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Abstract

This thesis leverages the Pulsed Laser Deposition (PLD) processes, recognized for producing ro-
bust and efficient coatings, and introduces novel applications in the nuclear sector and space ex-
ploration, particularly as resistant materials to ionizing radiation. On the nuclear side, the focus
is on the Lead-cooled Fast Reactors (LFRs), a Generation-IV nuclear system offering promis-
ing safety features and efficiency advancements. The thesis meticulously investigates the use
of corrosion-resistant bulk alloys, surface-alloying treatments, or coatings in the nuclear sector,
attempting to address the existing gaps in the area of materials suitable for high-temperature,
corrosive, and radiation-heavy environments found in LFRs. Specific focus is placed on applying
Al2O3 PLD coatings to enhance existing materials’ corrosion resistance, radiation tolerance, and
mechanical stability.

On the other side, the research offers an innovative approach to enhance the effectiveness of
solar cells used in space exploration, addressing the issues associated with the conventional solar
cell stack. Applying a protective layer directly onto the solar cell aims at establishing an optical
transparent radiation shield, combating the detrimental effects of low-energy particle. This
endeavor is part of the SpaceSolarShield project and has significant implications for the solar
cell manufacturing industry, promising improvements in performance efficiency, power density,
and production control.

This work conducted various characterizations and experiments designed to mimic real opera-
tional conditions. It explored the unique properties of the materials and their behaviors under
different scenarios, including irradiation exposure, mechanical stresses, and temperature fluc-
tuations. A critical examination of the amorphous alumina , its radiation tolerance, plasticity,
and the effects of radiation exposure on its structure is meticulously performed, contributing
valuable data for potential practical engineering applications. In conclusion, the thesis innova-
tively expands the boundaries of the traditional coatings’ performance and operational range by
providing novel solutions and strategies. This comprehensive study stands to advance the fields
of nuclear and space applications research and may potentially provide solutions applicable to
other systems.

Keywords: Radiation Resistant Protective Coatings, Amorphous Alumina Coat-
ings, Lead-cooled Fast Reactors (LFR), Space Solar Cells
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1

Introduction

0.1. Advancing the Technology: Materials Science and Nan-
otechnology for a Greener Future

In the present century, our world stands on the threshold of an extraordinary era of innovation,
predominantly propelled by advancements in materials science and engineering. The importance
of materials is indisputable, as they constitute the very bedrock of technology and the systems
upon which we depend daily [1]. As our civilization advances steadily, the need for unique
materials with tailored characteristics grows more vigorous. At the same time, simultaneously,
the urgency to address the environmental consequences of our consumption becomes increasingly
important [2]. The global quest for a sustainable future requires pursuing innovative solutions
encompassing material and technology development to address the many growing demands of
our society [3].

Indeed, one of the paramount challenges confronting contemporary society is the finite capacity
of Earth’s resources and the constraints on waste disposal that our environment can withstand.
This delicate equilibrium between resource consumption and environmental conservation has
impelled researchers to explore inventive methodologies for minimizing the environmental burden
and fostering sustainable development [4]. The European Environment Agency (EEA) has
underscored the significance of material selection in diminishing the environmental impact of
products and technologies since it accounts for a a substantial portion of greenhouse gas emissions
and water usage [4]. Consequently, the demand for materials with enhanced properties and
attenuated environmental impact is at an all-time high.

To meet this idea, one possibility is to support the development and utilization of sustainable
materials characterized by their low environmental impact, high performance, and reduced de-
pendency on finite resources [5]. Despite their potential for creating a more sustainable future,
several challenges hinder the widespread adoption of these materials. These challenges include
economic factors, technical barriers, and the need for a robust regulatory framework [6]. Eco-
nomic challenges include the high production costs and relatively low economies of scale for
sustainable materials compared to conventional alternatives [7]. Conversely, another solution is
to use materials and existing technology more efficiently. This can be achieved by optimizing
manufacturing processes to minimize waste, improving material recycling methods, and adopting
innovative technologies that enable better utilization of the already existing materials. Another
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possible route is through the exploitation of coatings and thin films, which have shown great
potential in improving various materials’ performance, durability, and sustainability [8]. Indeed,
the emergence of nanotechnology has profoundly transformed the realm of materials, equipping
researchers with the ability to design and construct materials at the nanometer scale. Nanotech-
nology offers unparalleled control over a material’s characteristics, unlocking the potential for
novel applications across diverse fields, from energy storage to drug delivery; paving the way for
developing advanced materials that exhibit enhanced performance, diminished environmental
impact, and heightened recyclability [9].

As we embark on a new era of innovation, the significance of materials science and engineering in
shaping our world grows more apparent. The creation of groundbreaking materials and processes
can substantially enhance our quality of life while addressing pressing issues of our time, such
as climate change and resource scarcity [10]. The future of materials science is bright, yet it
requires constant vigilance and a collective effort to balance the drive for innovation with the
pursuit of sustainability. By focusing on the responsible development and use of materials, we
can establish a foundation for a sustainable future that benefits all of humanity.

In the upcoming section, the critical role of material and coatings in sustainable material and
technology advancement will be deepen, delving into their applications and examining two of the
most compelling use cases: nuclear reactors and space applications and the challenges these two
fields present in material science. Combining these two seemingly disparate fields of application
might initially appear to be an audacious attempt, as their respective applications seem to be
worlds apart. However, this unconventional fusion is firmly grounded in the ambitious objective
of this thesis, which seeks to advance the development of innovative coatings that can withstand
the onslaught of ionizing radiation. Indeed, both the nuclear and space domains are not only
defined by the extreme and unforgiving conditions in which their corresponding materials are
expected to perform, but also by the pervasive and ever-present threat of radiation in both
environments. As will be explored in greater detail further on, radiation exposure poses sig-
nificant challenges, necessitating the development of diverse and effective strategies to address
these issues in the context of each unique field.
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0.2. Green Nuclear Energy: Tackling Concerns with GIV Fast
Fission Reactors

0.2.1. Nuclear and Renewable Synergy for Net-Zero Emissions by 2050

As we approach a critical juncture in international efforts to combat the climate crisis—a
formidable challenge of our times—we witness many countries pledging to achieve net-zero emis-
sions by mid-century or shortly thereafter. Yet, this commendable progress is shadowed by the
simultaneous increase in global greenhouse gas emissions. Aligning global carbon dioxide (CO2),
emissions reduction efforts to achieve net zero by 2050 is essential to limiting the long-term av-
erage global temperature increase to 1.5°C [11]. Hence, climate change presents us with a stark
challenge: to reduce greenhouse gas emissions to net zero much faster than we have done so far
or to face the increasingly catastrophic consequences of an inexorably warming planet.

