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Abstract

The development of a novel crossover aluminum alloy has led to an improved
combination of strength and ductility compared to conventionally available Al alloys.
Precipitation hardening using a complex intermetallic hardening phase — the T-phase
(Mgsa(Zn,Al)9) — enhances strength in this new class of alloys. A high radiation
resistance of crossover alloys has been observed in further experiments, primarily
attributed to the precipitation of the T-phase. This may allow for potential use in
environments with elevated particle radiation, as required for space applications.

It has been shown that the T-phase remains stable up to 1.0 displacement-per-
atom (dpa), while conventional hardening phases — such as the MgsSi-phase in Al-
Mg-Si-alloys — dissolve at 0.2 dpa. The stability of the microstructure and hardening
phases is crucial for the material. For example, upon dissolution of the hardening
phase, the material loses its strength, compromising the properties for which it was
initially designed. Furthermore, point defects are introduced by irradiation, which can
aggregate into voids or dislocations, contributing to embrittlement. Previous research
has also observed this adverse phenomenon in crossover alloys, where dislocation
loops form in the Al-matrix, ultimately leading to premature failure.

To mitigate radiation-induced defects, increasing the number of interfaces, such as
grain and phase boundaries, has been proposed in the literature. While the crossover
alloy contains 10 vol.-% of the radiation-resistant T-phase, these interfaces alone
have proven insufficient to significantly reduce defect formation. Therefore, grain size
reduction was necessary.

Through the severe plastic deformation method High-Pressure Torsion (HPT),

the grain size of the crossover alloy, was successfully refined, producing a stable



ultrafine-grained microstructure. In-situ irradiation experiments revealed that the
alloy remained free of radiation-induced defects, even at an extreme dose level
of 24 dpa. This reduction in grain size, while effective in defect mitigation, also
influenced the precipitation sequence. Consequently, the precipitation behavior in
both coarse- and ultrafine-grained regimes was examined and compared. Given the
potential influence of the electron microscope environment (low vacuum and thin
film conditions) on these experiments, the precipitation behavior was also assessed
using various microstructural characterisation techniques.

The novel ultrafine-grained crossover alloy demonstrated significant resistance to
radiation-induced defects at high dose levels. The T-phase’s stability was enhanced by
increased chemical complexity, and the microstructure remained intact. Additionally,
the reduction in grain size accelerated the kinetics of T-phase precipitation, shortening
the time required to reach quasi-equilibrium conditions. However, it was also observed
that the precipitation behaviour is also influenced by the type of experimental

technique used for examination.



Zusammenfassung

Die Entwicklung einer neuartigen Aluminium-Crossover-Legierung hat zu einer
verbesserten Kombination von Festigkeit und Duktilitat im Vergleich zu herkoémm-
lich verfiigharen Aluminiumlegierungen gefiihrt. Eine Aushartung durch Ausschei-
dung unter Verwendung einer komplexen intermetallischen Hartungsphase — der
T-Phase (Mgsa(Zn,Al)y9) — steigert die Festigkeit in dieser Klasse von neuartigen
Legierungen. Eine hohe Strahlenbestindigkeit der Crossover-Legierung wurde in
weiteren Experimenten beobachtet und wird hauptsachlich der Ausscheidung der
T-Phase zugeschrieben. Dies ermoglicht einen potenziellen Einsatz in Umgebungen
mit erhohter Teilchenstrahlung, wie dies fiir Anwendungen im Weltraum erforderlich
ist.

Es wurde gezeigt, dass die T-Phase bis zu einem Strahlungsschaden von 1.0
Displacements-per-Atom (dpa) stabil bleibt, wiahrend sich konventionelle Hartungs-
phasen, wie die MgySi-Phase in Al-Mg-Si-Legierungen, bei 0.2 dpa auflosen. Die
Stabilitat der Mikrostruktur und der Hartungsphasen ist entscheidend fiir das Mate-
rial. Bei einer Auflosung der Héartephase verliert das Material beispielsweise seine
Festigkeit, wodurch die fiir das Material vorgesehenen Eigenschaften beeintrachtigt
wird. Zudem entstehen Punktdefekte, die sich zu Hohlrdumen oder Versetzungen
in der Al-Matrix aggregieren konnen, was zur Versprodung beitragt. Frithere Un-
tersuchungen haben dieses unerwiinschte Phanomen auch in Crossover-Legierungen
beobachtet, bei denen sich Versetzungsschlaufen bilden, was letztendlich zu einem
vorzeitigen Versagen fiithren kann.

Zur Minderung von strahlungsbedingten Defekten wurde in der Literatur vorgeschla-

gen, die Anzahl von Grenzflachen, wie Korngrenzen und Phasengrenzen, zu erhéhen.

III



Obwohl die Crossover-Legierung 10 vol.-% der strahlenbestandigen T-Phase enthélt,
haben sich diese Grenzflachen allein als unzureichend erwiesen, um die Defektbildung
signifikant zu verringern. Daher war eine Kornfeinung erforderlich.

Mithilfe der Methoden der Hoch-Verformung wie Hochdruck-Torsion, konnte
die Korngrofle der Crossover-Legierung erfolgreich verfeinert und eine stabile ultra-
feinkornige Mikrostruktur erzeugt werden. In-situ-Bestrahlungsexperimente zeigten,
dass die Legierung auch bei extrem hohen Strahlungsdosen bis zu 24 dpa frei von
strahlungsinduzierten Defekten blieb. Diese Reduktion der Korngrofle, die sich als
wirksam zur Defektminderung erwies, beeinflusste auch die Ausscheidungssequenz.
Folglich wurde das Ausscheidungsverhalten sowohl im grob- als auch im ultra-
feinkornigen Regime untersucht und verglichen. Angesichts des potenziellen Einflusses
der Elektronenmikroskop-Umgebung (Niedervakuum, Diinnschichtbedingungen) auf
diese Experimente wurde das Ausscheidungsverhalten auch unter Verwendung ver-
schiedener mikrostruktureller Charakterisierungstechniken bewertet.

Abschlieflend zeigte die neuartige ultrafeinkérnige Crossover-Legierung eine
signifikante Bestandigkeit gegeniiber strahlungsinduzierten Defekten bei hohen
Strahlungsdosen. Die Stabilitat der T-Phase wurde durch eine erhohte chemische
Komplexitat verstarkt, und die Mikrostruktur blieb intakt. Dariiber hinaus beschleu-
nigte die Reduktion der Korngréfie die Kinetik der T-Phasen-Ausscheidung, wodurch
die Zeit bis zum Erreichen eines quasi-Gleichgewichtszustands verkiirzt wurde. Es
wurde jedoch auch festgestellt, dass das Ausscheidungsverhalten auch von der Art

der fiir die Untersuchung verwendeten Versuchstechnik beeinflusst wird.
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Chapter 1

Introduction

The demand for aluminium (Al) and its alloys is continuously rising [1], which
underscores the significance of Al in our daily lives. The use of Al alloys is pervasive,
with applications ranging from safe packaging of food [2] in households to numerous
components in the automotive sector [3] and even in aerospace applications [4]. The
majority of applications for Al alloys exhibit a distinctive combination of low density
(p = 2.7g - cm ) and high strength (yield strength up to Rpgos = 500M Pa) and
ease of fabrication and recycling. Consequently, these alloys represent an intriguing
subject for further investigation. [5, 6]

In 2020, a new potential application and field for Al alloys was opened. In
their research, Tunes et al. [7] discovered, that the hardening phase — T-phase
(M gs2(Zn, Al)sg) [8] — withstands heavy ion irradiation. Amongst all known hardening
phases in the Al series alloys, the T-phase is superior in this regard. In general, Al
alloys with their interesting properties represent an attractive candidate for various
applications, where these requirements are needed [9]. The recent discovery of their
radiation-resistant properties positions Al crossover alloys as promising materials for
use in the harsh conditions of outer space.

In general, crossover alloys represent a novel category of Al alloys, distinguished
from existing classifications by their synthesis of two or more distinct Al alloy series.
Each series possesses unique characteristics, with the 5xxx series alloys, for instance,

exhibiting excellent formability while lacking high strength. Conversly, the 7xxx
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series alloys are age-hardenable, resulting in high strength, although their formability
is limited. The concept of crossover alloying is based on the idea of combining the
advantages of two dinstinct Al series alloys. For instance, in the 5xxx/7xxx crossover
system, the alloy exhibits high strength due to the age-hardening of the T-phase,
while simultaneously displaying good formability [10]. It should be noted, however,
that the concept of crossover alloying is not exclusivly applicable to the Hxxx/7xxx
system; it can also be applied to other alloy classes as well. However, it is worth
mentioning, that the concept of crossover alloying is not strictly applied to the

bxxx/Txxx system, but can applied to different alloy classes as well. [11]

1.1 Approach

The objective of this thesis is to build upon the findings of Tunes et al. [7], which
revealed the simultaneous occurrence of dislocation loop generation and accumulation
under particle irradiation. These findings suggest that such occurences may be
detrimental under in-service conditions. Additionally, thermodynamically stable
dispersoids, such as (Fe,Cr,Mn)-containing particles, were observed to dissolve rapidly,
leaving voids in the microstructure. These phenomena, namely the nucleation of
dislocation loop networks and void generation, significantly affect the material
properties that material scientists have tailored to enhance strength, formability,
and heat resistance. Given that this microstructure is incapable of withstanding
irradiation, there is a need to engineer a new microstructure to mitigate the impact
of heavy ion particles. Accordingly, as proposed in the literature, a reduction in grain
size should be the initial step, as an increased volume fraction of interfaces (e.g.
grain boundaries) is able to act as sinks for radiation-induced point defects and, thus,
enhance the material’s performance [12]. Concurrently, the radiation-survivability
level of the T-phase will be enhanced through an increase in its chemical complexity
[13].

Another intriguing aspect emerges when the grain size is reduced: it modifies the
precipitation sequence [14]. Given that the radiation-resistant T-phase forms as a

secondary-type precipitate after solution heat-treatment and ageing, it is essential
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to investigate the differences in precipitation behaviour between the coarse- and
ultrafine-grained microstructures. While coarse-grained microstructures typically
exhibit minimal to no tendency for recrystallization following an ageing treatment due
to the stabilisation of grains [15], the behaviour of ultrafine-grained microstructures
upon heating should also be studied in order to gain insight into the influence of
heat on grain and precipitate size [16].

The examination of ultrafine-grained materials necessitates the use of advanced
imaging techniques, as their highly deformed microstructure cannot be easily analysed
using conventional methods. Therefore, TEM is often employed. However, when
observing electron-transparent samples, they may exhibit different behaviours due to
size effects compared to their bulk counterparts. In a third aspect, this size effect
should be analysed in relation to the precipitation kinetics of the T-phase using

different heating methodologies.

1.2 Document Structure

In order to gain a full understanding of the properties of the radiation tolerant
crossover alloy, some basic principles need to be addressed. Chapter 1 and chapter 2
therefore provide an introduction to the subject, the definition of extreme environ-
ments and where they can be found. The focus is on space applications and the harsh
conditions found in space. This is followed by a brief summary of Al and its alloys,
including the effects of the alloying elements and the processing route that leads
to the exploitation of grain size reduction. Finally, a brief overview of the methods
to produce such ultrafine-grained microstructures is discussed. Then, in chapter 3,
the alloy synthesis and methodology will be shown. Chapter 4 presents the results
of the investigation of the ultrafine-grained microstructure upon irradiation, while
chapter 5 gives an insight into the precipitation behaviour of the irradiation-resistant
hardening phase (T-phase) in two different grain size regimes. Chapter 6 highlights
the microstructural analysis of T-phase precipitates when different heating strategies

are used. Finally, chapter 7 provides a brief summary of the results and an outlook.
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Chapter 2

State of the art

The next chapter provides a comprehensive review of extreme environments, with
a particular focus on space. It highlights the challenges faced by materials in such
conditions. It then provides a detailed overview of Al and its alloys, discussing the
influence of primary and secondary alloying elements and the various ways their

properties can be modified.

2.1 Extreme Environments

Extreme environments push the boundaries of materials science to its limit. Exam-
ples include operating temperatures above 1000°C, extreme shock and strain rates,
corrosion, pressure, and radiation exposure. [1, 2, 3] Investigating the behaviour of
materials under extreme conditions is critical to addressing many challenges. How-
ever, certain issues remain particularly complex due to our limited understanding of
multiscale phenomena, in particular, how the formation of atomic defects translates
into nanoscale and ultimately macroscale effects. To design and develop more resilient
materials, it is essential to characterise them at the level of fundamental interactions.
This includes, for example, in situ observations of atomic and defect dynamics in
materials exposed to harsh environments. [4]

It is only through constant advances in technology and materials that mankind’s
dream of exploring the deep universe can be realised. The first step in this never-

ending story was the Apollo mission [5]. Led by the National Aeronautics and Space



CHAPTER 2

Administration (NASA), this marked a monumental first step by successfully landing
the first men on the Moon. During these missions, Al alloys played a crucial role,
serving as both thermal control and structural materials. In addition to the use of
Ti-6Al-4V titanium alloys, a wide range of Al series alloys were used, including the
2xxx, bxxx, 6xxx, and 7xxx series. [6].

Subsequently, humanity aims to delve deeper into our galaxy through the colo-
nization of Mars [7]. While the requirements for both missions have been relatively
modest, the exploration of the deep universe presents a distinct and elevated level of
challenges [8]. The material exposed in space environment will suffer temperature
fluctuations from ~ -100°C to &~ +100°C, high-energy radiation and immense ballistic
impacts from micro-meteoroids and space debris. [9, 10, 11, 12, 13]

During deep-space missions, there is a critical need for materials with enhanced
radiation resistance [14]. The development of high-performance materials for use
in space is partly driven by the challenges posed by space weather, which will be

covered in the next section.

2.1.1 Space Weather

In simple terms, similar to weather phenomena on Earth, there are weather-like
occurrences in space, and these are always linked to the Sun. In an expanded definition,
space weather also encompasses space debris, asteroids, meteoroids, radiation and
particles, cosmic rays, nearby supernova explosions, and even the broader galactic
environment [15, 16]. The list below shows different types of space weather: [17, 18,
19, 20]

e Solar flares

Solar energetic particles (SEPs)

Solar wind

Coronal mass ejections (CMEs)

e Geomagnetic induced storms
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e Galactic Cosmic Rays

Figure 2.1 displays two major events of the Sun: a Solar flare and a Coronal
Mass Ejection. Even though these events primarily occur in space, their impact
on Earth is significant [21]. Power grids, the global positioning system (GPS), air
travel, and spaceflight can be affected while satellites may start to behave abnormal
and even pipes laid in the ground will corrode more strongly. This is due to rapid
fluctuation of geomagnetic fields, inducing currents in pipelines, which enhances the
rate of corrosion significantly in those pipes [16, 22]. However, it is not possible to
prevent the affects of space weather here on Earth but only to minimize them. A
good prediction model is nonetheless important [23, 24]. Spontaneous occurrences
of these events have been observed in the past, yet a clear signature indicating an
event and its likely timing, location, magnitude, and significance for Earth is still
missing. When such an event is happening and reaches the boundaries of Earth, a
series of processes will be triggered caused by the Earth’s magnetic field (i.e. the
ionosphere and atmosphere) [21]. For example, the Aurora Borealis (also known
as "the Northern Lights”) are the widest known manifestation of the interaction

between SEPs and our atmosphere, depicted in Figure 2.2. [25]

2000/02/27 01:54

(a) Solar Flare (b) Coronal Mass Ejection

Figure 2.1: (a) A solar flare captured by the European Space Agency (ESA). Red and
blue colours highlighting areas with different types of X-rays. (b) An image of a Coronal
Mass Ejection. The disk blocks the bright light of the Sun, while the white circle inside
shows the Sun’s surface. [26, 27|

Consequently, the Sun and the solar wind, as primary drivers of space weather,

have received significant attention in the past. Typically, the Earth’s magnetosphere,
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Figure 2.2: The interaction between highly energetic particles emitted by the Sun and the
Earth’s atmosphere is the cause for an astonishing spectacle on Earth: the Aurora Borealis.
The mesmerizing and mystifying colour is a simple reaction between the SEPs and
molecules of the atmosphere (mostly oxygen and nitrogen). [25]

maintained by its intrinsic magnetic field, redirects the solar wind flow away from
Earth. However, during abnormal events, such as when the northward pointing Earth
field encounters a solar wind with a southward pointing field, SEPs may penetrate
the magnetosphere, leading to various geomagnetic disturbances. [21, 28]

The radiation dose from these significant incidents has emerged as a crucial
concern in manned space exploration. Solar flares, for instance, release flashes within
seconds and lasting to minutes, spanning a vast wavelength range across 17 orders of
magnitude, from kilometric radio waves to gamma rays. This huge variation is also
measured for the total energy released during such events: between 10'2 J for small
events up to 10%° J for major events. In comparison, the total generated electricty on
Earth in 2017 was equivalent to 10'°.J, therefore, a major Sun event could provide
Earth’s energy need for about 16.000 years. [21, 29, 30]

Here on Earth, mankind is protected by the invisible layer the magnetosphere
provides around Earth. This is not the case for space exploration. For example, Mars’
outer layer is not as protective as Earth’s: the average radiation dose on Mars is

about 140 times higher than on Earth [31]. Finally, this is the reason for the major
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concern of long-term space missions. Both astronauts and materials are exposed to
these types of radiation and doses, with varying intensities and occurrences, emitted
by the Sun. Therefore, it is crucial to guarantee the safety of them during long-term
deep-space missions, where lack of protection is found. At this point, materials science
is taking the leading role to design the next-generation material used in the extreme
environments of space. The design of an irradiation-resistant alloy must be addressed
at the atomic scale to meet the needs of safety, durability and reliability. While
the Al crossover alloy, hardened by irradiation-resistant T-phase, was found to be a
potential candidate, the reasons of its behavior still remains unclear.

Beside the invisible danger space weather is constantly providing to space missions,
there is a growing concern about space debris, which is threatening not only space
missions but also humanity on Earth.

