to the desired level. The
cooling effect of the water-cooled mold walls causes the outer surface to solidify, forming a
shell. This cooling process is termed primary cooling.

After this is achieved, the starter block is gradually lowered at a desired rate to a desired
length while the molten metal is fed into the solidified shell, which now acts as a mold. As
the starter block is lowered, cooling water impinges on the solidified aluminum shell, allowing
the ingot to cool further. This process, known as secondary cooling, is responsible for major
heat extraction in DC casting [43].
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Figure 2.7: Vertical DC casting components and cooling regions [43].

Because of the longer thermal diffusion paths from the outer surface to the center, the
solidification rate in the DC cast ingot varies across the width and thickness. This variation
is reported to be between <0.1-20 Ks™' [4]. Figure 2.8 illustrates that the cooling rate is
higher at the surface where the undercooling is greater due to colder mold walls and lower at
the center of the ingot. This variation influences the resulting IMP microstructure, including
phase/type, size, morphology, distribution, and volume fraction, and consequently affects the
mechanical properties [4],[44].
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Figure 2.8: Cooling rate as a function of distance to surface[45].
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The first notable effect of non-equilibrium solidification rate in DC casting, is the observed
deviation from the expected equilibrium IMPs which would typically form upon equilibrium
solidification. Higher cooling rates promote the formation of Fe-depleted metastable phases
such as AlgFe, Al,, Fe, alongside stable Si-rich a-AlFeSi and o”-AlFeSi thereby displacing the
dominance of AljsFey, which prevails under slower cooling conditions[4]. This phenomenon
has been clarified by Miki et al. who thoroughly documented the correlation between cooling
rates and the resulting phases within the AAlxxx aluminum alloy [46]. This relationship is
depicted in Equations (2.12)-(2.14).

< 1K/sec: AlzFe (2.12)
1 — /10K/sec : AlgFe (2.13)
> 10K/sec : Al Fe (2.14)

Dutta and Rettenmayr reported that this observation is partly attributed to the decline of
the Fe:Si ratio in the liquid as the cooling rate rises, caused by a reduction in Fe concentration
and a simultaneous increase in Si concentration with higher cooling rates, as illustrated by
the plot in Figure 2.9[4].

[Z][]D

Fe/Si ratio in eutectic liquid

1.14

0.01 0.1 1 10

Cooling rate (K/s)

Figure 2.9: Fe:Si ratio as function of cooling rate during solidification of Al-0.8Fe-0.8Si [4]
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Further investigation has been conducted to examine the influence of cooling rate on the
volume fraction of IMPs in Al-Fe-Si alloys. Kraft et al. [47] developed a numerical model to
forecast both the intermetallic particle fraction and the dendrite arm spacing (DAS) in such
alloys. Their model predicts that higher cooling rates result in a higher proportion of IMPs
and a decrease in DAS. A recent review by Dutta and Rettenmayr [4] also corroborated these
findings, with experimental data closely aligned with the predictions of the aforementioned
model as shown in Figures 2.10a and b. The variability observed in the volume fraction can
be attributed to the limited time available for the homogenizing effects of coarsening and back
diffusion at elevated cooling rates [4],[48].

In addition, studies have revealed a negative correlation between intermetallic particle size
and cooling rate. Enhanced cooling rates have been observed to facilitate the refinement of
IMP size, concurrently altering their morphology towards a more equiaxed or regular shape by
reducing the aspect ratio[4],[47],[48]. This relationship is visually shown in Figure 2.10c and
through high-magnification micrographs in Figure 2.11. The observed refinement of IMPs is
attributed to the process of repeated nucleation, suggesting that in these alloys, the evolution
of second phases is predominantly nucleation-dependent rather than growth-dependent.
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Figure 2.10: (a)Variation in the volume fraction of intermetallic particles as a function of
cooling rate(b) Variation in the secondary DAS as a function as a function of cooling rate (c)
Variation in the size of the intermetallic particles as function of cooling rate [4].

(b)

Figure 2.11: micrographs showing intermetallic particles in samples with different cooing rates
(a) 0.09 Ks~! and (b) 3.43 Ks! [4].
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The examination of various regions within the DC cast ingot reveals distinct IMP mi-
crostructures, and is summarized as follows:

e The edge of the DC cast ingot experiences rapid cooling, resulting in a higher volume
fraction of IMP particles that are finer, faceted and depleted in Fe such as metastable
AlgFe, Al,,Fe and stable Si-rich a-AlFeSi.

e In contrast, the center of the ingot undergoes slower cooling, leading to the formation of
a lower volume fraction and coarser, Fe-rich IMPs such as Al;3Fe, and S-AlFeSi. These
IMPs tend to have more faceted morphology. These IMPs often exhibit a more faceted
morphology.

2.5.1.2 The influence of homogenization on the intermetallic microstructure A A8xxx

Homogenization is a crucial heat treatment process that is traditionally performed on wrought
aluminum alloys prior to the fabrication of semi-finished products like foils, sheets, and plates.
This essential high-temperature treatment serves multiple objectives, including][5]:

e reduce the effects of microsegreagtion.

e remove non-equilibrium or unwanted IMPs particles with low melting points which are
typically responsible for crack initiation in the downstream fabrication.

e facilitate controlled precipitation of surplus alloying elements dissolved in the matrix.

After solidification, the matrix is usually supersaturated as a result of rapid cooling during
the casting process. Elevated temperatures during homogenization induce the diffusion of al-
loying elements from regions such as grain boundaries and solute-rich areas towards the center
of the grains [5],[49].The diffusion time is impacted by factors such as diffusion distances, grain
size or dendrite arm spacing (DAS), and individual diffusion rates of alloying elements. In
this context, the average distance x that a specific atom can cover in time (t) is determined by
the formula ZL‘:(Dt)(l/ 2), where D represents the diffusion coefficient and it is highly sensitive
to temperature. These coefficients vary significantly for different elements, often by several
orders of magnitude [5]. Consequently, the efficacy of homogenization treatment is influenced
by temperature, duration, and specific alloying element(s) involved in the diffusion process.

In AASXXX aluminum alloys, characterized by fine and elongated AlFe and Al Fe Si,
IMPs, homogenization is conducted to redistribute and spheroidize the IMPs through parti-
cle transformation, typically performed at temperatures above 500°C [49]. This procedure is
essential to improve the downstream fabrication processes and mechanical properties of alu-
minum alloys [50]. Furthermore, diffusion of alloying elements during homogenization changes
the solute solution content, directly influencing the electrical resistivity/conductivity of the
alloys.

Numerous studies have investigated the impact of homogenization practices on the mi-

crostructure of IMPs within the Al-Fe-Si system. Patel and Mukhopadhay [51] reviewed
the homogenization effect on AA8011 and noted that the alloy containing (-AlFeSi phase in
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the as-cast condition undergoes transformation to a-AlFeSi phase from approximately 570°C.
Consequently, the morphology changes from needle-like to circular. This latter observation is
in agreement with the results of a similar study on AA8079 by Kralil et al. [49] which shows
the spheroidization, coarsening and change in distribution of IMPs during homogenization
(Figure 2.12). In as-cast state, the elongated IMPs begin to spheroidize at 450°C. Continued
spheroidization and nucleation of new particles is observed at 475°C. This is followed by the
dissolution and coarsening of selected IMPs at 550°C and below 575°C. Above 575°C, the
final microstructure is coarser.
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Figure 2.12: Schematic representation of the IMP shape and size evolution during homoge-
nization [49].

The graph in Figure 2.13 shows that the variation in homogenization soak time and tem-
perature also affects the IMP volume fraction. The proportion of IMP decreases as time
and/or temperature increases [51].
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Figure 2.13: The effect of homogenization time on IMP volume fraction conducted at two
different temperatures [51].

In the case of alloys initially containing metastable AlgFe, Al,,Fe and stable a-AlFeSi, ho-
mogenization at approximately 550°C, initiates distinct phase transformations. The metastable
Fe-depleted AlgFe and Al,,Fe phases undergo transformation into stable AlsFe or Al;3Fey
through the dissolution—reprecipitation mechanism where Fe is required to diffuse from the
dissolving Al,,Fe to the precipitating AlsFe particles [22]. Consequently, Fe is identified as
the primary alloying element driving this transformation. The same mechanism is responsible
for the transformation of a-AlFeSi to AlgFe or Al;3Fe, at temperatures approximately 590°C
and/or above [22].
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2.5.2 Aluminium alloy based current collectors in EV batteries

In electric vehicles, lithium-ion (Li-ion) batteries serve as the primary power source for propul-
sion, owing to their high energy and power densities [1] which affects the performance of the
battery. The internal structure of a typical Li-ion battery comprises a cathode, an anode, a
separator, an electrolyte, and two current collectors as shown in Figure 2.14a. Current collec-
tors serve as connecting components that collect electrical current produced at the electrodes
and establish connections with external circuits. In commercial applications, Al and Cu foils
are commonly used as current collectors for cathodes and anodes, respectively. Together, Al
and Cu current collectors contribute a total of 15% which breaks down to 6.9wt% and 8.1wt%
respectively towards the battery’s total weight (Figure 2.14b).
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Figure 2.14: (a) The internal structure of a Lithium-ion (Li-ion) battery [52] and (b) The
weight percentage (wt%) contribution of each component in the Li-ion battery [1].

The performance of Li-ion batteries is significantly influenced by a combination of cur-
rent collector properties such as electrochemical stability, electrical conductivity, mechanical
strength, and density. Enhancement of these properties improves the capacity, rate capabil-
ity, and long-term stability or service life of Li-ion batteries. Furthermore, the reduction in
thickness (wt% contribution) of the aluminium foil has been reported to drastically improve
the energy density of the Li-ion battery. All of these factors work together towards enhanced
Li-ion battery performance. In essence, these properties constitute the requirements for ma-
terials that can be used in Li-ion batteries as current collectors.

Therefore, since the introduction of aluminium foil in commercial Li-ion batteries in 1991,
significant research has been aimed toward the development of the structure of the current
collectors.
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However, aluminiun foil offers an excellent combination of these properties. Its exceptional
electrochemical stability is attributed to the formation of the passivation films (i.e Al,03 and
AlF3) on its surface. This surface layer is responsible for the protection from undesired reac-
tions with the electrolytes and only allows Al to serve as current collectors at the cathode of
Li-ion batteries, because an attempt to use aluminium at the anode results with the alloying
reaction between aluminium and lithium.

In addition to the remarkable electrochemical stability, aluminum foil current collectors
offer the advantage of high electrical conductivity. Aluminum ranks as the fourth most con-
ductive metal, exhibiting an electrical resistivity of 2.65 x 95 p£2 at 20°C. This position it just
after silver, copper, and gold in terms of conductivity.

The good mechanical strength combined with the low density recorded in Table 2.1 also
makes aluminium foils stand out from other candidate materials because common electrodes
are created through the process of casting slurry onto metal foil current collectors [26]. As
a result, current collectors play a crucial role as a support mechanism for the electrodes.
Some electrodes undergo substantial volume changes during cycling (charging and discharg-
ing), such as thick electrodes like the Si anode experiencing up to 400% volume expansion due
to formation of LiSi alloy [27], the risk of electrode pulverization or delamination is signifi-
cant. Thus, using current collectors with sufficient mechanical strength becomes imperative
to maintain the cohesion of electrode active materials to the current collector and maintain
overall electrode integrity during cycling.
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2.6 Microstructural characterization

Microstructure characterization is a traditional approach to gain insight into microstructure in
materials. This analysis enhances our understanding of the impacts of composition, manufac-
turing techniques, and heat treatments on the microstructure and subsequently the mechanical
properties of alloys. Consequently, diverse techniques have been employed to thoroughly ex-
amine the microstructure of materials, encompassing both qualitative and quantitative anal-
yses. The characterization techniques that are typically used to study IMPs include Light
microscopy (LM), scanning electron microscopy (SEM), scanning transmission electron mi-
croscopy (STEM) and X-ray diffraction (XRD). In addition, supporting software tools are
frequently utilized for the processing of data acquired from these techniques. Examples in-
clude TmagelJ for image analysis and ATEX/Profex for diffractogram analysis.