The net-zero emissions pathway detailed in the report “Net Zero by 2050” [12] produced by the
International Energy Agency (IEA), envisions a world in 2030 where the global economy is 40%
larger than it is today while consuming 7% less energy. This ambitious vision is a testament to
the transformative change required to pursue a sustainable future. Furthermore, the ambitious
target of reaching net zero by 2050 calls for not only the swift deployment of currently available
technologies but also the widespread adoption of yet-to-be-commercialized innovations. Critical
domains such as electrification, hydrogen, bioenergy, and carbon capture, utilization, and storage
(CCUS) presently receive only approximately one-third of the public R&D funding allocated to
more established low-carbon electricity generation and energy efficiency technologies [11, 12].

Moreover, the report [12] presents various scenarios for the development of the energy sector.
These scenarios provide valuable insights and benchmarks for evaluating climate action and
shaping sustainable energy policies. The Stated Policies Scenario (STEPS) projects the future of
global energy consumption and greenhouse gas emissions based on current government policies
and commitments. This baseline scenario assumes that countries will adhere to their plans
and pledges for emissions reduction without accounting for any additional measures or actions
necessary to achieve net-zero emissions by 2050. Instead, the Announced Pledges Case (APC)
assumes that all declared national net-zero emissions pledges are fulfilled completely and on
schedule, even if specific policies do not support them. This scenario aims at limiting global
temperature rise to 1.5°C above pre-industrial levels by attaining global net-zero CO2 emissions
by 2050. Under the APC scenario, global electricity generation is projected to nearly double,
exceeding 50000 TWh in 2050. Coal usage must decrease by 50%, while natural gas usage will
expand by 10% in 2025, maintaining that level until 2050. Efficiency, electrification, and the
substitution of coal with low-emission sources in electricity generation are pivotal in realizing
net-zero goals in the APC, particularly leading up to 2030. The implications of the APC on
total energy supply in comparison with the STEPS, implies the global total energy supply will
experience a 15% increase between 2020 and 2050 in the APC while it expands by one-third
in the STEPS. The remarkable escalation in energy consumption can be ascribed to the swift
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expansion of economies and burgeoning populations in emergent territories, where commitments
to achieving net-zero emissions are comparatively sparse nowadays. Addressing this challenge
necessitates a multifaceted approach to the generation of energy. What discussed is encapsulated
in Figure 1, which delineates the aggregate energy provision originating from diverse sources
within the two distinct frameworks.

Figure 1: Global electricity consumption visualized in Exajoules (EJ): Unveiling the energy
mosaic of diverse sources within interconnected frameworks (STEPS, APC) [12]

Among the scenarios outlined in the International Energy Agency’s roadmap for the global en-
ergy sector, there is also the Net-Zero Emissions by 2050 Scenario (NZE)[12], which strives to
align energy-related and industrial process CO2 emissions with the reductions outlined in the
IPCC’s Special Report on Global Warming of 1.5°C [11]. In the NZE, the electricity sector is
the initial primary target for rapid and significant emissions reductions. As the largest source
of emissions in 2020, electricity generation emissions plummet by nearly 60% up to 2030, pre-
dominantly due to significant cutbacks from coal-fired power plants. This ambitious emissions
reduction is achieved through electrification, pursuing all energy and materials efficiency op-
portunities, behavioral changes to decrease energy service demands, and a significant transition
from traditional bioenergy use. By 2050, the energy mix in the NZE will be markedly more
diverse than it is today. While, in 2020, oil accounted for 30% of the total energy supply, fol-
lowed by coal at 26% and natural gas at 23%, in stark contrast, renewables constitute two-thirds
of energy use in 2050, divided among bioenergy, wind, solar, hydroelectricity, and geothermal
sources. Additionally, nuclear power will experience a significant surge, with the energy supply
nearly doubling between 2020 and 2050 [12]. The Figure 2 summarizes the Global Electricity
Consumption in Exajoules (EJ) from various sources within the context of the Net Zero Emission
Framework.

As mentioned above, as the world grapples with the catastrophic impacts of climate change,
it becomes increasingly vital to transition from fossil fuels to clean, sustainable energy sources
[11]. To reach the objectives outlined in the IPCC’s Special Report on Global Warming of 1.5°C,
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Figure 2: Visualization of the global electricity consumption in Exajoules (EJ) across diverse
sources within the Net Zero Emission framework. [12]

a two-pronged approach is required: extensive electrification of the economy with low-carbon
electricity from renewables and nuclear power and the deployment of other low-carbon energy
carriers in applications less suited to electrification, such as hard-to-abate sectors in industry and
transportation [12, 13]. A diverse mix of renewable energy sources, including solar, wind, and
hydropower, has been deployed to combat three-quarters of greenhouse gas emissions attributed
to the energy sector [14]. However, given the intermittent nature of these sources, it is imperative
to develop complementary, reliable, and scalable technologies such as nuclear power, particularly
Gen IV reactors [13, 15]. Nuclear energy, which has avoided roughly 70 gigatonnes of CO2

emissions over the past five decades and continues to prevent more than 1 Gt CO2 annually, is
critical to achieving global net-zero objectives [13]. In partnership with renewable energy sources
and other low-carbon options, nuclear energy forms part of a sustainable energy system that
decarbonizes electric and non-electric energy production. Although variable renewable energy
technologies like solar and wind, energy storage technologies, and low carbon fuels such as
hydrogen will deliver the bulk of decarbonization, nuclear power plays a vital complementary role
by ensuring 24/7 energy supply reliability and dispatchability [12, 13, 14]. Integrating nuclear
energy with renewable energy expedites the objectives discussed above, as nuclear power’s low
material intensity makes it less susceptible to bottlenecks in critical mineral supply chains.
Furthermore, advanced nuclear reactor designs, such as the six distinct Gen IV reactors [16],
offer significant improvements over earlier generations in terms of safety, efficiency, sustainability,
and waste management, solidifying nuclear power’s pivotal role in the global energy landscape
[13, 16]. These GEN IV cutting-edge designs include the Gas-cooled Fast Reactor (GFR), Lead-
cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodium-cooled Fast Reactor (SFR),
Supercritical Water-cooled Reactor (SCWR), and Very High Temperature Reactor (VHTR),
offer unique characteristics and capabilities, thus enhancing the potential for a swift and effective
transition to a more sustainable and decarbonized energy landscape [16].
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0.2.2. Key Challenges Facing Nuclear Energy Production

Nuclear energy plays a significant role in global energy production despite the challenges it faces.
Many older nuclear reactors are applying for license extensions, while newer and safer Genera-
tion III and III+ reactors are being developed [17]. Currently, there are 442 operational nuclear
reactors worldwide, but this number can change due to aging infrastructure, decommissioning,
and construction [17]. Investment in nuclear energy is ongoing, with 52 reactors under construc-
tion globally. However, the utilization of nuclear energy presents various challenges that need
to be addressed for safe and sustainable production. It is important to tackle these challenges
to ensure that nuclear energy can continue to contribute to global electricity generation. Below,
major challenges confronting nuclear energy production are exposed.