Space debris are objects that have been discarded in Earth’s orbit and are
continuously accumulating over time. In 1978, there were approximately 6,000
trackable objects in orbit. By 2005, this population had more than doubled to 14,000.
Only large objects with sizes greater than 1 m are easily tracked and catalogued, but
small-size space debris objects causes concern. They cannot be tracked, their number
is several orders of magnitude higher than that of large objects and is continuously
rising and their impact on operating space crafts can lead to significant damage or
even to catastrophic failure. The distribution of small-size space debris is displayed
in Table 2.1. The size of these objects are typically small, measuring between 1
and 10 cm and their relative velocity can reach values up to 15 km/s. A collision
of a space craft with small-size space debris can neither be predicted nor avoided.
Figure 2.3 shows the detrimental impact of an Al sphere, travelling at the speed of
approximately 6.8 km/s, hitting an 18 cm thick Al block. In comparison, Figure 2.4
shows the damage of a solar cell and the windshield of a space shuttle after it was hit
by space debris. Therefore, a high-strength structural material is therefore necessary
to minimise the damage coming from space debris. [11, 32, 33, 34]

As explained earlier, the number of small pieces of space debris is exponentially

increasing due to a phenomenon called Kessler Syndrome. This term was created back

10
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Table 2.1: Estimation of orbital debris by size between 2010 and 2023 by size. [34, 36]

Debris Size | <10 cm | >10 cm
2010 400.000 | 16.000
2023 670.000 | 29.000

in the late 1970s and predicted an increase in space debris in low Earth orbit in the
early 2000s. Since then, the prediction has come true, as a result of collisions between
large catalogued objects, which scatter into smaller particles. This led to a cascade
of collision events. As of today, the number of untrackable small-size space debris
has reached values over 670.000, as shown in Table 2.1. However, these numbers are
still increasing, even with a net zero input of additional space debris is maintained,

due to the collision cascade effects. [35, 36]

Figure 2.3: Simulation of the impact of an Al sphere with 1.2 cm in diameter and a weight
of 1.8 g. The sphere hit the 18 cm thick Al block at a speed of 6.8 km/s. [34]

2.1.2 The nature of radiation damage

This section is intended to provide a brief introduction to the nature of radiation
damage, particularly where metals are concerned. The origin of radiation ranges from
natural cosmic phenomena to man-made applications, however, they only differ in
terms of intensity. When metals are intentionally irradiated for study or accidentally
irradiated during space missions, the damage caused by irradiation can best be

described as the formation of voids and interstitials. The formation of these defects
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Figure 2.4: Impact of space debris. a) is displaying a crater on a solar cell. The crater has
an diameter of 4 mm. b) Impact crater on a window of a Space Shuttle. Impacts with this
sizes need to be replaced. [11]

is not uniformly distributed throughout the material, but is concentrated in a small
volume. These defects are only observed in a low temperature regime and when the
microstructure is in a stable condition, otherwise, the nucleation of a more stable
phase is possible. For example, when heavy ions are used as bombarding elements,
the temperature in a small volume rises sharply and is promptly quenched. [37]
During radiation, a primary knock-on atom (PKA) is generated by a nuclear
reaction, radioactive decay or from an accelerated ion beam. This event occurs over
a timescale of fraction of a second (107'%s). The energy of the PKA is transferred
either via the excitation of electrons in the medium or those of the PKA itself.
This excitation process may then lead to ionisation of some of the particles. During
collision, the total kinetic energy is nearly conserved and are considered to be quasi-
elastic. However, on occasion, when the PKA collides with atoms, they may receive
sufficient kinetic energy to displace them from their lattice sites, thus enabling them
to make similar collisions of their own. This results in a branching tree-like structure
of successive collisions, accompanied by electron excitation, which produces heat in
metals. While most defects are unstable and rearrange them rapidly into more stable
configurations, some of them recombine or agglomerate into defect-clusters. Besides,
not only microstructural damage can appear, but also sputtering, chemical disorder,

unusual chemical reactions or phase changes. [38§]
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In order to displace an atom, it is necessary to overcome the threshold energy
E,. If a lattice atom receives an energy that is higher than the threshold (£ > E;),
then the lattice atom is permanently displaced. Only when the energy received is less
than the threshold energy (F < Ej), no displacement occurs. The transferred energy
must be greater than the sum of both the formation energies of a vacancy (E{ ~
1 eV) and an interstitial atom (E¥ ~ 4 eV). However, E needs to be significantly
larger, as it is necessary to move the displaced atom out of its own recombination
zone. Therefore, the displacement energy should be 4-5 times the sublimation energy.

As suggested by Seitz et al., E = 25 eV, which holds true for most metals [39, 40]

2.1.3 Parameters in radiation experiments

As with any experiment, it is essential to carefully define the parameters that influence
the setup. This chapter will provide a concise overview and explanation of the key

parameters involved in irradiation experiments on metals.

Type and Energy of Radiation Radiation damage can originate from various
energetic particles, such as neutrons, ions, electrons, gamma rays, and protons. The
energy level of these particles dictates the degree of displacement damage within the
crystal lattice. Both the type and energy of the radiation influence the penetration
depth and extent of the damage. In this context, energy specifically refers to the
kinetic energy of the incident particles, commonly measured in electron volts (eV).

[42]

Dose Accumulation The term dose quantifies the amount of radiation energy
deposited in a material over a defined volume, providing a measure of radiation
exposure and the resulting damage within the crystal lattice. This damage manifests
as defects, including dislocations, voids, and vacancies. Two primary types of dose
are typically considered: the absorbed dose, which refers to the energy absorbed by
the material, and fluence, representing the number of incident radiation particles.
Dose is a cumulative parameter that considers both the number of particles striking

the material and the energy they deposit. While fluence only accounts for the number
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of incident particles (expressed in particles/m?), the dose considers both particle
count and the energy deposited. The dose is commonly expressed in Grays (Gy),
where 1 Gy = 1 J/kg. Additionally, to quantify structural damage, the absorbed
dose is often expressed in "displacements per atom” (dpa). It quantifies the number
of times an atom in a solid material has been displaced from its lattice position due
to interactions with energetic particles, such as neutrons, ions, or electrons. In simple
terms, if a material has experienced 1 dpa, it means that, on average, each atom
in the material has been displaced once from its original position by the impact of

radiation. [42, 41]

Temperature and Time Temperature plays a critical role in irradiation exper-
iments, as it affects the mobility of radiation-induced defects and their potential
for self healing. At low temperatures, defects may become trapped, while higher
temperatures can promote their recombination. [43]

As previously discussed, dose quantifies the accumulation of radiation damage
within the material, making irradiation time another significant factor in determining
material stability. As time progresses, damage accumulates, and the dose continues

to rise, influencing the material’s structural integrity.

2.2 Aluminium and its alloys

The following chapter provides an insight into Al and its alloys in terms of alloying and
processing. Processing then leads to the grain refinement into the ultrafine-grained

(UFG) and nanocrystalline (nc) regime.

2.2.1 Impact of the alloying constituents

Typically, the alloying elements establishes the potential properties of the material.
Subsequently, final processing refines this potential and determines the ultimate
properties of the alloy in practical applications [44]. Given the different character-

istics of each element in the periodic table, this section will look at the primary
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alloying elements of the examined crossover alloy under consideration to analyse

their remarkable behavior. Finally, some other interesting elements are discussed.

Magnesium (Mg): Mg tends to occupy substitutional sites in the crystal, and thus
acting as an obstacle to gliding dislocations. This yields in an enhanced strength with
increasing Mg content [45, 46, 47]. Simultaneously, Mg is reported to decrease the
stacking fault energy of Al [48], which makes cross-slip more difficult and decreases
strain localization [45, 49]. The age-hardening response in Al-Mg base alloys is
rather low [50], because Mg is trapping vacancies after solution heat treatment and
quenching due to a strong binding energy of Mg solute-complexes [51]. Subsequently,
they are released upon ageing at elevated temperatures. Precipitation of T-phase type
particles can be stimulated via the introduction of Zn and the released trapped-in

vacancies [52].

Zinc (Zn): Zn addition results in a change of the microstructure: in Al-Mg base
alloys, 7.e. bxxx series alloys, the f-phase (Al3M g,) precipitates along the grain
boundaries, making it prone to intergranular corrosion and stress corrosion cracking
[53]. However, Zn additions can fully suppress the formation of S-phase [54], thus
enhancing the corrosion resistance of the alloy while improving the age-hardening
response and facilitating even higher strength values [55, 56]. The addition of Zn to
Al-Mg based alloys promotes the formation and transformation of the T-phase during
solidification and ageing, significantly improving the alloy’s precipitation kinetics and
strength [57]. Additionally, it is reported that increasing the Zn content decreases

the formation energy of the T-phase [?].

Copper (Cu): When Cu is added to the Al-Mg-Zn crossover alloy, the thermal
stability of the T-phase is improved. Moreover, Cu reduces the width of the precipita-
tion free zone (PFZ) between the grain boundary and the matrix precipitates, which
results in a higher intergranular corrosion resistance [59]. Additionally, an increase
in thermal stability of the T-phase in Al-Mg-Zn-Cu alloy is reported [60], because

Cu modifies the morphology of the T-phase into spherical-like. While a decrease in
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hardness is often caused by coarsening of precipitates, Cu will inhibit this coarsening
mechanisms due to its low diffusion coefficient [61]. Furthermore, Cu is stabilizing
and promoting the nucleation of T-phase precursors over the whole precipitation

sequence. This leads to an enhanced strength of the alloy [62].

Silver (Ag): Even trace additions of Silver, up to 0.2 wt.-%, are beneficial regarding
a finer and more dense distribution of T-phase precipitates, while such additions are
also enhancing the strength of the alloy. It must be noted that higher Ag additions
may promote void nucleation as well as their growth and crack propagation. The
report from Liu et al. [63] emphasizes the importance of the amount added to the alloy.
Moreover, the atomic radius for Al and Ag is 0.143 nm and 0.144 nm, respectively.
Both solutes will easily form solute pairs and clusters. This can enhance the density
of GP zones during aging treatments. [64]

Both Cu and Ag share the ability to lower the formation energy of T-phase [?],
making it easier to nucleate the T-phase during age-hardening. However, there is a
wide range of reports on different alloying elements, how they affect the behavior of

the crossover alloy.

2.2.2 Effect of processing

While the previous chapter elucidated the influence of various alloying elements on
the performance and properties of the AIMgZn crossover alloys, an impact is also
achievable through different processing techniques. This chapter will discuss the most
prominent methods.

Due to the high activation energy of the hardening phase (T-phase) [65], the
nucleation and growth of these hardening particles, takes long times [52, 51]. Aging
at low temperatures yields in a slow aging response, which takes hours to reach
peak hardness. In fact, Cao et al. [51] reported that the peak-aged condition of an
Al-5.2Mg-0.45Cu alloys at 180°C is reached only after 168h, while the Al-5.2Mg-2.0Zn
alloy only needs 24h to reach peak hardness. Since both cases are not applicable

for industry, new ways have to be found to shorten the peak-aging time drastically.
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Figure 2.5: Age-hardening response of a Al-Mg-Zn crossover alloy with additions of Cu
and Ag. Left image displays the hardening response of single-step aged alloy at 125 °C,
while the image on the right shows its behavior upon double-step aging at 100°C/3h +
175°C/x. [55]
Cao et al. [66] pursued this issue further and observed a significant reduction in peak
aging time when pre-aging is applied. His results suggested that pre-aging can reduce
the amount of time to only 20% compared to a peak-aging heat-treatment without
pre-aging. Similar results were also observed by Stemper et al., which are depicted
in Figure 2.5.

The introduction of the T-phase as main hardening phase in Al crossover alloys
facilitates several advantages, as mentioned earlier. Among all hardening phases, the
T-phase is unique in its properties. It is reported that this hardening phase has a high
hydrogen trapping capacity [67], resistance upon heavy ion-irradiation [68], allows
for age-hardening in 5xxx/7xxx crossover alloy systems [69], and is able to inhibit
grain growth or to generate particle stimulated nucleation [70]. The potential of the

T-phase is significant and thus offering researches a wide range of opportunities.

2.2.3 Aluminium alloys in radiation-rich environments

As outlined at the beginning of this chapter, extreme environments can occur at
elevated temperatures, in corrosive conditions, or in radiation-rich settings. While Al
alloys have been extensively studied under varying temperature regimes and corrosive

environments, research in radiation-rich conditions remains limited, resulting in a
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scarcity of literature in this area. Nevertheless, this section aims to present the

available knowledge on the subject.

Irradiation experiments There is little available literature upon irradiation
experiments on Al alloys. For example, Lohmann et al. [71] and Singh et al. [72]
investigated irradiation effects on commercially available AlMg and AIMgSi alloys.
Neither the cold-worked microstructure nor the M g,S7 hardening phase survived
upon irradiation of 0.2 dpa, resulting in a significant drop in hardness [71]. High-
purity Al was irradiated with 600 MeV protons, resulted in the formation of large
dislocation networks and bubbles [73]. Liu et al. [74] studied microstructural changes
of age-hardenabale Al alloys upon neutron irradiation. He observed a break-up of
small GP zones and precipitates, resulting in smaller size of the particles and a wider
volume fraction after irradiation [74]. On the contrary to the previously reported
results, Flament et al. reports the stability of the 8”-phase under high dose ion
irradiation [75], while simultaneously, reports can be found which state the opposite
[71, 76]. However, this controversial findings suggest for a more detailed study on the
stability under heavy ion irradiation of the 8”-phase. The above mentioned literature
is mainly focused on the 6061 Al series alloy, as it is one of the most important
alloys industrially produced. In 2020, Tunes et al. has discovered the stability of
the T-phase upon heavy ion-irradiation up to 1.0 dpa. He ascribes this feature to
the high volume fraction of the T-phase in the crossover system and the chemical
complexity of the T-phase [68].

Investigations on a supersaturated Al-Cu system was carried out under neutron
irradiation, with the main findings that the formation of Al,Cu-phase (¢'-phase)
is accelerated. This phenomena is linked to the formation of damage centers in
the matrix [77]. The effects of neutron irradiation on the mechanical properties of
pure Al was carried out by Farrell et al. [78]. After irradiation, they observed an
increase in the ultimate tensile strength, which they linked to fine precipitation of
transmutation-produced silicon, while the work hardening exponent and elongation
was significantly reduced. Similar to this previous findings, proton irradiation on

5083 Al series alloy lead to an increase of microstrain and microhardness values [79)].
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Similar observations were made on self-ion irradiated 6061-Al series alloy, where
nanointendation showed an increase in hardness after irradiation [80]. Meanwhile, a
drop in hardness of the 6061-Al series alloy was observed due to neutron irradiation,
which can likely attributed to the dissolution of the age-hardening precipitates
present before irradiation [81], while neutron irradiation on a similar alloy can lead
to radiation-induced precipitation and thus hardening of the alloy. This behaviour
may be attributed to the difference in neutron fluences in both experiments [82]. Ar
ion irradiation on a cold-worked 1441-Al series alloy resulted in the dissolution of
Al3Zr and AlgFeySi particles, while the nucleation and formation of new plate-like
Al,LiMg phases were observed due to the irradiation [83].

Jahnke et al. [84] studied the formation of voids in an Al-Mg-Si alloy and in pure
Al under different precipitation conditions using 100 keV Al ions. Voids in the pure Al
were observed over the whole experimental range, while the formation of voids in the
Al-Mg-Si alloy strongly depends on the thermal treatment. In aging treatments with
coherent precipitates present in the matrix, the void formation was fully suppressed,
while aging treatments which lead to incoherent or partially coherent precipitates
resulted in void formation [84]. However, Singh et al. did not observe void formation
within the grains in pure Al, AIMg3 or 6061 Al alloy, but observed gas bubbles in the
pure Al and AIMg3 but not in the 6061 alloy [85]. In this regard, Engman et al. [86]
has successfully removed radiation-induced voids through annealing while monitoring
them in situ. Void formation suppression was also observed by 100 and 400 keV
self-ion irradiation in a Al-3%Mg (wt.-%), attributing this resistance to vacancy
trapping on small second-phase particles [87]. On the other hand, void formation
was observed by neutron and ion irradiation in a 6061 T6 series alloy, but more
importantly in this case, the corrosion rate increased [88].

The increase of the corrosion rate was also observed in a 6xxx series Al alloy
after in-service conditions in pool water of a low-power research reactor [89]. The
material was exposed to neutron and gamma rays, and thus, their interaction played
a different role. Neutrons are likely to collide with the atomic nuclei, which causes

displacements and thus microstructural changes (i.e. formation of defects or new

19



CHAPTER 2

phases). Gamma rays induced chemical reaction in the pool water, forming corrosive
species (i.e. free radicals, reactive oxygen). Both types of irradiation will negatively

affect the corrosion resistance of the alloy. [89, 90]

2.3 Exploiting the benefits of ultrafine-grained
microstructures

The grain size in aluminium alloys is crucial that profoundly affects their mechanical
properties and performance characteristics. The microstructure of these alloys is
characterized by the size, distribution, and orientation of individual grains, which are
formed during solidification or recrystallisation processes. Finer grain sizes generally
result in enhanced strength, hardness, and fatigue resistance due to the increased grain
boundary area, which impedes dislocation movement and improves strengthening
mechanisms. Heat treatments and processing techniques can be employed to control
the grain size and optimize the material properties for specific applications. As
indicated by Hall and Petch [94, 95] in the well-known Hall-Petch Equation, see
Equation 2.1, the yield strength o, is directly proportional with inverse grain size.

Therefore, a reduction in grain size leads to increased yield stresses.
oy =0;+ky-d;'? (2.1)

For decades, this equation has been describing the relationship between yield
strength and grain sizes of various metals and alloys. The term o; describes the lattice
function (i.e., impediment of the movement of dislocations through the crystal), k,
is the so-called Hall-Petch constant and d,, is the average grain size diameter. [96]

As shown in Figure 2.6, a decrease in grain size can enhance the yield strength
significantly. But this is not only true for the yield strength, as many other important
properties of the material will be positively affected by a smaller grain size. For
example, wear resistance [97] and fatigue will increase upon decreasing grain size [98].

However, a reduction in grain size via conventional methods is not easily achieved.
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Figure 2.6: Experimental stress strain curves of pure Al with different grain sizes. [?]

This occurs because the numerous grain boundaries store a significant amount of
excess energy, rendering the microstructure highly unstable, even during storage at
room temperature [99, 100]. Murdoch et al. has proposed a list of requirements to

achieve a stable nanocrystalline material, where the most important ones are: [101]

e A specific nanostructure is required: segregation-stabilized, dual-phase nanos-

tructures or amorphous-type structure.
e The energy of the grain boundary needs to be zero.
e Enthalpy of segregation should be higher than enthalpy of mixing.