2.6.1 Light Microscopy (LM)

Optical microscopy refers to the observation of structures that can be resolved through the
use optical/light microscope [53] and utilizes light in the visible spectra to illuminate specimen
[54]. It is essential to obtain a 2D overview of the microstructural features such as morphology,
size, and distribution of intermetallic phases to the capability of that microscope and imaging
requirements such as different magnifications, resolution, depth of field and lens aberrations.
Additionally, built-in video cameras that are compatible with TV monitors are extensively
used for easy display and recording of micrographs and videos [55].

This invaluable piece of equipment comes in different configurations to suit the needs of the
investigation. Such as being upright or inverted, having a specific illumination system (re-
flected light microscope or transmission light microscope), using a specific light sources (i.e
Tungsten-halogen filament lamps) and having a choice of examination mode (bright field, dark
field and Oblique illumination) [55][56][54].

Reflected light microscopy is a commonly employed technique for imaging metallic mi-
crostructures, utilizing the Kohler illumination principle to achieve the desired uniform light
field on the surface of the object. This principle involves the use of the collector lens to create
an image of the light source at the first condenser lens or at the aperture of the illumination
condenser, as shown in Figure 2.15. Subsequently, the second condenser lens reproduces this
image of the light source in the back focal plane of the objective lens, following reflection of the
light by the reflector. Consequently, the surface of the specimen receives uniform illumination.
Condenser lenses, in conjunction with the objective lens, generate an image of the radiant field
stop within the plane of the surface of the sample [55].
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Figure 2.15: The Kohler illuminatoin principle schematic in reflected light microscope [55].

2.6.2 Scanning electron microscopy (SEM)

Electron microscope (EM) is also an invaluable tool in microstructural analysis, and the two
should not substitute each other wholly but should be used in conjunction for enhanced
evaluation. It uses a beam of electrons to illuminate and interact with not only the outer
surface but penetrates the sample to a certain depth in Scanning Electron Microscope (SEM)
and through the sample using Transmission Electron Microscope (TEM). This interaction
allows for in-depth analysis of the microstructure as explained in the following subsubsections.

2.6.2.1 Scanning Electron Microscope (SEM) coupled with Energy Dispersive
X-ray spectroscopy (EDX)

SEM is a highly versatile tool for examining the microstructure of metallic materials. In com-
parison to the optical microscope, it significantly improves resolution, reaching approximately
10 nm in routine instruments and dropping to below 3 nm in ultimate values—expanding
magnification capabilities from 10,000x to 150,000x. It also boasts a larger depth of focus by
over two orders of magnitude, ranging from 1 m at 10,000x to 2 mm at 10x [54]. SEM, with
attached equipment for energy-dispersive x-ray analysis, enables semi-quantitative and, in fa-
vorable cases, quantitative composition analysis of the sample features [54],[57],[58]. These
qualities are necessary when analysing components of the sample that cannot be clearly im-
aged, identified or distinguished in a typical OM due to its limited capabilities.

In SEM, the electron beam is generated from a heated cathode and directed through a
series of magnetic lenses to focus the beam of a diameter ranging from approximately 10 nm
(100 A) in standard instruments to 1 nm (10 A) in high-resolution instruments. Acceleration
voltages vary from 1000 to 50,000 V, and the current of primary electrons responsible for for
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magnification falls within the range of 1078 to 1077 A [54].

The electron beam scans the specimen creating an interaction volume shown in Figure
2.16 and the electrons excited by the beam are emitted from the specimen and collected in
an electron detector [59]. Backscattered electrons exit the surface with a diverse range of
energies. Some of the factors affecting this energy distribution are the number of outer-shell
electrons, the material’s atomic number, and the specimen’s surface inclination. When the
atomic number of the impacted material decreases, fewer electrons are backscattered, and
more energy is lost. Conversely, in materials with higher atomic numbers, numerous electrons
are backscattered by surface-close atoms, resulting in minimal energy loss. Thus, materials
with higher atomic numbers shines brighter compared to materials with lower atomic numbers
[54],[59]. This is valuable for differentiating IMPs of different phases.
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Figure 2.16: The interaction volume created by a beam of electron interacting with a sample
[60].

The X-rays excited by the electron beam form two types of spectra: (1) the bremsstrahlung
with a continuous spectrum and (2) the characteristic radiation with a distinct line spectrum
which can be analyzed by energy-dispersive spectrometry (EDS) to yield information about
the chemistry of the material [54],[57],[58], [59]. This can be used to attain information about
the chemical composition of IMPs and other components in metallic materials.

2.6.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscope (TEM), which involves passing electrons through the sam-
ple, provides visual information on the size, distribution, morphology and selected area electron
diffraction (SAED). Furthermore, high resolution TEM (HRTEM) provides resolution at the
sub-nm level and offers information not only on the size and morphology, but also on the crys-
tallinity of specimens via atomic spacing measurements, coupled with the electron diffraction
pattern and fast Fourier transforms (FFTs). Scanning TEM (STEM) is usually combined
with energy-dispersive X-ray spectroscopy (EDS) in high angle annular dark field (HAADF)
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to produce chemical x-ray and composite maps to quantify the elemental distributions within
the specimens[58]. Both HAADF-STEM and STEM-EDS can used to elucidate the structures
of the IMPs extracted from the Al substrates.

2.6.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analytical technique whose principle hinges on
the generation of characteristic diffraction patterns of a crystalline substance produced when
x-rays interacts with the samples under investigation. X-rays are electromagnetic radiation
whose wavelengths lie between 0.1A and 100A, similar to the interatomic distances in a crystal.
This similarity allows crystal structures to diffract X-rays. XRD is used to assess the crystalline
nature and phases of both bulk and extracted IMPs.

XRD is initiated by directing x-rays towards the sample through a slit of an ideal size and
upon interaction with the sample, they are either scattered or transmitted by the electrons
of the atoms in the specimen. It is important to note that these atoms lie in lattice planes
with particular arrangement in a unit cell, see Figure 2.17. When the scattered x-rays interact
constructively, a resulting x-ray displays a larger amplitude and a peak intensity is registered.
This phenomena happens when the Bragg’s law requirements for constructive interference are
met according to equation 2.15:

Figure 2.17: Arrangements of atoms in a unit cell with lattice planes

nA = 2dhkl sin @ (215)

where :
n : Order of interference.
A @ x-ray wavelength.
dpr - distance between lattice planes h, k and 1.

6 : angle of incident x-ray.
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According to this relationship, constructive interference of x-rays scattered from adjacent
planes happens when the path difference is an integer number of wavelengths. Figure 2.18
shows the geometric representation of this phenomena. The detector records the radiation
diffracted at lattice planes that satisfy Bragg’s law. Therefore, for a specific wavelength A,
the angle (peak position) 6 or 26 at which constructive interference occurs is measured and
represented as a pattern which is unique for a substance and can therefore be seen as a fin-
gerprint of a crystalline substance, allowing for crystallographic phase analysis. Additionally,
the intensity of the peaks facilitates the determination of the quantitative composition of the
phases in the samples.
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Figure 2.18: Diffraction of x-rays from planes of atoms in a crystal [61].

In a powder diffraction there are many possible orintations due to the polycrystalline na-
ture of the sample. Thus, identical lattice planes in different crystals scatter x-rays in various
directions, displaying a unique diffraction pattern for constituent phases present in the sample.
This is then followed by peak identificationn in the diffraction pattern. This involves assign-
ing the observed peaks to phases forming them. This is achieved by comparing the measured
multiphase diffraction pattern with a database containing known phases, including expected
ones like Al Fe, AlsFe, AlgFe, Al;FeSi and AlgFe,Si.

Quantitative analysis involving determining the proportions of present phases is achieved
through additional post-processing such as the Rietveld Refinement method which uses the
least squares method to minimize the difference between the calculated and measured patterns
as seen in equation 2.16. The index i represents the angular position in the powder pattern
(refer to equation 2.17).

n—1

Min = Z(W/Z(Y;Jbsz - Ycalcz-)2) (2.16)
n=0

20; = 205107t + 1A20 (2.17)
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3.Experimental Procedure

3.1 Summary of experimental techniques.

This chapter covers the two experimental approaches used to investigate the effect of varying
solidification/cooling rates during DC casting, homogenization, and chemical compositions on
the IMP microstructure in two aluminum alloys: AA8021 and AA8079. Before conducting
laboratory experiments, the chemical compositions of as-cast samples were analyzed using
inductively coupled plasma (ICP) spectroscopy. This data was then used to predict the ex-
pected IMP phases through thermodynamic calculations using JMatPro. The summary of
these experimental approaches is shown in Figure 3.1.

In the first approach, as-cast and homogenized bulk samples extracted from both the sur-
face and center of the ingot, were examined using traditional metallography techniques. These
included SEM-EDS and light microscopy, combined with ImageJ for image analysis. The sec-
ond approach focused on characterizing the extracted and partially extracted IMP particles
(powder), produced through matrix dissolution and deep etching, respectively. The powder
was analyzed using SEM-EDS, STEM, and XRD, with the Rietveld method employed to iden-
tify and quantify the IMP phase fractions.
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Figure 3.1: A summary of experiments carried out in this study
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3.2 Material and sampling

In this research project, the materials investigated are AA8021 and AA8079 aluminium alloys,
which were provided to the University of Cape Town’s Centre for Materials Engineering (CME)
by Hulamin rolled products in Pietermaritzburg. The chemical compositions of these alloys
are provided in Table 3.1 below. There is a clear variation in Fe, Si and Ti wt% composition
between these alloys. AA8079 contains relatively higher amount of Si compared to AA8021,
which contains relative higher Fe than AA8079.

Table 3.1: Chemical compositions of AA8021 and AA8079 aluminium alloys.

Alloy ‘ Si ‘ Fe ‘ Cu ‘ Mn ‘ Mg ‘ Ti ‘ Other | Aluminium

AA8021 | 0.034 | 1.147 | <0.01 | <£0.01 | £0.005 | 0.015 | < 0.038 matrix
AA8079 | 0.25 | 0.903 | <0.01 | <0.01 | <0.005 ] 0.040 | < 0.086 matrix

In Section 2.5.1.1, a discussion was provided explaining how the cooling rate of the ingot
decreases gradually from its outer surface towards the centre during casting. This variation in
cooling rates leads to microsegregation and differences in the IMP microstructure. To account
for these effects on the IMP microstructure, the samples were collected from two distinct
regions, as illustrated in Figure 3.2. These regions are termed surface (near surface) and
center based on their locations within the DC cast ingot slice that was used as the source
material for this work.

Surface sample

Centre sample // ,

=
/ ¢

Length

Thickness

A
\ 4

Figure 3.2: A schematic representation of the sampling regions along the ingot specimen.
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3.3 Homogenization

In this study, two different homogenization practices were followed: one-step and two-step
homogenization practices. The heating and cooling rates for both practices were maintained
at 50°C/hr to ensure equilibrium temperature between the sample and the furnace. Overall,
five distinct homogenization treatments were implemented, and a description of these practices
is provided below in Table 3.2. The abbreviations listed in this table will be used consistently
throughout this thesis to refer to the corresponding homogenization treatments.

Table 3.2: Abbreviations and descriptions of homogenization practices

’ Condition ‘ Temperature 1 | Time 1 | Temperature 2 ‘ Time 2 ‘

AC (As Cast) - - - -
HT1 500°C 2 hours - -
HT?2 500°C 20 hours - -
HT3 550°C 4 hours 520°C 2 hours
HT4 560°C 4 hours 520°C 2 hours
HT5 580°C 4 hours 520°C 2 hours

3.3.1 One-step homogenization

In a one-step homogenization treatment, graphically summarized in Figure 3.3, specimens
were thermally treated in a programmable furnace following the steps outlined below. The
heating and cooling rates were chosen to mimic industrial homogenization conditions, with
the soaking time serving as the independent variable. The steps included:

i heating the specimens in a programmable furnace from room temperature (25°C) to 500°C
at a heating rate of 50°C/hr.

ii soaking at this temperature for durations of either 2 or 20 hours.

iii Furnace cooling to room temperature at a cooling rate of 50°C/hr
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Figure 3.3: Single-step homogenization profiles at 500°C for 2 and 20 hours

3.3.2 Two-step homogenization

The two-step homogenization practice, as summarized graphically in Figure 3.4, involved the
following steps:

i Heating the specimens in a programmable furnace at a constant rate of 50°C/hr from room
temperature (25°C) to varying higher temperatures; (550°C, 560°C and 580°C).

ii Soaking the specimens at these higher temperatures for four hours.
iii cooling the furnace to 520°C at rate of 50°C/hr.
iv Soaking the specimens at 520°C for an additional two hours.

v Finally, cooling the specimens to room temperature at a rate of 50°C/hr to simulate
industrial homogenization conditions.

