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English Abstract

This thesis investigates the impact of homogenization parameters on post-homogenization
processes in aluminum 6xxx alloys. In particular, the study explores the influence of the a-
Al(Fe,Mn)Si phase on recrystallization phenomena during hot deformation and artificial aging
behavior. Further, phase and crystal structure transformations during homogenization were
investigated. Experimental techniques including scanning electron microscopy, electron
backscattered diffraction, synchrotron radiation, and in-situ transmission electron microscopy
(TEM) are employed. In general, low homogenization temperatures and times result in small and
numerous a-Al(Fe,Mn)Si dispersoids. These homogenization parameters, on one hand, lead to a
faster artificial aging reaction, which was evidenced by hardness measurements and TEM
observations showing a higher quantity of "-Mg-Si phases (main hardening phase in aluminum
6xxx). Additionally, lower homogenization temperatures influence the recrystallization behavior
during direct extrusion and result in an altered misorientation distribution within the dynamically
recrystallized zone, which serves as a precursor microstructure for coarse grain growth. Further
investigations using TEM (in-situ) revealed the transformation behavior during homogenization.
The results suggest that the primary B-AlFeSi to a-Al(Fe,Mn)Si phase transformation does not
occur directly. Instead, a-Al(Fe,Mn)Si dispersoids are locally formed near primary phases,

significantly coarsen and consuming B-AlFeSi phases.

VI
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Deutsche Kurzfassung

Die vorliegende Studie untersucht den Einfluss von Homogenisierungsparametern auf
nachfolgende Prozessschritte im Herstellungsprozess von Aluminiumprodukten. Dabei werden
insbesondere der Effekt von a-Al(Fe,Mn)Si Phasen auf die Rekristallisation wahrend und nach
der Warmumformung sowie deren Einfluss auf die Mikrostrukturentwicklung bei der
Warmauslagerung untersucht. Des Weiteren sind die Kristallstruktur und Phasenentwicklung
unmittelbar wahrend der Homogenisierung analysiert worden. Zur Durchfiihrung der
Untersuchungen kommen verschiedene Analysetechniken und experimentelle Methoden wie
Rasterelektronenmikroskopie,  Elektronenriickstreudiffraktion,  ex-situ ~ und  in-situ
Transmissionselektronenmikroskopie (TEM) sowie Beugungsexperimente mittels Synchrotron-
Strahlung zum Einsatz. Grundsatzlich fihren niedrige Homogenisierungstemperaturen und -
Zeiten zu einer Vielzahl an kleiner a-Al(Fe,Mn)Si-Dispersoide. Die Ergebnisse zeigen, dass diese
Homogenisierungsparameter die Hartesteigerung beim Warmauslagern beschleunigen. Dies
konnte durch Hartemessungen sowie TEM-Untersuchungen und der Ermittlung der
GroBenverteilung von ”-Mg-Si Phasen bestatigt werden. Zuséatzlich beeinflussen niedrigere
Homogenisierungstemperaturen das Rekristallisationsverhalten, wahrend der
Warmumformung und fiihren zu einer veranderten Misorientierungsverteilung innerhalb der
dynamisch rekristallisierten Zone, welche als Vorstufe fiir Grobkornbildung im Randbereich von
warmumgeformten Bauteilen entsteht. Das Transformationsverhalten wahrend der
Homogenisierung wurde mittels in-situ TEM untersucht. Die Ergebnisse deuten darauf hin, dass
die B-AlFeSi zu a-Al(Fe,Mn)Si-Transformation nicht direkt erfolgt, sondern dass sich a-
Al(Fe,Mn)Si-Dispersoide lokal in der Nahe von Primarphasen bilden, vergrébern und somit die

B-AlFeSi Phase ersetzen.

VI
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1 Introduction

The following thesis presents a comprehensive investigation into the thermo-mechanical processes
after homogenization for aluminum 6xxx alloys, specifically hot deformation such as extrusion or
forging and related microstructural phenomena as precipitation or recrystallization. The primary
objective of this study is to determine the dependence of these behaviors on homogenization
parameters. Recently, there has been a trend towards reducing homogenization time (or omitting
it entirely) prior to deformation processing, particularly in forging applications. The effects of these
processing strategies on the resulting alloy microstructure, however, require more in-depth
investigation. To this end, this thesis investigates various aspects of microstructural evolution in Al-
Mg-Si alloys, including the influence of a-Al(Fe,Mn)Si dispersoid size distribution on peripheral
coarse grain formation, the artificial aging behavior as a function of homogenization parameters,
crystal structure changes in the a-Al(Fe,Mn)Si phase, and the transformation of the -AlFeSi phase
into o-Al(Fe,Mn)Si. The investigation will utilize a range of experimental techniques, such as
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) measurements,
synchrotron radiation, and in-situ transmission electron microscopy (TEM) investigation. By
elucidating the influence of homogenization treatments on a-Al(Fe,Mn)Si dispersoid behavior and
subsequent microstructural evolution, the findings of this work offer a valuable foundation for the
development and calibration of predictive computational models. Enhanced understanding of
nucleation and growth behavior, grain boundary interactions, and phase transformations will
facilitate more accurate simulations of thermo-mechanical processing routes, contributing to the
future development of computational models and ultimately reducing reliance on extensive

experimental trials in both industrial production and laboratory environments.
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2 Objectives

The objectives of this study are to investigate the influence of different homogenization parameters
like temperature and isothermal holding time on subsequent microstructure changes, including
dynamic recrystallization phenomena during hot deformation and artificial aging behavior.
Additionally, this work aims to examine the phase development during homogenization, such as
the nucleation of a-Al(Fe,Mn)Si dispersoid phases as well as the transformation of [B-AlFeSi phase
to a-Al(Fe,Mn)Si phase. To achieve these goals, various measurement techniques will be employed,
including SEM and TEM (ex-situ and in-situ) and synchrotron radiation, to gain insights into the
acrystal structure change of a-Al(Fe,Mn)Si phase, as well as the influence of this phase on grain
misorientation distribution. Additionally, this research aims to provide an overview of which
microstructure changes are influenced by changing the homogenization parameters, time and
temperature. Different homogenization parameters lead to various a-Al(Fe,Mn)Si-dispersoid-
phase size distributions. These differing phase distributions influence recrystallization phenomena
and change hardening response during artificial aging. Further experiments focus on the
transformation behavior of primary phases as well as the crystal structure evolution of a-Al(Fe,Mn)Si
phases. While homogenization is generally recognized as critical for achieving good formability, its
impact on other stages of processing deserves more attention. This research is intended to
contribute to a deeper understanding of the influence of homogenization on subsequent

processing steps, i.e. hot deformation and artificial aging.
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3 State of the art

Despite their widespread use, the complex interaction between processing parameters and
microstructural evolution in aluminum 6xxx series alloys remains an active area of research.
Understanding these mechanisms is critical for optimizing their mechanical performance and
ensuring consistent quality in industrial applications. One of the major areas of research in this field
is computational material science, focusing on simulating microstructure evolution and phase
transformations in these alloys. Such simulations enable a better understanding of material
properties depending on microstructure and their evolution as a function of time and temperature,
assisting the development of more efficient and sustainable aluminum alloys with tailored
properties for specific applications. Multi-phase systems, such as those found in technological
aluminum alloys, exhibit complex interrelations between nucleation, growth, coarsening, and
recrystallization phenomena. A comprehensive understanding of thermodynamic and kinetic
microstructure evolution during processing, associated with these phenomena, is a prerequisite for

computational material simulation with high predictive accuracy.

The focus of Chapter 3 is to review the influence of a single phase, namely the Al(Fe,Mn)Si phase,
on the microstructure evolution of 6xxx alloys. The literature survey covers processing stages
ranging from casting and thermomechanical forming to post-processing heat treatments. Further,
the review points out experimental methods for determination of different microstructural features

like phase or texture characteristics.

Chapters 3.1 and 3.2 provide a metallurgical overview and will introduce aluminium 6xxx alloys
processing. Chapter 3.3 deals with homogenization and gives an overview of precipitation during
this heat treatment. Subsequently, a vast literature survey guides the reader through various effects
of the Al(Fe,Mn)Si phase on recrystallization, hardening response, and transformation of primary

phases (Chapter 3.4 - 3.6).
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3.1 Metallurgical concept

Al-Mg-Si based aluminium 6xxx alloys consist of almost 10 different elements. Figure 3.1 shows

the main alloying and respective phase-forming elements.
a-Al(Fe,Mn)Si Phases
M )
(Mg ) LA ) [si ] [ ] [w]

Mg-Si Phases

Figure 3.1: Main elements for phase formation in Al 6xxx alloys

In general, two types of phases can be distinguished based on their composition and crystal
structure: Mg-Si phases and Al(Fe,Mn)Si phases. The former primarily contribute to strengthening
behavior, whereas the latter have a more significant impact on hot and cold working, cracking, and
recrystallization. These differences arise from the unique characteristics of each phase, concerning
size, number density and spatial distribution. Further, trace elements like Ti, Zr, Sc, Cr and V are
used for grain size and recrystallization control. It should be noted that Zr, V and Sc can promote
the formation of dispersoid phases. Further, Cr also contributes to Al(Fe,Mn)Si phase precipitation
and substitutes partially Fe or Mn atoms. Other elements such as Cu are commonly added to
enhance the precipitation strengthening of aluminum wrought alloys. However, the addition of

these elements can have a negative impact on the corrosion resistance of the alloy.

3.2 Aluminium alloy processing

Figure 3.2 illustrates a typical production process for aluminum alloys, beginning with casting and
ending with artificial aging (AA) heat treatment to achieve maximum strength. During this process,
Mg-Si phases can nucleate, grow, dissolve, and reform thermodynamically controlled due to their
low dissolution temperature. In contrast, Al(Fe,Mn)Si phases form during casting and the following
heat treatment step called homogenization. The dissolution temperature of Al(Fe,Mn)Si phases is

higher than the melting point, making it impossible to dissolve them at any stage of the production

process.
Casting Homogenization Hfg:éjclggj ::a“thf:aI:r;lz: t Artificial Aging
[ > 660 °C ] [ 500 - 580 °C ] [ RT - 550 °C ] [ 480 - 560 °C ] [ 160 - 220 °C

Figure 3.2: Typical production process of 6xxx aluminium alloys

4
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As a result, the size distribution of Al(Fe,Mn)Si phases, formed during homogenization, influences

all subsequent heat treatment or forming steps.

3.3 Homogenization heat treatment

The upcoming subchapters (3.3.1-3.3.4) provide summary of phase evolutions during the heating,
isothermal holding, and cooling step of homogenization heat treatment (Figure 3.3). This involves
an analysis of dispersoid nucleation behavior as a function of alloy composition, heating rate, and
isothermal holding temperature. Furthermore, it is important to note that the casting process
preceding homogenization is included in the subsequent discussion (subchapter 3.3.1), as phase

formations occurring at this stage significantly influence the subsequent microstructural evolution.