If one or more of the above mentioned requirements is fulfilled, then a stable
nanocrystalline (grain sizes < 100 nm) or a (meta)-stable ultrafine-grained microstruc-
ture (100 nm < grain sizes 1000 nm) is achieved. Until now, only the physical aspects
were discussed. The next section elucidates the processing techniques to create

sophisticated nanocrystalline microstructures.

2.4 Severe Plastic Deformation

Severe plastic deformation (SPD) methods are widely acknowledged for their pos-
sibility to reduce the grain size of materials from the coarse-grained regime (>>
1 ym) down to the UFG regime, and even to the nanoscale regime. In most cases,

the properties of the SPD-processed materials are superior to their coarse-grained
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counterparts [102]. Classics methods to produce UFG materials are High-pressure
Torsion (HPT), Equal-channel angular pressing (ECAP) and Accumulative roll-
bonding (ARB). However, this thesis will only cover the basics of HPT, as it was

used extensively to produce UFG crossover alloys.

2.4.1 High-pressure Torsion

The principle of HPT is as follows: a disc is placed between two anvils, with one fixed
and the other capable of rotation. A sketch of the setup is shown in Figure 2.7. The
anvils subject the material to intense strain and torsional force. But with this setup,
two limitations are encountered: first, material will flow out and thus restricts the
applied pressure and second, the applied pressure is restricted by the compressive
yield strength of the anvils. Furthermore, the process is discontinuous, and thus
restricting the sample size [103]. With this limitations, HPT is not applicable for
industrial scale operations, but according to Ref. [102], there is a trend to scale
up the sample size and to develop new (semi-)continuous processes for industrial
applications. [104]

It is also important to note the sample preparation. For HPT, a round disk is
required, which fits between the anvils. Due to this geometric requirements, the

applied shear strain is a function of the radius of the disk, as described in Equation 2.2:

v =2nrN/h (2.2)

where r is the distance from the disk center, N is the amount of rotations and h
is the thickness of the disc. Therefore, when investigations are carried out on the

deformed disk, the properties strongly depend on the position (r) on the disk.

Grain boundaries

One of the most fundamental quantities when it comes to nanostructured materials
is the number of grain sizes — and simultaneously — the fraction of grain boundaries.
As the grain size decreases, the amount of interfaces (i.e., grain boundaries) increases.

While most of the materials’ properties will be positively affected from smaller grain
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Figure 2.7: Schematic illustration of an HPT tool after loading and after deformation. In
most cases, the thickness of the sample is then reduced. [105]

sizes, they become more prone to grain growth upon minimal heating. The migration
of grain boundaries is primarily driven by the excess energy stored in the grain
or interphase boundaries. [106] Grain growth can be estimated using the following

equation for ideal grain growth in Equation 2.3:
D? -~ Dy =k-t (2.3)

where Dy and D are the grain sizes at the beginning and a given time t, respectively.
The term k presents a temperature-depended factor. However, it was shown in
the past that it is possible to inhibit grain growth to a certain extent, when the
sample is short-time annealed at low temperatures. This was the result of atomic
rearrangements in the boundaries, as the excess energy stored was reduced by 40 %,

as displayed in Figure 2.8 [107]
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Figure 2.8: Plot of the excess enthalpy upon annealing temperature of nanostructured Pd
(10 nm average grain size). Up to the dashed line, no measurable grain growth was
observed but the stored energy reduced significantly. [107]
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There are several other attempts to stabilise or restrict grain growth. In some
cases, the growth kinetics are reduced by decreasing the excess enthalpy (as shown
in Figure 2.8) or the GB mobility. Another approach is to reach a truly metastable
condition of the material, where a small increase in the GB area increases the excess
enthalpy. In this situation, a large energy barrier has to be overcome to start grain
growth, which then would be achieved via thermal activation. [106] Second-phase
particles can also be used to decrease the total free energy at the GBs and to pin the
GB movement. This is explained by the well-known Smith-Zener limit in Equation 2.4:
[108]

R=4r/3f (2.4)

where r is the radius of the pinning particle and f their volume fraction. While grain
growth strongly depends on the grain boundaries curvature, their growth could be
inhibited with second-phase particles. During annealing, the grain size would stay at a
rather constant level until the dispersion of these second-phase particles will dissolve
within the matrix. Zener pinning was successfully demonstrated in a cryomilled 5083
Al alloy. [106, 109] The uniform dispersion of second-phase particles is crucial for
the Zener limit to work: there are some reports, where rapid grain growth occurs in
certain grains. Noteworthy, grains which do not have pinning particles on their GBs,
resulting in a bimodal grain structure. [110, 111]

This phenomenon becomes particularly significant in extreme environments, such
as heavy-ion particle irradiation, where a smaller grain size is preferred. This was
first observed by Singh et al. in 1973. He discovered that the interaction between
defects and an interface (i.e. grain boundary) increases with decreasing distance
between those two. [112, 113]. Therefore, when the distance for interaction is small
enough, they will interact. A review article highlighted two main effects of absorption

types: [114]

e A dislocation loop near a high-angle grain boundary reduced its diameter
over the spawn of 49s, and then abruptly migrated 10nm towards the grain
boundary within 0.1 seconds, where the dislocation loop vanished - indicated

in Figure 2.9
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Figure 2.9: Evidence of the absorption of an dislocation loop by a nanostructured grain

boundary. Within a time frame of 49s, the dislocation loop (indicated with white arrows)
migrated towards the grain boundary and was fully absorbed. [114]

e A segment of a dislocation was gradually annihilated by a grain boundary.

It has been showed that GBs play an important role to mitigate radiation damage.
Thus, it can be assumed that the characteristics of the GB determines the sink

strength of radiation damage, as elucidated by Tschopp et al.: [115]

e Generally, GB sites exhibit a significant lower vacancy formation energies
compared to those in bulk, suggesting that these sites will capture and thus

annihilate radiation-induced point defects.

e Both low-angle and high-angle GBs are effective in terms of annihilating point

defects, but high-angle GBs are more efficient in that.

e With increasing misorientation angle or GB energy, the point defect formation

energy is decreasing.

e Simulations have shown that GBs are biased defect sinks: interstitials have a
greater tendency to segregate to the GBs rather then vacancies. Long-term
radiation will also affect the atomic configuration of the GBs and thus change

the selective absorption of interstitials.

However, there is another important factor regarding the stability of the mi-
crostructure under irradiation, which is the motion of grain boundary movement.
Molecular dynamics simulations have shown that grain boundaries can undergo
movement under irradiation conditions if the volume affected by the thermal spike

exceeds the volume of the grain [116].
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The importance of the microstructural stability and size is also supported by ion
irradiation on Au foams, as such foams exhibit a high surface to volume ratio and
suggesting a superior radiation-resistant material. However, it was concluded that not
all nanoporous materials are radiation tolerant, and only a small parameter window
exist where these foams show radiation resistance. When the size of the ligaments
is too big, the material will behave similar to bulk material and radiation-induced
point defects will accumulate and not annihilate. If the ligament is too small in size,
planar defects, breaking and even melting is observed [117, 118].

To summarize, the microstructure plays a pivotal role on the radiation-resistance
of a given material. A synergistic interaction between the number of grain boundaries
(i.e. grain size) and their characteristics determines the radiation-resistance of any
given material. Therefore, it is crucial to maintain a grain size, which is small enough
to annihilate radiation-induced point defects, but big enough to mitigate the thermal

spike resulting from radiation.
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Chapter 3

Materials, methodology and

approach

This section gives a brief overview on the materials synthesis’ and some applications,

which were used during the experiments.

3.1 Alloy synthesis

Based on previous research activities on the new emerging Al crossover series, a
compositional merge between a dxxx and 7xxx series alloy was used. The nominal
chemical composition is listed below in Table 3.1. Significantly, maintaining a Zn/Mg
ratio below 1 is recognized as crucial for the precipitation of T-phase precipitates [1].
The alloys under investigation consistently adhere to this parameter.

Table 3.1: Nominal chemical composition of the investigated alloys in this thesis. Chemical
composition was determined using optical emission spectroscopy.

VL1 VL2 VL3 VI4

Mg 48 48 48 438
Zn 3.7 37 37 37
Cu - - 0.6 0.6
Ag - 017 - 017
Al bal. bal. bal. bal.
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3.2 Differential scanning calorimetry

The usage of differential scanning calorimetry (DSC) is widespread. These kind of
experiments offers the user quantitative calorimetric information of a given sample.
Within this technique, a linear heating ramp is applied into both a reference and a
sample, which is chosen by the use [2]. While these two samples are subjected to a
controlled temperature program, the heat flow rate difference of them is measured.
The final thermal analysis is able to reveal various characteristic temperatures, such

as: [2]
e heat capacity,
e melting temperature,
e recrystallization temperature and
e heat of fusion, etc.

One of the biggest advantages of the DSC is the small amount of samples needed for
measurements. For quantitative and statistical analysis, less then 1 g of sample is
needed, which makes it very useful when only limited or small samples are available.
However, with evolving technology, the DSC has also gained from technological
advancements. The so-called Flash DSC' allows to reduce the sample size and thus
the sample mass even further to the nanogram regime [7], which also makes its
handling more complicated. Therefore, the DSC is a good compromise between easy
usage and small amounts of samples needed. It is important to comprehend that
temperature is the most important quantity in DSC measurements: temperature is
the only measured value. From there, all other values are calculated, which makes
the precise measurement of the temperature invaluable. In fact, temperature is a
thermodynamic parameter of a system, which describes the average kinetic energy of
the atoms within this system. However, it is only possible to describe temperature for
equilibrium systems only [2]. The zeroth law of thermodynamics describes the term
temperature: When two systems are each in thermal equilibrium with a third system,

then they are in thermal equilibrium with each other [8]. While the zeroth law of
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thermodynamics only provides an understanding of the terminology temperature,

the second law of thermodynamics helps to mathematically express the temperature.

3.2.1 Principles of the differential scanning calorimetry

To comprehend the principles of the measurements within the DSC, the easiest
reaction will be considered: determination of a phase transformation. During the
heating process, a common heat flow flows from the oven into both the sample and
the reference. If no reaction takes place, both have the same thermal properties and
the system is symmetrical, which means that the sample and the reference heat up
the same time. Therefore, the heat flow is identical and the measured temperature
difference at the sensor is zero. In case a reaction appears within the sample, the
temperature at the sample side is different to the temperature at the reference
and thus, the heat flow is not zero anymore. However, in reality, the temperature
difference between reference and sample is never zero, even when no reaction is
happening. This is due to the different heat capacity of the materials. However, this
makes it possible to analyze thermal properties. The raw data acquired from the
DSC measurements is the temporal change in the thermoelectric voltages. Through
a sensitivity calibration, the real heat flow in mW /mg can be displayed. The area
under any peak responds to the change of enthalpy of the system. [9] Its principles

are displayed in Figure 3.1.

3.2.2 Parameters of the measurements

Even though only temperature is measured, several important parameters are calcu-

lated from this, which the most important ones will be discussed in this section.

Heat flow Since heat is a form of energy, and energy transfers from a higher-
temperature system to a lower-temperature system, it can be considered as a heat
flow. Thermal equilibrium is then reached when the temperature of both systems
become equal. [2]. Simplified, when no work is taken into account, and the process

occurs at constant volume, the internal energy U is equal to the amount of heat
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Reference

Temperature and Heat Flux
Sensors

Heat flow paths Thermal resistor
Heating and cooling system

Figure 3.1: Principles of the heat flow signal obtained from a DSC. [10]

added to the system or extracted from it, and thus, the heat Q becomes a function

of state. There are three major forms of heat flow: [2, 3]

e Conduction: heat travels from the hotter system to the colder system. This
is possible within one system or via the physical contact of two individual

systems.

e Convection: heat can be transferred via the surface to its surroundings or vice

versa.

e Thermal radiation: electromagnetic energy is radiated from the surface of the
system to its surrounding. The frequency and intensity is depending on the

surface temperature.

Latent heat The Latin word [atent means ”existing but concealed” and is related
to the energy which is released or absorbed during phase transitions, for example,
melting. During this process, the temperature of the material does not change.

Another common wording for latent heat is heat of transition. [4]

Enthalpy The enthalpy increase of systems in equilibrium processes is identical to

the heat added to the system. However, it must be noted that normally only enthalpy
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changes are measured. Within the DSC, this change is calculated from the difference

between the sample and the reference. [5]

Heat capacity The heat capacity can be calculated at constant pressure (C,) or
constant volume (CYy ), but this can only be calculated in the absence of chemical
reactions or phase transitions. Then, the amplitude of the heat flow signal is di-
rectly correlated with the heat capacity at constant pressure. This is described in
Equation 3.1. [6]

o =02, =), (3.)
Phase Transitions They can be classified in two types: first-order and second-
order transitions. First-order transitions are those, where the partial derivative of the
free energy (e.g., volume, entropy, enthalpy) with a thermodynamic variable (e.g.,
temperature, pressure) signals discontinuity. Thus, melting, evaporation, sublimation,
crystallization, condensation or deposition can be named. In contrast, second-order
transitions are found when the aforementioned first derivatives are continuous but a
second partial derivative of the free energy exhibits discontinuity. So, a jump in the

heat flow signal of the DSC is equal to a second-order transition. [11]

3.3 Transmission electron microscopy

A (scanning) transmission electron microscope (S/TEM) is an advanced instrument
to observe and characterise the microstructure of a given material in detail. This
paragraph covers the fundamentals of the imaging techniques and covers the basics

of different working techniques.

3.3.1 Working principle of the transmission electron mi-

Croscopy

A series of magnetic lenses is used to focus an electron beam, which is accelerated
by a high potential. This is illustrated in Figure 3.2. A X-FEG filament is placed

behind a Wehnelt cap with a hole and is electrically heated. Electrons emitted by the
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Figure 3.2: Schematic illustration of the Transmission Electron Microscope. a) displays the
working principle with the most important parts of the TEM. The lens defects are
illustrated from b) to d), with b) showing the spherical, ¢) chromatic and d) astigmatism
aberrations. [12]

filament are accelerated to earth potential. A double condenser lens system is used
to focus the electrons under vacuum. The image or diffraction pattern is obtained
from the interaction between the electrons and the specimen is then formed on a
fluorescent screen. An objective lens can be used to enhance the contrast of the
sample, while the use of a selected area aperture allows the selection of the area of
diffraction on the sample. The objective lens is used to focus the image, while the
magnification is controlled by excitation of the intermediate lens. [12] However, the
lenses used in the TEM are not perfect and therefore, the performance of the lenses
is limited as they all have lens defects. When working with a TEM, it is important to
calibrate and align the beam accordingly, to reduce the influence of these limitations
and to enhance the results from the experiments.

Given the critical nature of lens defects and their corrections, the following
section is looking into the origins of these issues and strategies to mitigate their
impact. From the operator’s point-of-view, the most important ones are spherical,

chromatic aberration and astigmatism, as they can significantly enhance or decrease
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the resolution of the microscope.

Spherical aberration A graphical explanation is given in Figure 3.2 b). Electrons
departing from point P along the optic axis of the specimen are redirected and
refocused at point P” rather than P’. Consequently, the imaged point in the image
plane appears as a disc. The radius of this disc can be calculated using the following
equation Equation 3.2: [12]

Ary=0C, - 3° (3.2)

(s is the spherical aberration constant (typically 1 or 2 mm for objective lens),
while 8 expresses the aperture size. Given from Equation 3.2, the radius of the disc
increases to the power of 3 upon increasing the size of the aperture. A small aperture
is able to allow for better imaging conditions. Unfortunately, there is no convenient
methodology to correct it. Therefore, the spherical aberration is the most limiting
parameter within electron microscopes [12, 13]. With the advent of the so-called
spherical aberration corrected TEM (Cs-corrected TEM), a point resolution of less

than 0.10 nm is achievable and allows for high-resolution imaging and analysis. [14]

Chromatic aberration This arises due to different factors, such as wavelength
(and thus the energy), instabilities of the accelerating voltage or lens current. The
energy spread of approximately 0.8 eV of emitted electrons of the filament is rather
small compared to the energy loss of up to 50 eV, when the electrons pass through
the specimen. Therefore, the focal length of lens varies with the electron energy, as

displayed in Figure 3.2 ¢). [12]

Astigmatism This phenomenon arises when the lens demonstrates varying focal
lengths based on the path of the rays through it. This is shown in Figure 3.2 d):
the rays travelling in plane A are converged at point P4 while the rays travelling in
plane B are focused at point Pg. Thus, a point on the specimen is then imaged as
a disc. However, this can easily be corrected when electromagnetic astigmators are
used, which produce a small variable magnetic field. While condenser astigmatism

diminishes beam coherence, resulting in an elliptical spot, objective astigmatism can
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significantly reduce resolution, causing streaking in one direction of fine details in
the image. The condenser astigmatism is adjusted to make the spot as circular as
possible, while the objective astigmatism is aligned using Fresnel fringes near edges
of a hole. [12]

When the above-mentioned aberrations are accordingly aligned and reduced,
this can significantly enhance the image resolution. However, there are another
two important types of resolution: first, the instrument resolution, and second, the

specimen resolution.