Safety and Security:

The safety and security of nuclear power plants are crucial, with challenges including accident
prevention, impact mitigation, and protection against unauthorized use of nuclear materials.
The importance of robust reactor designs, comprehensive emergency response plans, and strict
regulatory frameworks cannot be overstated.

The nuclear accidents at Chernobyl in 1986 and Fukushima Daiichi in 2011 underscore the
necessity of these safety measures highlighting the critical importance of safety and security
in nuclear power plants. They serve as reminders of the need for continuous improvement in
reactor design, emergency preparedness, and regulatory oversight.

Nuclear Waste Management:

The current nuclear energy production method, known as the "once-through" cycle, has signif-
icant drawbacks in uranium resource utilization and produces a large volume of nuclear waste
[18]. The long-term storage of this waste poses environmental and health risks, leading to
ongoing research for better waste treatment technologies [19]. One promising solution is the
transmutation process, which uses neutron-induced reactions to convert long-lived radioactive
isotopes into short-lived or stable ones [18].

The efficient incineration of high-radiotoxicity waste components depends on the availability of
a fast neutron spectrum, and options under consideration include Accelerator Driven Systems
[18]. Generation IV reactors, particularly the Lead-cooled Fast Reactor (LFR), Gas-cooled
Fast Reactor (GFR), and Sodium-cooled Fast Reactor (SFR), present further opportunities for
efficient waste transmutation. These advancements could help reduce the environmental impact
of nuclear energy production.

Non-Proliferation:

Nuclear energy production raises concerns about potential nuclear weapons proliferation due to
the dual-use nature of nuclear technologies. International treaties like the NPT address this by
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promoting disarmament and non-proliferation [20]. While the expansion of nuclear power and
Gen IV systems in response to climate change could exacerbate these concerns due to the re-
quired reprocessing and recycling capabilities, Gen IV systems also offer a tool for disarmament.
They can efficiently reduce weapon material stockpiles by converting high-enriched uranium
and plutonium into less sensitive materials, potentially aiding in managing spent nuclear fuel’s
plutonium inventory [21].

High Capital Costs:

The high capital investment required for nuclear power plants’ construction and operation
presents a significant financial challenge. To address this, advancements are being made in
reactor design and construction techniques [17]. However, recent studies suggest that small and
medium-sized reactors might offer a more viable solution in certain scenarios, such as in coun-
tries with small electric grids or limited investment capabilities, and in remote locations [18,
22] . Moreover, these reactors could potentially reduce the financial risks associated with large
capital investments required for larger nuclear power plants [18, 22].

Public Perception and Acceptance:

Public perception and acceptance of nuclear energy play a crucial role in its widespread adoption.
Concerns regarding nuclear accidents, radioactive waste, and nuclear proliferation can influence
public opinion and policy decisions. Promoting transparency, education, and public engagement
are essential to address the challenges related to public perception and acceptance of nuclear
energy [23].
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0.2.3. Revolutionizing Nuclear Energy: Europe’s Pursuit of Lead-cooled Fast
Reactor Technology

The international pursuit of LFR technology promises to revolutionize the future of nuclear
energy. Notably, LFRs stand to address many of the challenges previously discussed, such
as waste management and safety concerns. By improving the safety profile and efficiency of
nuclear reactors, this emerging technology could potentially overcome the public apprehension
and economic barriers currently hindering the broader adoption of nuclear energy [16].

The LFRs’ advantages are connected to the utilization of lead or lead-alloys as coolant. The
key benefits include high thermal efficiency, passive safety features, and the ability to transmute
long-lived radioactive waste into shorter-lived isotopes [24, 25]. The high thermal efficiency of
LFRs allows for more effective energy conversion, while the passive safety features enhance their
reliability and reduce the likelihood of severe accidents [24]. Furthermore, the transmutation
capabilities of LFRs contribute to sustainable waste management solutions, thus addressing
significant environmental concerns [25]. Overall, these advantages position LFRs as a promising
option for the future of nuclear power generation.

LFRs have garnered considerable attention due to their numerous advantages. As a result, var-
ious European initiatives, supported by funding from the European Commission and Euratom,
have emerged. Several projects related to LFRs have been undertaken in Europe, though there
may be updates or newer projects since then. Notable projects include the European Lead
Fast Reactor (ELFR) [26], Advanced Lead Fast Reactor European Demonstrator (ALFRED)
[24], Multi-purpose hYbrid Research Reactor for High-tech Applications (MYRRHA) [27], Lead-
cooled European Advanced Demonstration Reactor (LEADER) [28]. The development of nuclear
materials for LFRs has also been pursued, evidenced by projects such asthe GEneration iv Ma-
terials MAturity (GEMMA) [29] in 2016 and the INNovative StrUctural MATerials for Fission
and Fusion (INNUMAT) [30] in 2022. At present, the 600 MWe ELFR is under evaluation, and
the 100 MWe ALFRED is under construction. European researchers are also making headway
with MYRRHA, a state-of-the-art accelerator-driven system demonstrator featuring a Pb-Bi
alloy coolant and neutron spallation source [31].

NEWCLEO [32], a prominent company contributing to LFR technology advancements in Italy
and Europe, exemplifies the growing interest in this promising reactor concept. The company’s
innovative fuel designs and thermal-hydraulic models are specifically tailored for LFRs, playing
a crucial role in enhancing the efficiency and safety of these reactors.

Russia, building upon its nuclear-fueled submarines, has pursued LFR technology [33, 34]. China
has made significant strides through considerable investment over the past decade [35, 36], while
in the United States, Westinghouse and Hydromine have identified the LFR concept as an
economically attractive option for Generation IV power systems, partnering with ENEA and
Ansaldo Nucleare [37, 38, 39]. The Figure 3 provides an overview of the advancements in
nuclear reactor designs.
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Figure 3: (a) Initial representation of a LFR reported in the Gen IV report concerning a lead-
cooled fast reactor. [16] (b) The prototype depiction presently being developed by Newcleo [40].
The design representation showcasing Rosatom’s BREST-OD-300 reactor [41].