Transformation of B-AlFeSi
to a-Al(Fe,Mn)Si-phase

temperature

’ Isothermal holding ‘

/ B-MgSi-phase

B-MgSi-phase

&
of:“ T a-Al(Fe,Mn)Si-
r,-§$ dispersoid-phase
&

'-MgSi-phase
\B’—MgSi—phase /B L

time
Figure 3.3: Microstructural changes during the homogenization process

3.3.1 Cast condition — Primary phases

The solidification of aluminum alloys begins with dendritic crystallization of the face-centered cubic
(fcc) aluminum matrix, which is followed by the formation of primary B-AlFeSi and o-Al(Fe,Mn)Si
precipitates in liquid regions between the crystallized grains. The ratio between these two phases
primarily depends on the Mn and Fe content in the alloy but is also influenced by the solidification
or cooling rate and the addition of grain refiners (Al-Ti-B). In addition, Mg-Si phases start to
precipitate below the solidus temperature. Several studies have investigated the influence of
alloying elements and cooling rate on the relative quantities of B-AlFeSi and a-Al(Fe,Mn)Si primary
phases that form during solidification [1], [2], [3], [4], [5]. Concerning crystal structures and different

types of primary 3-AlFeSi and a-Al(Fe,Mn)Si phases depending on chemical composition, Liu did a
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literature review on this topic focused on the influence of Mn and Cr [6]. An additional overview is
given in the work of Kral including various AlFeSi-phase configurations in Al-Si based alloys [7].
Further, Table 7 (Appendix I) summarizes all crystal structure information for o-Al(Fe,Mn)Si-
dispersoid phase found in literature. Recent research conducted by Khan et al. has highlighted the
potential influence of grain refiners on the size distribution of precipitated B-AlFeSi phases. A higher
number of crystallizing grains results in reduced liquid spacing between the grains, which, in turn,

can suppress the growth of primary 3-AlFeSi and a-Al(Fe,Mn)Si phases [5].

Micro-segregation, which refers to the non-uniform distribution of solute atoms in the alloy matrix,
is a common phenomenon after casting of aluminum alloys. Previous studies have shown that Si
and Mg tend to segregate strongly at grain boundaries, while Mn and Cr form depleted zones next
to grain boundaries [8], [9], [10], [11]. Fe is typically evenly distributed in the matrix or locally bonded
in B-AlFeSi primary precipitates. These micro-segregations can have a significant influence on the
subsequent formation of secondary phases, such as o-Al(Fe,Mn)Si and [('-Mg-Si. The exact
formation nucleation mechanism of a-Al(Fe,Mn)Si dispersoid phases is described in the subsequent

chapter.
3.3.2 Heating Step

Lodgaard and Ryum described the nucleation behavior of a-Al(Fe,Mn)Si-dispersoid-phases [12],
[13]. During the heating process after casting, precipitation of the ’-Mg-Si phase occurs within the
temperature range of 100-350 °C, exhibiting a needle-like morphology. This §’-phase undergoes a
continuous transformation into the so-called "u-phase"”, which is composed of Mg, Si, Mn, and Fe.
Following this, the a-Al(Fe,Mn)Si-dispersoid-phases nucleate on the "u-phase" needles and
consume the parent phase, leaving behind a dispersoid string at the trace of the former phase.
Farh et al. reported similar findings [14]. They have demonstrated that dispersoids nucleate along
the <100> direction of former [’-phases. However, this orientation relation is lost with increasing
temperature due to coarsening of the dispersoids. Subsequent research has shown significant
coarsening behavior at temperatures above 400 °C during homogenization time. [15], [16], [17], [18].
Yoo et al. [19] conducted a TEM study to determine the crystal structure of a-Al(Fe,Mn)Si-dispersoid
phases, which was found to be either body-centered cubic (bcc) or simple cubic (sc) depending on
the Mn and Fe ratio. Additionally, Liu [6] established a correlation between homogenization time
and the crystal structure of the dispersoids. It was observed that in alloys with a Mn content of 0.5

wt.%, the dispersoids tend to transform from bcc to sc with increasing homogenization time.
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Hu et.al showed the influence of heating rate on the morphology of dispersoids [10]. A low heating
rate during homogenization has been observed to result in the formation of small and spherical a-
Al(Fe,Mn)Si dispersoids, while a high heating rate promotes the formation of needle-shaped and
coarse dispersoids. In addition to dispersoid morphology, two other important phenomena that
affect the final material microstructure are the presence of dispersoid-free zones (DFZ) and the
uniformity of dispersoid size distribution. These dispersoids strongly control recrystallization
resistance. Therefore, DFZs lead to uncontrolled recrystallization behavior and a non-uniform
texture and grain size. In general, the formation of DFZs and the uniformity of dispersoid
distribution are closely related to the degree of micro-segregation of Mg and Si during casting.
[20], [21]. According to Kenyon et al., dispersoids tend to be finer at the grain boundaries and

progressively coarsen toward the grain center [8].

Li et al. also described coarse dispersoid zones. They developed a two-step heat treatment method
that effectively reduces the occurrence of coarse dispersoids and dispersoid-free zones. This is
particularly important since casting often leads to micro-segregation of Si, which tends to
accumulate at grain boundaries. At low temperatures (150-250 °C), the diffusion coefficient of Si is
particularly low, which limits diffusion-driven processes. The Si atoms require sufficient time to
diffuse into the grains, as the '-Mg-Si phase acts as nucleation sites for dispersoids [12], [13].
Therefore, they suggested that at fast heating rates, nucleation and growth of 3'-Mg-Si would be

insufficient for a uniform precipitation distribution [9].
3.3.3 Isothermal holding

During isothermal holding, the primary [-AlFeSi phase undergoes a transformation to o-
Al(Fe,Mn)Si equilibrium phase. The transformation kinetics is highly dependent on the
homogenization temperature, but also on alloying elements [22], [23], [24], [25], [26]. Kuijpers et
al. reported that the presence of Si and Mn significantly accelerates the transformation behavior of
primary B-AlFeSi into a-Al(Fe,Mn)Si [27]. Several research studies have also focused on developing
quantification methods to analyze the primary phase transformation [7], [26], [28]. This literature
suggests that a combination of X-Ray diffraction (XRD), light optical microscopy (LOM), and
electron probe microanalysis are among the most promising methods for characterizing primary

phases.
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3.3.4 Cooling to room temperature

Typically, homogenization is carried out at temperatures ranging between 500-560 °C, which
represents the same temperature range as for solid solution heat treatments. Therefore, Mg-Si-
phases dissolve at these temperatures, allowing Mg/Si atoms to enter solid solution. During
subsequent cooling to room temperature, Mg-Si phases such as the B-Mg.Si or B'-Mg-Si may
precipitate, with their quantity being strongly influenced by the cooling rate. The critical cooling
rate for no precipitation is in turn influenced by the amount of alloyed Mg and Si, as well as the
number of possible nucleation sites, which are typically primary phases and a-Al(Fe,Mn)Si-
dispersoids. Therefore, the quench sensitivity can directly be linked to homogenization parameters
like heating rate and isothermal holding temperature. Milkereit et al. conducted extensive research
on this topic and summarized their findings in a review paper on the precipitation behavior of
aluminum alloys during cooling [29]. Additionally, computational simulations were performed to

model precipitation during cooling [30], [31].

3.4 Influence of a-Al(Fe,Mn)Si-dispersoid phase on recrystallization

Recrystallization is a phenomenon characterized by replacement of deformed grains with new
defect-free grains. In general, this new formation of grains can occur in a discontinuous way via

nucleation and growth or in a continuous way due to formation and rotation of subgrains.

This topic has been extensively studied by the Al-alloys research community for several decades
[32], [33], [34]. Typically, the phenomena of recrystallization in Al-alloys can be classified into two
categories: 1) static recrystallization that occurs after deformation and 2) dynamic recrystallization
that occurs simultaneously with deformation. Dynamic recrystallization is particularly important for
materials with high stacking fault energy, such as aluminum. Lv et al. provided a comprehensive
literature review on dynamic recrystallization during hot working [35]. Humphreys et. al showed
that second-phase particles in aluminium alloys play a significant role for pinning grain boundaries,
the development of texture, and therefore recrystallization resistance [32]. These particles can act
as obstacles for grain boundary migration during recrystallization, thus inhibiting the process. The
type, size, and distribution of second-phase particles in the microstructure can also influence the
development of texture, which in turn can affect the recrystallization behavior [36]. The review by
Huang et al. provides a detailed analysis of the influence of second-phase particles [37]. The
peripheral coarse grain (PCG) phenomenon is a distinct recrystallization behavior observed during

axisymmetric hot deformation [38]. The following chapters will provide a summary of the impact
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of second-phase particles, specifically Al(Fe,Mn)Si dispersoids, on texture evolution, including the

development of grain boundary misorientation and their effect on PCG phenomena.
3.41 Dynamic Recrystallization

Dynamic recrystallization (DRX) is a complex process that involves the formation of new grains or
subgrains during hot working. DRX can be classified into three main mechanisms, namely
discontinuous dynamic recrystallization (DDRX), continuous dynamic recrystallization (CDRX), and
geometric dynamic recrystallization (GDRX). DDRX occurs through the nucleation and growth of
new grains, while CDRX involves the formation of subgrains that subsequently rotate into high-
angle grain boundaries. GDRX occurs during hot working like extrusion or rolling. The grains
become significantly elongated due to deformation predominantly occurring in one direction. If
the thickness of these elongated grains reaches the dimension of a subgrain, the grain can partially
pinch off and form a new, separated grain. Huang and Lv et al. summarized this dynamic
recrystallization phenome in their literature reviews [34], [35]. Further, they found that CDRX and
GDRX are the dominant recrystallization mechanisms during hot deformation in aluminium alloys.
Another literature review on the connection between DRX and severe plastic deformation is given
by Sakai et al. [39]. Especially for low strains, they pointed out that the grain structure after
recrystallization depends strongly on annealing heat treatment and less on deformation. This
behavior is changing for higher strains, where deformation plays the dominating role in comparison
to annealing heat treatment. Computational simulation of GDRX and CDRX phenomena has been
the subject of various studies, ranging from finite element simulations to constitutive modeling

approaches [40], [41], [42], [43], [44], [45], [46].

3.4.2 Recrystallization during extrusion and texture development

Extrusion parameters like temperature, strain, and strain rate strongly influence microstructure and
recrystallization behavior during deformation [47]. In general, higher extrusion temperature leads
to a higher fraction of recrystallized grains [48]. Strain and strain rate affect recovery, dynamic
recrystallization, and grain size [49]. The presence of a-Al(Fe,Mn)Si-dispersoids in aluminum 6xxx
alloys has been shown to significantly impede grain and subgrain boundary movement, with the
degree of inhibition being directly dependent on the size and number density of the particles [30].
In alloys with low levels of Mn and Fe, full recrystallization occurs during extrusion, while those with
higher levels of dispersoid-forming elements exhibit a fibrous texture throughout the cross-section

of the extrudate, indicating recrystallization resistance, which is attributed to the Zener-Pinning
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effect [18], [50]. The fibrous texture of aluminum alloys is typically composed of grains oriented in
<111> and <001> relative to the direction of extrusion [32]. Rakhmonov et al. demonstrated that
an increased number density of dispersoids promotes <111> texture component [51]. Additionally,
variations in the magnitude of strain experienced by different regions within an extruded part can
also influence the development of texture components [52], [53]. The two main types of DRX
phenomena during extrusion are CDRX and GDRX. Poletti et al. conducted a study on GDRX and
established critical strains (~0.4-1.7) for this phenomenon based on initial grain size, temperature,
and strain rate [54]. Gholinia et al. presented a study on the influence of second-phase particles
and reported that fine particles have a significant impact on GDRX. Specifically, they observed that
fine particles can reduce subgrain size and increase the critical strain and temperature required for
GDRXto occur. Furthermore, the pinning effect of these particles hinders grain boundary migration,

resulting in the stabilization of fine-grained microstructures [55].