34



Chapter 3. Experimental Procedure
NTR

600 4 T T T T

500

~—~ 400

300

Temperature (°C

100

0 L 1 L L L
0 5 10 15 20 25 30

Time (hours)

Figure 3.4: Two-step homogenization profiles with varying initial soaking temperatures at
550°C, 560°C and 580°C.
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3.4 2D microstructural characterization

Microstructural observations and analysis of the bulk solid sample using various types of mi-
croscopes (LM and EM) necessitate thorough metallographic sample preparation, as outlined
in the subsequent subsections.

3.4.1 Metallographic sample preparation.

The samples in both as-cast and homogenized conditions were hot-mounted in black polyfast
resin using a Struers Labopress-3 hot mounting presser. A force of 25 kN was applied during
heating and cooling phases, each lasting seven minutes. Subsequently, the samples underwent
grinding and polishing steps outlined in Table 3.3, performed using a Struers Tegramina-25
apparatus. The speed mentioned in Table 3.3 refers to the speed of the specimen holder,
as labeled in Figure 3.5. The turntable speed was maintained at 150 rpm in a counter-
rotation mode relative to the specimen holder. The initial grinding step utilized 1200 grit size
SiC paper, followed by steps 2-5 which comprised the entire polishing procedure. The OP-S
polishing step was divided into two stages (steps 4 and 5) to complement each other. Although
the use of MD-Chem cloth in the OP-S step successfully removed 1 um scratches, some pick-up
was observed on the sample surface. To address this, the OP-S procedure was repeated using
MD-Nap cloth, effectively removing the pick-up with minimal scratching. Finally, step 6 was
executed, which was aimed at rinsing off the OP-S residue from the surface.
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Table 3.3: Metallographic grinding and polishing sample preparation methods.

| Sic paper/Polishing pad | Suspension | Force (N) | Time(minutes) | Speed (rpm) |
1. 1200 grit paper water 20 1 150
2. MD Mol cloth DiaDuo-2 3pum 20 7 150
3. MD Nap cloth DiaDuo-2 1pum 15 3 150
4. MD chem cloth OP-S 15 3 100
5. MD Nap cloth OP-S 15 2 100
6. MD Nap cloth water 5 2 100

Figure 3.5: Struers Tegramina-25 grinding and polishing machine.
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3.4.2 Light microscopy

As-polished and etched samples were examined using a Nikon Eclipse MA200 optical micro-
scope. The primary objective of optical microscopy was to examine the present morphologies,
capture micrographs for overall volume fraction quantification, and to identify different IMP
phases based on their color contrast and morphology after etching. Etchants that were tri-
aled includes Keller’s reagent, 10% NaOH, and 5% HF. Their effects are illustrated in Figure
3.6. The ideal color contrast between the IMP phases could not be achieved through etch-
ing. Furthermore, etching exposed dispersoids in homogenized samples (indicated within the
red dotted markings), which overestimated the volume fraction quantification. Consequently,
microstructural examination was conducted on as-polished samples.

Figure 3.6: Etching Effects of (a) 10% NaOH, (b) 5% HF, and (c) Keller’s Solution on inter-
metallic particles.

3.4.3 Image analysis using ImageJ software

According to the literature, the concept of image analysis for the quantification of the volume
fraction (VF), is based on the established Equation (3.1), which demonstrates that the per-
centage area (A%) can be interpreted as volume fraction (VF) [62].

AV
Atot Vtot

(3.1)

ImageJ, an open source Java-based image processing application inspired by NIH Image
and designed for the Macintosh platform, was used to measure the area fraction of IMPs in the
samples. The functional principle of this program hinges on identifying the variation in pixel
intensity between the IMPs and the Al matrix in the micrographs. The area fraction is then
computed by calculating the ratio of the pixels within a specific intensity range (corresponding
to the IMPs) to the total number of pixels in the micrograph.

The optical micrographs were acquired at 100x magnification. Due to the relatively small
size of these IPMs, this bigger magnification ensured accuracy when thresholding (shading) the
area covered by the IMPs. For statistically meaningful evaluation of the overall volume frac-
tion, an average of 200 micrographs were analyzed. Due to this large quantity of micrographs
required, a recorded macro within ImageJ, which is essentially a loop, was used to allow batch
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processing of all micrographs in a specified folder. Because of the semi-automation nature of
this mode, it was necessary to manually process the micrographs prior to ImageJ processing,
to remove micrographs with defects/contamination that might introduce/contribute to data
bias. Additionally, the thresholded migraphs were compared to the untresholded micrographs
to assess the batch processing accuracy. The associated steps of this process are outlined in
appendix A.

3.4.4 Scanning electron microscopy (SEM) paired with Energy dis-
persive X-ray spectroscopy microscopy (EDX)

The chemical composition of the IMPs was studied to establish a link between their observed
morphology and the expected phases, as predicted by JMatPro. To achieve this, SEM coupled
with EDS was employed. Solid specimens, carefully polished and mounted on a SEM speci-
men stub, were analyzed in their unetched state using a Nova NanoSEM 230. An acceleration
voltage of 20 keV, with an appropriate spot size and a 6 mm working distance, proved effective
for examining the IMPs’ composition. Some of the IMP phases were smaller than the interac-
tion volume of the electron beam, which led to readings being influenced by signals from the
matrix. As a result, the SEM-EDS data from bulk samples required careful interpretation and
occasionally yielded inconclusive results. Therefore, various SEM-EDS techniques, including
mapping, line-scan, and spot analysis, were employed to address these challenges.
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3.4.5 X-Ray Diffraction on solid /bulk samples

An advanced method of phase identification and quantification of the IMP known as XRD
was performed on the unmounted bulk/solid samples with a height of 2mm. The aluminum
matrix in the solid samples interfered with the detection of the IMPs, which were present
in minimal quantities (approximately 3 wt%). As a result, the XRD spectra predominantly
showed peaks related to aluminum, as shown in Figure 3.7. The prominence of these aluminum
peaks obscured the smaller peaks necessary for identifying the IMP phases.

— 5802C —560°C
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Figure 3.7: XRD spectra of solid AA8021 surface sample.
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3.5 3D microstructural characterization

With 2D analysis presenting its own limitations and challenges as explained in subsections
3.4.4 and 3.4.5, 3D technique was then employed as a complementary method. This technique
focuses on characterizing powdered samples, where the IMPs were either fully extracted and
isolated from the aluminium matrix or partially extracted and left protruding from the alu-
minium matrix. The detailed processes of complete matrix dissolution, partial dissolution,
XRD analysis, SEM-EDS and STEM are outlined in the subsequent subsections 3.5.1 and
3.5.2.

3.5.1 DMatrix dissolution and particle extraction using phenol

The common method used for the extraction of IMPs in aluminium alloys is SiBut [63], which
involves the dissolution of aluminium in dry 1-Butanol at elevated temperature. The reaction
of aluminum with 1-butanol is highly sensitive to water. Therefore, the 1-butanol should
be dried prior to the reaction, which is challenging to achieve consistently. Consequently, a
different method was used for IMP extraction. In a study conducted by Gupta et al.[63], Sato
and Izumi [64], an alternative method to SiBut was explored for particle extraction. This
method involves dissolving the aluminum matrix in boiling phenol. The dissolution process
proceeds according to the following reaction:

Al + 3HOCGH; — Al(OCgH;); + 1.5 H, (3.2)

According to Sato and Izumi [64], the dissolution of a sample with a mass greater than 0.3g
results in the formation of aluminum phenolate, which contaminates the extracted powder.
Gupta et al. [63] argued and demonstrated that samples with a mass of up to 6g could be
dissolved successfully without the precipitation of aluminum phenolate. This argument is well
justified, considering that according to Equation 3.2, aluminum phenolate will always form
as a byproduct. Therefore, thorough cleaning of the particles after decanting the solvent is
necessary. The matrix dissolution setup is shown in Figure 3.8b.
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Figure 3.8: As-cast and homogenized samples wire cut from the bulk Al specimen (a) and
Particle extraction experiment set-up (b) for IMPs extraction from these cubes.

The 1x1x1 cm? solid samples depicted in Figure 3.8a were sliced into 1mm sheets to enhance
the surface area and promote a higher rate of reaction. The samples weighed within the range
of 2-2.5g. Figure 3.8b illustrates the setup adopted for this procedure in our experiments
to extract the IMPs from the cubes shown in Figure 3.8a. In a typical extraction process:
70 ml of molten phenol was measured using a warm measuring cylinder and transferred into
a 250 ml round bottom flask and boiled at 182°C' for approximately 5 minutes to allow for
drying (evaporation of water). The sheets were then transferred one at a time into the boiling
phenol using tweezers to prevent the phenol from boiling over. Subsequently, the condenser
was connected to reflux. The progress of the extraction was monitored by observing the
production of hydrogen gas, which was occasionally collected in a balloon fitted at the top
of the condenser. Once hydrogen gas production ceased, indicating the completion of the
reaction, 70 ml of benzyl alcohol was added to the mixture. The mixture was then left to cool
down to room temperature overnight and this allowed the flocculation of the extracted IMPs.
Once the IMP precipitated, the solvent was carefully decanted/extracted using a serological
pipette and pump, taking care not to draw particles out. The black products were washed in
benzyl alcohol repeatedly until the solvent became clear and transparent. These were finally
washed twice using methanol. The products were dried in an oven at 50°C' and weighed on
an electronic weighing scale.
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3.5.2 Powder X-Ray diffraction

The dried black powders of the extracted IMPs were deposited onto a zero-background sili-
con (Si) wafer support and characterized using powder XRD on a Bruker D8 advance X-Ray
diffractometer, using cobalt (Co) Ka radiation (A = 0.178897 nm). The diffraction patterns
were recorded between 5 — 120° (20) with a step size of 0.0169322 and at a scan rate of 4
sec/step. The recorded diffraction spectra were loaded into Profex and matched to the peaks
of the spectra stored in the database. These stored spectra are phase-specific, enabling phase
identification in each sample. However, some expected phases were not found in the database
and were subsequently exported from the crystallography open database (COD), which con-
tains a more extensive set of spectra. Additionally, an attempt was made to quantitatively
analyze each generated spectrum using the Rietveld refinement method to determine the phase
distribution in each sample.

3.5.3 SEM and TEM powder characterization

The SEM-EDX characterization procedure of IMP in 3D was performed on the samples which
were deep etched by partial dissolution in phenol. Deep etching involves partially dissolving
a surface layer of the bulk sample, exposing the 3D structure of the IMP. The experimental
setup for this procedure is identical to that used for complete particle extraction, with the
key difference being that deep etching is performed for a shorter duration (approximately 6
minutes), followed by repeated rinsing in hot benzyl alcohol and lastly methanol. Figure 3.9
shows the sample after deep etching, secured in a stub for SEM-EDS examination. The same
settings on as in SEM-EDS on solid samples were used.

Figure 3.9: AA8021-AC solid sample on SEM specimen stub after deep etching (partial dis-
solution)

Topographical effects in deep-etched samples commonly causes variation in signal inten-
sities, which may often cause apparent differences in chemical composition. To manage this,
TEM and STEM were included as additional characterization techniques of this IMP powder.
Specimens for scanning transmission electron microscopy (STEM) imaging were prepared by
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drop-casting a colloidal solution onto 3-mm standard carbon-supported films on copper grids.
These were air dried under ambient conditions. Samples were analysed using TEM, HR-
TEM and STEM on a FEI Osiris FEGTEM instrument, operating at 200 keV. The chemical
compositions of individual IMPs were investigated using energy dispersive X-ray spectroscopy
(EDS) in STEM mode. Spectrum imaging was used in which an EDS spectrum is obtained at
each pixel in the STEM Image, to produce a three-dimensional (3-D) dataset. Slow acquisition
and image drift correction were applied during each frame. Scanning TEM (STEM) imaging
used bright field and high angle annular dark field (HAADF).
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4.Results

The as-cast and homogenized samples from the centre and surface of the AA8021 and AA8079
ingots were analysed using optical microscopy, scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectroscopy (EDS), high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) with EDS, powder X-ray diffraction (XRD) and
thermodynamic simulations to evaluate and determine the size, morphology, distribution and
volume fractions of intermetallic particles (IMPs). The results obtained from these experi-
mental techniques are conveniently categorized into 3 groups:

e thermodynamic prediction of intermetallic particle microstructure.
e evaluation of the as-cast microstructure.

e cvaluation of the homogenized microstructure.