LFR prototypes and demonstrators share similar characteristics such as electric power capacity
(100-200 MWe), operating conditions, and efficiencies of approximately 40% at core outlet tem-
peratures ranging from 480°C to 550°C [36, 42]. The key difference lies in coolant choice, with
two options considered: pure Lead and Lead Bismuth Eutectic (LBE), a 45% Pb and 55% Bi
mixture. Despite its drawbacks, LBE remains a strong contender due to its lower melting point
(124°C) compared to pure Pb (327°C), allowing for operation at lower temperatures without
solidification risks [43]. The long-term commercial objective involves increasing the core outlet
temperature to 800°C, significantly enhancing power generation efficiency [36, 37, 38, 39, 42,
43].
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0.2.4. Material challenges in future generation Lead-cooled Fast Reactor sys-
tems

As the quest for efficient, sustainable, and safe energy continues, nuclear power technology
keeps evolving, with fast reactors at the forefront. Precisely, LFRs promise advantages such as
higher energy efficiency, waste minimization, and enhanced safety characteristics [44]. However,
realizing these advantages is not without its material-related challenges.

The reactor core’s high-temperature, high-irradiation, and corrosive environment necessitate
materials with exceptional resilience. This chapter delves into the material challenges of fu-
ture generation LFR systems, focusing on corrosion resistance, radiation damage, mechanical
integrity, and fuel cladding concerns.

Presently, high-temperature steels occupy the leading position as the preferred structural mate-
rials for LFRs [45, 46, 47], thanks to their resilience under strenuous operational conditions and
the comprehensive knowledge accumulated over decades of rigorous testing.

We can categorize steel alloys into two primary groups based on their crystalline structures:
austenitic alloys (AuS) and ferritic/martensitic (F/M) alloys. AuS, characterized by a Face-
Centred Cubic (FCC) structure, offer commendable toughness, reduced susceptibility to fatigue-
induced failure, superior creep resistance, and increased ductility due to a typically higher strain-
to-rupture level compared to their counterparts [46]. Contrarily, F/M steels, which exhibit a
Body-Centred Cubic (BCC) structure, possess greater mechanical strength, improved thermal
conductivity, superior resistance to thermal cycling, and a more robust response to swelling,
either from voids or gases [46]. In the context of LFR systems, F/M alloys, such as T91 steel
( 9% Cr and 1% Mo, by weight), were initially proposed given the unsuitable compatibility of
austenitic steels with lead alloys. However, a shift in preference has occurred towards austenitic
steels, primarily due to their superior mechanical performance under irradiation. Notably, 316L
and Ti-stabilized 1515-Ti have emerged as the most plausible options [45, 47].

While materials like Oxide Dispersion Strengthened (ODS) steels, MAX (Mn+1AXn) phases,
SiCf/SiC (Silicon Carbide fiber-reinforced Silicon Carbide) composites, and refractory metals
exhibit enticing properties, their potential extends to providing a more long-term perspective
on materials [45]. Yet, for the foreseeable future, F/M steels and AuS retain their standing as
the most promising candidates. These two types of structural materials stand on the precipice
of delivering commercially viable, near-term solutions for the structural material requirements
of LFRs [45, 48, 49].

Having understood the distinct properties and preferences of AuS and F/M steel alloys in the
context of LFR systems, it is crucial now to delve into the specific influence of lead and radiation
on these materials, thereby gaining a more comprehensive perspective on their performance and
applicability in high-stress environments.
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High-temperature corrosion by heavy liquid metals and corrosion-related ef-
fects

Lead, as a coolant, as mentioned above, showcases remarkable chemical stability, extraordinary
heat transfer capabilities, and efficient neutron economy. However, when this element is utilized
as the primary coolant, either in its pure form or as LBE, its inherent corrosive characteristics
pose notable challenges to the traditional materials used in the construction of reactor systems,
as highlighted by [50].

The onset of corrosion is a complex process stemming from direct chemical interactions, po-
tentially leading to oxidation and intergranular corrosion, and from dissolution, which could
result in liquid metal embrittlement of the structural elements [51]. The pillars that hold the
key to understanding the behavior of heavy liquid metal systems are the oxygen concentration
contained within and the ambient temperatures [51].

Figure 4: (a) Corrosion and oxidation dynamics of austenitic stainless steels in the presence of
molten lead at 550°C, with varying oxygen contents [52]. A similar behaviour has been found
for several other steels in similar conditions [53]. (b) Predictions of Corrosion Depths of HT9
Steel using the Parabolic Law [54] at Different Temperatures [55]. (c) Ellingham-Richardson
diagram containing oxides of steel components and of Bi and Pb [53]. It shows the molar free
energy of formation for oxides of nickel, iron, and chromium in comparison to lead and bismuth
oxides
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Regarding the oxygen content effect, in their research, Gorynin et.al [52] investigated the im-
pact of varying oxygen concentrations on the corrosion and oxidation processes of two types
of austenitic stainless steels. These experiments were conducted in a lead environment at a
temperature of 550°C, over an extended period of 3000 hours. It was observed that for oxygen
concentrations ranging between 10-8 and 10-10 wt.%, the steels experienced corrosion through
dissolution (Figure 4 (a)). During the dissolution process, two phases can be distinguished.
Initially, there is the cleavage of atomic bonds within the solid metal, leading to the formation
of novel bonds with the atoms of the liquid metal or its contaminants in the boundary layer.
Upon this occurrence, the dissolved atoms permeate through the boundary layer and into the
liquid metal. The primary catalyst for this corrosion phenomenon is the solute metals’ chemical
activity disparity between the surface and the liquid metal. This chemical activity is contingent
on the solubility and the respective chemical activity of the element in solid phases. Instead,
in the case reported in [53], when the oxygen concentrations exceeded 10-7-10-6 wt.%, the steels
underwent oxidation ( Figure 4 (a)). Corrosion at lower oxygen concentrations (10-8–10-10 wt.%)
began with pit formation on the material’s surface. Over time, these pits expanded and coa-
lesced to form a porous layer of corrosion, with its thickness growing linearly over time. This
type of behavior was also observed across a wide variety of iron alloys [52, 53].

Extensive research has also investigated the crucial relationship between temperature and corro-
sion, especially in the lead or Lead-Bismuth Eutectic (LBE) systems [51, 56]. Numerous sources
consistently indicate that corrosion rates in these systems also increase as the temperature rises
[55, 57, 58, 59, 60, 61]. The effect of temperature on the corrosion rate can be explained by the
thermal activation of species diffusion: as the temperature increases, the diffusion coefficients
and the corrosion rate both exhibit an upward trend [62], as evidenced by the data presented in
Figure 4 (b).