Instrument resolution The resolution of the instrument can be considered as a
function of aberrations of the objective lens. Employing a small aperture can enhance
resolution; however, if the aperture size is diminished excessively, diffraction effects
at the aperture can become a limiting factor. Diffraction of the lens aperture causes
a point source to be imagined as a disc — known as Airy’s disc — surrounded by
a number of fainter rings. The Rayleigh criterion describes the distance between
two distinguishable points and depends on the wave-length (and thus the energy)
and also by the inverse size of the aperture. The Rayleigh criterion is given in
Equation 3.3, with A\ expressing the wavelength. Therefore, the increase in aperture
size also increases the resolution but decreases due to the influence of spherical
aberration, given in Equation 3.2. However, when both criteria are combined and
mathematically solved, an optimum objective aperture diameter can be calculated,

and the maximum resolution is written in Equation 3.4. [12, 15]

AT i = N4 A (3.3)
0.61- X
A?"d = B (34)

Specimen resolution Generally, the specimen is going to reduce the resolution
of the image via chromatic aberration, since many electrons lose energy when they

pass through the specimen. Only when very thin regions are examined, the energy
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loss of the electrons is minimized. [12]

3.3.2 Working principle of the scanning transmission elec-

tron microscopy

To understand the principle of a STEM, it is best to elucidate the different illumination
mode from TEM. In TEM mode, the objective is to achieve a perfectly circular and
parallel beam hitting the sample surface. Conversely, in STEM mode, the aim is to

produce a focused, convergent beam. This is illustrated in Figure 3.3. [1§]

TEM STEM
Optic axis Optic axis
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un crossover
« ) Cllens ( > Cllens
C1 crossover
C1 crossover
C2 lens (off)
C1 lens (focused / \
{ p) focused) oy S— 2 aperture
Frontal focal plane
of objective lens
/ \ Upper objective lens ( ) C3 lens
Focused,
Parallel beam convergent
a beam
v
Specimen Specimen
v

Figure 3.3: Different illumination techniques of a TEM compared with a STEM. [18]

The imaging technique of the STEM is able to visualize differences in the mi-
crostructures up to the nanometer scale while simultaneously collecting spectroscopic
data of each point. The material under analysis must be electron-transparent, en-
abling electrons to pass through the sample with minimal scattering. Then the data
is often collected via high-angle annular dark field (HAADF), bright field (BF) or
dark field (DF) detectors.
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3.3.3 In situ transmission electron microscopy

In situ experiments can be helpful to study the influence of heat, strain or accelerated
particles upon the microstructure. When heat is applied, this will cause phase
transformation and finally recrystallization of the microstructure. Via the use of
in situ experiments, it can be understood at which temperature (or strain) changes
in the microstructure will evolve and thus removing doubts from ez situ experiments.
However, assumptions and conclusions drawn from such an experimental setup needs
to be carefully done, since one requirement for the use of TEM experiments is a
electron-transparent region. Therefore, the sample will be a thin foil, and, surface
diffusion is much more rapid compared with bulk diffusion. Furthermore, it needs to
be kept in mind that such experiments are performed under different conditions that
are likely not the same in-service conditions. [16]

During n situ experiments, it is sensible to recall a well-known quote by Werner

Heisenberg: [17]

"Wir konnen nicht beobachten, ohne das zu beobachtende Phanomen zu
storen, und die Quanteneffekte, die sich am Beobachtungsmittel auswirken,
fihren von selbst zu einer Unbestimmtheit in dem zu beobachtenden

Phanomen.”

The meaning of this quote is to comprehend that the observations made through
any device are likely to differ from reality, where the act of observation itself has
a strong influence on the phenomena. While this quote was originally written for
quantum mechanics, it is also true for investigations made through any device, for
example, an electron microscope. It is reported that the electron beam may rise the
temperature of the sample, whilst the electrons emitted from the source to create this
beam are bombarding the sample surface, leading to irradiation damage. With the
increasing complexity of the experiments, the more careful they have to be carried
out. Even though experiments within the TEM take place under vacuum, presence
of gas molecules can never be neglected, as they may deposit on the surface of the
specimen (such as carbon contamination). Then, these molecules will interact with

the specimen and the electron beam might act as an catalyst for reaction, which
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normally do not happen. For example, carbon results in the contamination on the

sample surface, whilst hydrocarbon are polymerised by the electron beam and even

gas atoms can be injected into the specimen when environmental chambers are used.

[19]

3.4 Reference

1]

Gloria Graf, Petra Spoerk-Erdely, Peter Staron, Andreas Stark, Fran-
cisca Mendez Martin, Helmut Clemens, and Thomas Klein. Quench rate

sensitivity of age-hardenable Al-Zn-Mg-Cu alloys with respect to the Zn/Mg
ratio: An in situ SAXS and HEXRD study. Acta Materialia, 227:117727, 2022.

Joseph D Menczel, Lawrence Judovits, R Bruce Prime, Harvey E Bair, Mike
Reading, and Steven Swier. Differential scanning calorimetry (DSC). Thermal

Analysis of Polymers: Fundamentals and Applications, pages 7-239, 2009.

David W Hahn and M Necati Ozisik. Heat Conduction. John Wiley & Sons,
2012.

S Jegadheeswaran and Sanjay D Pohekar. Performance enhancement in latent
heat thermal storage system: a review. Renewable and Sustainable Energy

Reviews, 13(9):2225-2244, 2009.

Christoph Rathgeber, Laia Mir6, Luisa F Cabeza, and Stefan Hiebler. Mea-
surement of enthalpy curves of phase change materials via DSC and T-History:
When are both methods needed to estimate the behaviour of the bulk material

in applications? Thermochimica Acta, 596:79-88, 2014.

Dan Dragulin and M Ruther. Specific heat capacity of aluminium and alu-

minium alloys. Heat Treat, 3:81-85, 2018.

Peggy Cebe, Benjamin P Partlow, David L. Kaplan, Andreas Wurm, Evgeny
Zhuravlev, and Christoph Schick. Using flash DSC for determining the liquid

state heat capacity of silk fibroin. Thermochimica Acta, 615:8-14, 2015.

50



CHAPTER 3

[8] Louis A Turner. Zeroth law of Thermodynamics. American Journal of Physics,

29(2):71-76, 1961.

[9] Mike Reading and Duncan QM Craig. Principles of differential scanning

calorimetry. Thermal Analysis of Pharmaceuticals, 1:1-22, 2006.

[10] Nicolas Chobaut. Measurements and modelling of residual stresses during
quenching of thick heat treatable aluminium components in relation to their

precipitation state. Technical report, EPFL, 2015.

[11] Kurt Binder. Theory of first-order phase transitions. Reports on Progress in

Physics, 50(7):783, 1987.

[12] Jeffrey William Edington and JW Edington. The operation and calibration of

the electron microscope. Springer, 1974.

[13] Max Haider, Harald Rose, Stephan Uhlemann, Eugen Schwan, Bernd Kabius,
and Knut Urban. A spherical-aberration-corrected 200 kv transmission electron

microscope. Ultramicroscopy, 75(1):53-60, 1998.

[14] Hidetaka Sawada, Takeshi Tomita, Mikio Naruse, Toshikazu Honda, Paul
Hambridge, Peter Hartel, Maximilian Haider, Crispin Hetherington, Ron Doole,
Angus Kirkland, et al. Experimental evaluation of a spherical aberration-

corrected TEM and STEM. Microscopy, 54(2):119-121, 2005.

[15] Sisi Zhou and Liang Jiang. Modern description of Rayleigh’s criterion. Physical
Review A, 99(1):013808, 2019.

[16] C Barry Carter and David B Williams. Transmission electron microscopy:

Diffraction, imaging, and spectrometry. Springer, 2016.

[17] Christoph Johannes Marty. Vom Beobachten des Beobachters der Beobachter.
PhD thesis, TU Dortmund, 2015.

[18] Nanoscience.com. Scanning  Transmission  Electron — Mi-
CTOSCopy. Available at: https://www.nanoscience.com/techniques/

scanning-transmission-electron-microscopy/. Accessed: 25.04.2024.

o1


https://www.nanoscience.com/techniques/scanning-transmission-electron-microscopy/
https://www.nanoscience.com/techniques/scanning-transmission-electron-microscopy/

CHAPTER 3

[19] EP Butler. In situ experiments in the transmission electron microscope. Reports

on Progress in Physics, 42(5):833, 1979.

52



Chapter 4

Radiation-resistant aluminium
alloy for space missions in the

extreme environment of the solar

system*

Author s Contribution

Patrick D. Willenshofer - Conceptualization, Methodology, Investigation, Visu-

alization, Writing the original draft.

Matheus A. Tunes - Investigation, Conceptualization, Methodology, Writing -

Review and Editing.

Ho T. Vo - Supervision, Investigation - Review and Editing.

Lukas Stemper - Supervision, Investigation - Review and Editing.
Oliver Renk - Supervision, Investigation - Review and Editing.
Graeme Greaves - Supervision, Investigation - Review and Editing.

Peter J. Uggowitzer - Supervision, Investigation, Methodology, Writing - Review
and Editing.

“Status: Chapter 4 is a paper under revision for publication in the Journal Nature Communica-
tions, written by Patrick D. Willenshofer, Matheus A. Tunes, Ho T. Vo, Lukas Stemper, Oliver
Renk, Graeme Greaves, Peter J. Uggowitzer, and Stefan Pogatscher

93



CHAPTER 4

Stefan Pogatscher - Project Administration, Supervision, Investigation, Writing

- Review and Editing.

Acknowledgments

The research herein reported has been supported by both the European Research
Council excellent science grant “TRANSDESIGN” through the Horizon 2020 program
under contract 757961 and the Austrian Research Promotion Agency (FFG) in the
project 3DnanoAnalytics (FFG-No 858040). The Los Alamos National Laboratory, an
affirmative action equal opportunity employer, is managed by Triad National Security,
LLC for the U.S. Department of Energy’s NNSA, under contract 89233218 CNA000001
and provided research support to both MAT and HVT via Laboratory Directed
Research and Development program under project numbers 20200689PRD2 and
20220790PRD2, respectively. Research funding for the construction of the MIAMI
facility has been provided by the United Kindgom’s Engineering and Physical Sciences
Research Council (EPRSC) via grant EP/M028283/1.

Abstract

Future human-based exploration of our solar system requires the invention of materials
that can resist harsh environments. Age-hardenable aluminium alloys would be
attractive candidates for structural components in long-distance spacecrafts, but
their radiation resistance to solar energetic particles is insufficient. Common hardening
phases dissolve and displacement damage occurs in the alloy matrix, which strongly
degrades properties. Here we present an alloy where hardening is achieved by T-phase,
featuring a giant unit cell and highly-negative enthalpy of formation. The phase shows
record radiation survivability and can stabilize an ultrafine-grained structure upon
temperature and radiation in the alloy, therby successfully preventing displacement
damage to occur. Such concept can be considered ideal for the next-generation space

materials and the design of radiation resistant alloy.
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4.1 Main Part

Humans are constantly striving to explore and unveil the unknown. This desire has set
our species in a path in the ladder of science, and through excellence and knowledge,
we are now progressively perceiving our position in the vast cosmic arena of the
Universe. The exploration of the outer space is a colossal challenge that involves the
multidisciplinary application of a wide plethora of modern technologies and sciences.

The adventure of humans in space is mainly permitted through the knowledge
acquired by an ancient science: the metallurgy. The role of this science in the human-
based exploration of space consists in the design and evaluation of the applicability of
new materials for spacecrafts, satellites and space probes within the harsh environment
of the space [1, 2, 3]. The knowledge accumulated over 70 years on multinational
space programs allowed the elaboration of a current list of materials’ requirements
for application in extraterrestrial environments, considering the multiple degradation
mechanisms that may operate synergistically while under in-service in space [2, 3]:
(i) high strength-to-weight ratio [4, 5, 6, 7], (ii) excellent thermal performance in
a broader temperature range whilst in vacuum [8, 9, 10, 6, 7, 11, 12], (iii) high
corrosion resistance to active monoatomic species (e.g. O) and to ionizing plasma
[13, 14, 15, 16], (iv) easy manufacturability and repairability [17, 18], (v) costs
[19, 20], and (vi) high radiation tolerance [1, 2, 21, 3]. As a limiting factor, the first
requirement calls for materials that are inherently lightweight as this is intended to
minimize payload, fuel demands and low production costs. In terms of the interaction
between both highly-energetic particles and electromagnetic radiation with matter,
our solar system can be considered an extreme environment for materials and the last
requirement on high radiation tolerance is predominant considering long-duration
and long-distance space missions with possible human settlement in extraterrestrial
environments [2].

In this context, the sources of radiation for both humans and materials within the
solar system can be categorized as endogenous or exogenous. Endogenous radiation
comprise the class that is generated within the interiors of a spacecraft, as for example,

by a small modular nuclear reactor. Exogenous source of radiation constitute of
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trapped radiation, cosmic rays, solar wind and flares and coronal mass ejections
22, 23]. These are critical for both humans and materials within the solar system.
This radiation is mostly generated by the Sun and its relationship with the solar
cycles and its surrounding solar system is known as space weather [24]. For low-orbit
missions, trapped radiation within the Earth’s Van-Allen belts is problematic. These
belts are magnetic fields that protects the Earth from Sun’s radiation via trapping,
thus also containing a significant flux of highly energetic particles that can cause
radiation damage in materials. For space-missions beyond the Van-Allen belts and
under space weather normal conditions, the total flux of solar energetic particles can

2.57! causing moderate damage to in-service materials [24, 22, 25].

reach 10'2 ions-cm™
Under abnormal conditions, solar flares and coronal mass ejections can significantly
increase the radiation flux in a short-period of time that may lead to severe radiation
effects in spacecraft materials [3].

Both endogenous and exogenous radiation sources within the context of space
missions pose new challenges for materials science with respect to the selection of
structural materials for application in the extreme environment of the solar system
2, 3]. Considering the strictly high strength-to-weight ratio as a major criteria for
materials selection, Al is a preferential metal candidate and, in fact, Al-based alloys
are already used in several spacecraft and satellites structures with a dual purpose:
to shield and to resist energetic particle and electromagnetic radiations [3]. Al-based
alloys are inherently lightweight due to their attainable low density and they can also
be designed to achieve high levels of strength via precipitation hardening [26, 27, 28].
The retention of such a high strength will be dependent upon the survivability of
hardening precipitates under irradiation: if the radiation dissolves the precipitates,
the alloy will lose the initially designed high strength [29, 3]. “Ideal” materials
for radiation environments are those that can preserve its initial properties upon
impact of highly energetic particles with their crystalline lattices. Energetic particle
irradiation can cause degradation via introduction of point defects into crystalline
structures by displacing the lattice atoms from their equilibrium positions. On this

context, displacements-per-atom (or dpa) is an average measure of how much lattice
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atoms are displaced from their lattice upon impinging atomic collisions.

Irradiation experiments in Al-based alloys have so far shown both a tendency for
saturation of displacement damage in a form of dislocation loops (causing irradiation-
induced embrittlement) and hardening phases dissolution (leading to alloy softening)
at doses as low as 0.1 dpa considering commercial Al-based alloys with micrometer-
sized grains [29, 3]. Therefore, two major aspects are desirable for the candidateship
of novel Al-based alloys as future space materials: a hardening phase capable of
resisting high doses of irradiation, but in addition offer a matrix capable of resisting the
development of displacement damage in the form of dislocation loops and voids. Using
the crossover principle, we demonstrate in this work the solution to the problem via
the synthesis of a stable ultra-fine grained (UFG) microstructure of a novel aluminium
crossover alloy. Recently invented via the metallurgical merge between two distinct
classes of aluminium alloys, the AlMg and AlZnMg(Cu) alloys (AAbxxx/AATxxx),
the aluminium crossover alloys were found to be hardenable via precipitation of a
highly-concentrated ternary intermetallic superstructure: the T-phase with chemical
formula Mgss(Zn,Al)yg [30]. For simplicity, the herein investigated crossover alloy
Al-5.34Mg-1.56Zn-0.26Cu-0.04Ag in at.% - is referred to AIMgZnCuAg throughout
the article. Usually, nanocrystalline or UFG Al-based alloys tend to recrystallize
at low temperatures easily [31]. We prove that suitable heat treatment procedures
enable the UFG structure of our Al-based crossover alloy to both precipitate the T-
phase and preserve its matrix grain size within the nanoscale upon heavy irradiation.
Heavy ion irradiations with in situ Transmission Electron Microscopy (TEM) were
performed at the MIAMI facilities using a 300 keV Ar* ion beam line [32]. This
methodology allowed a real-time assessment and direct microstructural monitoring

of the radiation effects.

4.1.1 Results

The procedure for obtaining the UFG AlMgZnCuAg crossover alloy is shown in
Figure 4.1a. After casting and High-Pressure Torsion (HPT), a characteristic UFG mi-
crostructure was observed as shown in the Bright-Field TEM micrograph (BFTEM)
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High-Pressure Torsion
(HPT)

Figure 4.1: Synthesis of the UFG aluminium crossover alloy — a) To achieve an UFG
microstructure from the bulk AIMgZnCuAg crossover alloy, the technique of HPT was
used. B) After processing, BEFTEM revealed a UFG microstructure. Local nanochemistry
analysis revealed segregation of all alloying elements to the grain boundaries, but no
T-phase precipitates in the as-processed condition as shown in the STEM-EDX mapping
in c).
in Figure 4.1b. Scanning Transmission Electron Microscopy (STEM) with cou-
pled Energy-Dispersive X-ray spectroscopy (EDX) assessment of the alloy in the
as-processed condition is also presented in Figure 4.1c. After HPT, no T-phase
precipitation was observed, although the goal to achieve grains confined within the
nanometer-scale was successful. Mg, Zn, Cu and Ag segregation along the grain

boundaries was noted in this condition.

The absence of T-phase precipitates suggested the need for heat-treatment
enabling its formation. The challenge here is to overcome the well-known low-
temperature recrystallization of UFG Al-based alloys [31]. For the UFG AIMgZnCuAg
crossover alloy investigated in this work, we found that a controlled heat-treatment

using a ramp rate of 10 K-min™! up to 506 K was sufficient to promote nucleation

and growth of T-phase precipitates while recrystallization was not observed. The set
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of STEM-EDX mappings in Figure 4.2a shows the microstructure of our alloy after
this heat-treatment step. T-phase precipitates are observed not only at transgran-
ular positions, but also along intragranular positions. STEM-EDX measurements
revealed no difference between precipitates at transgranular or intragranular sites.
In addition, according to our thermodynamic calculations (see Figure 4.4), only
T-phase precipitates are expected. These results also validate another study on a
bulk aluminium crossover alloy with similar chemical composition [44]. By pinning
the grain boundaries at the nanoscale and thus stabilizing the initial grain size, the
T-phase was observed to prevent the phenomenon of recrystallization. Therefore, the
T-phase precipitation potential of the UFG AIMgZnCuAg crossover alloy was herein
demonstrated. It is worth noting that various heat-treatment conditions have been
tested within this project and it was observed that recrystallization happened only
at much faster heating rates for the UFG AlMgZnCuAg crossover alloy shown in
the extended data. During these experiments, only the T-phase precipitates were
detected. Moreover, thermodynamic calculations also predicted only the precipitation
of T-phase particles in the matrix (see Figure 4.4).