4.1 Predicted IMP microstructure using JMatPro

Thermodynamic phase predictions were performed using JMatPro (Version 4.0) to forecast
the expected phases and their corresponding volume fractions in the alloys in the as-cast and
homogenized conditions. To account for the effect of varying chemical compositions, phase
predictions are provided seperately for AA8021 and AA8079 alloys. Table 4.1 summarizes
in detail the chemical formulae for the phases identified in these alloys, replacing the default
phase designations originally used in JMatPro. M contained in both Al,Si,M and AlsM_DO22
systems represents modifying elements (Sr, Na, Ti, V, etc). Trialuminide Al;M_DO22 is the
stable form in Al-(Ti,V) [65][66].

Table 4.1: The Al-based phase designations and their corresponding chemical compositions
from the JMatPro database

chemical formula Database phase designation

AlsFe or AljsFe, AlsFe

AlgFe,Si ALFESI_ ALPHA
Al;FeSi ALFESI_BETA
Aly5(Fe,Mn)s3Si, ALPHA

Mg,Si MG2SI

AlgMn AL6MN

AlgFeNi ALI9FENI
AlsM_DO22 AL3M_DO22
Al,Si,M AL2SI2M
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4.1.1 Equilibrium phases in AA8021 and AA8079

For the composition of AA8021 provided in Table 3.1, JMatpro predicts the phases shown in
Figure 4.1(a). This temperature-step plot details the evolution of IMPs in terms of type/phase
and volume fraction (in wt%) over the temperature range 25 - 700°C. The plot predicts the
presence of at least nine different phases at room temperature in the as-cast condition. These
phases include AlsFe, Alj5(Fe,Mn)sSi,, AlsFeSi, Al,Si,M, AlsM_DO22, AlgFeNi, Mg,Si and
AlgMn ;| with the AlsFe being the predominant phase (approximately 2.5 wt%), while the
other phases are below 0.5 wt%. Upon heating, at about 180°C, Al;FeSi dissolves completely,
while AlsFe slightly dissolves in favour of AlgFe,Si. As the temperature increases in the range
200-490°C, all the other present phases dissolve in favour of AlsFe such that only this phase is
expected to be present above 500°C. However, above 450°C, Al;Fe appears to drop in volume
fraction without any phase transformation taking place, which is related to the increase in the
solid solubility of elements such as Mn and Fe at temperatures above 450°C.

Similarly, based on the composition of AA8079 provided in Table 3.1, JMatpro forecasts the
phases presented in Figure 4.1(b). The phases predicted in AA8079 are identical in number
and type to those observed in AA8021. However, according to the thermodynamic phase
predictions in JMatPro, AA8079 is expected to have significant amount of Al;FeSi and AlsFe
between 0 and 180°C, after which they dissolve to form Al5(Fe,Mn)3Si, and AlgFe,Si. The
stability of these two alpha phases weakens at 350°C with concurrent formation of AlsFe that
continues to increase in wt%. Above 500°C, Al;5(Fe,Mn)3Si, is fully consumed while AlgFe,Si
rapidly dissolves at the expense of AlsFe which exists as the only phase above 580°C.
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Figure 4.1: Stepped equilibrium calculation of phases in AA8021 (a) and AA8079 (b).
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4.2 As-Cast Microstructure Characterisation

To gain insight into the influence of the casting practice, specifically solidification rate and
chemical composition, on the development of the IMP microstructure in the as-cast AASXXX,
a comparative analysis of the microstructures was performed on the as-cast samples. First,
this analysis focused on the differences between the two alloys; AA8021 and AA8079 that have
different chemical compositions.

Second, within each alloy across different regions of the ingots (surface and edge) that experi-
ence varying cooling/solidification rates. The qualitative and quantitative findings presented
herein encompass the identification of existing morphologies, their respective phases, distri-
butions, as well as the volume fractions and sizes.

4.2.1 Light Microscopy

Figure 4.2 shows optical micrographs of as-polished AA8021 and AA8079 samples in the
as-cast state, taken at 100x magnification. The micrographs show a 2D view of the IMP
microstructure. The samples were extracted from different regions of the ingots, which experi-
enced varying cooling rates during solidification, as indicated by the black arrow that denotes
the direction of increasing cooling rate. As an additional point of emphasis, an intermediate
region between the surface and the centre has been included in these light micrographs but
will not be discussed in the subsequent sections. The micrographs reveal three distinct charac-
teristic morphologies: needle-shaped, plate-shaped and skeletal morphologies, highlighted in
yellow, blue and red, respectively. These morphologies are unevenly distributed in the ingot
of individual alloys, and appear to grow along preferred paths/region, forming a long-range
network.

In the AA8021 alloy, the skeletal morphology is more prevalent on the surface of the ingot.
Moving inward from the surface through the intermediate region toward the centre, a change
in the IMP morphology is observed as needle- and plate-shaped morphologies become more
dominant. In contrast, the AA8079 alloy predominantly exhibits needle- and plate-shaped
morphologies. The needle-shaped morphology is most prominent at the surface, gradually
decreasing towards the center, while the plate-shaped morphology increases.
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Figure 4.2: As-cast IMP microstructure of AA8021 and AA8079 alloys from surface, interme-

diate, and center regions of the ingot
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4.2.2 SEM-EDS

Two-dimensional (2D) imaging techniques often misrepresent the microstructures of the IMPs
due to their inherent limitations to flat plane view. Specifically, 2D representations fail to
capture critical features such as particle depth, connectivity, and true spatial distribution, all
of which are essential for accurate morphological analysis. To obtain a realistic understanding
of the IMP morphology, a three-dimensional (3D) perspective is required.

In this study, deep etching of the sample in boiling phenol successfully revealed the 3D
structure of the IMPs. However, the surface of the deep-etched sample was uneven and rough,
as shown in Figure 3.9, in Subsection 3.5.3. This made light microscopy unsuitable for imaging
the IMPs. Thus, SEM was used.

Presenting each sample individually would be redundant and inefficient. Instead, the focus
is on reporting and analysing only the distinct morphologies identified across the samples. This
is motivated by the established understanding that IMP phases exhibit different morpholo-
gies during the solidification process [67],[68]. Nonetheless, the light micrographs in Figure
4.2 provide a preliminary overview of how these morphologies compare among the samples.
Therefore, the selected micrographs were chosen to provide a comprehensive overview, specif-
ically highlighting the morphological findings for each alloy across the ingot. Figures 4.3 (a)
and 4.3 (b) shows the IMP morphologies present in AA8021. This technique clearly reveals
an existing interconnected network of IMPs with three distinct morphologies: skeletal, plate-
and needle-shaped morphologies indicated in green, red, and yellow, respectively. The skeletal
morphology observed in 2D view in Figure 4.15, display a feathery-shape in 3D, where rod-like
or needle-like structures stick out from the main stem. Notably, AA8021 surface sample is
predominantly characterised by this skeletal morphology, with traces of plate-like morphology
also present.

Figure 4.3: SEM backscatter electron micrographs of deep-etched AA8021-AC samples, illus-
trating the different morphologies across different regions of the ingot: (a) surface and (b)
center, with distinct phases outlined using various colors.

Unlike the morphologies observed in AA8021, the as-cast ingot of AA80T9 exhibited two
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distinct morphologies: needle-shaped structures (highlighted in red) and plate-shaped struc-
tures (indicated in yellow). These features are shown in Figure 4.4(a) and Figure 4.4(b).

Figure 4.4: SEM backscatter electron micrographs of deep-etched AA8079-AC samples, illus-
trating the different morphologies across different regions of the ingot: (a) surface and (b)
center, with distinct phases outlined using various colors.

To identify the phases associated with these morphologies, qualitative and quantitative
SEM-EDS analyses were performed. However, elemental mapping and quantification on as-
polished samples proved to be challenging because the interaction volume exceeded the size
of some IMPs. Figure 4.5 presents the results of SEM-EDS mapping attempts on the three
distinct morphologies. In Figure 4.5a, mapping the skeletal-shaped morphology with size less
than 3um, EDS does not reveal any significant elemental differences between the matrix and
the IMPs. A similar observation was made for needle-shaped morphology, with thicknesses
also below 3um, as indicated by the arrows in Figure 4.5b. In this morphology, only Fe
was identifiable using this technique. In contrast, the elemental mapping of the plate-shaped
morphology in Figure 4.5b shows Al, Fe, and Si as the principal elements. The Si content
appears notably low.
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Figure 4.5: SEM-EDS mapping of skeletal (a), and needle- and plate-shaped (b) morphologies
in an as-polished specimens.

SEM-EDS using spot analysis was performed to quantify the elemental composition of the
distinct morphologies. Figure 4.6 highlights the skeletal-shaped, needle-shaped, and plate-
shaped morphologies in green, yellow, and red, respectively, where the analysis was conducted.
The results, summarized in Table 4.2, indicate that only Al and Fe were detected in the skele-
tal and needle-like morphologies. In contrast, the plate-like morphology contains traces of Si.

Table 4.2: SEM-EDS elemental analysis of
Al, Fe and Si in different Morphologies of
an as-polished sample (at%)

Spectrum| Al Si Fe Total

1 78.2 | 1.86 | 19.94 | 100

2 77,9 | 0.8 |21.30 | 100

3 93.02 0 6.98 | 100

4 89.77 0 10.23 | 100

5 91.34 0 8.66 | 100

6 93.27 0 6.73 | 100

7 88.51 0 11.49 | 100

8 93.21 0 6.79 | 100

Spectrum 4. 9 90.51 0 9.49 | 100
10 93.65 0 6.35 | 100

11 92.92 0 7.08 | 100

iSpectrum 1 12 92.35 0 7.65 | 100
13 88.22 0 11.78 | 100

14 100 0 0 100

15 93.85 0 6.15 | 100

Figure 4.6: SEM-EDS spot analysis on
deep-etched skeletal morphology
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To minimize the influence of the matrix on the SEM-EDS results, mapping was performed
on deep-etched samples for the identified morphologies. Figure 4.7a and 4.7b show that the
skeletal and needle-shaped morphologies contain Al, Fe, and Si. Despite the height differ-
ences where the IMPs protrude above the matrix (circled in white dashed lines), EDS analysis
shows that the IMPs contain less Al and more Fe compared to the matrix. The Si content
shows minimal variation between the IMPs and the matrix, making qualitative distinctions
challenging.

Figure 4.7: SEM-EDS mapping of skeletal feathery (a), needle- and plate-shaped (b) mor-
phologies after deep etching.

These observations were further investigated using SEM-EDS line-scanning on bulk sam-
ples. This technique shows how the elemental abundance changes across a region of interest
as the electron beam scans through it. The measured line-scans across skeletal, plate- and
needle-shaped morphologies are presented in Figures 4.8a,b and c respectively. These scans
also show a decrease in Al, an increase in Fe, and an almost constant Si content from the
matrix across the IMPs.
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Figure 4.8: SEM-EDS line scan across skeletal (a), plate-shaped (b) and needle-shaped mor-

phologies in as-polished specimens.
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Again, in the absence of the matrix interference, spot analysis yielded some useful data
despite the possibility of signal scattering. From the spot analysis carried out on the different
morphologies, the ratios of Al:Fe were calculated, and the resulting stoichiometric ratio was
used to identify the type of phase associated with that specific morphology. Figure 4.9 and
Figure4.10 show the 3 previously identified morphologies and the corresponding areas where
the different spot analysis was performed. The corresponding readings, the calculated Al:Fe
ratios, and the phase assignment are shown in Tables 4.3 and 4.4. The resulting calculations
indicate that the skeletal morphology is associated with the Al Fe, while needle-shaped and
plate-shaped morphologies are associated with AlgFe and Als;Fe respectively.