3.4.3 Peripheral Coarse Grain Phenomena

Peripheral coarse grain (PCG) is an abnormal grain growth phenomenon that is typically considered
undesirable on the surface of extruded materials. This phenomenon tends to occur when high
strains, deformation temperatures, and strain rates are present at the surface, coupled with high
Zener-pinning forces resulting from high number density of o-Al(Fe,Mn)Si dispersoids [18], [32],
[47], [48], [56], [57], [58], [59], [60]. The correlation between abnormal grain growth and the pinning
effect of particles was first described by Humphreys et al. [32]. Extrusion parameters, such as strain
rate and temperature, have been shown to influence both the fibrous extrusion and surface texture
of extruded materials [52]. Sun et al. demonstrated that the recrystallization resistance of aluminum
alloys is dependent on grain orientation [61], while different shapes of extrusion tools can result in
varied surface textures and impact DRX and subsequent PCG behavior [62]. Furthermore, initial
texture conditions can also alter the recrystallization behavior of the material. Chang et al. showed
that the extent of PCG after forging differs depending on whether undeformed material or pre-
extruded material is used as the initial material [63]. Additionally, computational simulation of PCG
phenomena has been performed in various aluminium alloys [64], [65]. Van Geerdtruyden et al.
focused their research on this phenomenon in 6xxx aluminium alloys and suggested the following
formation mechanism [38], [66], [67]. CDRX and GDRX occur during hot deformation. Especially at
surface regions, strain is significantly higher compared to the center. As a result, a particularly

equiaxed fine-grained recrystallized texture forms at the surface in contrast to the fibrous texture
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in central regions. This assembly of small high-angle grain boundaries is a suitable precursor for
abnormal grain growth. A similar explanation is given by Eivani et al. [64], [68]. During hot working,
grains elongate, and partial DRX and subgrain formation occur. The associated stored “subgrain
energy” may lead to abnormal grain growth. Additionally, Lv et al. mentioned that grains with
similar grain orientation can be a precursor for abnormal grain growth as well as particle-free zones
[35]. In summary, researchers have concluded that PCG or abnormal grain growth is typically the
result of dynamic recrystallization of severely deformed microstructures. That leads to the
formation of a fine, equiaxed grain or subgrain structure, which acts as a precursor for static

abnormal grain growth, driven solely by thermal conditions.

3.4.4 Misorientation Distribution

Misorientation refers to the degree of orientation difference between two distinct crystals or grains.
In hot deformed aluminium alloys, the texture typically comprises elongated grains, recrystallized
grains, and recovery-induced effects such as subgrain formation. As such, the misorientation
distribution of grains can be thought of as a unique "fingerprint" of plastic-deformed crystal
materials. After extrusion, the grain misorientation distribution typically exhibits a bimodal
distribution, with a first peak occurring between low-angle grain boundaries (LAGB) and a second
peak between 50° and 60°. The ratio of low-angle and high-angle boundaries (HAGB) is significantly
influenced by strain and temperature [69], [70], [71], [72], [73], [74]. Kaibyshev et al. conducted a
study on the relationship between strain and subgrain misorientation in 2xxx alloys [71]. In addition,
the development of LAGBs and HAGB:s is strongly influenced by the presence of precipitates. Zhu
et al. showed that intermetallic particles in 6060 alloy can lead to a decrease in HAGB after
deformation [75]. Similar results are shown by Zhao et al. for AI-Mn alloys [76], Yuan et al. in a
6005A alloy [77], and Nagaumi et al. for a 6061 [78]. As previously discussed, DRX is a significant
factor in hot deformation. DRX at the surface of an extrudate can result in an increased fraction of
HAGBs compared to the center [52], [79]. In addition, Berndt et al. demonstrated this impact of
cold and hot extruded materials on misorientation distribution [80]. A recent study by Zhang et. al
[81] showed an important effect of grain boundary misorientation distribution on the size of Mg-Si
precipitation induced by quenching. The study found that the size of phases nucleating on HAGBs
was three times larger compared to precipitates formed on LAGBs. This highlights the significant

influence of misorientation and texture on precipitation kinetics, which in turn affects the
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microstructure through the resulting precipitate distribution, governed by the homogenization

parameters.

3.5 Influence of dispersoids on hardening response and mechanical behavior
during artificial aging

Fine B"-precipitates are primarily responsible for strengthening Al-Mg-Si alloys after AA (typically
between 160 — 220 °C), while fine a-Al(Fe,Mn)Si-dispersoids typically enhance their ductility and
hot-forming resistance [18], [82], [83]. Cerny et al. investigated if a-Al(Fe,Mn)Si-dispersoids can
contribute to the overall strength. She found that even with an optimized homogenization
treatment that results in a high number density and small a-Al(Fe,Mn)Si-dispersoids, there may not
be a direct increase in strength at room temperature [84]. In a recent study conducted by
Rakhmonov et al, the influence a-Al(Fe,Mn)Si-dispersoids and B"-precipitates at various
temperatures on mechanical properties was investigated. Results indicate that at room
temperature, strength behavior is mainly governed by the B"-precipitates. However, as the
temperature increases, the ”-phase transforms into the [’-phase, and subsequently into the
equilibrium B-MgzSi-phase. This transformation causes a decrease in the strengthening effect of
Mg-Si-phases and an increase in the influence of a-Al(Fe,Mn)Si-dispersoids [85]. Furthermore,
another study of Rakhmonov et al. demonstrates an indirect influence of homogenization on the
hardening response [51]. Specifically, a lower homogenization temperature leads to a fine
distribution of a-Al(Fe,Mn)Si-dispersoids, which improves high-temperature deformation behavior,
and consequently, increases the extrusion temperature due to higher friction. As a result, a higher
amount of Mg-Si-phases dissolve, leading to a more complete supersaturation and thus an

increase in strength during subsequent artificial aging.

Cui et al. observed that an alloy with less Mn showed a faster natural aging response due to the
higher number of clustering sites. The higher number of clustering sites lead to a faster GP-zone
formation, which consequently results in a higher density of B”-phase precipitates during
subsequent artificial aging. As concluded by the authors, the Mn content can significantly influence
the natural aging behavior of 6xxx alloys by affecting the dispersoid fraction, which in turn affects
the availability of Si for precipitation hardening and the number of clustering sites for GP-zone

formation [86].

Alvarez-Antolin et al. investigated the impact of different homogenization temperatures on the

artificial aging behavior of an Al-Mg-Si alloy. Their findings suggest that a higher degree of

12



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

transformation of primary 3-AlFeSi to a-Al(Fe,Mn)Si during homogenization leads to an increase
in Si content in the matrix, as Si amount in the a-Al(Fe,Mn)Si structure is lower than in B-AlFeSi
phase [87]. In summary, it can be stated that researchers in recent years have repeatedly
encountered the influence of homogenization on heat treatments and have observed partially
divergent results, which naturally depend on the experimental setup as well as the varying alloy

compositions.
3.6 Transformation behavior of B-AlFeSi to a-Al(Fe,Mn)Si phase

The transformation from 3-AlFeSi to a-Al(Fe,Mn)Si phase is a complex process that can be affected
by several factors, including micro segregation, dispersoid formation, and Mg-Si phase formation
and dissolution. The first research on this transformation mechanism was done by Zajac et al. [88].
Further, Kuijpers et al. studied the morphology change during transformation, which changes from
plate-like to a more cylindrical or spherical morphology. They combined special etching methods
and laser microscopy to reconstruct a 3D image of primary phases [89]. In recent years, In-situ
characterization techniques like laser scanning confocal microscopy or low electron energy

microscopy were used to investigate this transformation behavior [90].

The latest research from Bayat et al. demonstrated the evolution of primary phases via in-situ TEM
investigations for 6xxx series with Mn (6005,6082) and minor additions of Mn (6060, 6063) [91], [92].
In alloys without Mn, a phase transformation from monoclinic B-AlsFeSi to cubic a-Ali.FesSi was
observed. In contrast, alloys containing Mn exhibited no distinct change in stoichiometry or crystal
structure. This is attributed to the fact that Mn stabilizes the o-Al(Fe,Mn)Si phase, leading to the
predominance of the a-phase in the as-cast state. During homogenization, Mn is incorporated into
the a-Al(Fe,Mn)Si phase by substituting for Fe. According to these studies, the transformation [3-
AlFeSi to a-Al(Fe,Mn)Si phase can occur via three different mechanisms. The first involves the
nucleation of a-Al(Fe,Mn)Si phases at the surface of the B-AlFeSi needle, which subsequently grow
and replace the B-AlFeSi with further homogenization time. The second mechanism involves the
nucleation of MgzSi-phases next to B-AlFeSi needles, which subsequently grow and form a new
interface with the B-AlFeSi phase. At this interface, the a-Al(Fe,Mn)Si phase nucleates and replaces
the B-AlFeSi-phase. The third mechanism involves the nucleation of MgzSi-phases next to 3-AlFeSi
needles, with the subsequent formation of a-Al(Fe,Mn)Si phases at higher temperatures. In all three
mechanisms, Mg,Si dissolves, and 3-AlFeSi transforms into a-Al(Fe,Mn)Si phase. Additional in-situ

experiments by Bayat et al. on 6005 and 6082 aluminum alloys indicate that the transformation
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from B-AlFeSi to a-Al(Fe,Mn)Si phase is governed by a combination of nucleation of a-Al(Fe,Mn)Si
on or next to B-AlFeSi (involving Mg-Si phases as precursor phase for a-Al(Fe,Mn)Si nucleation)
and growth respectively replacement mechanisms. In general, Mg-Si-phase nucleates first during
heating, and some of them act as nucleation sites for a-Al(Fe,Mn)Si phase (see chapter 3.3.2). As
temperature rises, Mg-Si-phase dissolves, and a-Al(Fe,Mn)Si phase grow. Moreover, the
mechanisms described here differ from, for example, the nucleation of f"-Mg-Si phase in a
homogeneous region of the bulk matrix, where precipitation is not significantly influenced by local
conditions or neighboring precipitates. In contrast, the transformation of B-AlFeSi into the a-
Al(Fe,Mn)Si phase is strongly influenced by surface effects and diffusion. This transformation is
locally driven, involving diffusion within the phases themselves - not solely matrix diffusion - due
to the comparatively large size of the 3-AlFeSi phase relative to the nucleating a-Al(Fe,Mn)Si phase.
Additionally, surface energy and curvature play a critical role in this process. Especially grain
boundaries as well as phase boundaries accelerate diffusion and therefore transformations kinetics,
because of local accumulation of phases associated with short diffusion paths. Furthermore, the
Gibbs-Thomson (curvature dependent solubility) effect seems to additionally increase
transformation if morphology of B-AlFeSi phase is changed due to replacement. Different surface

energies of 3-AlFeSi and a-Al(Fe,Mn)Si phase enhance transformation (like Ostwald-ripening) [93].

This literature review raises several questions regarding the nature of the transformation process.
Is the change from B-AlFeSi to a-Al(Fe,Mn)Si phase a phase transformation, or determined by
nucleation and growth mechanisms, or a combination of both? Further research is needed to fully
understand the underlying mechanisms governing this transformation and its implications for the

development of advanced materials.
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4 Material and Methods

This chapter provides an overview of the characterization techniques utilized in the study. Chapters
4.1 and 4.2 present the experimental procedures, along with the methodologies and software
employed for data analysis. Additionally, Chapter 4.3 outlines detailed information on the heat

treatments applied in various investigations.

4.1 Material and experimental methods

Table 1 shows the composition in weight percent of the alloys investigated. The material was
produced through horizontal continuous casting and provided by the company Neuman
Aluminium Austria. Both alloys were in cast condition and the billets had a size of @250 x 30 mm.
All experiments were carried out using the 6082 alloy. Additionally, the 6063 alloy was used to

compare the transformation behavior of primary phases with that of the 6082 alloy.

Table 1: Alloy composition of 6082 and 6063 in wt.%

Si Fe Mn Mg > Cu+Cr+Ti
6082 1.2 0.3 0.6 0.9 0.3
6063 0.6 0.2 0.05 0.5 0.05

411 Extrusion

A laboratory press was used for extrusion experiments (Figure 4.1). The direct extrusion press has a
maximal press force of 2 MN. The extrusion speed ranges from 4.3 mm/s up to 47 mm/s. Billets
with a size of @40x100 mm were extruded into a 10x10 mm square bar. Preheating the billets up to
480 °C was carried out with a Carbolite CWF 1300 with an integrated PID control unit Eurotherm
3216 furnace. The extrusion press container was maintained at approximately 350 °C, while the die
remained at ambient temperature. Consequently, the extruded material underwent cooling by

both contact with the die and exposure to air.
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4.1.2  Microstructure Investigations — Sample Preparation

Figure 4.1: Laboratory extrusion press (left) and technical drawing of die (right)

Samples for microscopy were embedded in a conductive two-component embedding resin. The

sample preparation was done with a Struers TegraPol-31 apparatus. A standard preparation

procedure was carried out for light optical and scanning electron microscopy. Further, etching after

Weck for grain size determination as well as etching with 0.5 % hydrofluoric acid for a-Al(Fe,Mn)Si-

dispersoids visualization was carried out. EBSD measurements require special sample preparation

parameters, which can be found in Table 2.