Irradiation experiments were performed up to extreme doses of 100 dpa, which
represents the average value over the whole specimen thickness. The dose steps
shown in Fig. SM2 correspond to the set of BEFTEM micrographs in Figure 4.2b)
acquired during the in situ TEM irradiations of the alloy after heat treatment. Two
important conclusions can be drawn from the results of the irradiation tests. Firstly,
neither formation nor accumulation of irradiation-induced dislocation loops is noted
even though the alloy was real-time monitored using a multi-beam condition in
BFTEM. This is opposed to our previous observations [3] in a coarse grained Al-
based crossover alloy where numerous dislocation loops formed and accumulated and
resulted in irradiation-induced embrittlement typically observed in metals and alloys
[3]. Secondly, no irradiation-induced grain-growth was noted. As recently reviewed in
literature [33], this result is of a particular interest as many metallic nanocrystalline
alloys subjected to ion irradiation severely suffer from this effect already at lower

doses than herein tested. Voids were observed to form only at doses higher than 75
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Figure 4.2: Alloy’s stability under irradiation — Nucleation of T-phase precipitates in the
UFG AlMgZnCuAg crossover alloy was observed after heat-treatment using a ramp of 10
K-min~! up to 506 K a). The microstructural evolution of the UFG AlMgZnCuAg
crossover alloy as monitored in situ within the TEM is shown in the set of underfocused
BFTEM micrographs in b) from 0 to 100 dpa. The alloy’s microstructure neither exhibit
formation of dislocation loops nor grain growth at a maximum dose of 100 dpa. Voids are
only observed to form at around 75 dpa.
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dpa: this was the only deleterious effect of radiation observed for this alloy.

Both the absence of dislocation loops and grain growth already suggest that
the tested material exhibits a distinct and outstanding level of radiation tolerance.
However, final proof for the survivability of the T-phase precipitates under irradiation
needs to be fully disclosed. It is worth emphasizing that the dissolution of hardening
precipitates under irradiation occurs via ballistic mixing (BM) [29, 3]. The ballistic
impact of a highly energetic particle within the crystalline lattice of an alloy generates
a cascade of point defects, raising local temperature for an ultra-short period of
time which results in a complete local chemical reorganization of atoms in a crystal,
and also the dissolution of hardening phase particles. Only a limited number of
studies exist on BM-assisted dissolution of age-hardening precipitates in Al-based
alloys. The commercial Al-based alloy grade AA6061-T6 was shown to be susceptible
to BM-assisted dissolution of its hardening phase — the Mg,Si known as [-phase
— which did not survive doses up to 0.2 dpa when exposed to proton beams with
energies between 600-800 MeV [29]. Lohmann et al. results were both timely and
independently validated by Singh et al. [34]. It is worth noting that the AA6061-T6
is commercially significant and widely used as structural material for aerospace
applications. Severe radiation effects have been also reported to other commercial
Al-based alloys [35, 36, 38, 37, 39, 40, 41], which motivated scientific research to
develop novel Al-based age-hardenable alloys capable of resisting the deleterious
effect of radiation exposure. Opposed to Lohmann et al. and Singh et al. [29, 34],
Flament et al. irradiated the AA6061-T6 with heavy-ions with high energies (4
MeV Au and 2 MeV W ions) [42]. These authors report partial dissolution of MgsSi
precipitates at around 95 dpa and complete dissolution after 165 dpa, but have not
investigated the effects of irradiation on the hardening phases at lower doses (< 1
dpa). Therefore, whether the Mg,Si dissolve at lower doses and re-precipitates at
higher doses is pending further research.

Preliminary research demonstrated that the T-phase has a superior Radiation
Survivability Level (RSL) of 1 dpa when compared with other hardening phases in
conventional Al-based alloys [3]. T-phase precipitates in a Al-5.30Mg-1.427Zn (at.%)
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micrometre-grain sized crossover alloy survived up to 1 dpa using heavy ions with
100 keV Pb*. A possible higher RSL for T-phase precipitates in the UFG Al-based
crossover alloy is a hypothesis to be tested in this work. As these precipitates can be
hardly seen using the multi-beam and lower-magnification BFTEM condition due to
their small sizes, STEM-EDX mapping as shown in Figure 4.6a) were acquired after
irradiation around 6 dpa. These images unequivocally prove that T-phase survived at
this irradiation dose. This has been additionally proven by subsequent post-irradiation
assessment using Selected-Area Electron Diffraction (SAED) pattern, High-Resolution
TEM (HRTEM) with derived FFT, respectively in Figure 4.6b-d). For reference, the
observed superlattice reflections (more visible in the FFT) agree well with previous
identification of T-phase precipitates [43, 44, 45, 30]. Given the observations made
so far, the results shown in this research serve as a guidance to elaborate a new alloy
design strategy for novel UFG Al-based alloys to be used in extreme environments.
This is described in the schematics presented in Figure 4.6e): After processing via
HPT the alloys’ potential is not yet fully exploited. A suitable heat treatment must
be applied in order to precipitate T-phase both along the grain boundaries and at
transgranular positions. Using this alloy design strategy, the mechanisms of high
radiation tolerance can be harnessed. The presence of homogeneously distributed
nanoprecipitates in higher volumetric fraction compared with commercial Al-based
alloys [3] as well as the fact that the alloy confines its grain size within the nanoscale
suggest a significant ability for absorption of radiation-induced point defects without
material degradation, thus preventing the manifestation of extended radiation effects
(except for voids at very high doses of 75 dpa).

Post-irradiation investigations beyond 6 dpa were performed to assess the RSL
of T-phase precipitates within the UFG AlMgZnCuAg crossover alloy. Figure 4.4a)
and Figure 4.4b) show the STEM-EDX maps taken at low and high magnification
after 24 and 100 dpa, respectively. We discovered that the RSL threshold of T-phase
precipitates within the UFG AlMgZnCuAg crossover alloy is 24 dpa. T-phase was
observed to be fully dissolved at 100 dpa. To the best of our knowledge, a RSL of

24 dpa is a new record scored among all known hardening precipitates tested under
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Figure 4.3: Alloy’s stability under irradiation (post-irradiation examination) —
Post-irradiation methodologies using conventional and analytical electron-microscopy were
used to investigate the origins of the alloy’s stability under irradiation. A) STEM-EDX
mapping and b-d) SAED, HRTEM and FFT, respectively, show that T-phase precipitates
are stable and did not dissolve at the exemplary dose of 6 dpa, which is six [3] and thirty
[29] times higher dose than previous reports on irradiation-assisted dissolution of
hardening phases in bulk Al-based alloys. The schematics in e) exhibit microstructural
differences in the UFG alloy before and after a heat treatment, establishing a new alloy
design strategy to achieve high radiation tolerance. T-phase precipitates are prone to
nucleate, grow and stabilize the structure.
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irradiation so far. This is 24 times higher compared to our previous record of 1 dpa
in the coarse grained Al-based crossover alloy [3] and 120 times higher than Mg,Si
in conventional AA6061-T6 as tested by Lohmann et al. [29].

Thermodynamics were used to assess the stability of crystalline phases under
irradiation. Figure 4.4c) reveals another interesting and important feature of Al-
based crossover alloys: the T-phase’s enthalpy of formation (Hf) shows the highest
negative value known so far among the hardening precipitates within the whole
spectrum of commercial aluminium alloys, i.e. (MgyZn) n-, (AlyCu) 6-, (Mg2Si) /-
phase. The crystal structures of all these hardening phases as well as the T-phase are
shown in Figure 4.4e). T-phase exhibits both distinct Hy and crystal structure when
compared to other precipitates in Al-based alloys. In fact, Bergman and Pauling et al.
discovered in the late 1950s [46], that T-phase has a characteristic unit cell structure
comprising 162 atoms per cube. BM-assisted dissolution of precipitates requires that
the incoming and highly-energetic atoms promote dissociation of constituents via
atomic displacements in an uncontrolled manner that inevitably leads to destruction
of the crystalline state. However, high negative values for H; indicate that the
dissolution of the entire T-phase crystal structure under radiation is significantly
impeded. This is opposed to the case of ceramics materials with mixed covalent-
ionic bonding: amorphization (loss-of-crystallinity) occurs via destruction of atomic
bonding promoted by displacing collisions in an irreversible manner [47], although
they can also be characterized with high negative values for enthalpy of formation.
Conversely, T-phase shows that both atomic displacements and stoichiometry changes
can take place without major changes in its bulk crystal structure (Figure 4.4d)) [48].
Evidence herein presented may indicate that the origins of high radiation tolerance
of T-phase precipitates resort — and can be tailored — to its unique thermodynamic
state as an essential factor of stability.

It has been previously demonstrated that the T-phase can dissolve both Cu and
Ag in its crystal structure contributing both its thermodynamic stability and to an
enhancement of mechanical properties [45, 44]. Upon the irradiation experiments,

Ag nanoprecipitates do form at 6 dpa (see Figure 4.6a)), whilst Mg, Zn and Cu are
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not affected. It is worth to mention that the vast majority of Ag is found within the
T-phase, thus the nucleation of Ag nanoprecipitates did not harm the stability of the
T-phase under irradiation. Additions of Ag into the crossover alloy were found to be
of importance for the thermodynamic stability of the T-phase [45]. Therefore, the
addition of Ag is required to support nucleation of the T-phase and its irradiation
resistance.

During the irradiation experiments, the alloy was monitored in situ within a
TEM. Neither grain growth nor the development of microstructural defects like
dislocation loops or stacking fault tetrahedral were observed up to 100 dpa. STEM-
EDX assessment also revealed that the T-phase is stable up to 24 dpa. Moreover,
only at high doses such as 75 dpa, voids were detected in the matrix.

The design of new materials for stellar-radiation environments currently present
several challenges mainly with respect to radiation resistance. The criteria of high
strength-to-weight ratio is mandatory for space programs, limiting the choices to
metals exhibiting lower densities. In this research, we introduced a new alloy design
methodology that lead to the synthesis of a new UFG AlMgZnCuAg crossover alloy
with high radiation tolerance. This alloy features unique T-phase precipitates with an
estimated RSL of 24 dpa, a new irradiation dose record. In addition, due to the UFG
microstructure, the alloy has not exhibit any detectable dislocation loop as a result
of irradiation, and voids were only observed at a dose of 75 dpa. We have shown
that by tailoring thermodynamics at the atomic level, new materials can be designed
to sustain radiation levels that even extrapolates the exogenous conditions found in
the solar system. Still further research is required to unveil the full mechanisms by

which T-phase precipitates survive to irradiation in such aggressive conditions.

4.2 Materials and Methods

4.2.1 Synthesis of the alloy and post-synthesis processing

A novel UFG Al-based crossover alloy within the quinary system of Al-Mg—Zn—Cu—

Ag was synthesized using a vacuum induction melting furnace. Casting was performed
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Figure 4.4: Radiation Survivability Level of T-phase precipitates and thermodynamic
origins of their high radiation tolerance — A survey using STEM-EDX mapping in the
post-irradiated specimens shows that T-phase precipitates surviving up to a dose of 24

dpa, as denoted in a). After 24 dpa, the precipitates began to (progressively) dissolve and

at the dose of 100 dpa, b), no T-phase precipitates were detected in the UFG

AlMgZnCuAg crossover alloy. Radiation-induced precipitation of pure Ag nanoprecipitates

is noted only at doses around 100 dpa. Thermodynamic calculations in plot ¢) show that
the entalphy of formation for T-phase precipitates is significantly lower compared with
hardening precipitates within the existing Al-based alloys. The T-phase is found to be
stable over a wide range of chemical ratios as shown in the ternary equilibrium phase

diagram in d) calculated at both 298 K and 1 bar. e) The crystal structures of the (AlyCu)

0-phase, (MgaZn) n-phase, (MgsSi) S-phase and (Mgsa(Zn,Al)49) demonstrate that
chemical complexity is a distinct characteristic of the T-phase precipitates tailoring the
radiation resistance of the UFG AlMgZnCuAg crossover alloy.
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in a Cu mould and the elemental composition was measured to be Al-5.34Mg-1.56Zn-
0.26Cu-0.04Ag in at.% using Optical Emission Spectroscopy . After casting, the
alloy slabs were homogenized at both 733 and 743 K followed by a machining step
to obtain a disk with 6.5 mm thickness and 30 mm in diameter. The last step was
necessary to fit the anvil for the HPT application. To obtain a UFG structure, HPT
was used with 4 GPa of pressure, 10 turns comprising 10 min-revolution=* for each
turn. To investigate the microstructural stability and precipitation behavior of the
UFG Al-based crossover alloy upon heating and irradiation, samples for Scanning
and Transmission Electron Microscopy (STEM/TEM) were prepared from the outer
radius of HPT disk to ensure a microstructure with uniform distribution of grain
sizes. Different heat treatment strategies were applied and studied: as-processed via

HPT and at 5, 10 and 20 K-min—! up to 506 K.

4.2.2 Sample preparation for electron microscopy

Thin-foil for electron microscopy were prepared from the as-processed condition.
Samples were ground to a thickness between 80-100 pm. Disks with 3 mm (diameter)
were punched from the foil and subjected to twin Jet Electropolishing using a solution
of 25% nitric acid and 75% methanol (in volume) at a temperature range from 243
to 248 K with an electric potential of 12 V until perforation. After electropolishing,
specimens were washed in three sub-sequential pure methanol baths and left to dry

in the air.

4.2.3 In situ TEM annealing and ion irradiation

In situ TEM annealing was carried out to investigate the microstructural response
and stability of the UFG Al-based alloy in addition to evaluate its precipitation
behavior. For these experiments, a Protochips FUSION MEMS chip-based holder in
a Thermo Fisher Talos F200X S/TEM was used followed by a sample preparation
procedure described in literature [29].

In situ TEM heavy ion irradiations were carried out in the MIAMI-2 facility

at the University of Huddersfield [32]. The irradiation experiments were performed
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using a 300 keV Ar™ ion beam. The flux was measured at the specimen position
using a current metering rod and it was estimated to be 7.74x10'% ions-cm 257!
with an empirical error of 10%. Prior to irradiation, the as-processed samples were
subjected to heat-treatment using a Gatan double-tilt heating holder model 652. The
heat-treatment was performed at a ramp rate of 10 K-min=! up 506 K in order to
allow the precipitation of the T-phase. During the irradiation experiments, samples
were monitored using a Gatan Oneview 4k camera coupled in a Hitachi H9500
TEM operating at 300 keV. The Stopping and Range of Ions in Matter (SRIM)
code [50] was used to convert fluence to an equivalent dose in displacement-per-
atom (dpa) following a procedure suggested by Stoller et al. [51]. Under the ion
irradiation conditions presented in this work, the maximum fluence achieved during
the experiments was 2.3x10'7 ions-cm™2, which corresponds to an equivalent dose
average of 100 dpa. This ion irradiation set-up was found to be a convenient way to
simulate the displacement cascades generated by the primary knock-on atoms (PKA)

in Al when subjected to collisions with highly-energetic proton beams emitted by the

Sun [3, 52], and without radioactive activation of the UFG Al-based crossover alloy.

4.2.4 Pre- and post-irradiation characterization methodology

Pre- and post-irradiation characterization was carried out using both a Thermo Fisher
Scientific Talos F200X and a Thermo Fisher Titan 30-800 scanning transmission
electron microscopes. For investigations high annular dark field (HAADF), bright-
field (BF-TEM), high-resolution (HRTEM) and energy-dispersive X-ray spectroscopy

(EDX) measurements were carried out.

4.2.5 Thermodynamic calculations

The enthalpy of formation (Hy) curves in Figure 4.4c,d) were calculated using the
thermochemical software FactSage 8.0 and the FTlite database. Since the intermetallic
T-phase has no strict stoichiometric value for Zn or Al, we determined the composition
of the T-phase in our alloy at the desired artificial aging temperature at 506 K. We

used the given composition to calculate the enthalpy of formation as a function
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of temperature within the range from 273 K to 523 K. Furthermore, the variation
of enthalpy as a function of temperature of essential hardening phases in different
Al-based alloys were drawn comparatively. Therefore, we selected #-phase (AlyCu), (-

phase (MgySi) and n-phase (MgZns,) for 2xxx, 6xxx and 7xxx series alloys, respectively.