Table 4.3: SEM-EDS spot measurements on
skeletal-shaped morphology in at.%

, Spectrum| Al Si Fe Al:Fe | Phase

¥Spectrum 1 75.73| 0.09 [24.18| 3.13 | Al.Fe
- 2 78.01| 0.9 [21.09] 3.69 | Al,Fe

3 73.59| 0.56 [25.85| 2.84 | Al.Fe

4 79,43 | 1.64 |18.93| 4.20 | Al_Fe

5 80.52| 1.82 |17.66| 4.56 | Al_Fe

6 85.23| 0.72 |14.05| 6.07 | Al_.Fe

7 72.71| 2.52 [24.77| 2.94 | Al_Fe

8 77.36| 1.84 [20.80| 3.72 | Al Fe

9 78.98| 1.53 [19.49| 4.05 | Al_Fe

Figure 4.9: SEM-EDS spot analysis on deep-
etched skeletal morphology
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Table 4.4: SEM-EDS spot measurements on
needle- and plate-shaped morphologies in at.%

: ¥ Spectrum| Al Si Fe Al:Fe | Phase
-~~--f;,;e‘;t,-‘,.,-,-.].;.+~ N P | 1 [7506] 289 2185 | 344 | Alfe
i SO\ . 2 |7242| 224 | 2534 | 2.86 | AlFe
\ 3 |73.21] 165 | 254 | 2.91 | AlFe
4 |7431| 312 | 2257 | 329 | AlfFe
5  |8462| 064 | 1474 | 574 | AlFe

oo @ | 6 66.13 | 0.95 | 32.92 | 2.01 -
" & Spectrum e 7 |7078| 2.82 | 26.4 | 2.68 | AlLFe
Spectrum 6 B Soectum 7 8 |71.37] 2.21 | 2642 | 2.70 | AlFe
9 |8653| 001 |13.46| 642 | AlFe

Figure 4.10: Figure 4.15: SEM-EDS spot

10 | 854 | 059 | 1401 | 6.10 | AlFe

analysis on deep-etched needle- and plate-
shaped morphologies.

4.2.3 HAADF-STEM and STEM-EDS

Figure 4.11a and Figure 4.11b show representative bright field BF-TEM and HAADF-STEM
micrographs of the as-extracted IMPs from the aluminium matrix, respectively, using phenol.
These IMPs are observed to contain mixtures of elongated, rod-like, dendritic, near-spherical,
irregular, and cuboidal morphologies. Figure 4.11c is an image acquired using HR-TEM, which
reveals that the IMPs have visible continuous lattice fringes orientated in the same direction.
This suggests that the IMPs have a characteristic single crystalline structure. In addition, the
fast Fourier transform (FFT) extracted from the HR-TEM image (inset in Figure 4.16¢) also
confirms that the selected individual particle is a perfect single crystal.

The elemental distributions within individual IMPs were determined using HAADF-STEM
coupled with energy dispersive X-ray spectroscopy (EDS). Figure 4.12(a-¢) shows HAADF-
STEM micrograph and the corresponding elemental maps of the individual IMP. STEM-EDS
analysis of the highly branched dendritic structures suggests that they are pure Al oxide, this
being the remnants of the purification process. The rest of the darker geometries are IMPs.
The composite EDS map of the nanorod-shaped particle reveals uniform compositional distri-
butions of Al, Fe and Si (Figure 4.12e) within the IMP. Furthermore, cross-sectional intensity
profile (Figure 4.12f) extracted along the maximum length (white arrow) from the EDS spec-
trum image shows the IMP to have Al-enrichment on the surface, with the corresponding
atomic ratios of AlsFe (Si less than 1 at.%). The STEM-EDS results mapping results in show
that silicon Si content in these IMPs is insignificant in these IMPs, resulting in Si noise cov-
ering the outer sides of the IMPs.

This is not a true representation of Si proportion within the IMPs. To avoid the noise
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Figure 4.11: BF-TEM (a), HAADF-STEM (b) and HR-TEM (c¢) micrographs of the as-
extracted IMPs. The inset in (c) is the corresponding FFT.
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Figure 4.12: HAADF-STEM micrograph (a), STEM-EDS maps of Al (b, red), Fe (c, green),
Si (d, blue) and the associated composite EDS map (e). The line scan profile (f), extracted
along the white line path in the composite map in (e).

interference with the approximate Al:Fe ratios, the Si analysis was excluded in Figure 4.13.
Additional STEM-EDS imaging and the composite EDS maps were performed on randomly
chosen different geometries of the IMPs, as shown in Figure 4.18(a-c). Although these different

o7



Chapter 4. Results

NGRo

morphologies show similar homogeneous distributions of Al and Fe within the IMPs, their
estimated ratios were estimated as Al:Fe ratios were 6:1 (Figure 4.13a), 2.8:1 (Figure 4.13b)
and 4:1 (Figure 4.13c), which correspond to the AlgFe, AlsFe and Al Fe phases, respectively.
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Figure 4.13: HAADF-STEM micrograph (a-c, first column), STEM-EDS elemental maps of
Al (red, second columnb), Fe (green, third column) and the corresponding composite EDS
maps illustrating uniform distribution of Al and Fe within the IMPs (fourth column). The

line scan profiles (last column) extracted along the white line path in the composite maps
(fourth column).
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4.2.3.1 XRD

XRD measurements were conducted to evaluate the crystalline nature of the IMP powder. The
resulting spectra were analyzed using Profex, which enabled the identification and matching
of peaks to identify the IMP phases present in the samples. The peak assignments were per-
formed manually using labeled shapes for ease of illustration and interpretation, as shown in
Figure 4.14. This is the spectra for the AA8021 surface sample in different conditions. The
spectra for other samples are presented in the appendix C. XRD patterns confirm that these
IMPs are crystalline in nature. From these spectra, some peaks are narrow and well-defined
with apex tips, while some are broad with tiny sub-peaks. However, most peaks were posi-
tively matched, and the resulting phases are summarized in Table 4.5. The as-cast condition,
(AA8021) contains three phases: AlgFe, AlzFe and Al Fe, with corresponding crystallographic
reference numbers; MP-570001, COD-1571554 and COD-1571553 respectively. These phases
are distributed unevenly in the ingot, with Al Fe only existing at the surface of the ingot.
Conversely, the AA8079 contains only AlgFe and AlsFe, which occur in both surface and
central regions. Quantitative analysis of the phases using the Rietveld method was unsuccess-
fully attempted due to peak broadening and some of the peaks which could not be positively
matched.

Table 4.5: Identified IMP phases in As-Cast AA8021 and AA8079 alloys using XRD

AA8B021-Surface AA8021-centre AA8079-surface AA8079-centre
Al Fe v x x X
AlFe v v v v
Al;Fe v v v v
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Figure 4.14: XRD Spectra of AA8021 Surface Sample with Peak Assignments

4.2.4 Volume fraction quantification

Accompanying the aforementioned IMP microstructural trends, is a variation in area/volume
fraction across the ingot and between the alloys. Figure 4.15 shows how the IMP volume
fractions compare between the alloys and different regions (surface and centre), in the as-cast
state. The graph reveals two primary trends regarding the volume fraction of IMPs.

Firstly, there is a notable difference in the overall volume fractions between the two alloys.
The AA8021 alloy consistently exhibits a higher overall volume fraction compared to AA8079,
highlighting the distinct chemical composition characteristics.

Secondly, variations in the overall volume fraction are observed within the ingot of each alloy,
that is, across the different regions. The surface region displays the highest proportion of
IMPs, with a decrease observed as the region shifts from the surface through to the centre.
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Figure 4.15: Volume fractions of IMP in As-Cast AA8021 and AA8079 Aluminum Ingots
across 3 regions

To obtain statistically reliable data, various stereological measurements were conducted.
First, to address the possible error contribution by field-to-field variation, the number of fields
of view (n) or number of micrographs required to calculate and report reliable average volume
fraction was determined by plotting the number of fields of view (n) against the volume
fraction. The range of n over which the average volume fraction plateaued was identified
and, a value n was selected within this range to approximate the average volume fraction.
Figure 7.18 shows various plots for the surface sample of AA8021 alloy, under all six different
conditions (AC, HT1, HT2, HT3, HT4 and HT5), while plots for all other samples are provided
in Appendic D. Examining the starting points of the red horizontal lines of the plots, it is
evident that the minimum number of fields of view required to calculate a meaningful average
volume fraction varies among the samples. Furthermore, it is observed that micrographs or
number of fields of view fewer than 50, yields unstable average values.

61



Chapter 4. Results

25}

Average VF (%)
Average VF (%)

20r1

15}

05f

0 50 100 150 200 250 0 50 100 150 200

Fields of view (n) Fields of view (n)

Average VF (%)
Average VF (%)

1] 50 100 150 0 50 100 150 200

Fields of view (n) Fields of view (n)
il 6
551 55
— 5- —_—
X X
bl —_
Ll [5
> =
) ) 35
0o oo |
© o 2
) 9]
4 g esy
< <L 5l
]
25F 15t
D
0 50 100 150 200 0 50 100 150
Fields of view (n) Fields of view (n)

Figure 4.16: Minimum number of fields of view required to obtain a statistically meaningful
volume fraction in AA8021 surface sample under different processing conditions

In the subsequent stereological measurements, the volume fraction data was evaluated
for its distribution, to assess if it followed a normal distribution. Figure 7.21 shows the
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distributions of volume fractions of the surface samples of AA8021 under all six different
conditions (AC, HT1, HT2, HT3, HT4 and HT5). The distributions for all other samples are
provided in the Appendices 7.1. These distributions confirm that the volume fraction data are
normally distributed and the mean is a relevant measure of central tendency. Using equations
4.1 and 4.2, the 95% confidence interval (CI) and the subsequent percentage relative frequency
(RF) were calculated. The results showing the relationship between the percentage relative
frequency and the number of fields of view, 'n’ are presented in Tables 7.3 and 7.4, in the
appendices. An illustration of the observed trend is presented in Figure 4.17. This shows
that the volume fraction estimation becomes more acceptable/accurate as the fields of view
increase.
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Figure 4.17: Relationship between relative accuracy and number of fields of view
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Figure 4.18: Distribution of volume fractions from approximately 200 fields of view in AA8021

surface under different processing conditions.
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4.3 Homogenized microsctructure characterization

Two types of AASXXX alloys (AA8021 and AA8079) were subjected to five different ho-
mogenization treatments: HT1, HT2, HT3, HT4, and HT5, to evaluate the impact of ho-
mogenization treatments on the IMP microstructure. The investigation examines changes in
morphology, phase composition, volume fraction, and size of the IMPs resulting from these
thermal treatments. Thus, the findings presented here provide information on the microstruc-
tural transformations induced by homogenization.

4.3.1 Light microscopy

Five different homogenization treatments were successfully carried out on samples extracted
from the two regions of interest; the surface and centre of the AA8021 and AA8079 alloys. The
optical micrographs shown in Figure 4.19 illustrate the 2D view of homogenization effects on
IMP microstructure in the AA8021 surface samples. Similarly, Figure 4.20 demonstrates the
evolution of IMPs in the AA8079 centre samples. For reference, supplementary micrographs
for regions not presented in this section are provided in the appendix B.

In the surface samples of AA8021, the 2D view shows minimal changes in IMP microstructure
across the various homogenization treatments. There is an increase in the spacing between
branches of the skeletal morphology (highlighted in red). This indicates a transition from a
fine, highly dense skeletal structure to a slightly coarser morphology.

The AA8079 center sample, which shows both needle-shaped and plate-shaped morphologies,
demonstrates a notable transformation in the IMPs (highlighted by red dotted lines). As
homogenization temperature and duration increase, the needle- and plate-like morphologies
gradually spheroidize and become bulkier.
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Figure 4.19: Optical micrographs showing the evolution of IMP in AA8021 surface from (a)
AC condition through different homogenization treatments: (b) HT1, (c) HT2, (d) HT3, (e)
HT4, and (f) HT5.
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Figure 4.20: Optical micrographs showing the evolution of IMP in AA8079 centre from (a
condition through different homogenization treatments: (b) HT1, (¢) HT, (d) HT3, (e ) HT4,
and (f) HT5.
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4.3.2 SEM-EDS

Deep etching was crucial for gaining better insight into the effects of homogenization on the
morphological evolution of IMPs. Figure 4.21a-c illustrates the changes observed on skeletal
morphology after different heat treatments: (a) HT1, (b) HT2 and (c) HT5. After HT1, the
skeletal structure shows signs of breaking down. The main stem became thinner, and the
branches appear to fragment from the stem. In contrast, longer duration (HT2) and high-
temperature (HT5) homogenization treatments led to complete disintegration of the skeletal
structure. The resulting morphologies varied from spherical, plate-like, rod-like shapes to ir-
regular shapes.