As mentioned above, increasing the dissolved oxygen levels in molten lead or LBE has been
identified as a means to induce oxidation, resulting in the development of an oxide layer on the
surface of structural materials upon direct contact with lead or LBE. An active oxygen control
technique could be employed to safeguard underlying steel or alloys, wherein the formation of
this oxide layer serves as a protective barrier against further corrosion. This technique is based
on lead and bismuth chemical inactivity compared to the primary alloying elements found in
structural steels [51, 53]. The Ellingham diagram in Figure 4 (c) demonstrates the lower molar
free energy of formation for oxides of nickel and iron in comparison to lead and bismuth oxides.
In the case of alloys containing iron, such as structural steels, the minimum concentration of
oxygen is determined by the decomposition potential of magnetite (Fe3O4), which is considered
the least stable oxide that can form on structural steels. Conversely, the maximum value is
dictated by the precipitation of lead oxide. Once oxide films are established, the dissolution
of structural materials becomes negligible due to the sluggish diffusion rate of steel’s alloying
elements within the oxide [53].

The ideal protective oxide layer, as described in [53], should possess certain characteristics: it
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Figure 5: The image shows severe penetration of LBE (lead-bismuth eutectic) into HT9 material
after 2000 hours at 600 °C. This penetration occurred following the delamination of the oxide
layer formation observed at 1000 hours [55].

must be pore-free, crack-free, stress-free at operating temperatures, and resistant to spalling
or damage during cooling or heating. However, achieving such a perfect layer is extremely
challenging, especially in practical lead-alloy coolant systems. While an oxide layer can initially
act as a protective barrier against corrosion, problems can arise if it becomes excessively thick
or flakes off. Research has shown that prolonged corrosion processes can progressively destroy
the oxide layer [53, 55]. Several factors can explain this destruction. As the oxide layer thickens,
excessive lateral compressive stress can lead to out-of-plane strain on the layer. Indeed, when
compressive in-plane stress is applied to a material, it induces internal forces trying to balance
the applied stress. If the layer of the material has any asymmetry or imperfections, the force
equilibrium may not be uniform across the depth. This non-uniform force distribution can
lead to a moment or torque, causing the external layer to deform out-of-plane to achieve a
new equilibrium state. Moreover, the stress within the oxide can increase due to compositional
changes, as the transition from the metal lattice to the cation lattice of the oxide involves a
volumetric change. Compressive stress in the transverse direction can induce upward normal
stress, and the mismatch in thermal expansion coefficients of the components can also contribute
to the cracking of the oxide layer. [53, 55].

The Figure 5 captures the extent of LBE penetration into HT9 material after a prolonged
exposure of 2000 hours at 600 °C. Notably, this severe penetration occurred subsequent to
the delamination of the previously formed oxide layer, which was initially observed after 1000
hours of testing [55]. The visible evidence underscores the significant challenges posed by LBE
corrosion. The Figure 5 is the representation of the impossibility to induce the development of
a flawless protective oxide layer in practical applications.

The interaction between heavy liquid metals and various materials, regardless of their chemical
composition, is a subject of considerable interest due to the significant impact these metals can
have on the mechanical properties of those materials. Among the well-documented phenomena
resulting from this interaction is Liquid Metal Embrittlement (LME), liquid-metal-assisted creep,
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and liquid-metal-assisted low fatigue cycle failure [63]. LME, in particular, is a phenomenon
that has been thoroughly observed and investigated. This process occurs when a liquid metal
comes into contact with a solid metal, decreasing the solid metal’s ductility and toughness. This
effect can occur even at temperatures where the liquid metal should not be corrosive or reactive.
The mechanism of LME is often attributed to the penetration of the liquid metal along the grain
boundaries of the solid metal, which weakens the bonds between the grains and results in the
embrittlement of the material [64]. While the exact atomic-scale mechanisms are still a topic
of research, it is generally agreed that LME is a surface phenomenon requiring tensile stress
[64, 65]. This intergranular attack occurs because the atoms at the grain boundary have higher
potential energy than those inside the grains. Therefore, the activation energy of the grain
boundary atoms for dissolution is lower, and the probability of their transition to the melt and,
hence, the dissolution rate is higher. If the concentration of higher solubility elements increases
in the grain boundaries, the dissolution rate may increase due to the preferential dissolution of
these elements [66].

On the other hand, liquid-metal-assisted creep [67, 68] and liquid-metal-assisted low fatigue
cycle failure [69, 70] are two other effects that have been reported, albeit with inconsistent
experimental evidence. The former refers to the accelerated deformation of a solid metal under
mechanical stress in the presence of a liquid metal, which is typically more pronounced at high
temperatures. The liquid metal can enhance diffusion, leading to faster creep rates [68]. The
latter refers to reducing a material’s resistance to fatigue failure, especially when in contact with
liquid metal in low cycle conditions. This can lead to premature failure of the material under
cyclic loading conditions [69, 70]. Nevertheless, the literature lacks complete understanding
and data regarding these two phenomena. Their occurrence seems sensitive to many factors,
including the specific material pairings, the applied mechanical stress, temperature, and certain
impurities.

Mechanical Integrity

The preservation of structural robustness in reactor components is indispensable, particularly
in light of the presented extreme stress situations to which these elements are exposed. The
manifestation of embrittlement, fatigue, and creep, as previously elucidated, can be notably
exacerbated in the presence of lead or LBE.

To ensure a thorough discussion, it is imperative to systematically examine the aforementioned
phenomena. Their significant relevance to the nuclear topic regardless the presence of lead or
LBE, necessitates a succinct yet comprehensive discourse, which is reported below.

• Embrittlement is a complex process that drastically reduces the ductility and fracture
toughness of materials, transforming them into a brittle state, and consequently heighten-
ing the risk of material failure [71]. This process, precipitated by atomic-scale changes, is
particularly critical in environments such as nuclear reactors where the utmost importance
is placed on safety. Embrittlement can occur via multiple mechanisms, each dependent on
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the material in question and the conditions it is exposed to. For instance, in metals, em-
brittlement can occur through grain boundary segregation, where certain impurity atoms
migrate to the grain boundaries and weaken the overall structure [71, 72, 73]. This is
a particular concern in Ni-Cr steel, where elements such as phosphorus can segregate to
the grain boundaries and cause embrittlement [74]. Additionally, in the particular context
of a nuclear reactor, phenomena such as irradiation [75] and hydrogen [73, 76] embrittle-
ment may occur. These processes lead to displacement damage and considerable material
hardening.

• Fatigue. Due to the extreme conditions within the reactor, including high temperatures,
corrosive environments, and intense neutron flux, the materials used in LFRs are subjected
to significant stresses over time. This prolonged exposure to cyclic loading and thermal
fluctuations can lead to fatigue, where the material’s structural integrity and performance
gradually deteriorate [77].