4.2.6 Appendix
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Figure 4.5: Irradiation experiments carried out on the UFG-crossover sample — The
experiments were carried out up to 100 dpa. The Radiation Survivability Level of the
T-phase was determined to be at 24 dpa. The experiments were carried out further up to
100 dpa. The UFG-microstructure was still intact after 100 dpa.
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>
20 K/ miﬂnﬁ

Figure 4.6: Different heating strategies to precipitate the T-phase — After HPT, no phase
was detected. A proper heat-treatment was required to precipitate the T-phase and inhibit
grain growth. a) 20 K/min b) 10 K/min and c) 5 K/min were tested. Above and below 10
K/min, the T-phase precipitation was not uniform. In a) and c), the nucleation sites
mainly focused on the grain boundaries and the precipitates were observed to be coarse.
Only when the sample was heated with 10 K/min in b), we were able to distribute fine
precipitates at both inter- and transgranular sites.
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Abstract

Crossover aluminium alloys have recently been introduced as a new class of coarse-
grained age-hardenable alloys. Here, we study the evolution of precipitation of the
T-Phase — Mgss(Zn,Al) 9-phase — in a 5xxx/7Txxx crossover alloy with coarse- and
ultrafined microstructures. Both alloys were examined using differential scanning
calorimetry, X-ray diffraction and in situ transmission electron microscopy. The
ultrafine-grained alloy revealed significant different and accelerated precipitation
behavior due to grain boundaries acting as fast diffusion paths. Additionally, the
ultrafine-grained alloy revealed high resistance to grain growth upon heating, an effect
primarily attributed to inter-granular precipitation synergistically with trans-granular

precipitation of T-phase.
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5.1 Introduction

To broaden the property profile while simultaneously improving sustainability [1],
crossover alloying emerged as a promising strategy for research in the field of
aluminium alloys. Such an approach was firstly developed for a crossover alloy
merging the 5xxx and 7xxx [2, 3, 4, 5] aluminium alloy systems, and recently, it has
been used to produce new alloys between 6xxx and 8xxx alloys [6]. In the bxxx/7Txxx
crossover system, the T-phase — Mgss(Zn,Al)y9 — was identified as the hardening
precipitate. Although the T-phase of the AI-Mg—Zn ternary system is already known
for decades [7, 8], the scientific interest has been rather low before introducing the
crossover concept. Since then, however, the T-phase became the focus of intensive
research in materials science. The T-phase is beneficial when used to inhibit grain
growth or to generate particle stimulated nucleation [4], or even increase resistance
to corrosion and hydrogen damage [9, 10, 11]. The age hardening potential by adding
Cu and/or Ag was investigated, as reported by Stemper et al. [3, 5], as well as
by other groups [12, 13]. Nevertheless, the precipitation sequence in coarse-grained
(CG) Al-based crossover alloys is not yet fully exploited. Several groups presented
different precipitation sequences as summarized by Stemper et al. [2]. Cu modifies the
precipitation sequence as proposed by Hou et al. [14]: supersaturated solid solution
(SSSS) — Guinier-Preston, fully coherent (GPI-zone) — T”, fully coherent (GPII-
zone) — intermediate T’, semi-coherent — equilibrium T, incoherent. Moreover,
Tunes et al. [15] found T-phase surviving upon heavy ion irradiation. Very recently
the resistance of a crossover alloy against irradiation was strongly improved by
reducing the grain size [16]. Specifically, these ultrafine-grained (UFG) crossover
alloys aimed for applications in extreme environments, the precipitation behaviour
has not been studied in detail so far, although it is known that a reduction in
grain size to the nanometer scale may change the precipitation behavior significantly
[17, 18]. The decrease in grain size is not only affecting the precipitation sequence of
a given alloy, but consequently also its final mechanical properties [19, 20, 21, 22].
The process of precipitation within UFG regime exhibits variations compared to

the CG counterpart. For instance, in cases where precipitates exist initially, severe
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plastic deformation (SPD) can result in the fragmentation or even dissolution of
these precipitates into the matrix. This effect can lead to a state resembling a SSSS
condition [23]. Conversely, SSSS with no initial precipitates present, SPD can induce
dynamic precipitation [24]. Accelerated precipitation kinetics, as evidenced by Luo
et al. [25], highlight an essential distinction compared to the CG material. This
expedited precipitation phenomenon is attributed to the considerable density of
defects adjacent to grain boundaries (GBs), potentially reaching values of up to
10*" m~2 [26]. Moreover, the intermediate precipitation steps are often bypassed
[17], leading directly to the precipitation of the equilibrium phase, even at lower
temperatures. Therefore, precipitation sequences known from CG alloys need to be
revised and reinvestigated. This study aims at systematically closing the knowledge
gap in the precipitation behaviour of 5xxx/7xxx crossover alloys in different grain size
regimes. The evolution of precipitates in both CG and UFG microstructral regimes
is herein investigated through DSC measurements and characterized using X-ray
diffraction (XRD) techniques and in situ transmission electron microscopy (TEM).
A comprehensive evaluation on the overall thermal stability of the UFG structure is

also performed.

5.2 Experimental

The chemical composition of the investigated crossover alloy is Al-4.9Mg-3.7Zn-
0.6Cu-0.2Ag (determined via optical emission spectroscopy in wt.-%.). The CG
alloys were processed by hot- and cold-rolling from 12 mm to 1.5 mm, followed by
solution heat-treatment at 465°C/35 minutes and water quenching. High-pressure
torsion (HPT) was carried out under a nominal hydrostatic pressure of 4 GPa for 10
revolutions at a rotational speed of 10 min/revolution using a disk with 12 mm height
and 30 mm diameter. The investigations reported in this paper were performed after
both the CG and UFG alloys experienced a storage time of 30 days at RT. It is
important emphasizing that all thermal analysis experiments were performed at 10
°C-min~1.

Differential Scanning Calorimetry was carried out using a Netzsch 204DSC F1
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Phonix device. Nitrogen was used both as a purge and protective gas (each 20
ml/min).

XRD measurements (Bruker AXS D8 Advance DaVinci diffractometer operating
with Cu Ko radiation) of fast cooled samples were performed to identify phases
that precipitated. All experiments were performed in Bragg-Brentano geometry.
Quantitative data on phase fraction was obtained through Rietveld refinement [27]
that was performed using the software package Topas 6 by Bruker. Further details of
the Rietveld refinement process for phase fraction estimation can be found elsewhere
[28]. In addition, a series of prolonged isothermal aged specimens were measured
to obtain information about the near-equilibrium state of the phases. All provided
information of phase fraction within this research is corresponding to wt.-%.

Scanning Transmission Electron Microscopy (STEM) was carried out using a
Thermo Fisher Scientific Talos F200X instrument. Thin foils were prepared by twin
jet electro-polishing using a solution of 25 vol.-% nitric acid and 75 vol.-% methanol
at a temperature range of -18 to -25°C and a voltage range of 12 to 14V. High angle
annular dark field (HAADF), bright field (BF-TEM) and energy-dispersive X-ray
spectroscopy (EDX) measurements were used. In situ heating was carried out using
a micro-electro-mechanical system (MEMS) and a Protochips Fusion Select in situ
heating/cooling holder with an uncoated e-chip. Preparation for in situ measurements
were carried out according to literature [29]. The material was heat-treated within a
TEM using a linear heating-rate of 10 °C-min".

Thermodynamic assessments were carried out using Thermocalc 2023a with

database TCALS to determine the phase fraction of the alloy system upon heating.

5.3 Results and Discussion

5.3.1 Precipitation sequence

Figure 5.1 a) and b) showing BFTEM images of the CG and UFG alloy, showcasing
the difference in their grain size. The CG alloy reaches an average grain size of

54.6+2.6pm while for the UFG alloy, the average grain length reaches 294.3+£109.8nm
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and the average grain width 91.4436.6nm. The precipitation sequence for the CG and
UFG alloy determined by DSC is displayed as heat-flow signals in Figure 5.1 c¢). The
CG alloy shows exothermic peaks at 34, 233, 271, 306 and 445°C and endothermic
peaks at 114 and 385°C. The development of precipitates in the CG alloy shares
similarities to findings in experiments conducted by other research groups [30, 31, 14].
Defect recovery of the UFG alloy was not observed, but it may be overlaid by the
precipitation signal in the DSC heat-flow [32].

The first peak at 34°C has been attributed to the formation of G.P. zones [25, 14].
Their partial dissolution can be seen upon further heating to 114°C. G.P. zones have
been shown to enhance the age-hardening behaviour of the crossover alloy [12], even
more pronounced when Cu and/or Ag is present. [3, 33, 34].

At 233°C, formation of metastable T”-phase precipitates is expected [14]. A peak
at 271°C is not reported in the literature and is therefore assumed to be related
with the nucleation of metastable T’-phase. It is not clear from literature whether
the shoulder region at 306°C is anticipated to be the transformation of T”-phase —
T’-phase [14], the transformation of T’ — T [35] or nucleation of T-phase [36, 37].
The endothermic peak at 385°C represents most likely the dissolution of small-
size T’-phase particles [30, 14]. The dissolution temperature of T-phase is reported
between 430 and 485°C, which was not clearly observable during the DSC run in our
experiments [38, 39, 40].

Reducing the grain size affects the precipitation behaviour of aluminium alloys [17],
but as already mentioned, no comprehensive investigation for 5xxx/7xxx crossover
alloys yet are known so far. As can be seen in Figure 5.1, the UFG alloy does not
show an exothermic peak at low temperatures. Since UFG microstructures are rich
in microstructural defects which provide fast diffusion paths [41], G.P. zones may
have already formed during RT storage time, so that only their dissolution becomes
visible as an endothermic peak at 110°C. Such behaviour was also observed in an
UFG AA-7075 alloy [42]. The large exothermic peak at 183°C potentially relates to
the maximum formation of a metastable phase. The following shoulder may be the

transition to a more stable phase with its dissolution at higher temperature. However,
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Figure 5.1: BFTEM images of a) the coarse- and b) ultrafined alloy. ¢) shows the DSC
heat-flow curves of a coarse-grained (blue continuous line) AIMgCuZnAg crossover alloy
after solution heat-treatment (465°C/35 min) and ultrafine-grained (green dashed line)

AlMgCuZnAg crossover alloy. The sample was stored at RT for 30 days. The DSC

experiments were performed with a linear heating rate of 10 °C-min™'.

no further insight can be derived from the DSC curves.

It is noteworthy that both the CG and UFG alloys exhibit similar characteristics.
It is quite feasible that the two exothermic peaks between 200 and 300°C in the CG
alloy have merged into one major peak at 183 °C in the UFG alloy. Additionally,
the precipitation temperature is shifted to lower temperatures, indicating higher
precipitation kinetics in the UFG alloy, which can be attributed primarily to accel-
erated diffusion. As previously indicated, the type of precipitate strongly depends
on the Zn/Mg ratio. As reported in [43, 44], when the Zn/Mg ratio is low, only
T-phase precipitates are observed [45, 3]. Hence, given the alloy composition in our
study, with a Zn/Mg ratio of 0.72, we expect to find exclusively T-phase particles.
To validate these findings alongside our results and to study kinetics of the actual
precipitates formed, we conducted XRD measurements at the peaks marked by

arrows in Figure 5.1.
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5.3.2 Phase evolution

To identify the precipitated phases, XRD measurements were performed. After linear
heating the samples to the targeted peak temperatures of 34, 114, 233, 271 and
306°C for the CG alloy and 110, 183 and 233°C for the UFG alloy, we added an
isothermal ageing time of 0, 1, 10 and 100h, respectively to evaluate kinetics.

The X-ray diffractograms of the CG samples are shown in Figure 5.2 a), b) and
¢). In addition to the diffractograms, also the standard peak positions of the fcc-Al
matrix [46] and the T-phase [47] are shown. Note that Bigot et. al [48] observed that
the equilibrium T-phase and its precursor exhibit a hardly distinguishable crystal
structure. Consequently, XRD does not allow to distinguish between the precursor
and the equilibrium T-phase, but can indicate that T-phase or precursors are present.

The lower peak temperatures, in particular 34 and 114°C, are not shown in
Figure 5.2, because only reflections of the Al matrix were observed. They are thus
not displayed in Figure 5.2. However, with increasing temperature, reflections peaks
of T-phase become more distinct from 233°C/0h up to 233°C/100h of isothermal
ageing. Their increase is marked with black arrows within Figure 5.2. This is also
the case for 271 and 306°C. The increasing intensity of T-phase reflexes with increas-
ing temperature and duration can be interpreted as the progressive formation of
precipitates with T-phase structure.

The corresponding increase phase fraction is shown in Figure 5.2 d). When
isothermal ageing was conducted at 233, 271, and 306°C in the as-heated conditions
(Oh), the phase fractions were measured to be 3.3, 4.1 and 3.5%, respectively. After
100h of isothermal ageing, the phase fractions at each temperature were 8.8, 9.5 and
8.9% indicating an approaching (quasi-)equilibrium state. This also fits very well to
calculated values of 11.3, 9.9 and 8.6% for the T-phase fraction from Thermocalc.

The X-ray diffractograms of the UFG material are displayed in Figure 5.2 e),
f) and g). Similar to the CG alloy, the UFG alloy shows an intensity increase of
reflection peaks of precipitates with T-phase structure with increasing temperature
and increasing ageing time.

The phase fraction of the T-phase is displayed in Figure 5.2 h). Even in the as-
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Figure 5.2: X-ray diffractograms of the coarse- and ultrafine-grained crossover Al alloy.
The samples were heated with a linear heating rate of 10 °C-min! up to a) 233°C, b)
271°C, ¢) 306°C and e) 110°C, f) 183°C, g) 233°C, respectively. The plot in in d) and h)
display the phase fraction of T-phase as a function of temperature and duration of
isothermal ageing of the CG alloy and the UFG alloy, respectively. Note that the phase
fraction was determined by Rietveld refinement. Black arrows pointing out the increase of
reflection peaks.
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heated state (Oh), volume fraction with a T-phase structure of 1.8, 3.7 and 7.8% were
determined in the relatively low temperature range of 110, 183 and 233°C. It can be
assumed that this observation is due to the fact that precipitates in UFG-structured
materials can easily form via the benefits of preferential grain boundary diffusion [49].
After 1h at 110°C the phase fraction increases to 3.1%. When samples are heated at
183°C/1h and 233°C/1h, phase fractions of 9.0 and 9.4% were observed. Ageing for
10h leads to an increase of the phase fraction of the 110°C sample, resulting in 6.3%.
Measurements at 183 and 233°C showing 10.3 and 9.6%, respectively. However, at
100h of isothermal ageing, all three samples exhibit again a (quasi-)equilibrium. The
values of phase fraction for 110, 183 and 233°C are 9.1, 10.0 and 10.5%, respectively.

In summary, XRD measurements revealed, apart from Al matrix, the sole presence
of phases with T-phase structure in both materials. However, the important question
of the local position of the precipitates in the UFG material, at GBs or matrix,
cannot be derived from XRD data. This will be answered by STEM investigations in

the next section.

5.3.3 Precipitate characteristics

STEM investigations were carried out at 233, 271 and 306°C for the CG alloy and at
183 and 233°C for the UFG alloy in the as-heated condition, as indicated inFigure 5.1.
As displayed in Figure 5.3 a), the investigations at 233°C revealed for the CG alloy
that the main alloying elements Mg and Zn are present in the T-phase (note that
no distinction is made between precursors and equilibrium of the T-phase). The
elemental mappings does not clearly show an enrichment of Cu and Ag within the
precipitate at this state. The morphology appears in a round shape and shows
similarities as reported by Stemper et al [3]. Only very few elongated precipitates can
be found as shown in Figure 5.3 a) in the HAADF image. The size of the particles is
in average 6.7 & 0.7 nm.

At 271°C, the incorporation of Cu and Ag within the T-phase was detected as
shown in Figure 5.3 b). A detailed examination of the HAADF image reveals that the

majority of the precipitates exhibit a spherical morphology. The presence of Cu and

87



CHAPTER 5

Ag within the T-phase suggests their potential role in modifying the characteristics
and properties of the precipitates. The particle size increased to 10.4 4+ 1.4 nm.

At 306°C it is visible that Cu and Ag are clearly involved within the particles
(Figure 5.3 ¢)). Cu may show a core/shell tendency, but a more detailed investigation
is needed to fully clarify this issue. The morphology did not change significantly and
their shape is predominantly spherical, but the size increased to 14.9 + 5.2 nm.

The analysis of the UFG alloy at 183°C reveals the formation of elongated T-phase,
consisting mainly of the alloying elemens Mg and Zn, and distributed preferably
discontinuously at GBs (Figure 5.3 d)). This observation is an indication that no fully
coherent precipitates participate in the first steps of the precipitation sequence, and
that increased diffusion along GBs plays an important role. A similar UFG structure
is also reported in literature [50, 51]. The T-phase thickness (i.e., transverse length)
were measured to be 7.1 £ 1.3 nm.

When the sample is heated to 233°C, precipitation within the matrix is visible
in the UFG alloy Figure 5.3 e). Precipitation at GBs still occurs discontinuously,
but the elongated T-phase slightly increased in thickness (12.4 + 2.9 nm). At
both precipitation sites, all alloying elements are incorporated into the T-phase.

Precipitates within the grains appear to have both elongated and round shapes.

5.3.4 Thermal stability

Another important question arises regarding the thermal stability of both the UFG
structure in terms of grain growth (recrystallization) and the T-phase precipitates
in terms of growth and dissolution. We investigated this behaviour using in situ
TEM heating experiments. The results are shown in Figure 5.4. Upon heating to
230°C, small precipitates can be seen primarily at GBs, which is consistent with
the results presented in Figure 5.3. The UFG microstructure has not changed up to
280°C which can presumably be attributed to the pinning effect of T-phase particles
on the GBs. At approximately 300°C, coalescence is noted and precipitates grow
in size due to Ostwald ripening [52]. These particles, as indicated with an arrow,

gradually diminish in size and eventually disappearing completely at 346°C. It should
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Figure 5.3: STEM HAADF and EDX elemental mappings of the coarse- and
ultrafine-grained crossover Al alloy. The samples were heated with a linear heating rate of
10 °C-min™! up to a) 233°C, b) 271°C, ¢) 306°C for the CG alloy and to e) 183°C, f) 233°C

for the UFG alloy.
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be noted that the volume fraction of T-phase decreases with increasing temperature
(solvus temperature according to Thermocalc simulation 450°C). Consequently, the
precipitates partially dissolve, exemplified in Figure 5.4. Simultaneously, when T-
phase particles are dissolving, the average grain size of the UFG microstructure is
increasing.

However, the average grain size is still in the UFG regime. Given the significant
amount of energy stored in GBs [53], UFG alloys are known to be susceptible to
grain growth upon minimal heating [54, 55]. Dhal et al. [56] investigated a cryo-rolled
AA-2024 alloy and observed the start of recrystallization at 100°C. Our study reveals
that the grain size of the UFG crossover alloy remains unchanged up to 280°C
and undergoes slow grain growth at temperatures beyond 300°C. Finally, the UFG
microstructure completely diminishes at 380°C, showcasing the stabilizing effect of

the T-phase particles on the UFG structure.

5.4 Conclusions

Coarse and a novel ultrafine-grained AIMgZnCuAg crossover alloy were investigated
and the major differences were revealed using DSC, XRD and (in situ) TEM
techniques. Grain size effects on the precipitation sequence were unravelled for
an UFG aluminium crossover alloy for the first time. The grain size affects the

precipitation behaviour and following conclusions can be drawn:

1. In both alloys, precipitation is governed by particles with T-phase structure-
type. Isothermal ageing at different temperatures up to 100h did not change

their crystal structure.

2. Kinetics of precipitation is different between CG and UFG alloys. The UFG
alloy reaches equilibrium T-phase fraction faster and at lower temperature

when compared with the CG alloy. This is most likely due to fast diffusion at
GBs.

3. While for the CG alloy transgranular precipitation dominates, the UFG alloy is
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200 nim

Figure 5.4: BFTEM images illustrating in situ TEM experiments conducted as a function
of temperature on the UFG-AIMgZnCuAg alloy. The alloy underwent heat treatment
using a MEMS Protochips system, employing a linear heating rate of 10 °C-min'. Images
are extracted from the video file; the scale bar displayed at RT applies to all micrographs.
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4.

characterized by discontinuous precipitates at GBs (intragranular) accompanied

by precipitates within the matrix.