The evolution of needle- and plate-shaped structures is presented in Figure 4.21d-f. After HT1,
both needle- and plate-shaped morphologies remained unchanged. With prolonged heating
(HT2), these morphologies became uneven with small bumps. At high-temperature homoge-
nization (HT5), these morphologies are observed to undergo further transformation, becoming
coarser and spheroidal. However, some traces of needle-shaped IMP were still observed after
homogenization.

Figure 4.21: Homogenization effects on skeletal morphology after (a)AC, (b)HT2 and (¢)HT5
and on nedle- and plate-like morphologies after (d) AC, (e)HT2 and (f) HT5.

Upon homogenization, the resulting morphologies were indistinctive in 3D view, thus chal-
lenging to selectively characterise quantitatively without a clear characteristic morphology by
SEM-EDS. This is shown in Figure 4.22a which represents prior skeletal and Figure 4.22b
showing prior needle- and plate-shaped morphologies. However, through qualitative analysis
of EDS mapping, these IMPs retain the same type of elements, which are Al, Fe, and traces
of Si.
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Figure 4.22: SEM-EDS mapping on prior skeletal (a) and needle- and plate-shaped morpholo-
gies after homogenization.

4.3.3 XRD characterization

Tables 4.6 and 4.7 summarizes the phases found in the AA8021 before and after various
homogenization treatments. The surface sample of AA8021 showed the presence of Al Fe
after HT'1 homogenization treatment, which soon transformed completely after HT2. After
any of the high temperature homogenization treatments (HT3, HT4 and HT5), this phase was
absent. The only phases present were AlgFe and AlsFe.

The phase distributions observed in AA8079, across the ingot after various homogenization
treatments, are summarized in Tables 4.8 and 4.9. This alloy displayed a deviation from the
observation made in AA8021 in that Al Fe was absent from all the samples in different
processing conditions, regardless of the region on the ingot. This left the two phases: AlgFe
and Als;Fe, prevalent after as-cast and after each homogenization treatment.
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Table 4.6: IMP phases identified from the surface of AA8021 samples after various homoge-
nization treatments, using XRD

AC HT1 HT2 HT3 HT4 HTS5
are | Y v x x x x
AlFe v v v v v v
AlFe v v v v v v

Table 4.7: IMP phases identified from the centre of AA8021 samples after various homoge-
nization treatments, using XRD

AC HT1 HT2 HT3 HT4 HTS
Al Fe | X x x x x x
e | Y | YV | v v ] v ] v
e | YV | vV | v v v ] v

Table 4.8: IMP phases identified from the surface of AA8079 samples after various homoge-
nization treatments, using XRD

AC HT1 HT2 HT3 HT4 HT5
Al Fe x x x x x x
wie | Y | VYV | V| v | v ]V
e | VY |V |V | v ] v ]V
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Table 4.9: IMP phases identified from the centre of AA8079 samples after various homoge-

nization treatments, using XRD

AC HT1 HT2 HT3 HT4 HT5
Al Fe x x x x x x
wre | YV | YV | v | v ] v v
e | YV | YV | vV | v v Vv

4.3.4 Volume fraction quantification

Figure 4.23a and Figure 4.23b, illustrate the effects of varying homogenization practices on the
IMP volume fractions across the ingot regions: surface and centre, in AA8021 and AA8079,
respectively. Figure 4.23a shows that there is no general trend common across the two dif-
ferent regions of AA8021 alloy, but notably, the surface experiences a drop in IMP volume
fraction upon homogenization, while the volume fraction of IMPs increases slightly at the cen-
tre region. HT4 appears to achieve an even distribution of volume fraction across the ingot.
On the other hand, the volume fraction in AA8079 generally decreases regardless of the ingot
region after homogenization (Figure 4.23b). Neither the homogenization temperature nor the
soak time seem to be correlated to the recorded volume fraction. As with homogenization in
AA8021, there is one homogenization practice that yields an even distribution of IMPs in the
ingot, except that in AA8079, the homogenization practice occurs during HT5.
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Figure 4.23: IMP Volume fractions in AA8021 before and after various homogenization treat-

ments.
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5.Discussion

The AA8xxx series aluminum alloys comprises of various chemical composition systems, each
defined by different principal alloying elements. One such system is the Al-Fe-Si alloy, which
has Fe and Si as its principal alloying elements. It is well established that the alloying ele-
ments significantly influence the evolution of the intermetallic particle (IMP) microstructure,
including the phase type, size, morphology, volume fraction, and distribution of IMPs. In
addition to alloy composition, factors such casting practice, specifically the cooling rate dur-
ing solidification, and the homogenization treatment play important roles in shaping the IMP
microstructure.

While the impact of these factors on the IMP microstructure is well-documented for other
aluminum alloys, the AA8xxx series alloys are relatively new, and there is limited under-
standing of how they respond to these factors. This gap in knowledge has motivated further
research to better understand their behavior.

To address the research question concerning the influence of alloying elements, cooling
rate, and homogenization treatment on the IMP microstructure, experiments were conducted
on two different alloys distinguished by their varying Fe and Si contents. The study then
explored the regions within these alloys where the DC cast ingot experiences varying cooling
rates, and compared the as-cast IMP microstructure to that after different homogenization
treatments.

Based on the results presented in the preceding chapter, it was observed that the inter-
metallic particles formed within these alloys are very thin and create a network that constitutes
less than 5% of the alloy. This made it challenging to examine the microstructure conclusively
using isolated traditional techniques. As a result, a combination of traditional and advanced
characterization techniques was employed to effectively assess the influence of these factors on
the IMP microstructure. The techniques used included:

light microscopy on as-polished surface.

SEM-EDS on as-polished and deep etched samples.

HAADF-STEM with EDS on extracted particles/powder.

Powder X-Ray Diffraction (XRD).
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5.1 Thermodynamic Phase Predictions and Deviations
in AA8021 and AA8079 Alloys

Prior to conducting laboratory experiments, ICP analysis was performed on the AA8021 and
AA8079 aluminum alloys. The results revealed that AA8021 has a contains higher Fe content
and lower Si when compared to AA8079, which has relatively lower Fe and higher Si. Ther-
modynamic calculations performed using JMatPro based on these ICP results, indicated the
phases to be expected in these alloys. It predicted that AlsFe would be the dominant phase in
both alloys, with AlgMn, Al;5(Fe,Mn)3Si, and AlsFeSi present in trace amounts. Interestingly,
the calculation for AA8079 indicated that an increase in Si results in a higher volume fraction
of Si-containing phases, without increasing the overall volume fraction of the IMPs. This may
suggest that the Si increment imposed in AA8079 is not large enough to drive increased pre-
cipitation of IMPs because Si is more soluble is aluminium matrix and more soluble in these
stable phases. Additionally, because while Si is increased, Fe is simultaneously decreased,
which may be working together.

However, these theoretical predictions contradicted the experimentally observed results,
which contained metastable phases such as Al Fe and AlgFe but lacked the predicted equi-
librium phases, such as AlgMn, Al;5(Fe,Mn);Si, and AlsFeSi. This discrepancy is due to the
transformation kinetics prediction under equilibrium cooling conditions (< 0.015 K/s). DC
casting experiences non-equilibrium cooling (ranging from 1-20 K/s), especially at the sur-
face. Thermodynamic calculations assume equilibrium cooling/heating, in which the atoms
of the alloying elements have enough time to diffuse and arrange themselves to the lowest
energy possible, thus forming phases that are stable in the temperature under consideration.
This however, is not the case in practice. Cooling and heating is never considered to be
in equilibrium, hence the deviation between the predicted vs the observed IMP phases [50].
Section 5.2 and section 5.3 discusses these effects in detail. Despite the deviations in pre-
dicted phases, thermodynamic calculations were useful in narrowing down the expected and
unexpected phases for analysis of XRD, SEM, and STEM results.

5.2 The effect of chemical composition on the IMP mi-
crostructure

To interrogate the effect of the compositional variation between the investigated alloys, no-
tably the Fe and Si compositions, the IMP microstructures of the AA8079 and AA8021 were
analysed and compared before homogenization, with both samples being from regions with
equivalent cooling rates. Figure 5.1 illustrates a summary of the results from the light mi-
croscopy investigation. Light microscopy revealed differences in the morphology, size, and
volume fraction of IMPs in each alloy. AA8021 exhibited a finer particle distribution with
a higher volume fraction (4.81%) of IMPs, predominantly in skeletal morphology and small
fraction of needle-shaped morphology. In contrast, AA8079 displayed a coarser and less dense
distribution of IMPs, with a mixture of needle- and plate-shaped morphologies and a smaller
volume fraction (2.4%).
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Figure 5.1: Effects of varying Fe and Si chemical composition on the IMP microstructure.

Through research, it has been demonstrated that upon solidification, IMPs tend to mor-
phologies that are characteristic to phases [67], [50]. These findings could potentially be used
for phase identification when analyzing the IMP microstructure. However, 2D morphology
only represents a view from a single plane, making it possible for different IMP phases to ap-
pear similar in shape in 2D and a completely different morphology in 3D. For this reason, light
microscopy was only effective for comparing the microstructures of the two alloys in terms of
size, distribution, and volume fraction.

In an effort to identify the IMP phases in the alloys, initial SEM-EDS analysis was per-
formed on as-polished samples to obtain both qualitative and quantitative chemical compo-
sitions. However, the results from the SEM-EDS mapping and spot analysis data proved
inconclusive for the finer or smaller IMPs. This was due to the electron beam’s interaction
volume overlapping with the matrix, leading to overestimation of the Al content while sup-
pressing the Fe and Si signals. As a result, the Al:Fe data from these techniques were unreliable
for quantitative analysis, highlighting the limitations of traditional methods when dealing with
fine-scale features. Despite these initial challenges, the SEM-EDS line scans provided valuable
insights. The analysis revealed that the IMPs in both alloys were Fe-rich, containing signifi-
cantly more Fe than the surrounding matrix, combined with aluminum and trace amounts of
Si. This suggested that the IMPs were predominantly binary, with Si playing a minimal role,
despite its presence. This finding supports the observations made by [50], who noted that
while Fe-rich IMPs are typically binary, they tend to absorb limited amounts of Si—albeit in
varying quantities depending on the phase formed.

To further refine these observations, SEM-EDS analysis was repeated on deep-etched sam-
ples. This approach helped to overcome some of the issues associated with matrix interference,
providing clearer results. The analysis confirmed the presence of Al, Fe, and Si in the IMPs,
and the 3D imaging revealed the three distinct morphologies initially suggested by the light
micrographs. Notably, the skeletal morphology observed in 2D was actually more accurately
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described as a feathery structure, consistent with previous findings reported by [23]. The
subsequent SEM-EDS spot analysis of the different morphologies yielded more reliable re-
sults. With reduced interference from the matrix, the trace amounts of Si that were initially
undetected were now observable. The resulting Al:Fe ratios for the different morphologies
confirmed the identification of the AlsFe, Al Fe and AlgFe corresponding to the plate-shaped,
skeletal, and needle-shaped morphologies, respectively. Given concerns about topographic ef-
fects on the SEM-EDS results, complementary techniques—such as STEM-EDS and powder
XRD—were employed. These additional methods qualitatively corroborated the findings, fur-
ther supporting the identification of the phases and the observed microstructural differences
between the alloys.

The combination of these powerful techniques revealed that in terms of phase distribution,
AA8021 (with high Fe and low Si content) contains all three phases—AlsFe, Al Fe and AlgFe,
with Al Fe being the dominant phase. In contrast, AA8079 (with low Fe and high Si con-
tent) contained only two phases (AlgFe and AlsFe), with a more balanced distribution of these
phases. According to [50], [23], an increase in Si should favor the formation of Al Fe over
AlgFe, as Al Fe is better able to absorb and accommodate more Si. However, this prediction
is contrary to the findings of this study, where despite the increase in Si content in AA8079,
AlgFe formation is more prevalent than Al,Fe. This discrepancy may be explained by the
accompanying reduction in Fe content in AA8079. Dutta and Rettenmayr suggested that the
relative amounts of Fe:Si in the eutectic liquid during solidification is a key factor in phase
formation. A lower Fe:Si (approximately equal to one) ratio tends to favor the formation of
Al Fe, while higher and intermediate ratios tend to favor the formation of both AlgFe and
AlsFe respectively [4]. Therefore, any alteration in the chemical composition of Fe and Si
influences this ratio, ultimately affecting the resulting IMP phases.