Table 2: Preparation parameters for EBSD-samples [94]

Pad
SiC-paper
SiC-paper
SiC-paper
MD-Mol
MD-Mol
MD-Chem

Vibromet

Granulation
#4000
#4000
#4000

3 um

3 um

Time
2 min
2 min
2 min
17 min
10 min
20 min
>6 h

Speed

150 U/min
150 U/min
150 U/min
150 U/min
150 U/min
150 U/min

Suspension

DP-P
DP-P
OP-S

Force
15N
10N
10N
15N
10N
10N

Samples for TEM investigation were mechanically thinned, and subsequently ion milled with a

GATAN precision ion polishing system (PIPS).
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4.1.3 Microstructure Investigations — Microscopy
The following list shows the microscopes used:

= Light Optical Microscopy (LIMI) — Zeiss Axio Imager M2m with a mounted AxioCam MRc5

» Scanning Electron Microscopy (SEM) — FEI Quanta 250 FEG including CBS, EBSD, and EDX
detector

= Transmission Electron Microscopy (TEM) — FEI TECNAI F20 (field emission gun emitter) and G20

(LaBe emitter) with 200 keV current

Characterization of a-Al(Fe,Mn)Si phase requires low operation voltage (5kV) as well as the usage
of a CBS detector. EBSD measurements were done with an operating voltage of 20 kV and the

same scanning step size (0.1 um) for all measurements.
4.1.4 Microstructure Investigations — Synchrotron Radiation

Radiation experiments were conducted at the High Energy Materials Science beamline (P07) at
PETRA Il (HEMS) in Germany (Hamburg). In detail, a monochromatic X-ray beam with 87.1 keV
photon energy with a spot size of 200 x 200 um on the sample was used. The resulting wavelength
is therefore 0.16791 A. A 2D Perkin Elmer XRD 1621 flat panel detector recorded a pattern at a

distance of 1390 mm from the sample.

415 Mechanical Properties

An EMCO Test M1C 010 with a tungsten carbide ball sphere was used for hardness measurements.
Average hardness values consist of at least ten indentations and were carried out according to DIN

EN ISO 6506.

4.2 Analysis Methods and Software

Analysis of microscopy images was done with the software ImageJ and a plugin called WEKA-
Segmentation, which can be trained to detect certain image characteristics like precipitates [95].
The software was mainly used for the detection of a-Al(Fe,Mn)Si phases. 15 SEM images were
analyzed to compile a size distribution for Al(Fe,Mn)Si dispersoid phases. The diameter was
calculated from the measured area by assuming spherical particles and classified in 10 nm steps,

which is a reasonable approximation for Al(Fe,Mn)Si dispersoid phases.
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Five TEM images were used for B"”-phase characterization for each heat treatment condition. The
thickness of the samples was measured via electron energy-loss spectroscopy (EELS). Further, the

number density of B"”-precipitates N, was calculated according to Ref [96]:

3N

No = Ja+ 1)

Where N is the number of counted precipitates, A measured area, t is the sample thickness, and

Ao the average length of ”-needles.

EBSD raw data consists of diffraction patterns. The software OIM Analysis was used for processing
this data to evaluate grain size, misorientation distribution, recrystallized grain fractions, and texture
features as seen by inverse pole figure maps. Raw EBSD-Data was processed with three “Cleanup”

algorithms implemented in the OIM Analysis software before evaluation as listed in the following:

= Grain Cl standardization (grain tolerance angle 5.0, min size 2)
= Neighbor orientation correlation (tolerance 5.0, confidence index >0.1)

= Grain dilation (tolerance 5.0, single iteration)

Figure 4.2 shows axis labeling of measurements and evaluation. All samples were measured
according to Figure 4.2 (middle) and the extrusion direction was oriented parallel to Axis 2. The
following figures use this legend and definition of orientation and are therefore not separately

labeled with an extra legend.

Al

Fole Figure Display Setting

A2
[ Match mep setting Default Axis Labels
Osetting! O Setling 2 Asis 1 Gray Scale Map Type:<none=
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A3 . i == Auis 3
Axis 1 i.ﬁ3
Al Al
A2 001 101

Boundaries: <none>

Figure 4.2: Legend for EBSD-Maps; Axis setting (left), setting for extrusion direction ED (middle), and color-coded map
(right)
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The software package MatCalc [97] was used to estimate the influence of Si content on precipitation

kinetics (size and number density) of B"-phase during artificial aging.

Diffraction patterns for crystal structure identification from DESY (Deutsche Elektronen-
Synchrotron) were evaluated with the software Fityk [98] as well as the commercial software
Highscore. The standard Rietveld-Fitting method was used [99]. Additionally, to adjust and fit peak

positions, unit cell size fitting was also carried out [100].

4.3 Experimental plan and applied heat treatments

The following subchapters provide an overview of the heat treatments applied to demonstrate their
influence on microstructural evolution, including recrystallization and hardening responses, as well

as the impact of a-Al(Fe,Mn)Si dispersoids on microstructural development.

431 Influence of dispersoids on misorientation distribution and dynamic recrystallization

Figure 4.3 shows the carried-out heat treatments for homogenization and subsequent extrusion.
The heating rate was 3 °C/min up to the isothermal holding temperature of 530 °C and 570 °C,
respectively. Isothermal holding for 4 h is followed by water quenching. These two different
homogenization temperatures were chosen to test the general understanding that they should
lead to two different Al(Fe,Mn)Si-dispersoid size distributions and therefore also influence the

texture evolution during extrusion.

[
2 Homogenization
o
[
3
& 270 °C Extrusion
- 530 °C
S 480 °C
&
O =)
< S
™ ::’Q .
Isothermal holding 4 h 2 min time

Figure 4.3: Applied heat treatments for extrusion experiments

Further, the extrusion speed and thus the strain rate is varied. A slow extrusion speed of 4.3 mm/s

and the maximum speed of the laboratory extrusion press 47 mm/s was chosen. The extruded
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material is investigated via LIMI, SEM and EBSD measurements. Table 3 shows a list of sample

abbreviations used in the extrusion experiments.

Table 3: Sample abbreviations and experimental parameters

L1
L10
H1
H10

432

Homogen
530 °C
530 °C
570 °C
570 °C

ization temperature Extrusion stem speed (strain rate)
4.3 mm/s
47 mm/s
4.3 mm/s
47 mm/s

Influence of dispersoids hardening response

Figure 4.4 illustrates the performed heat treatments. The homogenization times and temperatures

(400 °C for 1h, 560 °C for 2h, and 560 °C for 8 h) were changed compared to the experimental

setup in Chapter 4.3.1. The aim was to get a bigger difference in the size distribution of the a-

Al(Fe,Mn)Si-dispersoids, and to test the influence of the particle sizes on the hardening response

during artificial aging. Subsequent solution heat treatment (560 °C for 20 min) and artificial aging

stayed the same for all homogenization treatments. The time between solution heat treatment and

artificial aging was kept constant to 20 min (natural aging time). Water cooling was used for

guenching from homogenization and solution heat treatment temperature.

temperature

Homogenization

560 °C

Solution heat treatment

560 °C

Figure 4.4: Applied

W s34 3
S = Artificial Agin
005‘ 400 °C ging
o}
180 °C
1h 2h 8h 20 min 0..4h time

heat treatments for hardening response experiments

Hardness measurements were done for O min up to 4 h AA time. TEM investigations were

conducted for 15 min and 60 min AA time. The a-Al(Fe,Mn)Si-dispersoid size distributions were
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measured via SEM, and "-phase number densities via TEM. Further, grain size was compared with
LIMI images. Additional homogenization heat treatments were carried out only for hardness

measurements at 400°C for 1 h and 4 h, 450°C for 1 h, 500°C for 1 h, and 560°C for 1 h and 16 h.

4.3.3 Crystal Structure Evolution of a-Al(Fe,Mn)Si phase

The crystal structure evolution was investigated via synchrotron radiation with samples of roughly
10x10x10 mm dimension. Figure 4.5 shows the applied heat treatments. Samples were heated with
3 °C/min up to 560°C, held for various times (0.5 h, 1 h, 2 h, 4 h, 8 h, and 12 h) and finally quenched
into water to freeze the microstructure. Further, two samples were quenched to room temperature,
interrupting the heating after reaching 400 °C and 560 °C. Also, one sample in cast-condition was

investigated.
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Figure 4.5: Overview of heat treatment of 6082 samples crystal structure investigation

4.3.4 Transformation behavior of 3-AlFeSi to a-AlFeSi phase

The transformation behavior of primary B-AlFeSi to a-Al(Fe,Mn)Si phase was investigated with a
TEM heating holder, which was used for in-situ analysis. TEM samples were heated up to 560 °C
for the 6082 alloy and 580 °C for the 6063 alloy. This difference is due to the slightly different
liquidus temperatures of 6082 (580 °C) and 6063 (615 °C). Figure 4.6 shows an equilibrium
calculation for 6063 und 6082 including a solid matrix phase, a liquid phase, a-Al(Fe,Mn)Si phase
and a Mg:Si-phase.
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Figure 4.6: Equilibrium calculation for compositions given in Table 1 - liquidus temperature 6063 (orange) and 6082

(red)

Generally, a higher weight fraction of alloying elements in the 6082 alloy lowers the melting point

and therefore, a lower homogenization temperature is a consequence of this effect to avoid

melting of the material. The heating rate for all experiments was 10 °C/min.
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5 Results and discussion

The following chapter is divided into four subchapters, each focusing on a specific aspect of a-
Al(Fe Mn)Si  phase influencing microstructure evolution, namely recrystallization, hardening

response, crystal structure evolution, and transformation behavior.

51 Influence of a-Al(Fe,Mn)Si dispersoids on misorientation distribution and

dynamic recrystallization

During the extrusion of aluminum, typical microstructure textures develop as a result of
deformation, recovery, and recrystallization (see chapter 3.4). This chapter presents an investigation
of recrystallized regions, with a particular focus on the microstructure preceding the formation of
peripheral coarse grains. PCG typically develops during hot extrusion or forging, mainly near the
surface regions. Because the surface is experiencing the highest temperatures, strains, and strain
rates. To study and control PCG formation at the extrudate surface, extrusion experiments were
performed with varying extrusion speeds, which altered strain rates and temperature profiles.
Figure 5.1 shows the end of the extruded billet (longitudinal cut). After extrusion, this part remains
between the extrusion container and the die and must be removed manually. The extrusion die is

not heated, leading to rapid cooling of the remaining billet (“end-of-extrusion billet”).

N\

( Extrusion direction

B

billet

<

Figure 5.1: Overview of billet and extrusion die

23



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hub

This gives the possibility to freeze microstructure and observe texture changes of the material from
the billet to the finished extrusion part. Figure 5.2 shows a detailed view of the extrusion rest and
typical extrusion textures consisting of a dead metal zone (DMZ) at the edge of the billet, a severe

shear zone, and a fibrous structured zone located in the center of the billet.