• Creep behavior, referring to the tendency of a material to slowly deform permanently
under mechanical stresses, is another significant challenge. Creep occurs especially at
high temperatures, and results from several processes. These include dislocation creep,
driven by dislocation movements [78]; diffusion creep, resulting from atomic diffusion under
stress [79]; and grain boundary sliding, where grains slide past each other [80]. The high
operational temperatures in LFRs can accelerate the creep rates, thereby reducing the
longevity of these materials [49].

Fuel Cladding Concerns

In LFRs, the fuel cladding material faces direct exposure to the lead coolant and intense radiation
from the fuel. The selection of fuel cladding materials is thus crucial to prevent fuel-cladding
chemical interactions (FCCI) and to sustain the harsh conditions within the reactor [81]. The
development of advanced cladding materials, such as those with high-density composite layers
or ceramic coatings, is one of the promising strategies to address this challenge [82], as it is
discussed later in this manuscript.

The Intricacies of Radiation effects in Nuclear Materials

The operating temperature of next-generation reactors surpasses that of their predecessors sig-
nificantly, promising greater thermal efficiency, and thereby boosting electrical output and over-
all performance [83]. Despite the benefits, this increment in operational temperature places a
substantial demand on the materials involved, requiring exceptional thermal resistance. The
materials must maintain their mechanical strength and structural integrity under these height-
ened temperature conditions to guarantee the reactor’s safety and durability [84]. In addition,
the materials employed within these reactors must exhibit high radiation tolerance.The issue
of radiation damage is of great significance during the operation of nuclear reactors. It arises
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Figure 6: Temperature and radiation dose demands for in-core structural materials for the
operation of the six proposed GIV advanced reactor concepts, contrasted with existing gen ii/iii
systems. (Adapted from [85])

from the interaction of high-energy neutrons with the atoms present in the reactor’s materi-
als, resulting in their displacement from their typical locations within the crystal lattice. This
displacement has the potential to generate point defects, such as vacancies (where atoms are
absent) and interstitials (where atoms are inserted between others), as well as the formation of
defect clusters. [47]. Over time, these effects can deteriorate the material’s mechanical prop-
erties, compromising the reactor’s operation.The intricate relationship between the formation
of these point defects and the subsequent alteration of the materials’ overall properties will be
addressed at a later stage, following the discussion on the impact of radiation in space power
production technologies.

The aforementioned operational conditions are summarized in Figure 6. It illustrates how these
conditions epitomize the potential severity of radiation damage and temperature fluctuations in
Gen IV reactor concepts. Referring to Figure 6, "dpa" (displacements per atom) is a metric used
to assess the number of atomic displacements in a material due to irradiation. This metric is
closely tied to the collisional cascade, a phenomenon associated with irradiation damage, detailed
in Section 0.5. When the dpa value exceeds 1, it indicates significant atomic displacement, but
while these damage events occur, simultaneous recovery processes work to offset the effects of
the damage. A comprehensive understanding of dpa and its impact is detailed in Section 0.5.

The following provides a succinct yet comprehensive exploration of the impacts that radiation
can induce in materials. This includes intriguing insights into the concurrent effects of radiation
and corrosion in LFR. Such combination of factors can potentially induce more severe outcomes
compared to those produced in other technological systems, such as Light Water Reactors (LWR)
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[85].

In the following a bullet list presents the major radiation induced effects in materials.

• SWELLING: Certain materials experience a process of isotropic expansion, commonly
called swelling. This intricate transformation is propelled by the build-up of radiation-
induced defects, seamlessly interwoven with nuclear reactions and the atomic composition
of the material. Central to this process are the atomic displacements prompted by high-
energy particles. Such displacements result in vacancies or interstitials within the crystal
framework. Notably, while individual vacancies may not have a direct impact on swelling,
even in substantial numbers, their cumulative effect gives rise to voids. Upon interaction
with gaseous fission byproducts, especially helium, these voids transform into structures
termed as bubbles. Further complicating the scenario, radiation-induced dislocation loops
augment the swelling phenomenon. These loops primarily capture interstitials, resulting
in a predominant presence of vacancies. Instead of diminishing, these vacancies converge,
further enhancing the swelling. [86, 87, 88, 89].

• TRANSMUTATION: Neutrons have the remarkable ability to induce nuclear reactions
within materials, forming new elements or isotopes when captured. Neutron absorptions
may give rise to the production of unstable isotopes, which subsequently undergo decay,
emitting additional radiation. Consequently, the overall radioactivity of the material is
intensified through this transmutation process This process significantly impacts the per-
formance and properties of these materials. It affects crucial aspects such as structural
integrity, thermal conductivity, and corrosion resistance. [90, 91].

• IRRADIATION CREEP & STRESS RELAXATION: Irradiation creep and stress
relaxation are two distinct manifestations of the same underlying phenomenon: viscous
flow. This flow arises due to defects, whether induced by temperature or irradiation. In the
context of irradiation creep, it represents the time-dependent deformation observed when
a material is subjected to a constant irradiation flux, compounded by the inherent thermal
creep present in materials. This deformation is primarily attributed to the migration of
vacancies and interstitials, propelled by the thermal gradients and stress fields induced
by irradiation. As these imperfections migrate and interact with dislocations, they lead
to a continuous deformation of the material [92, 93]. Conversely, under constant strain
conditions, the viscous flow results in stress relaxation. This process entails gradually
reducing internal stresses within a material over time. Such relaxation occurs as defects,
like dislocations and vacancies brought about by irradiation, undergo annihilation and
recombination. As these defects are annihilated, the internal stresses within the material
progressively dissipate, leading to an overall reduction in stress levels. [94, 95].

• EMBRITTLEMENT: The embrittlement induced by radiation presents substantial dif-
ficulties in maintaining the structural stability of materials employed in nuclear reactors.
The exposure of materials to radiation may cause a decline in their mechanical proper-
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ties, notably their capacity for deformation (ductility) and resistance to fracture (fracture
toughness). After high-energy neutrons interact with the atomic structure of the material,
a variety of defects, such as vacancies and interstitials, alongside dislocation loops and clus-
ters, can be generated. These point defects may obstruct dislocation movements, which are
line defects in the crystal structure that facilitate plastic deformation. Consequently, the
material’s capacity to sustain plastic deformation and absorb energy diminishes, thereby
causing an increase in brittleness. The stress-strain curves of materials under tension or the
utilization of Ductile to Brittle Transition Temperature (DBTT) curves can well illustrate
this phenomenon [96, 97, 98, 99]. DBTT curves delineate a unique temperature specific
to certain materials, particularly metals, and alloys, signifying the shift from ductile (ca-
pable of plastic deformation) to brittle (prone to fracture without significant deformation)
behavior. The influence of radiation on DBTT is a critical factor to consider for materi-
als subjected to radiation environments, especially in nuclear applications. Radiation can
notably modify a material’s DBTT, pushing it towards higher temperatures and thereby
escalating the potential for brittle fractures [100, 101].