Additionally, the fine size and high volume fraction of IMPs observed in AA8021, compared
to AA8079, can be understood by considering the limited solid solubility of Fe in Al. This
limitation forces the Fe to segregate out of the Al matrix, facilitating the formation of IMPs,
because there is more Fe available for the transformation. Therefore, the more Fe there is, the
higher the volume fraction. content increases, so does the volume fraction of IMPs, because
there’s more Fe to precipitate.Moreover, the addition of Fe in Al is known to refine the grains,
as evidenced in the results by [3] illustrated in the micrographs in Figure 5.2. Consequently,
the resulting IMPs are expected to be finer, as these IMPs form within the inter-dendrite arm
spaces during solidification.
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Figure 5.2: Effect of Fe content on grain size in AA1050 (a) and AA8021 (b) [3].
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5.3 The role of cooling rate in shaping the IMP mi-
crostructure

Figure 5.3 summarizes the observations made for each alloy across two regions: the surface,
where the cooling rate is high, and the center, where the cooling rate is lower. While the exact
cooling rates were not measured in this study, they were inferred based on previous studies of
DC-cast alloys [45]. The most prominent changes observed as a result of the varying cooling
rates were in the volume fraction, morphology, and particle sizes of the IMPs.

AA8021 AA8079

IMP VF =4.8 % IMPVF=2.4%

Surface
(High cooling rate)

IMPVF=3.5% IMPVF=1.5%

Centre
(Low cooling rate)

Figure 5.3: Effects of varying cooling rates on the IMP microstructure

In both alloys, a decrease in cooling rate from the surface to the center led to a drop in
the volume fraction of IMPs, along with an increase in their size. At higher cooling rates,
the alloying elements (Fe and Si) do not have enough time to diffuse and distribute evenly
throughout the aluminum matrix. This results in a larger proportion of supersaturated liquid
regions, which promotes the formation of intermetallic particles [23], [50]. The refinement of
IMPs at higher cooling rates is associated with a decrease in DAS, because IMPs form in the
spaces between the dendrites. At high cooling rates solidification is nucleation-driven, where
multiple small nuclei form and speed up the solidification, in contrast to slower cooling rates,
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where fewer nuclei grow into larger dendrites. As a result, the IMPs in regions that cooled
rapidly are finer and more evenly distributed. In contrast, those in regions that cooled slowly
are larger and more sparsely distributed [4], [23].

For AA8021, the surface region predominantly contains skeletal morphologies of IMPs, with
minor amounts of needle- and plate-shaped particles, which correspond to the Al Fe,AlgFe and
Al Fe phases, respectively. In the center, a mixture of needle- and plate-shaped morphologies
were observed, with the needle-shaped morphology being dominant. For AA8079, the surface
region mainly exhibited needle-shaped morphologies, with a smaller quantity of plate-shaped
morphologies. The center, however, contains a mixture of these two with improved plate-
shaped quantity. The cooling rate imposed on these alloys during solidification has a marked
influence on the local microchemistry (Fe:Si) across the different regions of the ingot, hence
the formation of distinct phases in different regions. According to allen et al [23] and previous
researchers listed in Table 5.1 below, cooling rates greater than 10 K/sec favor the formation of
the metastable Al Fe phase, while cooling rates between 1-10 K /sec are ideal for the formation
of the metastable AlgFe phase, and cooling rates less than 1 K/sec are more conducive to the
formation of the stable AlsFe phase.

Table 5.1: Cooling rate eanges of formation of the common IMPs in hypoeutectic Al-Fe alloys

Phase Cooling rate range, K s~' References

FeAl; 0.1-3 Young and Clyne [113], Kosuge [58], Ping et
al. [80], Skjerpe [96], Brusethaug et al. [17], Evans
et al. [32]. Maggs et al. [68]

FeAl, 0.4-5 Young and Clyne [113], Westengen [112],
Skjerpe [96]

Fe;Aly  1-6 Simensen and Vellasamy [94], Brobak and
Brusethaug [16], Griger et al. [38]

FeAlg 2-11 Adam and Hogan [1], Hughes and Jones [45],

Young and Clyne [113], Westengen [112],
Kosuge [58], Ping et al. [80], Brusethaug et al. [17],
Maggs et al. [68]
FeAl,, > 11 Young and Clyne [113], Westengen [112],
Kosuge [58], Ping et al [80], Brusethaug et al. [17]
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5.4 IMP microstructure evolution during homogeniza-
tion

Homogenization is a critical thermal treatment in the rolling of wrought aluminum, usually
employed to reverse microsegregation and attain even distribution of microchemistry, such as
IMP and alloying elements, across the ingot. AA8021 and AA8079 alloys showed different re-
sponses to homogenization, although some trends overlapped. Figures 5.4 and 5.5 summarize
these observations below.

Both alloys exhibited a reduction in IMP volume fraction in the high-solidification-rate re-
gions (near the surface). This reduction likely results from the dissolution of metastable
phases, where alloying elements are redistributed back into the matrix, some forming dis-
persoids. During solidification, the high cooling rate forces these slow-diffusing elements to
adopt a high-energy configuration, forming metastable IMP phases. Homogenization provides
enough time for these elements to diffuse into their lowest-energy configuration within the
alloy. In the center region of the ingot, AA8021 showed little to no change in the IMP volume
fraction (within the error bars), while AA8079 followed a trend similar to that of the surface
region. This could be due to the fact that AA8079 form mostly AlgFe, which upon homogeni-
sation, dissolves, hence the decline in volume fraction. Overall, a clear relationship between
homogenization temperature, treatment time, and IMP volume fraction was not established.
However, homogenization appears to promote a more even distribution of IMPs across the
entire ingot. This is achieved through HT4 for AA8021 and HT5 for AA8079.
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Figure 5.4: Optical micrographs showing the evolution of IMPs in the AA8021 surface (a)
as-cast, followed by homogenization practices: (b) HT1, (¢) HT2, (d) HT3, (e) HT4, and (f)
HT5. Part (g) shows a bar graph of corresponding volume fraction changes.

Following HT1 (homogenization treatment at 500°C for 2 hours), the treatment induced
fragmentation of the feathery /skeletal morphology. As both the homogenization temperature
and duration increased, this morphology continued to fragment, eventually breaking down
completely. Notably, the changes were difficult to observe in as-polished samples, where the
morphology appeared unchanged. However, the coarsening process was evident in the de-
creased density of skeletal morphology branches and the increased dispersion of IMPs. Three-
dimensional imaging revealed that the resulting or remnant IMPs exhibited primarily irregular
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Figure 5.5: Optical micrographs showing the evolution of IMPs in the AA8079 surface (a)
as-cast, followed by homogenization practices: (b) HT1, (c) HT2, (d) HT3, (e) HT4, and (f)
HT5. Part (g) shows a bar graph of corresponding volume fraction changes.

shapes, with some traces of rod- and sphere-like structures, which upon inspection for chemi-
cal composition, confirmed to maintain their original elemental composition; Al and Fe with
traces of Si.

In contrast to the fragmentation observed in skeletal structures, needle- and plate-shaped
IMPs began to spheroidize and become bulkier, but this change only occurred after HT2 (ho-
mogenization at 500°C for 20 hours). This difference underscores the stability of AlgFe over
Al Fe. Both AlgFe and Al Fe are metastable phases, meaning they inevitably transform into
more stable phases under the right conditions, during heating. Previous studies have shown
that Al Fe is the less stable of the two, and transforms around 390°, while AlgFe starts its
transformation at 490°. This explains the earlier breakdown of Al Fe-linked skeletal mor-
phologies and the delayed evolution of AlgFe-linked needle-shaped IMPs. Qualitative XRD
analysis corroborated these findings, indicating the disappearance of Al Fe after HT2 and the
resulting existence of AlgFe and AlsFe. It is not well understood why AlgFe, as a metastable
phase is still present after long duration and high temperature homogenisation practice. It
could be that the long duration HT2 is inefficient because this phase starts to transform at
490°C, which the more time is required for HT3, HT4 and HT5.
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This study focused on investigating the influence of chemical composition and cooling rate
on the IMP microstructure and how this microstructure evolves after imposing varying ho-
mogenisation practices, which are mandatory in the fabrication process of DC cast aluminium
alloys. In this study, the context of IMP microstructure refers to the volume fraction, particle
sise, phase type, morphology and their distribution. Two different experimental approches:
two-dimensional (2D) and three-dimensional (3D) analytical techniques were successfully used
to interrogate the IMP microstructure. 2D analysis was achieved through the use of analytical
tools such as light and electron microscopes on flat polished specimen combined with image
analysis software. 3D analysis utilized SEM, STEM and XRD on extracted and partially
extracted specimen. From the observations made using these techniques and approaches, the
following conclusions were drawn:

e Both 2D and 3D analysis identified and distinguished three morphologies: plate-shaped,
feathery /skeletal and needle shaped, corresponding to AlsFe, Al Fe and AlgFe phases
respectively. Al Fe and AlgFe are metastable phases while AlsFe is a stable phase. The
link between morphology and phase were established through qualitative and quantita-
tive application of SEM and STEM on extracted and partially extracted (deep etched)
particles. Therefore, it has been determined that it is possible to use morphology to
qualitatively infer phase proportions in as-cast condition where morphologies are char-
acteristic to specific phases.

e AA8021, with a combination of high Fe and low Si, forms a high-volume fraction of finer
IMPs with AlsFe, Al Fe and AlgFe phases, while AA8079, containing relatively lower Fe
and higher Si contents, forms low volume fraction of relatively coarse IMPs dominated
by needle- and plate-shaped morphologies, corresponding to AlgFe and AlsFe. Therefore,
the higher the Fe content, the higher the number of IMPs and the more refined they are.
Additionally, an in increased Si in AA8079 content improved stability of AlsFe, thus the
Al Fe phase in AA8079 was not detected, even at high cooling rate region (surface).

e Higher cooling rates at the surface of the ingot, irrespective of the chemical composition,
lead to a relatively higher volume fraction of IMPs that are finer in size while a lower
cooling rate at the centre causes the formation of low volume fraction of coarser IMPs.
Additionally, the high cooling rate on the surface is ideal for the formation of metastable
phases. AA8021 is dominated by Al Fe and AlgFe phases at the surface and a combi-
nation of AlgFe and Als;Fe at the centre. In contrast, AA8079 contains a combination of
AlgFe and AlsFe at the surface and a mixture of AlgFe and AlsFe at the centre.

e Homogenisation practices induce the phase transformation of metsastable phases (AlgFe
and Al Fe) to stable Al;Fe phase.This occurs through the dissolution and reprecipitation
of Fe and Si. As a result, the volume fraction decreases because some dissolving elements
form dispersoids or dissolve into the matrix. The dissolution of metastable phases is
followed by spheroidization and coarsening as the stable phase reprecipitates and grows.
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The microstructure after homogenisation often contains a mixture of refined and coarse
IMPs.

HT4 achieves a uniform distribution of IMPs in AA8021, while HT5 achieves the same in
AA8079. These heat treatments represent ideal homogenisation practices that eliminate
microsegregation. However, in AA8021, which predominantly contains a metastable
phase, extensive IMP refinement was observed. Additionally, the high Fe content acts
as a grain refiner, enhancing strength. Collectively, these observations highlight the

effectiveness of AA8021 homogenized HT4.
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7.Recommendations

The findings and conclusions presented in the previous chapters of this thesis shed light on
the limitations of this study. Therefore, the following recommendations have been made to
address these limitations and challenges encountered, to influence future research for improved
interrogation and understanding of factors affecting the evolution of IMPs in the AASXXX
series aluminium allloys for better alloy processing.

e ICP analysis revealed that neither of the two principal alloying elements (Fe and Si)
are controlled (kept constant) when interrogating the influence of each on the IMP
microstructure. To gain a deeper understanding of the individual roles of Fe and Si in
influencing the IMP microstructure, future studies should focus on alloys with a constant
Fe content while varying Si levels, and vice versa. This would allow for a more controlled
investigation of the effects of each alloying element on IMP formation, enabling clearer
insights into their individual contributions.

e Due to the similarity in chemical compositions and limited crystallographic data for some
Al-Fe-based IMPs, such as Al Fe, accurately distinguishing them remains challenging.
Further research is needed to improve the crystallographic database of these phases for
more efficient and convenient identification .

e The volume fraction method used in this study is based on converting area fraction
to volume fraction using a specific equation. Matrix dissolution using phenol is fast
and efficient with zero loss of IMPs during extraction, thus a more accurate approach
for quantifying volume fraction could involve submerging the extracted IMP powder in
liquid and measuring the volume change to determine the IMP volume.
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Appendices
Appendix A

7.1 Appendix

1. Open ImageJ program and record macro.

Select Plugins > Macros > Record. This opens a pop-up window that records all the
procedure undertaken thereafter.