_transitic'"i_n zone ~ - ,‘
i :
peripheral coarse- * - Fine equiaxed
__grain (PCG) - S

10000 pm

extrusion direction
—

Figure 5.2: End of extrusion billet showing EBSD-measurement points and an overview of characteristic occurring

textures during hot extrusion (Etching after Weck)

The DMZ is a distinct region within the billet where material deformation is minimal, attributable
to the predominant metal flow directed from the billet surface toward its center. This region of
dominant metal flow, identified as the shear zone, undergoes the highest strain and strain rates,
promoting the formation of a recrystallized fine-grained microstructure. Within the central region
of the billet and extrudate, a fibrous microstructure develops, characterized by elongated grains
aligned along the extrusion direction. The close-up reveals a transition zone between the fine,
equiaxed recrystallized grains and the PCGs at the edge of the extrudate. These fine recrystallized
structures serve as the precursor microstructure for abnormal grain growth and are therefore the
primary focus of EBSD (Electron Backscatter Diffraction) analysis, as indicated in the figure. Typically,
the occurrence of PCG phenomena is influenced by temperature, strain, strain rate and pinning
capability of precipitates. In Al-Mg-Si alloys, a-Al(Fe,Mn)Si-dispersoids act as effective pinning
particles for grains or subgrains, thereby inhibiting normal as well as abnormal grain growth. This

pinning capability of a-Al(Fe,Mn)Si dispersoids is determined by their size and spatial distribution
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within the matrix. Two different homogenization heat treatments (530°C and 570°C for 4 h each)

were applied prior to extrusion experiments. Figure 5.3 shows LOM images of homogenized

samples etched with hydrofluoric acid to make a-Al(Fe,Mn)Si-dispersoids visible.

Figure 5.3: Dispersoid size distribution - etched with 0.5 % HF for 30s; homogenization at (a) 570°C for 4h & (b) 530 °C
for 4h

The images illustrate a distinct difference in the size and distribution of a-Al(Fe,Mn)Si dispersoids.
Figure 5.3 (a) displays a coarser dispersoid distribution compared to Figure 5.3 (b). As a result,
samples exposed to higher homogenization temperatures exhibit larger but fewer o-Al(Fe,Mn)Si
dispersoids. This reduction in number and increase in size diminishes the overall pinning
effectiveness on subgrains and grain boundaries. As mentioned, the extent of PCG depends on
strain, strain rate and pinning ability of occurring phases in the alloy. Table 4 and Figure 5.4 show
the extent of PCG depending on extrusion stem speed (strain rate) and homogenization parameter.
Extruded samples have a final geometry of 10x10 mm in cross section out of 40x200 mm billet

material.

Table 4: PCG percentage of are cross section of extruded 10x10 mm sample depending on homogenization heat

treatment and extrusion stem speed

Extrusion stem speed 4 mm/s 20 mm/s 50 mm/s
530 °C for 4h 0% (L1) 12 % (L5) 31 % (L10)
570 °C for 4h 0 % (H1) 33 % (H5) 45 % (H10)

The values in the table represent the percentage of Peripheral Coarse Grains (PCG) in relation to

the total area of "normal” grains within the cross-sectional area.
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Figure 5.4: LIMO images showing surface region with PCG

The following subchapters, 5.1.1and 5.1.2, focus on the fine recrystallized grain structure that forms
prior to the onset of abnormal grain growth. This analysis is based on EBSD measurements of
samples H1, H10, L1, and L10, with the corresponding homogenization treatments and extrusion

speeds detailed in Table 4.

5.11 Characterization of extrusion textures

In general, all samples (same cross section with 10x10 mm) showed similar trends of recrystallization
behavior as well as texture development. Accordingly, the following figures present EBSD
measurements from sample H1, which serve as a representative example of the texture observed
in the other samples. Figure 5.5 illustrates texture measured from surface to roughly center region
(compare indicated EBSD measurement areas from Figure 5.2 - fibrous texture in center; fine

recrystallized grains at surface).
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Figure 5.5: Evolution of grain texture from the center region (a) to the surface (b); (c) grain size depending on the

distance from the surface

Part (a) of the figure displays a typical fibrous extrusion texture located in the central region of the
sample. This texture transitions into an equiaxed, fully recrystallized grain structure toward the
surface, as shown in part (b). Parts (a) and (b) originate from a single EBSD measurement but are
presented separately for clarity. Part (c) illustrates the grain size gradient from the center to the
surface of the extrudate, showing a reduction from approximately 40 um to 10 um. The grain size
evolution was evaluated via EBSD measurements. Each column represents the distance between
two HAGBs and therefore the grain size, or the grain thickness in the case of elongated grains. As
one can seg, the distance of the measurement is 3500 um, which is around half the diameter of the

10x10 mm samples in cross section.

More details are shown in Figure 5.6 and Figure 5.7, which are representative EBSD measurements
of center and surface texture. Figure 5.6 demonstrates typical extrusion texture with two distinct
texture directions indicated as <111> direction (blue) and <100> direction (red). Black lines indicate
HAGBs and white lines LAGBs. Dynamic recrystallization and recovery are more pronounced for
<100>-direction, which can be seen by the higher amount of LAGBs as well as the higher number
of arrangements of LAGBs resulting in subgrain formation. It should be noted that these
observations are purely descriptive and are intended to illustrate a typical exemplary extrusion

texture, with such observations commonly found in literature as well (see chapter 3.4.2).
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Figure 5.6: Inverse Pole Figure of fibrous extrusion texture indicating CDRX, GDRX as well as texture dependence of

subgrain formation); white color indicates LAGBs from 5-15 ° / black color indicates HAGBs from 15 - 65 °

Additionally, the white markings in the micrographs highlight regions where two distinct
recrystallization mechanisms were occurring: GDRX and CDRX (compare with chapter 3.4.1). As
mentioned, GDRX occurs at high strains, where the grain size is reduced to the order of subgrain
sizes, and individual parts of the deformed grains pinch off to form small new grains. One
characteristic of GDRX is that the new grains maintain their initial crystallographic orientation. On
the other hand, CDRX (continuous dynamic recrystallization) is induced by the rearrangement of

dislocations, followed by subgrain formation and rotation to high-angle grain boundaries (HAGBs).

Figure 5.7 shows the surface texture of the extrudate. Higher deformation and temperature lead to
a fully recovered and recrystallized structure. Characteristic extrusion fibrous texture disappeared
almost completely. Red lines indicate LAGBs and a pronounced subgrain formation has developed.
Moreover, a complete random grain orientation distribution can be seen at the first near-surface
microns. This fine equiaxed structure seems to be a precursor for peripheral coarse grain
phenomena as it can be seen in Figure 5.2, where a fine equiaxed grain structure is formed prior
to PCG. Further, Figure 5.8 shows a similar grain size ranging from 5 — 20 ym for the different
samples. The next experimentally assessed parameter is the grain misorientation distribution, which
will be discussed in the following chapter. For this purpose, all four samples were analyzed in the
surface region, a few microns beneath the onset of coarse grain formation, and the results were

compared.
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Figure 5.7: Inverse Pole Figure of fully recrystallized grain structure at the surface (lower part surface of extrudate); red

color indicates LAGBs from 2-15 ° / black color indicates HAGBs from 15 — 65°
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Figure 5.8: Grain size distribution for dynamic recrystallized structure at the surface

5.1.2  Misorientation distribution of dynamically recrystallized grains

Previously described experiments aimed to investigate the equiaxed precursor grain structure to
peripheral coarse grain phenomena depending on o-Al(Fe,Mn)Si-dispersoid phase size
distribution. Summarizing, no obvious difference could be found regarding recrystallization grade

or a difference in grain size.

An important aspect of evaluated EBSD data involves assessing the misorientation distribution for

the above-mentioned samples (Table 3). To ensure data integrity, it is essential to discern whether
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low-angle grain boundaries as determined by EBSD exhibit regular patterns or appear as random
points, where the latter may indicate issues such as inadequate sample preparation, measurement
inaccuracies, or insufficient step size to resolve the substructure of the material. A close examination
of a sample measurement, as depicted in Figure 5.9, reveals discernible substructures within grain
boundaries ranging between 1-2°, suggesting a non-random arrangement. Consequently, these
low-angle grain boundaries warrant consideration when analyzing the overall misorientation

distribution spanning from 1-65°.

Figure 5.9: Close-Up of EBSD measurements for misorientation determination; white line indicates LAGBs from 1-2 ° /

red color indicates LAGBs from 2-15 ° / black color indicates HAGBs from 15 — 65°

Figure 5.10 shows measured misorientation distribution (starting with a misorientation angle of 1°)
depending on different extrusion speed and homogenization temperature. Part (a) & (b) compares
same homogenization (L; H) with different extrusion speed (I; 10) and shows no remarkable
difference in misorientation angle. Further, part (¢) & (d) show the difference of misorientation
angle for same extrusion speed and different homogenization temperature. In addition, the figure
illustrates a so-called McKenzie distribution (blue line) [101], [102]. This represents a completely
random distribution, which arises when measuring, for example, metal powder where no texture

can be present.
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Figure 5.10: Misorientation distribution (starting from 2°) depending on dispersoid-a-Al(Fe,Mn)Si phase distribution as

well as extrusion speed

This comparison depicts a distinction in misorientation angle distribution for same extrusion speed,
but different homogenization temperature. The most significant difference is found at low extrusion
speed (Figure 5.10 (c)). The sample H1 exhibits a higher proportion of small-angle grain boundaries,

particularly. The same holds true for sample H10 (Figure 5.10 (d)).

Returning to Figure 5.9, the microstructure fundamentally exhibits numerous dynamically
recrystallized grains along with many small angle and “medium” angle grain boundaries between
1° and 15° The high abundance of small-angle grain boundaries indicates continuous
recrystallized grains. In general, the conditions for subsequent static recrystallization are considered
highly favorable, as the microstructure is regarded as unstable due to the presence of numerous
subgrain boundaries. These results demonstrate that a high homogenization temperature, which
is associated with a more course a-Al(Fe,Mn)Si-dispersoid phase size distribution causes a change
in misorientation angle distribution. More precisely, bigger dispersoids rise the number of low-

angle grain boundaries after deformation. This result supports the assumption that a high
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homogenization temperature lowers the pinning ability of dispersoids due to coarsening and
further increases the amount of low-angle grain boundaries, which destabilizes the grain structure

and therefore promotes peripheral coarse grain.
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5.2 Influence of homogenization on hardening response

The hardening response of Al-Mg-Si alloys during artificial aging is influenced by aging
temperature, time, alloy composition, and the cooling rate applied after solution heat treatment.
Experimental investigations and studies of artificial aging behavior typically start with homogenized
material or alloys as a baseline, which can sometimes miss changes in microstructure conditions

that stem from the homogenization process itself.

Figure 5.11 shows the hardness evolution from 0 up to 240 min aging time at 180 °C for samples
with various homogenization parameters. After a solid solution heat treatment and subsequent
quenching, hardness rises consequently with artificial aging time till a plateau is reached. This

increase is gained by the precipitation and growth of needle-like B”"-Mg-Si phase.
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Figure 5.11: Hardening response at 180 °C artificial aging temperature depending on various homogenization heat

treatments

As depicted in the legend of the figure, the red curve corresponds to a long homogenization
treatment at 560 °C for 8 h, the purple curve fits to a homogenization at 560 °C for 2h, and the
blue curve indicates a very short treatment at 400 °C for 1 h. Overall, the blue curve exhibits the
most rapid hardening response and reaches the highest hardness at an aging time of 120 minutes.
Beyond 180 minutes of aging, a decrease in hardness is observed for the blue curve, after which
the hardness values stabilize and remain constant. The obtained results clearly show that

homogenization parameters have an impact on the hardening response, particularly notable for
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artificial aging durations of up to 180 minutes. Consequently, TEM measurements were carried out
to connect hardness measurements with microstructure and relate them to each other. Figure 5.12
shows TEM images depicting B"-Mg-Si-phases. In fact, a comparison of B”-Mg-Si phase
distribution after 15 min of artificial aging time, where hardness values exhibit the highest
differences, is cumbersome. B"- "-Mg-Si phases are still in a very early precipitation stage and
round shaped and in the size range of a few nanometers, which makes their counting difficult
(Figure 5.12 (a)). Therefore, precipitation statistics were carried out with samples artificially aged for
60 min (Figure 5.12 (b)). Bright-field images were used to determine the length of the precipitates
and dark-field images for their number density. Table 5 lists the number density and length of B"-
Mg-Si-phases for samples A (homogenized at 400 °C /1 h) and B (homogenized at 560 °C / 8h).
The number density differs by nearly an order of magnitude between samples A and B, which is

consistent with the pronounced difference in hardness.