Precipitation of the T-phase at GBs leads to a high thermal stability reflected

by a resistance to grain growth in the UFG alloy up to 280°C.
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Abstract

Precipitation holds a pivotal role in comprehending the intrinsic behavior of materials.
In the design of nanostructured metallic alloys, precipitates have found to increase
the alloys’ stability and response under extreme environmental conditions. Studies
on precipitation often rely on conventional and ez situ electron-microscopy methods,
but a systematic investigation that compares different sample conditions during
heat treatment and its microstructural implications are rarely available. In this
context, we employed a novel ultrafine-grained AlMgZnCuAg crossover alloy to
compare three distinct conditions for investigating the precipitation sequence: (i) ex
situ transmission electron microscopy (TEM) from bulk heating, (ii) ex situ TEM
from TEM foil heating, and (iii) in situ TEM with microelectromechanical-system
(MEMS) heating. Although the heat treatment procedure was consistent across all
cases studied, the application of these three different experimental conditions in
the same alloy system resulted in significant and non-negligible differences in the
final precipitation behaviour. Ultimately, it resulted in observable microstructural
variations and precipitates with distinctively different shape and sizes and, as a result,
we outline herein the major similarities and differences among these techniques to
achieve comparable results. This knowledge will help to compare and assess results

of precipitation sequences obtained in different conditions.
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6.1 Introduction

Al-Mg-Zn crossover alloys have emerged as a distinct class of materials within
commercial aluminium alloy series, offering a remarkable combination of high strength,
high ductility and several other unique properties attainable through the crossover
alloying principle [1, 2, 3, 4, 5, 6, 7, 8]. To generate superior mechanical properties
and microstructural stability in extreme environments (i.e. irradiation), there is a
growing interest in achieving an ultrafine-grained (UFG) microstructure via severe
plastic deformation (SPD) in Al-Mg-Zn crossover alloys [9, 5]. There are numerous
methods to create UFG materials and high-pressure torsion (HPT) is one of the most
effective methods to reduce grain sizes, as extremely high strains can be applied
[10, 11].

In order to fully assess the properties and behaviour of this new crossover alloy
class, particularly in the UFG regime, it is crucial to analyze the precipitation
behaviour that occurs during a heat treatment [12, 13]. Precipitation is an inherent
phenomenon occurring in nearly all classes of aluminium alloys [14] and is pivotal in
determining their achievable strength. Therefore, microstructural analysis is one of
the fundamental methods employed for understanding and optimizing the properties
of a given material. Thus, understanding and analysing the precipitation sequence
from a microstructural perspective plays a pivotal role in the field of aluminium
crossover alloys [15].

Traditionally, precipitation analysis has been carried out alongside with the
development of electron-microscopy methods, nowadays specifically scanning and/or
transmission electron microscopy (comprising SEM, TEM and STEM), in concert
with differential scanning calorimetry (DSC) methods. This allows to examine the
heat-flow signal upon heating the alloy of interest in the DSC as well as to analyze
microstructural changes in the electron-microscope [16, 13]. To track the precipitation
sequence, one prepares samples which are heated to the temperature corresponding
to the desired exothermic or endothermic peaks at the same rate, before quenching
the sample. Subsequently, approximately 100 pm thin foils are prepared for TEM

investigations at each temperature of interest [17, 18]. This methodology is herein

102



CHAPTER 6

referred to as ” ex situ TEM from bulk heating” analysis in this work, and necessitates
a new sample for each temperature (DSC peak) of interest.

Alternatively, in situ TEM experiments can be employed, requiring only one
sample for a comprehensive precipitation analysis. Although focused ion beam milling
is a common technique for TEM sample preparation [19], it is not widely recommended
for aluminium samples due to Ga implantation and subsequent contamination during
preparation and transfer onto the chip [20, 21]. However, literature suggested an
alternative approach to avoid Ga implantation in Al-containing samples, providing a
fast and contamination-free method using a scalpel to cut the electron-transparent
region and transferring it on to a microelectromechanical systems (MEMS) chip
[21, 22]. We studied and compared this technique in this paper, which will be referring
to 7in situ TEM with MEMS heating.”

In addition to these two aforementioned techniques, we present a strategy to track
the precipitation sequence in novel nanostructured crossover alloys. Our approach
starts by preparing the TEM sample from the bulk material. After TEM sample
preparation, the 3 mm TEM disk is subjected to heating in a well controlled furnace
under atmospheric pressure and Nitrogen in a DSC. Therefore, this methodology
will be referred to ”ex situ TEM from TEM foil heating”. To evaluate potential
differences of the three techniques with respect to the precipitation sequence, we
provide a systematic comparison between ex situ TEM from bulk heating, ez situ
TEM from TEM foil and MEMS-based in situ TEM heating.

The use of in situ experiments is advantageous for directly monitoring various
microstructural characteristics (e.g. grain growth, thermal stability or the precipi-
tation of second-phase particles [13, 23, 24, 25, 26, 27]) that change continuously
or at an unkown temperature during thermal treatments. However, because the
electron-transparent region is very thin (approximately 100 nm), microstructural
kinetics are significantly accelerated [28], making it challenging to compare these
results with actual in-service conditions. This study aims to elucidate the differences
among multiple analysed samples under different conditions, noting that similar

trends were observed in different samples.
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6.2 Materials and Methods

6.2.1 Alloy synthesis

The investigated alloy in this research is an UFG aluminium crossover alloy containing
4.8% Mg, 3.7% Zn, 0.6% Cu and 0.17% Ag as nominal chemical composition (in
mass-%). The alloy was casted on laboratory scale with ~100 g in weight in a copper
mould to ensure high cooling rates [29]. After casting, the chemical composition of
the slabs were measured on a milled surface with optical emission spectroscopy. To
reduce the grain-size towards the submicron scale, HPT was carried out under a
nominal hydrostatic pressure of 4 GPa for 10 revolutions at a rotational speed of
10 min/revolution resulting in a disk with 7 mm height and 30 mm diameter. After
HPT, the alloy was stored at room temperature (RT) to achieve 30 days of natural
aging (NA). This period allowed for stabilization of the material’s microstructure,
ensuring consistency and comparability among different specimens while conducting

this study.

6.2.2 Sample preparation

The specimens used in this study were subjected to different preparation techniques
based on each methodology. After NA, samples were cut with dimensions of approxi-
mately 10x7 mm? and a thickness of 1 mm. Following that, the samples were divided
into three different batches: (A) ez situ TEM from bulk heating, (B) ex situ TEM
from TEM foil, and (C) in situ TEM from MEMS heating.

Method (A): ex sttu TEM from bulk heating

A sample of 1 mm thickness was subjected to heat-treatments in an air-circulating
furnace using a linear heating rate of 0.16 K/s to 183°C. Following that, the sample
was quenched into water thermalized at RT. Then it was manually ground down
to an approximate thickness of 100 pm using different grades of SiC-Paper. Discs
with a diameter of 3 mm were punched from these foils and subjected to twin jet

electro-polishing in a Streuers TenuPol-5. The electrolyte solution consisted of 25%
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nitric acid and 75% methanol (in vol.%). A temperature range of —25 to —20°C was
measured during preparation. The potential between the electrodes was set between
12V and 14V. After electro-polishing, the disk underwent a thorough cleaning process.
This involved immersing the sample in three separate containers, each filled with pure
methanol. The cleaning steps ensured the removal of any residual contaminants or
impurities, leaving behind a pristine surface. Following this, the sample was carefully

dried using ambient air, allowing any remaining traces of methanol to evaporate.

Method (B): ex situ TEM from TEM foil heating

A sample of 1 mm thickness was manually ground down to 100 pm thickness and a 3
mm disk was punched. Then, as mentioned above, TEM foil preparation was carried
out. The electro-polished disk was placed within an aluminium crucible with a pierced
lid, which was carefully positioned within the DSC machine for subsequent heat
treatment. The same linear heating rate of 10 K/s as for method (A) was applied,
gradually rising from RT to 183°C. The specimen was then quenched to RT within
the DSC as fast as possible, with an approximate cooling rate of 50-100°C-min~!.
Nitrogen (99.999 % purity) was used both as purge and protective gas, each 20
ml/min. It is worth emphasizing that the ez situ TEM from TEM foil heating
methodology can be used with a single-disk approach. Following this, one single
TEM disk could be used to semi-continuously analyse the resulting microstructure
due to ageing. For example, it could be used to determine the microstructure after

numerous ageing times (such as 1h, 10h, and so on).

Method (C): MEMS-based in situ TEM heating

A Protochips fusion select in situ heating/cooling holder with an uncoated e-chip was
used. Preparation for in situ measurements were carried out without using Focused
Ion Beam via a recent method described in literature [21]. For this, electropolished
samples were cut by a scalpel. An electron-transparent small sample with approx.
30x30pm? in size was obtained, which was then manually transferred to the chip

of the MEMS protochips system. Subsequently, the heat-treatment was performed
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within the TEM and after the target temperature of 183°C with 0.16 K/s was reached,

the sample was quenched to RT with 1000°C-s~!.

6.2.3 Scanning/Transmission Electron Microscopy (S/TEM)

Electron microscopy was carried out using a Thermo Fisher Scientific™ Talos F200X
scanning transmission electron microscope operating at 200 kV. The following imag-
ing modes were used: bright-field TEM (BF-TEM), high-angle annular dark field
(HAADF-STEM) with a camera length of 160 mm as well as energy-dispersive X-ray

spectroscopy (EDX) measurements. The Velox software was used for image analysis.

6.3 Results and Discussion

6.3.1 Initial state of the UFG crossover alloy

It is important to understand the initial state of the UFG crossover alloy before
delving into the precipitation study. Hence, we examined the impact of SPD via
HPT at RT on the microstructure. HPT led to the formation of a homogeneous UFG
microstructure characterized by elongated column-like grains. The origins of the
studied samples is depicted in Figure 6.1 (a). The average grain size was measured
to be 199+20 nm in length and a width of 6244 nm, resulting in an corresponding
average aspect ratio of 3.2. Notably, the grain size achieved in the UFG crossover
alloy is significantly smaller than reported for similar UFG aluminium alloys. For
example, a length of 430 nm and width of 150 nm was observed after ECAP in a 7075
Al series alloy [30], while a cryo-milled 5083 Al alloy exhibited 440 nm in equiaxed
shape [31]. Figure 6.1 (b) shows a bright-field TEM (BF-TEM) micrograph of the
bulk crossover alloy after HPT. It is crucial emphasizing that the initial starting
microstructure of the UFG crossover alloy was consistent across all the methods
discussed in this report. To gain further insight into the elemental distribution of the
alloying elements after HPT, EDX analysis was performed, as shown in Figure 6.1
(c). After 30 days of natural aging (NA) at RT, the severely deformed microstructure

shows no signs of larger precipitates, despite pure Ag nanophases. In previous research,
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the pristine material showed no signs of precipitation after a similar amount of NA
time. Segregation of the elements on the grain boundaries was recorded [5]. However,
one cannot rule out the presence of clusters (not T-phase) due to NA. The absence
of T-phase type precipitates underscores the need for a heat treatment to stimulate
phase precipitation within the material. Consistent with our findings, literature
reports indicate that precipitates may dissolve during SPD, resulting in a state akin
to a supersaturated solid solution of the alloy [32]. Conversely, it was noted that
precipitates could emerge following HPT, indicating the activation of a dynamic
precipitation process during SPD [33, 34], which was not evident in our investigation.
To summarize, the aluminum crossover alloy attains an UFG single-phase state after
HPT, without the presence of precipitates. Grain sizes are confined to the submicron

scale, with sporadic Ag dispersoids observed transgranularly in the microstructure.

6.3.2 Comparison between the three different heat treatment

techniques

All specimens underwent heat treatment with a consistent heating rate of 10°C per
minute (= 0.16 K/s) from RT to 183°C. At this specific temperature, T-phase —
M gso(Zn, Al),9 — precipitates were found to nucleate and grow based on the Zn/Mg
ratio of the alloy, which is the main hardening phase in the crossover system [35, 13].
The HAADF detector, which provides Z-contrast imaging, enabled the observation of
T-phase precipitates along grain boundaries and also within the matrix, as depicted
in Figure 6.2. Notably, the HAADF detector yielded varied results for the same
alloy when employing three different heat treatment techniques. These outcomes are

summarized below and in Table 6.1:

o Fx situ TEM from bulk heating: the majority of T-phase particles appear
discontinuously at the grain boundaries (intergranular), and some few T-phase

nanoparticles can be seen within the matrix (transgranular);

e Fx situ TEM from TEM foil heating: T-phase precipitates are observed at both

intergranular and transgranular positions in higher densities when compared
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with the aforementioned method; and

o In situ TEM with MEMS heating: the majority of T-phases exhibit a uniform
distribution along the grain boundaries (intergranular), yet no precipitates are

observed at transgranular positions, unlike the observations in the other two

ex situ variants mentioned above.

The difference between these three distinet methods are also reflected in the

chemical mappings shown in Figure 6.2. In the er situ TEM analysis using bulk

2 =~ 515 mm

CETEN T i

& o

i ' “\‘ T

Figure 6.1: Nanostructured aluminium crossover alloy after HPT at RT with 30 days of
natural ageing. (a) gives a schematic sketch of the HPTed disk, highlighting the viewing
direction and the origins of the samples used. (b) BF-TEM image and (¢) STEM-EDX
mapping measurements showing the elemental maps of Al, Mg, Zn, Cu and Ag. The scale
bar in the HAADF image in (c) applies to all elemental maps. The grains are elongated in
the radial direction of the sample.

108



CHAPTER 6

heating method, the distribution of elements reveals intriguing patterns. Mg is notably
present within the T-phase at the grain boundaries, as well as in solid solution. The
majority of Zn is observed at the T-phase present on the grain boundaries, but Zn is
also found in solid solution. Conversely, Cu and Ag appear to remain predominantly
in solid solution, with no apparent inclination towards incorporation within the
T-phase particles. In case of UFG alloys, one must consider two aspects: Firstly, the
extensive presence of grain boundaries, amplifies the occurrence of grain boundary
precipitation, facilitated by rapid diffusion pathways [28]. Secondly, Mg and Zn
exhibit notably high diffusion coefficient within the Al matrix, surpassing that of Cu
by approximately two orders of magnitude [36]. Pure Ag nanoparticles were detected
within the grain matrix, however, they were also present prior to the heat-treatment
as shown in Figure 6.1, and neither their morphology nor distribution changed
upon heating. Recently, a similar behavior was observed for Cu and Ag in the UFG
crossover alloy [13]. During the heat treatment, a significant increase in grain length
to 554436 nm was noted, while the grain width increased to 87£6 nm. The increase
in grain size is shown in Figure 6.4. The width of the T-phase precipitates was
measured to be 1141 nm.

The ez situ TEM from TEM foil heating method unveils a different picture.
Notably, both Mg and Zn exhibit significant integration into the T-phase precipitates
across inter- and transgranular regions. Surprisingly, despite the short heat treatment
applied (183 °C with 0.16 K/s), Cu and Ag show a tendency towards integration into
the T-phase particles, contrary to expectations. Both Cu and Ag are observed mainly

Table 6.1: Qualitative comparison between the three experimental methods in terms of
T-phase precipitation at site-specific dependencies

Specific site of T-phase precipitation
Heating Method Intergranular Transgranular
FEzx situ TEM from bulk heating Low Low
FEx situ TEM from TEM foil heating High Medium
In situ TEM with MEMS heating High Zero
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at the grain boundaries, with neither element initially integrating into the T-phase
particles within the matrix. Again, pure Ag nanoparticles were also detected but
their morphology did not alter as a result of heating within the DSC. The average
grain length after the application of the ez situ DSC method was measured to be
294422 nm and an average grain width of 91£7 nm. The grain length exhibited an
increase compared to the as-received condition, albeit not to the extent observed
with the bulk analysis method. Moreover, the average particle thickness was found
to be 1041 nm, which is similar to the bulk analysis method.

Notably, with the in situ MEMS methodology, both Mg and Zn are present within
the T-phase precipitates. Intriguingly, no precipitated phases were observed within
the grains. However, similar to the ez situ bulk method, Cu and Ag appear only
in solid solution, and almost no incorporation within the precipitated phases was
detected. Additionally, it is noteworthy that no pure Ag nanoparticles were observed,
but this might be attributed to a statistical effect due to the small area analyzed
within the TEM sample on the MEMS chip. The grain size lies in between TEM foil
heating and bulk heating methods with an average grain length of 455425 nm and
an average grain width of 8645 nm. The average particle thickness was measured
to be 941 nm, which is the smallest among all investigated methods, however, yet
still within the same range. In summary, 30 grains and 40 second-phase particles
were analysed to give a proper statistical overview. Measurements of the particles
were taken from both particles on grain boundaries and matrix, if possible. A high
magnification analysis of the microstructure is provided in Figure 6.3.

It is widely acknowledged that UFG materials can exhibit accelerated enhanced
precipitation kinetics owing to their abundant grain boundaries, which serve as rapid
diffusion pathways [37, 28]. Thus, precipitates will tend to predominantly nucleate
and grow on the grain boundaries. However, there are still disparities in the state
of precipitation, among the three techniques employed. This prompts the question:
what factors contribute to the differences in precipitation behavior?

Firstly, it is reasonable to assume that regardless of the heating method used,

all samples originated from a bulk material, thus all the studied samples have the
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same chemical composition. Therefore, differences in the materials’ chemistry are
negligible. It is worth emphasizing that when thermal experiments are carried out
with the ex situ bulk method, a significant volume of material is heated compared

to the other two methods, which could lead to different heat transport across the

ex situ bulk ex situ DSC

in situ MEMS
LR 4

Figure 6.2: Low magnification STEM-EDX analysis of three different heat treatment
techniques to analyze the precipitation behavior of an ultrafine-grained crossover alloy. The
alloy was heat-treated with the same heating rate of 10 °C-min! from RT to 183 °C. The
shown scale bar in the HAADF-STEM image applies to all elemental maps shown below.
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sample [38]. However, due to the slow linear heating rate of 0.16 K/s and the small

sample size of 10x7x1 mm?, it is reasonable to assume that the whole material was

heated uniformly.