L Imagel

File Edit

Image Process Analyze BUbLGEN Window Help

Install... >
Run... Shortcuts |
Edit... Utilities 4
Startup Macros... Mew 4
Compile and Run...
Install... Ctrl+3hift+M
About Startup Macros...
Save As JPEG... [j] = g
Analyze »
Examples 4
Filters 4
Graphics 4
Input-Cutput 4
Process 4
Scripts »
Stacks 4
Tools ’

Figure 7.1: Recording macros in ImageJ for batch processing.
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2. Calibrate the scale.
Select file > Open > Select image with micron marker > Draw a line over micron marker
> analyze > set-scale.
A pop-up window Figure 7.3 opens and allows user to input the "known distance”
which is equivalent to the value on the micron marker over which the line was drawn.
consequently, the unit of length is ym and the distance in pixels is what the software
automatically fills up after measuring the drawn line.

Image!
File Edit Image Process BAENEEN Plugins Window Help
0o z|o| <4 Measure cuM k|4 || 7| | |»
Magnifying glass (or use "+"and " Apalyze Particles...
Summarize
Distribution...
Label
Clear Results

Set Measurements...

++,
+ 4+

Set Scale. .
Calibrate__.
Histogram Ctrl+H
Plot Profile Ctrl+K
Surface Plot_..

Figure 7.2: Calibration steps.
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Distance in pixels: |[108

Known distance: |20

Pixel aspect ratio: |1.:I
Unit of ength: Ium

Click to Remove Scale |
W Global

Scale: 5.4 pixelsfum

O+ | Cancell Helpl

Figure 7.3: Values used for calibrating the software.

3. Set Measurements.

Select file > Open > Select image without micron marker in a directory containing all
micrographs to be analyzed > Select analyze > Set measurements by ticking applicable
checkboxes.

', Set Measurements

Iv tAreal I Mean gray value
[ Standard deviation [~ Modal grayvalue
¥ Min & max grayvalue | Centroid

[ Center of mass [™ Perimeter

[~ Bounding rectangle [ Fitellipse

[~ Shape descriptors [ Ferets diameter
[~ Integrated density [ Median

[~ Skewness [ Kurtosis

[V Area fraction [~ Stack position

[ Limitto threshold [~ Display label
[™ Invert ¥ coordinates [ Scientific notation

[~ Add to overlay [~ MaM empty cells

Redirect to: INone vI
Decimal places (0-9): |3

OK | Cancell Helpl

Figure 7.4: selecting measurement options.
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4. Convert to Greyscale.

Select image > type > 8-bit.

Imagel

File Edit RigEsEN Process Analyze Plugins Window Help

»

Angle tool Adjust 16-bit

Show Info... Ctrl+l el
Properties..  Cirl+Shift+p | oDt Color
Color .| RGB Color
Stacks » RGB Stack
Hyperstacks * HSB Stack
Lab Stack

Crop Ctrl+Shift+X

Duplicate. .. Ctri+Shift+D
Rename...

Scale... Ciri+E
Transform

Zoom

Overlay

Lookup Tables

Figure 7.5: Converting the image to greyscale.
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5. Threshold the image.

Select image > adjust > threshold > use sliding button to highlight IMP > Apply.
This functionality allows user to highlight the IMP which appear more darker relative
to the light aluminium matrix. If the micrograph is unevenly illuminated, then use
"background subtraction” found in the ”Process” tab. Issues regarding lack of contrast
were addressed using "enhance contrast” functionality found in ”process” tab as well.
These functionalities, where needed, were employed before thresholding.

_é Imagel . %
File Edit Image Process Analyze Plugins Window Help
Qo) @|o] < 4]\ A|« @I e 4]o 7] | |»

%=60.93, y=59.07, value=138

+ty
+4,

I oo
0 1 | s
| Default 7| |Red |

™ Dark background [~ Stack histogram

Auto | Apply | Reset| set|

Figure 7.6: Image thresholding.

6. Analyse particles.
Click analyze > Analyze particles > tick applicable checkboxes from pop-up window
Figure 7.7 > Click ”Ok”.
Analyze > Meaasure. Pop-up window appears as in Figure 7.9. The data was then
copied to excel spreadsheet for further processing
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Analyze Particles

Size (pixel*2). |0-Infinity

Circularity: |0.00-1.00

Show: |[Outlines |

v Display results [ Exclude on edges
¥ Clear results ¥ Include holes
v Summarize [~ Record starts

[~ Addto Manager  Wiin situ Show!

Ok | Ean:ell Helpl

Figure 7.7: Analysing particles according to particles dimensions.

4 1:0001-1 JEETET,
118.52%88.89 File Edit Image Process PAGENVEEY Plugins Window Help
f Ctrl+M

and (tracing) tool Analyze Particles...
Summarize
Distribution...
Label
Clear Results

Set Measurements...

Set Scale._.
Calibrate...

Histogram
Plot Profile
Surface Plot...

Figure 7.8: Measuring the desired values.
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File Edit Font Results
Area  |Mean [Min |[Max |%Area | =
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307200 6897 O 258 2703

Eaga

Figure 7.9: Measurement data output.
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7. Run recorded macro.
Macros > Run macro
Open next image: File > Open Next > Re-run marco and repeat this process for all
images in the directory.

. Macro that works

File Edit Font Examples Macros Debug

open("C:/Users/5tudent/Desktop/image processing/AASO21/CTM);
run("8-bit");

run("subtract Background...", "rolling=30 light");
setAutoThreshold("Default dark no-reset");
frun{"Threshold...");

setAutoThreshold("Default dark no-reset stack");
setAutoThreshold("Default dark no-reset");
setThreshold(180, 240, "raw");

/lsetThreshold(180, 240);

setOption("BlackBackground", true);

run("Convert to Mask");

run("Analyze Particles_", "display clear include summarize");

Figure 7.10: Recorded macros used for semi-automatic batch processing.

It is important to note that steps 1-3 were removed from the macro because they only
needed to be calibrated once, for as long as the session is active.

95



Chapter 7. Recommendations

NGRo
Appendix B

The following figures show the evolution of the IMP microstructure of the samples exposed
to different homogenization practices. The noticeable changes in IMP microstructure include
size, morphology, distribution, and number density.

Figure 7.11: Optical micrographs showing the evolution of IMP in AA8021-CW from as-cast
(a) through different homogenization treatments: (b) HT1, (c) HT, (d) HT3, (e) HT4, and
(f) HT5.
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Figure 7.12: Optical micrographs showing the evolution of IMP in AA8079-EW from as-cast

(a) through different homogenization treatments: (b) HT1, (c) HT, (d) HT3, (e) HT4, and
(f) HT5.
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Figure 7.13: XRD Spectra of AA8021 centre Sample with Peak Assignments
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Figure 7.14: XRD Spectra of AA8079 Surface Sample with Peak Assignments
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Figure 7.15: XRD Spectra of AA8079 centre Sample with Peak Assignments
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Figure 7.16: Minimum number of fields of view required to obtain a statistically meaningful
volume fraction in AA8021 surface sample under different processing conditions
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Figure 7.17: Minimum number of fields of view required to obtain a statistically meaningful
volume fraction in AA8021 surface sample under different processing conditions
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Figure 7.18: Minimum number of fields of view required to obtain a statistically meaningful
volume fraction in AA8021 surface sample under different processing conditions
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Figure 7.19: Distribution of volume fractions from approximately 200 fields of view in AA8021

surface under different processing conditions.
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Appendix E

Table 7.1: Average volume fractions of IMPs in AA8021 ingot before and after homogenization
treatments, with relative accuracy (RA) Values (95% Confidence Level)

Alloy Region | condition | Fields of view (n) | Average IMP VF (%) sd 95% Cl (+/-) | %RA
AC 200 4.81 1.65 0.23 4.76

o HT1 200 3.84 2.16 0.30 7.79

E HT2 200 4,21 2.11 0.29 6.94

5 HT3 200 3.61 1.96 0.27 7.53

2 HT4 200 3.83 2.13 0.30 7.71

HTS 200 4,18 1.91 0.26 6.32

) AC 200 3.62 1.86 0.26 7.13

E HT1 200 4.15 1.91 0.26 6.38

AA8021 8 HT2 200 4.08 1.84 0.26 6.26
g HT3 200 3.62 2.08 0.29 7.94

g HT4 200 4.01 1.85 0.26 6.40

HT5 200 3.83 2.01 0.28 7.27

AC 200 3.41 1.30 0.18 5.29

HT1 200 3.32 1.25 0.17 5.21

o HT2 200 3.64 0.86 0.12 3.26

g HT3 200 4.11 0.73 0.10 2.47

) HT4 200 3.69 1.14 0.16 4.28

HTS 200 3.40 0.84 0.12 3.44

Table 7.2: Average volume fractions of IMPs in AA8079 ingot before and after homogenization
treatments, with relative accuracy (RA) Values (95% Confidence Level).

Alloy Region condition | Fields of view (n) | Average IMP VF (%) sd 95% Cl (+/-) | %RA
AC 200 2.30 1.19 0.16 7.17

g HT1 200 1.78 0.80 0.11 6.25

JO HT2 200 1.76 0.81 0.11 6.34

(;) HT3 200 1.64 0.86 0.12 7.29

HT4 200 1.89 0.98 0.14 7.21

HT5 200 1.52 0.96 0.13 8.79

) AC 200 2.25 1.06 0.15 6.56

}:" HT1 200 1.86 1.10 0.15 8.22

AA8079 8 HT2 200 1.90 1.00 0.14 7.28
§ HT3 200 1.79 0.94 0.13 7.29

% HT4 200 1.75 0.74 0.10 5.87

— HTS 200 1.59 0.88 0.12 7.71

AC 200 1.85 0.53 0.07 4.01

HT1 200 1.45 0.53 0.07 5.07

v HT2 200 1.40 0.57 0.08 5.68

:]Cj HT3 200 1.38 0.47 0.07 4.75

o HT4 200 1.19 0.71 0.10 8.28

HT5 200 1.40 0.49 0.07 4.88
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Table 7.3: Percentage relative accuracies of AA8021 samples in the as-cast and homogenized
conditions, calculated at a 95% confidence interval

Fields of view (n)

Condition 50 100 150 200

AC 15.43 13.46 8.47 4,76

HT1 19.51 16.86 5.45 7.79

Surface HT2 15.53 13.59 9.02 6.94
HT3 15.65 11.84 9.33 7.53

HT4 18.11 15.73 10.92 7.71

HT5 15.91 13.11 9.33 6.32

AC 16.01 10.5 8.64 5.29

HT1 15.83 10.98 9.75 5.21

Centre HT2 15.26 9.79 8.41 3.26
HT3 13.81 10.38 8.3 2.47

HT4 16.32 11.11 8.73 4.28

HT5 19.71 13.08 9.78 3.44

Fields of view (n)

Condition 50 100 150 200

AC 11.45 8.39 7.73 7.17

HT1 16.68 14.65 9.44 6.25

HT2 16.99 16.3 10.79 6.34

Surface HT3 18.76 15.81 12.73 7.29
HT4 18.9 16.25 10.2 7.21

HT5 19.46 16.6 11.15 8.79

AC 14.5 11.47 9.26 4.01

HT1 14.29 9 6.68 5.07

Centre HT2 14.47 10.8 8.48 5.68
HT3 13.16 10.5 9.2 4.75

HT4 16.38 11.41 8.67 8.28

HT5 16.51 12.56 10.21 4.88

Table 7.4: Percentage relative accuracies of AA8079 samples in the as-cast and homogenized
conditions, calculated at a 95% confidence interval
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