E 100 nm

g 100 nm

Figure 5.12: TEM-Images of samples after 15 min (a) and 60 min (b) artificial aging time homogenized for 1h at 400 °C —

(c) dark field image for evaluation of number density
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Table 5: Number density and length of B"-Mg-Si-phases for homogenization treatment A and B after 60 min AA

Number density [m®]  Number density/SD [m3]  Length [nm]

A (homogenized at400°C/1h) 1.23E+23 1.30325E+22 10.9+/-2.1
B (homogenized at 560 °C /8 h)  3.85913E+22 7.49235E+21 13.2+/-1.8

In theory, the a-Al(Fe,Mn)Si-dispersoid phase can contribute to strength if the precipitates are small
enough. This phase forms between 350 °C and 400 °C while heating to the homogenization
temperature. Typically, once the temperature exceeds 560 °C, the phase begins to coarsen, thereby
diminishing its strengthening effect. However, if we maintain a homogenization temperature of 400
°C (as for sample A), the growth and coarsening is slowed considerably, allowing for some potential

contribution to strength.

FEG-SEM images of sample A and B were conducted to determine the size distribution and the
number density of a-Al(Fe,Mn)Si-dispersoid phase. Figure 5.13 depicts exemplary one image for
sample A and B, respectively. The enormous difference in size and number density can clearly be
seen. a-Al(Fe,Mn)Si-dispersoid phases were evaluated and automatically detected via the software
Image) and separated into 10 nm size classes. Figure 5.14 shows the size distribution and number
of measured particles for the a-Al(Fe,Mn)Si phase. A clear effect of homogenization time and

temperature on the number density as well as mean radius can be seen.
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Figure 5.13: SEM-images showing a-Al(Fe,Mn)Si phase for (left) sample A und (right) sample B
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Figure 5.14: Size distribution and number of measured particles for a-Al(Fe,Mn)Si phase for sample A and B

As mentioned, the sizes of a-Al(Fe,Mn)Si-dispersoids could contribute to the overall hardness after
aging. However, by comparison of hardness values of Figure 5.11 directly after quenching to room
temperature, values only differ about 5 HB between the three homogenization conditions. Basically,
it is hard to see a clear effect of dispersoid strengthening, because there is always an overlapping
of different hardening mechanisms, especially due to the precipitation hardening by "-Mg-Si

phases.

Further, to exclude grain size as a potential cause, the grain size of samples A and B was determined
using light microscopy after homogenization, solid solution heat treatment and artificial aging.
Figure 5.15 shows LIMO investigation of sample A and B. The samples were etched, and grain size
was determined by line intersection method. The grain size of sample A and B is around 60 ym +/-
5 ym. The only difference is that sample A (homogenized at 400 °C) exhibits a more pronounced

dendritic structure compared to sample B (homogenized at 560°C).
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Figure 5.15: Comparison of grain size sample A (a) and sample B (b)

From these findings one can follow that the hardness difference during artificial aging can't be

explained by grain boundary strengthening.

To obtain more details and information about the hardness profile depending on homogenization
parameters, additional homogenization heat treatments were conducted with varying time and
temperature. These samples were subsequently annealed for only 30 minutes at 180 °C, as
preliminary investigations (Figure 5.11) revealed the most significant difference in hardness under
these conditions. Figure 5.16 shows the hardness values after 30 minutes of artificial aging at 180 °C
as a function of homogenization temperature and time. The temperature was incrementally raised
in 50 °C intervals (starting at 400 °C), followed by immediate quenching (denoted as 0 h) upon
reaching the temperature or holding for 1 to 4 h. At a homogenization temperature of 560 °C,

additional holding times of 2, 8, and 16 hours were applied.
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Figure 5.16: Hardness values after 30 min artificial aging at 180 °C depending on homogenization parameter

As depicted, a hardness peak is observed at 450 °C of homogenization treatment regardless of the
holding time. In general, it can be noted that homogenization parameters of 400, 450, and 500 °C,
independent of isothermal holding time, yield similar hardness values. In contrast, at 560°C, with
longer homogenization times, the hardness decreases significantly, reaching its lowest value after
the longest homogenization time of 16 hours. The additional measurements corroborate the
previously demonstrated trend (at least for a 30-minute artificial aging time) that prolonged

homogenization duration at 560°C leads to a continuous reduction in hardness during artificial
aging.
In summary, based on the aforementioned experiments:

= Except for homogenization parameters, all other heat treatments, experimental variables, and
measurement methods were kept constant.

= Different homogenization heat treatments result in varying hardening responses up to 3 hours
of artificial aging at 180°C, particularly in the early stage of artificial aging.

= These hardness values were connected to microstructure through TEM measurements and

determination of "-Mg-Si-phase number density, which represents the main hardening phase
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in the Al-Mg-Si alloy system (a higher number density of ”-Mg-Si-phase leads to a higher
strength).

» Variation in homogenization parameters leads to distinct dispersoid distributions; however,
these do not contribute significantly due to equivalent hardness without artificial aging
(compare hardness values from Figure 5.17).

= Grain-boundary strengthening is generally almost negligible in aluminum alloys; however, it
can be excluded as a contributing factor, as all samples exhibit similar grain sizes.

= The hardening response is slowed down with prolonged homogenization time at 560 °C.

Consequently, this suggests that certain metallurgical and physical processes affect the distribution
of B"-Mg-Si phases, thereby resulting in distinct macroscopic hardness differences. The primary
contributors to the divergent hardening responses are, therefore, the varying number density of
B"-Mg-Si-phases. This raises the question which metallurgical mechanisms or conditions control
the nucleation and formation of B"-Mg-Si phases, and how these, in turn, influence number density

and strengthening behavior depending on the extent of homogenization?

In the frame of modeling precipitation kinetics, the nucleation rate J is commonly described as [95]:

*

—T

= NoZfex (_—)ex — 1
1= Noz"exp () exp () M
where Np is the number of potential nucleation sites, Z the Zeldovich factor, B is the atomic
attachment rate, G is the critical nucleation energy, kB is the Boltzmann constant, T the
temperature, T is the incubation time, and t is the time. This equation describes the quantity or rate
of precipitates that can be formed, depending on the thermodynamic system, precipitation kinetics,

as well as time and temperature.

Considering the experimental setup of the preceding experiments, in addition to incubation time T
and the Boltzmann constant ks, the time t and temperature T are constant parameters due to similar
solid solution and artificial aging heat treatment. The primary influential and variable factors left
are number of nucleation sites No, Zeldovich factor Z, critical nucleation energy G, and atomic
attachment rate B". Ny determines the total number of potential nucleation sites for the B"-Mg-Si
phase. This phase usually nucleates within the matrix at locations known as clusters (aggregations
of Si and Mg atoms), which form at room temperature and/or upon heating to the artificial aging

temperature. Since the natural aging time (time between quenching from solid solution
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temperature and artificial aging) has been held constant, the number of formed clusters should
also be uniform for each experiment. This concentration of formed clusters could, at most, be
influenced by a distinct composition of the matrix or solute atoms. A difference in chemical
composition, or more precisely, the oversaturation of the aluminum matrix with Mg and Si atoms,
also affects the critical nucleation energy, the Zeldovich factor Z, and the atomic attachment rate
B". Since Mg in the Al-Mg-Si system is bound in no known phase other than Mg-Si phases, a varying
Si content in the matrix before artificial aging can also be responsible for the different "”"-Mg-Si-
phase distributions. But how can Si content be influenced based on different homogenization

parameters?

In general, Si is bound in primary B-AlFeSi or a-Al(Fe,Mn)Si phases located at grain boundaries.
These phases form during the casting process, transitioning from needle-like, elongated
precipitates to spherical precipitates during homogenization [91], [92]. Additionally, Si is
incorporated during the formation of the Al(Fe,Mn)Si-dispersoid-phase, occurring during the
heating process of homogenization. The reduction of nominal Si content due to Al(Fe,Mn)Si-
precipitate formation is given by Myhr et.al [103]:
Cafr ~ C5' — 0.33(CE° + C4™)

(2)
With a nominal content of 0.25 wt.% Fe, 0.64 wt.% Mn, and 1.15 wt.% Si, the maximum possible
reduction of available Si for B”-Mg-Si precipitation during artificial aging is from 1.15 wt.% to a
remaining Si content of 0.86 wt.%. This implies that a maximum of approximately 0.3 wt.% Si can
be bound through a-Al(Fe,Mn)Si primary phases and dispersoids. Wang et al. [104] also observed
a difference in strength during artificial aging, which could be linked to homogenization
parameters. In their study, they conducted EPMA measurements on the aluminum matrix and
measured Si content after a solution heat treatment for various homogenization conditions. They
found that there was a decrease of Si from 0.9 wt.% to 0.76 wt.% in the center of the grains when
comparing short homogenization (0 h at 550 °C), to long homogenization (24 h at 550 °C) heat
treatments. The initial nominal Si content was 1.36 wt.%. Further, Gupta et. al. [105] demonstrated
the impact of excess Si (compared to Mg content) on precipitation behavior. They found that an
excess amount of 0.1 — 0.3 wt.% (above a nominal content of 0,9 wt.% Si) leads to an increased

precipitation response during artificial aging.
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The influence of different Si amounts available for artificial aging can also be investigated via
computational simulation e.g. the software package MatCalc [97]. Figure 5.17 shows results from a
thermo-kinetic simulation of 3""-Mg-Si-phase evolution during artificial aging after quenching from
560 °C solution heat treatment temperature. The kinetic parameter set was kept as simple as
possible, as only the effect of Si on the driving force is of interest. Used parameters are shown in
the Appendix Ill. The Figure consists of four parts showing the applied heat treatment, and the

resulting phase fraction, number density, and the mean radius of 3"-Mg-Si-phase.
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Figure 5.17: Thermokinetic simulation with the software package MatCalc — Variation of Si-content from 1.15 to 0.86

[wt.%]

The colored curves are related to various Si compositions (red 1.15 wt.%, green 1.0 wt.%, and blue
0.86 wt.%). The number density is strongly affected by the Si content, exhibiting differences of
nearly one order of magnitude, in agreement with the experimental data shown in Table 5.
Additionally, a higher number density leads to an increase in phase fraction. The simulative mean

radius is smallest for the highest Si composition.

Summarizing, the thermo-kinetic simulations have shown a strong correlation between

precipitation behavior and Si content. The experiments and considerations presented above
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indicate that, theoretically, varying silicon content can account for changes in "-Mg-Si-phase
number density, which is influenced by different homogenization parameters. Consequently, a
variation of Si content can partially explain the subsequent difference in [B"-Mg-Si-phase
distribution. Upon revisiting Equation (1), the influence on the number of nucleation sites remains,
considering that B”-Mg-Si nucleates at Mg-Si clusters. An increased availability of free Si might also
affect cluster formation, given the greater availability of Si atoms. Additionally, general defects in
the microstructure (e.g., foreign atoms) could contribute to enhanced nucleation as potential

nucleation sites.
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5.3 Crystallographic analysis of o-Al(Fe,Mn)Si phase during a homogenization

heat treatment

Since the crystal structure and composition of the a-Al(Fe,Mn)Si phase depend on both the overall
alloy composition and the homogenization parameters, this chapter focuses on examining the
evolution of its crystal structure during homogenization. In the as-cast condition, solute elements
like Si, Mg, Fe, and Mn exhibit a concentration gradient from grain boundaries to the center of the
grain. Consequently, a-Al(Fe,Mn)Si dispersoids and/or o-Al(Fe,Mn)Si phases located at grain
boundaries precipitate under different conditions during homogenization. Table 7 (Appendix I)
presents an overview of all investigations of the crystal structure of the a-Al(Fe,Mn)Si phases found
in the literature. Summarizing this list, crystal structure depends on the alloy composition and
especially on the Mn/Fe ratio. Particular attention should be directed to the work by Lie et al. [6] ,
which demonstrated the crystal structure transformation from bcc to sc during homogenization

through TEM investigations.