• HARDENING: This refers to the enhancement in material hardness and resistance to
deformation, which results from the accumulation of radiation-induced defects and their
interplay with the material’s microstructure. Various processes are involved in the hard-
ening induced by radiation. One such process involves the build-up of point defects that
obstruct the movement of dislocations, which are instrumental in the plastic deformation
of materials. This hindrance to dislocation movement leads to an increase in material
hardness. Another process is associated with the creation of radiation-induced disloca-
tion loops. These loops hinder dislocation movement and contribute to the material’s
hardening. Moreover, dislocation loops can interact with point defects, such as vacancies
and interstitials, ensnaring and restricting their mobility, further boosting the hardening
effect [102, 103]. It is imperative to underscore that hardening and embrittlement are
intrinsically linked, representing two facets of the same fundamental phenomenon: the
accumulation of defects impeding the motion of dislocations.

Radiation resistance is a critical property for materials used in LFRs due to the high radia-
tion levels within these reactors. Ferritic/martensitic steels, such as Grade 91 or T91, demon-
strate impressive resistance to radiation. According to some authors, this can be attributed to
their body-centered cubic (bcc) lattice structure, which effectively accommodates and recovers
from radiation-induced defects, minimizing material degradation during irradiation. In contrast,
austenitic steels with their face-centered cubic (fcc) lattice structure do not offer the same level
of radiation resistance [104, 105]. Some authors criticize this idea of higher susceptibility of
FCC structures to radiation-induced swelling and phase instability under high neutron doses
due only to the crystalline structure. Iwase et al. [106] suggest that the differences in crystal
structure does not significantly affect the primary damage production and observed radiation-
induced annealing. Instead, they propose that electron-phonon coupling, which refers to how the
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energy deposited in the electronic system relaxes, may play an important role even in low-energy
ion irradiations. Additionally, Ward’s findings [107]indicate that ferritic swelling resistance is
not solely attributed to the lattice structure but is influenced by various factors, including im-
purity content, damage depth, and pre-irradiation microstructure. However, it is essential to
stress that while ferritic/martensitic steels seem to outperform austenitic steels regarding radi-
ation resistance, they generally exhibit inferior corrosion resistance, especially in liquid metal
environments commonly encountered in LFRs. Therefore, the choice between these steel types
will often depend on the specific conditions and requirements of the reactor environment [67].
This differences in materials behaviour seems to disappear when temperature increases above a
certain threshold [56].

The combined effects of corrosion and irradiation in Liquid Metal Fast Reactors pose unique
challenges in maintaining materials’ structural integrity and long-term performance. While
radiation alone can cause material damage, the corrosive environments exacerbate degradation
mechanisms, resulting in complex interactions between radiation and corrosion. It is essential
to comprehend and address the combined effects of corrosion and irradiation to ensure the safe
and efficient design and operation of LFRs.

Several studies [45, 108, 109, 110] have reported that the Liquid Metal Embrittlement (LME)
of standard F/M steels can be significantly intensified by irradiation, leading to a more severe
reduction in tensile elongation and fracture toughness compared to non-irradiated conditions. A
comparison of stress-strain curves between irradiated and non-irradiated steels tested in liquid
lead-bismuth eutectic (LBE) reveals notable differences, as reported in Figure 7 (d).

The mechanical behavior of steels is affected by irradiation and the unique LBE environment,
contributing to these distinctions [45, 108, 109, 110]:

1. Yield Strength: Irradiated steels exhibit a higher yield strength in LBE than non-irradiated
steels. It is worth mentioning that this phenomenon generally occurs on irradiated steels
independently of the Lead exposure.

2. Strain Hardening: Strain hardening behavior shows discrepancies between irradiated and
non-irradiated steels in LBE. Irradiated steels demonstrate a reduced strain hardening
rate, resulting in a more gradual increase in stress with increasing strain compared to
non-irradiated steels.

3. Ductility: Irradiation affects ductility, further influenced by the LBE environment. Non-
irradiated steels generally exhibit higher and better uniform elongation in LBE than ir-
radiated steels. The presence of LBE exacerbates embrittlement by promoting corrosion
and accelerating crack propagation.

4. Ultimate Tensile Strength: Irradiated steels tested in LBE may show a reduction in ulti-
mate tensile strength (UTS) compared to non-irradiated steels
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Figure 7: (a) Schematic diagram showing the effect of three damage mechanisms on the shift to
higher temperatures of the ductile-to-brittle transition temperature (DBTT) due to the irradi-
ation embrittlement of RPV steel [111]. (b) Schematic diagram showing the effect of increasing
neutron fluence on the tensile stress–strain diagram for typical ferritic steel [111]. (c) Compari-
son of the unirradiated and irradiated DBTT Charpy curves for specimens of HT9 and ORNL
9Cr-2WVTa steels irradiated at 365ºC [112]. (d) Comparison of stress–strain curves of irradiated
and non-irradiated T91 F/M steels tested in tension in both air and liquid LBE. [108]

Figure 7 reveals the intricate relationships between irradiation and the behavior of steel mate-
rials. Figure 7 (a) illustrates how damage mechanisms influence the ductile-to-brittle transition
temperature (DBTT) shift to higher temperatures in RPV steel. Figure 7 (b) demonstrates the
correlation between increasing neutron fluence and the tensile stress-strain diagram in ferritic
steel. Figure 7 (c) compares DBTT Charpy curves for different steels, highlighting the contrast
between unirradiated and irradiated specimens. Lastly,Figure 7 (d) presents a comparative anal-
ysis of stress-strain curves for irradiated and non-irradiated T91 F/M steels, emphasizing the
combined effects of radiation and exposure to liquid LBE.
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So far, the multidimensional challenges posed by corrosion in LFRs and the radiation effects on
materials have been explored, delving also into the nuances of how radiation could accelerate
corrosion issues. These challenges are valuable opportunities to redefine conventional materials.
This brings the discussion to the next phase: the potential solutions to these pressing issues by
revisiting materials. The upcoming examination will focus on innovative materials’ potential,
considering both their inherent properties and possible modifications as prospective solutions.
Their ability to endure the severe conditions within LFRs and to effectively alleviate corrosion
and radiation hazards will be meticulously assessed.
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0.2.5. Advancements in Corrosion and Radiation Resistant Materials for Liq-
uid Metal Fast Reactor: Exploring Beyond Traditional Steel Alloys