When looking at ez situ TEM from TEM foil heating and in situ TEM with

ex situ bulk ex situ DSC

Figure 6.3: High magnification STEM-EDX analysis of three different heat treatment
techniques to analyze the precipitation behavior of an ultrafine-grained crossover alloy.
The alloy was heat-treated with the same heating rate of 0.16 K/s from RT to 183 °C. The
shown scale bar in the HAADF-STEM image applies to all elemental maps shown below.
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MEMS heating techniques, notably for the latter case, the sample is an electron-
transparent region regarded as a thin-film. It was reported that the first layer of
a metallic surface contains highly mobile vacancies, which can lead to enhanced
diffusion within the superficial layers [39, 40]. Still, if precipitation in both ex situ
TEM from TEM foil heating and in situ TEM with MEMS heating techniques are
governed by the surface diffusion mechanism, the differences between those two are
not easily justified.

To elucidate this phenomenon, it may be crucial to consider the environmental
conditions during heating. Ez situ TEM from TEM foil heating occurred at ambient
pressure. In contrast, the in situ TEM analysis utilizing MEMS heating was conducted
at a TEM column pressure of approximately 3-8x107% Pa. A recent investigation [41]
revealed that Cu due to low column pressure can sublimate far below its melting
point. However, the partial pressure of Mg and Zn in the surrounding atmosphere
can be approximated to be practically zero in both ex situ TEM from TEM foil
heating and in situ TEM with MEMS heating, since these are open systems with
either a cold-finger or a fresh gas flow in the setup. The question remains why the ex
situ TEM from TEM foil heating is faster in kinetics. A potential mechanism can be
derived when looking at the surface conditions. Typically, it is assumed that surface
diffusion can accelerate kinetics in thin film samples. However, in the in situ TEM

with MEMS heating kinetics of precipitation seems to be slowest, even slower than in
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Figure 6.4: a) Graph depicting the average grain and particle sizes of the UFG crossover
alloy. It illustrates the initial values (as-received) and the changes resulting from various
heating techniques. b) Showing the method to measure the various microstructural
characteristics.
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the ex situ bulk method. It is reasonable that Mg and Zn will preferentially evaporate
in the vacuum chamber conditions in the TEM when arrived at the surface and thus
will not find their way back into the matrix to form precipitates. Hence acceleration
of kinetics via surface diffusion is limited. Kinetics are likely to be reduced, since
the atoms are lost instead of using a fast diffusion pathway. Note that this will be
generally different for many other solute elements with low vapour pressure. In case
of the ex situ TEM from TEM foil heating in a DSC, there is a technical nitrogen
atmosphere (purity 99.999 %) at ambient pressure, but with a significant oxygen
partial pressure present. This is widely accepted to be the case in commercial DSC
systems and also leads in the analysis of Al to surface oxidation, even changing the
colour of samples at higher temperature then applied here. It can be assumed that
Mg atoms present at the surface are oxidised immediately [42, 43, 44]. This will
form a barrier layer which capsules the system stopping evaporation. Note that such
behavior will probably not be the case for other noble solute elements. However,
the effect can enable for a fast diffusion pathway at the interface between alloy
matrix and the oxide surface, since further Mg atoms are not lost and a thin film
associated acceleration of diffusion is likely. This can explain the faster kinetics and
the precipitation in the matrix for ex situ TEM from TEM foil heating compared to
the in situ TEM with MEMS heating. It is even possible to explain the faster kinetics
compared to the ez situ bulk method due to the extra diffusion at the interface. The
proposed mechanism can well explain kinetics following the line ez situ TEM from
TEM foil heating > ez situ bulk method > in situ TEM with MEMS heating.
Despite the different atmospheric conditions among all tested samples, it is also
important to discuss the effect of different cooling rates, which are summarised in
Table 6.2. While the ez situ TEM from bulk heating sample was quenched in water,
the maximum cooling rate for this was 800 K/s [45]. However, there is a time gap
between the final ageing temperature of 183 °C and water quenching. In this time
gap, precipitation can still occur. Similarly, the ex situ TEM from TEM foil heating
has the slowest cooling rate with 10 K/s, which is the maximum rate allowed by the

machine. For the in situ TEM with MEMS heating sample, the maximum cooling
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Table 6.2: Comparison of the three distinct conditions. While the heating rate in all
conditions was controlled via 0.16 K/s, the cooling was set as fast as possible, which
depends on the used setup. Furthermore, the atmosphere in all conditions is different and
the sample thickness also varies. [45, 46]

Heating Rate | Cooling Rate Sample
Method Atmosphere

[K/s] [K/s] Thickness
Ex situ TEM from

0.16 800 Air 1 mm

bulk heating

FEx situ TEM from

0.16 10 LN2 75 nm
TEM foil heating
In situ TEM with Quasi

0.16 1000 75 nm

MEMS heating vacuum

rate of can reach 10° K /s [46] thus significantly hindering precipitation during cooling.
For all the three cases studied, precipitation is mainly occurring during heating at a
rate of 0.16 K/s for all conditions studied.

Another point arises when comparing the sample thicknesses. While ex situ TEM
from bulk heating has the biggest sample volume, and therefore the biggest potential
for precipitation growth, both ex situ TEM from TEM foil heating and in situ TEM
with MEMS heating have a lower volume (electron-transparent samples). In these
latter cases, precipitation growth is limited, as their sizes could already be in the
same order of magnitude of the sample thickness. On the other hand, due to the
reduced volume nearby the precipitates, the number of solute atoms is also reduced
and the potential for precipitation growth could be inhibited, while kinetics may be
increased (thin film effect).

Although EDX mappings were acquired, the accuracy of the measurements is
not sufficient for exact quantification, yet, a qualitatively trend can be seen. For
example, the Mg/Al ratio in both ex situ conditions are higher compared to the
in situ condition, which supports the hypothesis of Mg evaporation during in situ
experiments. A plot of the signal is shown in the supplementary materials in Figure
1. Note that the signals are normalised to the Al peak. Furthermore, an increase in

the oxygen peak was observed in the ex situ TEM from TEM foil heating, which
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could be explained by the formation of an oxide layer on the sample’s surface, and
thus enhancing the precipitation kinetics.

Modelling and computation improve the design of materials. In particular, TEM
techniques that provide continuous, direct insight into microstructural evolution
(such as the methods presented here) can provide robust data sets for testing and
calibrating models in a short time. [47, 48, 49]

Figure 6.4 shows the average grain size in terms of length and width as well as
the particle thickness of the T-phase precipitates upon the three different conditions
investigated. While the pristine condition (Figure 6.1 b) was found to have the smallest
grain size, an increase in grain length and width was measured (Figure 6.2). The results
of such measurements are shown in Figure 6.4. Nonetheless, all three methodologies
exhibit overlapping uncertainties and lacks therefore statistical significance. The
particle thickness of T-phase precipitates upon heating to 183°C is in the same range
in all tested methodologies. These particular features can be explained considering
the precipitation regimes displayed in Table 6.1. When both, matrix grains and grain
boundaries are only weakly occupied by precipitates, which is the case with ex situ
TEM bulk heating, then growth becomes apparent. It is also worth emphasizing that
grain growth in thin films is limited [50]. Thus, grains in the ex situ bulk can grow
more easily, which is also reflected in Figure 6.4. In addition, the lowest grain length is
observed in the ez situ from TEM foil heating, where qualitatively most precipitates
are found, as shown in Table 6.1. The major disparity in microstructure between ez
situ TEM from TEM foil heating and in situ TEM heating from MEMS — evident
in Figure 6.2 and qualitatively in Table 6.1 — lies in the absence of intergranular
precipitation in the former, while the latter displays a moderate fraction of precipitates
at these sites. This experimental confirmation underscores the role of T-phase
precipitates in grain boundary pinning and thus restricting grain growth, particularly
when they are abundant at grain boundaries, but also present at transgranular sites.
For instance, in the case of in situ TEM with MEMS heating, where the T-phase is
absent from the matrix, a modest grain growth (in length) is observed. Collectively,

these results highlight the potential of various heat treatment methodologies, when
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carefully assessed and post-characterized, to facilitate microstructural engineering
in emerging nanostructured aluminium alloys. To fully address and understand the
mechanisms of the observed sublimation with the in situ MEMS heating method,

further investigations should be carried out in future.

6.4 Conclusions

In summary, this paper evaluates innovative methods to explore and quantify pre-
cipitation and the stability of nanostructured metals through STEM. The methods
discussed involves ex situ TEM from bulk heating, ex situ TEM from TEM foil
heating, and in situ TEM with MEMS Protochips. The advantage of using a single-
disk for investigations is to gather the information on the same region of interest
in a (semi-)continuous approach. Microstructural changes upon (isothermal) heat-
ing can be then observed. Using a TEM foil subjected to external furnace heating
(e.g., a DSC device) in an ex situ configuration, the introduced TEM foil heating
method presents several practical benefits. It enables for an alternative to an in
situ TEM/MEMS approach, sidestepping the necessity for supplementary equipment
within the S/TEM configuration and examining several different heat treatment
steps at one single sample. This renders it a convenient and readily accessible choice
for more laboratories and researchers.

By comparing the results obtained from the various methodologies, it becomes
apparent that different preparation techniques facilitate the analysis of precipitation
behavior. Moreover, this study illuminates both the similarities and differences among
the three demonstrated methods, providing valuable insights for researchers in the
field of materials analysis. By presenting an efficient and reliable alternative, the
ex situ TEM from TEM foil heating method opens up new avenues of exploring

precipitation behaviors and better understanding of material properties.
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6.5 Appendix

The following Figure 6.5 displays the acquired EDX signal. The signal for all three
studied conditions was normalised to the highest peak (Al-Kal). The left image
displays the O-Kal energy line, where an increase in the intensity for the ex situ
TEM from TEM foil heating can be found. This increase in intensity could be linked
with the formation of an oxide layer on the sample’s surface.

The image in the middle shows both the Mg-Kal and the Al-Kal line. While
the normalisation of the peak signals can be seen in the overlapping Al peaks, a
decrease in the intensity of Mg is recorded. The right image shows a magnification
of this section, where this decrease can be seen clearer upon the Mg-Ka1 line. This
decrease could be explained by the sublimation of Mg upon heating during in situ

experiments within the TEM.
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Figure 6.5: Plot of the signals acquired by EDX mappings in three different conditions. A
qualitatively trend can be seen. Left: increase of the oxygen signal in the ez situ TEM
from TEM foil heating. Middle: a decrease in the Mg signal in the MEMS-based in situ

heating. Right: higher magnification of the Mg signal. Note that the signal is normalised
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Summary and Outlook

The research presented in this work contributes significantly to the understanding
and advancement of 5xx/7xxx Al crossover alloys, focusing on their fundamental
behaviour. These novel alloys demonstrate enhanced performance for high-demanding
applications, which are critical for various industrial sectors, including automotive,
aerospace and space applications. One of the key outcomes of this study is the
identification of the optimal alloy composition, which balances strength, ductility,
and irradiation resistance.

The first publication presented in chapter 4 revolved the successful manufacturing
process of an ultrafine-grained Al crossover alloy. The study demonstrated that High-
Pressure Torsion can achieve a significant reduction in grain size. Although previous
irradiation experiments showed the formation and accumulation of radiation-induced
point defects in the matrix, these effects were entirely suppressed in the ultrafine-
grained alloy, even at very high dose levels. This is linked to the vast amount of grain
boundaries in the ultrafine-grained alloy, which can act as sinks for radiation-induced
defects, where they can annihilate. As a result, the survivability of the hardening
phase during irradiation was extended from 1 dpa to 24 dpa. This improvement
was attributed to the addition of alloying elements that dissolved into the T-phase,
enhancing its chemical complexity and stability under irradiation.

From a materials science perspective, the reduction in grain size also influences
the precipitation behaviour of the alloy significantly. This is further explored in

chapter 5, where both the coarse-grained and ultrafine-grained alloy are examined
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using differential scanning calorimetry to observe the precipitation behaviour as a
function of grain size. In both alloys, the primary hardening phase was identified as
the T-phase; however, the ultrafine-grained alloy exhibited accelerated precipitation
kinetics. This can be attributed to the higher density of grain boundaries in the
ultrafine-grained alloy, which provide rapid diffusion pathways. As a result, the
ultrafine-grained alloy achieves quasi-equilibrium conditions much faster than the
coarse-grained alloy. Moreover, the thermal stability of the ultrafine-grained crossover
alloy was monitored during in situ Transmission Electron Microscopy investigations.
It was discovered that the T-phase has a strong ability to pin the grain boundaries
under thermal exposure, inhibiting recrystallisation processes up to temperatures
exceeding 300 °C.

Finally, the publication in chapter 6 offers insights into various experimental tech-
niques for microstructural characterisation. The ultrafine-grained crossover alloy was
annealed under different conditions (ex situ and in situ) and subsequently compared
using Transmission Electron Microscopy. It was observed that precipitation behavior
is influenced not only by grain size but also by the experimental method. While
precipitation kinetics in bulk materials are primarily governed by volume diffusion
of solutes, annealing of thin films can benefit from surface diffusion mechanisms,
further enhancing precipitation kinetics. However, it was also found that annealing
thin films in in situ experiments differs from ez situ setups, despite both techniques
theoretically promoting precipitation via surface diffusion. In in situ experiments,
which are conducted in low vacuum, solutes with high vapor pressures (such as Mg
and Zn) can easily evaporate in the Transmission Electron Microscopy chamber,
rendering them unavailable for precipitation. As a result, the advantages of surface
diffusion mechanisms are minimal. In contrast, during ez situ thin film annealing, Mg
may form a stable oxide layer, which enables surface diffusion and thus accelerates
precipitation kinetics.

In conclusion, a stable and irradiation-resistant crossover alloy was manufactured,
by designing a material with a high amount of grain boundaries, hardened and

stabilised by a chemically complex T-phase. The precipitation behaviour was studied
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as a function of grain size and experimental techniques, which offers valuable insights
for future research. This alloy system demonstrates significant potential for next-

generation space materials.
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Appendix

The following appendix provides supplemental information and additional resources
to support the main content of this document. It includes detailed data and reference
materials that offer deeper insights into the subjects covered. The appendix is
organized to facilitate easy access to specific sections, ensuring that readers can
quickly find the information they need. Table 8.1 lists the amount of artificial

intelligence to support the writing of this thesis.

Table 8.1: List of artificial intelligence used in this thesis.

o Part of Al Tool / Reference to
Objective Remark
(in %) Version prompting
Improvement of 50 Chat GPT / oc.unileoben.ac.at /index.php
n/a
linguistic readability v4.0 /s/4wqfAsO7THApIL3e

8.1 Additional research

In addition to the investigations detailed in the main part of this thesis, we have
also conducted extensive research on the corrosion behavior of the crossover alloys.
This research was carried out concurrently with the primary studies, focusing on

understanding the long-term durability and environmental resistance of the material
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under various conditions.

At present, the data and findings from the corrosion studies have not been
included in this thesis as they are still under analysis and preparation for publication.
However, these results are expected to be finalized and made available shortly after
the completion of this thesis. Once published, the data will be accessible online for
reference. The next section shows the figures which will be presented in the published

version of the publication.

8.1.1 Figures of the corrosion-related studies
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Figure 8.1: Evolution of hardness vs. time. Left: single-step ageing at 125°C for 45 days.
Right: double-step ageing with pre-ageing at 100°C/3h + 175°C for 16 days. Note that the
time scale is plotted logarithmic.

130



CHAPTER 8

600
a) = AlMg + Zn single step b) = AIMg + Zn double step

AlMg + ZnCuAg single step AlMg + ZnCuAg double step
500 T 7

o
O
Is
"
T
1

Stress [MPa]
wW
o

200 | i -

100 - =

0 5 10 15 5 10 15
Elongation [%]

Figure 8.2: Tensile tests of a) single-step ageing at 125°C for 45 days and b) double-step
ageing with pre-ageing at 100°C/3h + 175°C for 16 days.
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Figure 8.3: STEM-HAADF images of (a) AlMg+Zn and (b) AIMg+ZnCuAg alloys in
single-step ageing condition after 45 days at 125°C. Low magnification images were taken
at the grain boundaries, while high magnification images are shown within the matrix.
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Figure 8.4: STEM-HAADF images of (a) AlMg+Zn and (b) AIMg+ZnCuAg alloys in
double-step ageing condition after pre-ageing (100°C/3h) and 16 days at 175°C. Low
magnification images were taken at the grain boundaries, while high magnification images
are shown within the matrix.
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Figure 8.5: Inverse pole figure maps of the tested sample surfaces. The color code
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Figure 8.6: a) Comparison of the densities of grain boundaries over the grain boundary
misorientation angle and b) texture visualized as orientation distribution function in an
orientation triangle in sample normal direction
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Figure 8.7: EBSD/EDS scans in higher resolution, showing the microstructure via inverse
pole figure coloring and the band contrast in gray scale, compared to EDS maps of the
main alloying elements.
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Figure 8.8: Results of mass loss test of the AlMg+Zn(CuAg) crossover alloy in single step
(125°C for 45 days) and double step (100°C/3h + 175 °C for 16 days) condition.
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Figure 8.9: Results of the potentiodynamic polarization tests in 0.5 wt.-% NaCl solution.
Single step heat treatment was carried out at 125 °C for 45 days and double step heat
treatment at 100 °C/3h + 175 °C for 16 days.
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Figure 8.10: Results of the electrochemical impedance spectroscopy tests performed in
0.5% NaCl solution, representation with Nyquist plot, dots represent experimental data,
lines the results of the fitting. Single step heat treatment was carried out at 125 °C for 45

days and double step heat treatment at 100 °C/3h + 175 °C for 16 days.
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Figure 8.11: Results of the electrochemical impedance spectroscopy tests performed in
0.5% NaCl solution, representation with Bode plot, dots represent experimental data, lines
the results of the fitting. Single step heat treatment was carried out at 125 °C for 45 days

and double step heat treatment at 100 °C/3h + 175 °C for 16 days.
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Figure 8.12: Post characterisation of the AlMg+7ZnCuAg alloy with double step heat
treatment (100 °C/3h + 175 °C for 16 days). A TEM lamellae was lifted out from the area
of corrosion attack. The top image shows an overview SEM image, while the bottom
depicts STEM-HAADF and elemental mappings. Left: low magnification images and right:
high magnification images.
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