As a complementary method to TEM investigations, the crystal structure and lattice parameters of
a phase can be quantified using X-ray diffraction (XRD) measurements. A particularly powerful
radiation source for X-rays is synchrotron radiation, which is e.g. available at DESY (Deutsches
Elektronen Synchrotron). These synchrotron radiation experiments conducted at DESY are
expected to significantly improve the statistical accuracy of measurements involving a greater
quantity of a-Al(Fe,Mn)Si-dispersoids. Furthermore, a goal is to investigate the time-resolved
transformation between bcc and sc structures, or vice versa. This technique allows for a much
higher intensity and brilliance than by using conventional XR-diffractometers, resulting in a greater
count intensity for the various crystal structures of occurring phases. Additionally, the synchrotron
beam has a diameter of approximately 200 um and can penetrate the entire sample thickness of
15 mm, enabling a large volume of material to be analyzed. It should be noted, however, that the
o-Al(Fe,Mn)Si phase also forms at grain boundaries as a primary intermetallic particle during
casting. This results in overlapping observations between the micron-sized a-Al(Fe,Mn)Si phases
located at grain boundaries and the nano-sized a-Al(Fe,Mn)Si dispersoids distributed within the
grains. Figure 5.18 displays the integrated peak distribution obtained from 2D diffraction patterns
for the cast condition and for homogenization times up to 12 hours at 560 °C (9 samples). In
essence, the diagram depicts the intensity of scattered radiation corresponding to various crystal

structures being present within the material. Depending on the crystal structure, a distinct
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diffraction angle (2 Theta) can be assigned. The higher the intensity, the larger the phase fraction
of the respective crystal structure within the examined sample volume. The figure clearly shows a
notable difference in intensity between the eight primary peaks originating from the fcc aluminium
matrix and the peaks corresponding to different precipitates. The peaks from all measurements

were used for phase identification and determination of the unit cell parameters of each phase.
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Figure 5.18: Overview of the integrated experimental data for correlating measured peaks with characteristic phase

peaks, with eight prominent peaks corresponding to the aluminum matrix

Basically, for all samples representing the homogenization process, three different phases could be
identified namely the aluminium fcc matrix phase, a Mg.Si-phase, and the a-Al(Fe,Mn)Si in a bcc
crystal structure configuration. Figure 5.19 shows a close-up of measured peaks between 4.24° and
4.53°. The first peak at around 4.28° shows the dissolution of Mg,Si-phase during heating up to

homogenization temperature of 560 °C.

44



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

intensity [counts]

29000

27000

25000

23000

21000

19000

17000

—400 °C
—560 °C
—05h
1h
—2h
—4h

—8h

15000
—12h

13000
—as-cast

11000

9000
4,24 426 4,29 432 4,34 4,37 4,40 442 4,45 4,48 4,50 4,53

angle [2 theta]

Figure 5.19: Close-Up of showing disappearance and shift of peaks - (left) peak assigned to Mg,Si-phase; (right) peak

shows shift of a-Al(Fe,Mn)Si phase depending on homogenization time (color legend right)

The second peak on the right side of the diagram corresponds to the a-Al(Fe,Mn)Si phase. The
intensity of the peaks demonstrate a proportional increase with longer homogenization times, as
evidenced by comparing the black line (representing the as-cast condition) to the red line
(representing a 12-hour homogenization time). Additionally, a slight shift of the peak towards lower
angle values is observed, indicating a modification of the unit cell of the a-Al(Fe,Mn)Si phase. The
integrated peaks were evaluated and fitted using the software HighScore to determine the change
in the unit cell parameter of the a-Al(Fe,Mn)Si phase. The fitting procedure compensates for the
general peak shift of the aluminum matrix peaks, ensuring that the observed unit cell change of
the a-Al(Fe,Mn)Si phase is not an experimental artifact. Detailed information of the unit cell can be
found in Appendix II. Table 6 presents the change in the unit cell parameter of the a-Al(Fe,Mn)Si
phase from 12.60 A in the cast condition to 12.63 A for a homogenization time of 12 h at 560 °C.
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Table 6: Development of a-Al(Fe,Mn)Si unit cell and phase fraction depending on homogenization condition

Number Homogenization Treatment Unit Cell Parameter [A]
0 Cast Condition 12.60
1 400 °C (heating ramp) 12.61
2 560 °C (end of heating ramp) 12.61
3 0.5 h (isothermal at 560 °C) 12.62
4 1h 12.62
5 2h 12.62
6 4 h 12.63
7 8h 12.63
8 12'h 12.63

The main aim of these experiments was to investigate the crystal structure changes of a-Al(Fe,Mn)Si
dispersoids during homogenization. However, while evaluating and assigning peaks to
corresponding phases, it proved challenging to differentiate between the bcc and sc crystal
structures of the a-Al(Fe,Mn)Si phase. This difficulty arises due to the significant overlap between
the sc (trans)forming structure and bcc primary a-Al(Fe,Mn)Si phases at grain boundaries.
Additionally, the small phase fraction of a-Al(Fe,Mn)Si phase further complicates the differentiation
of these, in fact, similar bcc and sc crystal structures. However, an alteration in the lattice parameter
as function of the homogenization time and temperature was observed. The lattice parameter
fundamentally depends on temperature and, naturally, on the type and ratio of elements in the
crystal lattice. Especially in phases lacking a fixed stoichiometric composition, the lattice parameter
can vary depending on the specific composition. In our case, the parameter changes according to
the number or quantity of aluminum, manganese, iron, and silicon atoms within the crystal

structure.

Muggerud et al. investigated the crystal structure and composition of a-Al(Fe,Mn)Si phases. She
depicted that the lattice parameter of a-Al(Fe,Mn)Si phases can be interpolated linearly between
AIMnSi-phase (12.66 — 12.70 A lattice parameter) and AlFeSi-phase (12.54 — 12.58 A lattice
parameter) depending on the Fe/(Fe+Mn) ratio [106]. Our experiments revealed an increase in the
lattice parameter from 12.60 A to 12.63 A between the as-cast state and homogenization for 12

hours. Consequently, the composition of all a-Al(Fe,Mn)Si phases within the material, whether
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micrometer-sized primary phases or dispersoids, evolves towards the composition of an AIMnSi-
phase. From this, one can conclude that the Mn content in the a-Al(Fe,Mn)Si phases increases with
longer homogenization time, indicating the diffusion of Mn into the a-Al(Fe,Mn)Si phase from the

aluminium matrix phase.
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5.4 Transformation behavior of B-AlFeSi to a-Al(Fe,Mn)Si phase

The motivation for investigating the transformation that occurs during homogenization of Fe-and
Mn containing Al-alloys, was driven by a general lack of in-situ experiments documented in the
literature. Additionally, to validate the predictive power of computational precipitation simulation,
in depth information of nucleation, dissolution and phase transformation behavior is needed. The
real-time transformation behavior of 3-AlFeSi to a-Al(Fe,Mn)Si phase was investigated via In-situ
TEM heating experiments. However, there are some restrictions to this phenomenological method.
Usually, TEM provides additional experimental characterization methods like EDX measurements
or crystal structure investigations via electron diffraction. But the distinctive design of the heating
sample holder leads to strong restrictions. Characterizing chemical composition or crystal structure
is not possible with this experimental set-up. Therefore, to obtain a reference prior to the in-situ
heating experiments, the typical phases at a representative position of one sample were identified

based on contrast and shape and confirmed by elemental analysis.

Figure 5.20 shows a TEM image and the corresponding line scan for a 6063-aluminium alloy.
Usually, the B-AlFeSi to a-Al(Fe,Mn)S transformation occurs during homogenization treatment after
casting. Therefore, the initial sample is in cast condition and not heat treated. The black needle-like
phase consists of Al, Si, and Fe. The brighter and more irregularly shaped phase contains Mg and

Si. Based on this measurement, the two phases can be identified as -AlFeSi and -Mg,Si phase.

B-Mg,Si-phase
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Figure 5.20: (left) Position of EDX-measurement with identification of occurring phases and (right) line scan element

distribution

A further restriction for the performed in-situ TEM experiments is given by the sample preparation

or more precisely by sample dimensions. Usually, TEM samples are thinned to about 100-200 nm,
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which implies that we reduce the extension of phases from some microns down to the nanometer
range in one space direction. This means that we limit the possibilities of phases to transform, grow
and dissolve from three into two dimensions. In addition, the effects of surface diffusion cannot be
entirely excluded. Strong coarsening behavior of phases appeared especially next to the sample
hole in the center. Therefore, only phases with some microns distance from the center regions of

the sample were investigated.

While all the experiments and their evaluation presented previously were conducted using a 6082-
aluminium alloy, the transformation behavior during homogenization can be better observed in a
6063 alloy. This is because the 6082 alloy contains higher amounts of Mn and Cr, which promote
the formation of the a-Al(Fe,Mn)Si phase over the B-AlFeSi phase during casting. As a result, the

transformation behavior in the 6082 alloy is not as clearly visible as in the 6063 alloy.

541 6063 alloy (low Mn, Mg, and Si content)

The 6063-aluminum alloy is primarily alloyed with Fe, Si, and Mg (composition see Table 1). In cast
condition, it contains coarse B-Mg.Si precipitates and B-AlFeSi constituents with a needle-like
shape located at grain boundaries. Homogenization of this alloy is typically carried out at 560-580
°C for about 4 hours. For the in-situ experiments, a heating profile with a rate of 10 K/min up to
580 °C followed by an isothermal holding step of up to 50 minutes was used, as most of the
observable phase transformations were completed after this isothermal holding time. During
heating, the B-AlFeSi transforms into a round-shaped o-Al(Fe,Mn)Si phase. In addition, o-
Al(Fe,Mn)Si dispersoids nucleate on f'-Mg-Si (around 350 °C) and precipitate evenly distributed in
the aluminum matrix (see chapter 3.3.2). The Mg-Si phases start to dissolve around 500 °C and re-
precipitate during slow cooling from the homogenization temperature. Figure 5.21 provides a
representative overview of all the occurring phases and microstructural features during

homogenization, being captured at 500 °C.
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Figure 5.21: Example for different occurring precipitates in a 6063-aluminium alloy

The TEM investigation enables a clear distinction between the Mg-Si phases and the Fe-containing
phases, providing the basis for all subsequent microstructural observations. The stability limit of
Mg-Si phases in 6063 aluminium alloys at 530 °C enables distinction between Mg-Si phases and
o-Al(Fe, Mn)Si- precipitates. One sample, representative of five experiments, was selected to
illustrate the microstructure evolution during the homogenization heat treatment. Figure 5.22 (a-
i) illustrates the microstructure development during the first continuous heating stage from 200 °C
up to 500 °C. The initial microstructure (a) consists of two 3-AlFeSi-phase needles connected by a
grain boundary. Additionally, a coarse Mg,Si precipitate is attached to one of the 3-AlFeSi phase
needles. At 300 °C (b), the first precipitates can be observed, which are expected to be Mg-Si
phases. With increasing temperature, these precipitates coarsen and partly dissolve. At 470 °C (g),
a new phase, most likely a-Al(Fe,Mn)Si phase, appears attached to the coarse Mg-Si phase. This

new phase slowly dissolves with increasing temperature (i).
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Figure 5.22: 6063 heating from 200 °C up to 500 °C — part one of continuous heating stage

Figure 5.23 (j-r) illustrates the second part of the heating stage, from 510 °C to 580 °C. At 510 °C (j),
the dissolution of the MgzSi-phase continues and is completed at 530 °C (I). Due to the relatively
slow heating rate of 10 K/min, most of the dissolution process of the Mg,Si-phase occurs within a
narrow temperature range of only 20 °C, between 510 °C and 530°C, taking only 2 minutes. An
interesting observation can be made at these temperature steps (k-I). After the Mg,Si-phase has
shrunk, the grain boundary moves and is again pinned by a small a-Al(Fe,Mn)Si dispersoid. With
rising temperature up to 580 °C (m-q), this a-Al(Fe,Mn)Si dispersoid grows at the expense of both
B-AlFeSi phase needles. Image (r) shows an overview of the microstructure on this position with

lower resolution.
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Figure 5.23: 6063 heating from 510 °C up to 580 °C — part two of continuous heating stage

Figure 5.24 (a-l) presents the isothermal step from 2.5 min up to 50 min holding time. The growth
of a-Al(Fe,Mn)Si phase is observed, along with the extension of the grain boundary due to the
shrinkage of the B-AlFeSi needle in the lower part of the image (a-c). At the top of the image (a),
another a-AlFeSi phase attached to a [-AlFeSi needle is visible, which also starts to grow. For
images (d)-(l), the sample position was slightly altered to focus on both a-Al(Fe,Mn)Si phases. The

growth of both phases continues up to the 50 min holding time.
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Figure 5.24: 6063 isothermal holding at 580 °C up to 50 min
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Summarizing, the transformation behavior of 3-AlFeSi-phase to a-Al(Fe,Mn)Si phase is a combined
effect of nucleation and growth as well as a special diffusion situation due to phase/grain
boundaries and the presence of the precursor 3-AlFeSi, as follows: Starting at room temperature
in the cast condition, the microstructure consists of coarse Mg,Si-phases at grain boundaries and
B-AlFeSi phase, which form during casting and slow cooling to room temperature. Usually, no
phases occur inside grains. Further, micro-segregation of Mg, Si and Fe is present at grain
boundaries [8], [9], [10], [11], which means there is an element gradient from grain boundaries into
the center of the grain. During heating, these elements start to diffuse and evenly distribute. At
roughly around 350 °C the B'-Mg-Si nucleates only in specific crystallographic directions and with
a needle-like morphology (Figure 5.25) [12], [13]. These '-Mg-Si needles act as a heterogeneous
nucleation site for a-Al(Fe,Mn)Si phase evenly distributed in each grain as well as next to grain
boundaries and primary [-AlFeSi phases. With rising temperature B'-Mg-Si partly dissolves or
transforms into Mg.Si-phase. The nucleation and dissolution temperatures for '-Mg-Si and Mg.Si-
phase in our experiments were consistent with other experimental findings and phase diagrams for
the Al-Mg-Si system [12], [13] [14]. In addition, a-Al(Fe,Mn)Si phase dispersoids start to grow and
with higher temperatures, these phases begin to coarse and thus decrease in number density. Now,
it's interesting what is happening with a-Al(Fe,Mn)Si phase dispersoid nucleating next to 3-AlFeSi
phases. As we can see in the in-situ experiments, a-Al(Fe,Mn)Si phase particles tend to grow and
after exceeding a certain size, they attach to each other. Basically, the a-Al(Fe,Mn)Si phase is the
thermal equilibrium phase compared to B-AlFeSi configuration [107]. The a-Al(Fe,Mn)Si phase
extremely grows in expense of micrometer sizes 3-AlFeSi particles. This massive growth behavior
depends on the fact that diffusion at grain/phase boundaries is enhanced. Further, growth of a-
Al(Fe,Mn)Si phase is also promoted by the short diffusion distances. The diffusion of forming

elements appears to be closely linked to their behavior within the 3-AlFeSi phase.

In conclusion, the transformation of 3-AlFeSi to a-Al(Fe,Mn)Si phase during homogenization of an
aluminum 6063 alloy is characterized by the substantial and promoted growth followed by
coarsening of o-Al(Fe,Mn)Si dispersoids that nucleate locally next to B-AlFeSi phases. This
coarsening process, from nano-sized a-Al(Fe,Mn)Si dispersoids to micro-meter sized phases, is
facilitated by grain/phase boundary diffusion effects and very short diffusion distances between

the a-Al(Fe,Mn)Si dispersoid and B-AlFeSi constituent needle-like phases.
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Figure 5.25: Examples for B'-Mg-Si nucleation as a precursor phase for o -AlFeSi-phase

Comparative In-situ TEM studies were carried out by Bayat et al. for 6060, 6063, 6005 and 6082
aluminium alloys [91], [92]. The authors utilized a similar experimental set-up and 6063 alloy to
study the transformation mechanisms from 3-AlFeSi to a-Al(Fe,Mn)Si phase. They identified three
distinct mechanisms, including direct nucleation of a-AlFeSi-phase particles on 3-AlFeSi needles,
attachment of Mg-Si-phases on B-AlFeSi needles followed by nucleation of a-Al(Fe,Mn)Si phase,
and nucleation of a-Al(Fe,Mn)Si phase on local Mg-Si-phases near [-AlFeSi needles, with
subsequent growth at the expense of B-AlFeSi needles. Our in-situ observations also showed the
second and third mechanisms, but not a direct nucleation mechanism described by the authors.
Unlike the findings of Bayat et al., who reported accelerated kinetics characterized by faster phase
transformations and shifts in nucleation or dissolution temperatures due to surface diffusion effects

for Mg-Si phases, the experiments did not exhibit such behavior.
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6 Summary and Conclusion

This study primarily investigated the effects of homogenization parameters, specifically time and
temperature, on the distribution of a-Al(Fe,Mn)Si phases and their impact on subsequent
processes. In general, it can be stated that particularly short homogenization times and low

temperatures influence...

= Dynamic recrystallization during extrusion

EBSD measurements show that the misorientation of dynamically recrystallized grains in the edge
region during extrusion changes depending on the homogenization conditions. As a result, a
distinct microstructural state is obtained, changing the prerequisites for coarse grain formation,
which is significantly suppressed at lower homogenization temperatures due to the pinning

capability of a-Al(Fe,Mn)Si dispersoid phases.
= Artificial aging behavior

The hardening behavior is governed by the homogenization parameters. Shorter homogenization
times (<1h) accelerate the hardness increase. This was confirmed through hardness measurements

as well as TEM analyses (higher number density of 3"-Mg-Si phases).

Furthermore, the evolution of crystal structure and phase transformations during homogenization
was investigated using synchrotron radiation diffraction and in-situ TEM. Synchrotron experiments
revealed an increase in the lattice parameter of all existing o-Al(Fe,Mn)Si phases during
homogenization. In-situ TEM analysis further showed that the transformation from primary B- to
a-phase does not occur via direct phase transformation. Instead, o-Al(Fe,Mn)Si dispersoids
nucleate independently within the matrix upon heating, often in proximity to primary phases. These
newly formed dispersoids grow and effectively consume the existing [(-phases, indicating a
mechanism dominated by accelerated coarsening and secondary nucleation rather than a true

solid-state transformation.

Future work should focus on a more detailed understanding of the mechanisms underlying
dynamic recrystallization and coarse grain formation. In particular, the role of misorientation
distributions within dynamically recrystallized grains warrants closer investigation. It remains to be
clarified whether these distributions actively influence coarse grain development or if they are

merely a secondary effect associated with the pinning action of a-Al(Fe,Mn)Si dispersoid phases.
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Regarding artificial aging, the observed behavior opens promising avenues for further research. In
particular, the interplay between prior homogenization and subsequent deformation, such as in
forging processes, should be examined more closely. Since forging often involves non-
homogenized material and includes a heating ramp comparable to a short homogenization
treatment (~500 °C for 0.5 h), it is essential to determine if the hardness differences identified in
this study also manifest in deformed states. Additionally, experiments involving different alloy
compositions, particularly varying Si content, will be valuable to assess the robustness and

generalizability of the observed phenomena.
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|LAPPENDIX: Crystal structure information for a-Al(Fe,Mn)Si phase

Table 7: Literature overview - crystal structure of alpha-Al(Fe,Mn)Si phase

Designation Crystal structure | Lattice parameter [nm] | Chemical composition | comment REF
a-Alis(Mn,Fe)sSiz e 1.25 High Mn/Fe ratio Critical value at 1.6 (Mn/Fe ratio) [19]
a-Alp(Mn,Fe)sSi bcc 1.25 Low Mn/Fe ratio Critical value at 1.6 (Mn/Fe ratio) [19]
a-Al(Mn,Fe)Si cubic 1.26 [12]
a-Al(Mn,Fe)Si sc or bcc 1.26 depending on homogenization time [6]




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

IILAPPENDIX: HighScore evaluation

Name and formula of a-Al(Fe,Mn)Si phase

Reference code: 04-009-3712

Compound name: Manganese Iron Aluminum Silicide
Empirical formula: Ali71Fe3,MnogSitg
Chemical formula: MnosgFes2Al71Sitg

Crystallographic parameters
Crystal system: Cubic
Space group:  Im-3

Space group number: 204

a(A): 12,5600 Alpha (°): 90,0000
b (A): 12,5600 Beta (°): 90,0000
c (A): 12,5600 Gamma (°): 90,0000

Calculated density (g/cm?): 3,62
Measured density (g/cm?): 3,59
Volume of cell (10° pm?): 1981,39

Z 6,00 RIR: 2,34

Primary reference / Structure: Cooper M., Acta Crystallogr., 23, 1106, (1967
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IILAPPENDIX: MatCalc simulation set-up

Parameter Set-up in MatCalc

Mg content 0.86 wt.%

B"-Mg-Si-phase Al_B_DP

Nucleation sites for ""-Mg-Si-phase bulk

Shape factor for §-Mg-Si-phase 10

Tcrit for B”"-Mg-Si-phase 1800 K

Open database mc_al.tdb (Release 2.036 / 03.10.2023)

Database is available at https://www.matcalc.at/index.php/databases/open-databases.
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Publication
Computational analysis of heterogeneous nucleation and precipitation in AA6005 Al-alloy during

continuous cooling DSC experiments

Miesenberger, B., Kozeschnik, E., Milkereit, B., Warczok, P., & Povoden-Karadeniz, E. (2022).
Materialia, 25, Article 101538. https://doi.org/10.1016/j.mtla.2022.101538

A physically-based model for the computational evaluation of differential scanning calorimetry
(DSQ) curves during continuous cooling of Al alloys from solution annealing temperature is
developed. The model is particularly suitable for predicting the nucleation and growth of quench
induced precipitates at heterogeneous nucleation sites, such as grain boundaries, the stress field
of dislocations or particles like primary phases or dispersoids. The thermokinetic model
incorporates an extended formulation of the precipitate nucleation barrier and considers 3-Mg2Si
and B'-Al4Mg8Si7 phase precipitates. These are the dominating, experimentally observed quench
induced phases in an aluminium AA6005 alloy within a wide range of cooling rates. The model is
implemented in the thermokinetic software MatCalc, which simulates the precipitation processes
and the evolution of excess specific heat capacities during the heat treatments. The Generalized
Broken Bond model, incorporating the effects of interface curvature and diffuse interfaces, is used
for interface energy prediction. Comparison of experiment and simulation demonstrates that the
impact of heterogeneous nucleation sites must be adequately considered in the nucleation energy
expression to obtain accurate predictions of the precipitate evolution, particularly for precipitation
at low and very low undercooling as present during continuous cooling, particularly at slower

cooling rates.
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