The preceding part has revealed the primary categories of steels, namely F/M and Aus, which
extensive research has focused on regarding the corrosion resistance of LFR structural materi-
als. However, in pursuing progress in this field, numerous alternative materials have emerged
as potential game-changers in the last two decades. Motivated by this ambition, the scientific
community has aimed at deploying innovative bulk materials with corrosion-resistant properties
and radiation tolerance. Achieving this ambitious objective requires replacing materials like
316L, 1515-Ti, or low-activation EUROFER-97 steels and establishing a thorough qualification
and testing process for the new alloys. Identifying suitable candidates for licensing involves sur-
mounting challenges related to meeting structural requirements and demonstrating satisfactory
mechanical performance, particularly in the presence of irradiation. Moreover, these materials
must be not only desirable but also cost-effective, offering significant enhancements in terms of
chemical compatibility, gas retention, and an expanded operational range when compared to the
current state-of-the-art technologies [16, 85].

For the reasons mentioned, it is necessary to expand upon the present discussion by providing
an overview of several alternative materials that have emerged as potential enhancements in the
field over the past two decades. The following section highlights the main alternatives.

Oxide Dispersion Strengthened Steels

Oxide dispersion-strengthened (ODS) steels, specifically ODS-FeCr steels, are renowned for a
distinctive microstructure characterized by the uniform dispersion of nanoscale Y-Ti-O clusters
within a fine-grained, ferritic (bcc) matrix [113]. This characteristic microstructure is reported
in Figure 8 (a). These tiny oxide clusters act as barriers, impeding the movement of dislocations
and endowing the steel with unparalleled resistance to creep at high temperatures, surpassing
dispersoid-free F/M steels like T91. Moreover, the several interfaces between the nanoclusters
and the matrix serve as effective traps for radiation-induced defects [114], fortifying the steel
against embrittlement and swelling caused by irradiation. With its fine-grained composition, this
unique microstructure not only bestows higher strength but also preserves a desirable pinning
effect on grain boundaries [115].

The ODS-FeCr Al-enriched steels [116], in particular, combine the advantages of ODS-FeCr steels
with the ability to form passivating alumina (Al2O3) scales due to the inclusion of aluminum
(Al) [117]. Alumina, as it will be discussed deeply later, is known for its unwavering stability
under extremely low oxygen conditions, and shields the bulk steel from corrosive dissolution,
making these steels one of the appealing choice for fuel cladding materials in cutting-edge LFRs.

However, the wide-scale adoption of ODS-FeCrAl steels faces two significant hurdles. Firstly, the
lack of mature, large-scale manufacturing methods and joining technologies remains a pressing
challenge. The intricacies of joining processes, capable of disrupting the crucial dispersion of
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Figure 8: (a) Typical microstructure of the Fe–Al–O ODS alloy, SEM. [117]. (b) SEM surface
morphology of Nb before and after exposure: (b.1) before exposure; (b.2) after exposure in LBE
for 1000 h [119].

fine oxide particles within the steel, require further development. Furthermore, the occurrence
of LME poses a significant concern for bcc-structured steels of this kind when subjected to low
temperatures [45].

Refractory Metals

Refractory metals, namely tungsten (W), molybdenum (Mo), niobium (Nb), and tantalum (Ta),
exhibit favorable characteristics for high-temperature engineering applications due to their high
melting points and excellent strength. These metals demonstrate notable resistance to creep,
void swelling, and low solubility in oxygen-poor liquid lead-bismuth (Pb) and lead-bismuth
eutectic (LBE), making them potential candidates for future use in Liquid Fluoride Reactors
[118].

However, employing these metals in nuclear systems presents challenges, including their suscep-
tibility to low-temperature irradiation embrittlement, limited oxidation resistance (a concern for
high-oxygen-content High-Level Molten systems), poor weldability, and manufacturing difficul-
ties [118].

To illustrate the impact of corrosion on this metal class, a specific case involves exposing Nb
to LBE containing 5*10-6 wt% oxygen at 700 °C. As depicted in the Figure 8 (b), after 1000
hours of exposure, severe and uneven corrosion occurs, resulting in deep grooves aligned with the
machining traces. Additionally, observable Nb particles with sizes ranging from approximately
5 to 20 µm further exemplify the deleterious effects of corrosion [119].

MAX Phases

The class of materials known as MAX phases represent a group of ternary carbides and nitrides.
These unique compounds are described by the general formula Mn+1AXn, where the subscript
’n’ can take values of 1, 2, or 3. In this formula, ’M’ represents an early transition metal, ’A’
denotes an element from groups 13–16 in the periodic table, and ’X’ can be either carbon (C)
or nitrogen (N) [120, 121, 122]. What makes the MAX phases truly captivating is their hcp
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crystal structure (P63/mmc space group), which imparts their various properties, combining
characteristics of both ceramics and metals. Depending on their precise composition, the MAX
phases can exhibit significant thermal stability, high strength, excellent thermal and electri-
cal conductivity, appealing damage tolerance, low hardness, and machinability comparable to
graphite. The choice of elements M, A, and X and the value of ’n’ in the Mn+1AXn formula
determine the specific properties of the MAX phases.) [123]. Notably, the MAX phases offer
the intriguing possibility of creating solid solutions by partially substituting the M, A, and/or
X elements with other elements, denoted as M’, A’, and/or X’. This capability allows for precise
tailoring of the MAX phases’ properties, such as phase purity, coefficient of thermal expansion,
oxidation/corrosion resistance, and radiation response, to meet the specific requirements of the
desired application [124, 125, 126, 127]. When considering potential applications in nuclear en-
vironments close to the reactor core, such as fuel cladding tube coatings, a careful preselection
of elements used in MAX phases has to be assessed. For example, elements with high neutron
cross-sections, like Hf, Ta, and Mo, must be excluded due to the significant high neutronic
absorption cross-sections associated with MAX phases containing substantial fractions of such
elements, rendering their use impractical .

The resistance of MAX phase compounds to liquid metals and corrosive environments has been
the subject of extensive research. Utili et al. explored the possibility of using Ti3SiC2 as a
material for Gen-IV LFR pump impellers by exposing it to flowing liquid Pb (approximately
1 m/s) [128]. Later investigations by Lapauw et al. exposed various MAX phase ceramics
to oxygen-poor static (with O concentrations below 2.2*1010 wt%) and fast-flowing (with O
concentrations around 5*109 wt%) liquid LBE at 500°C for durations ranging from 1000 to 3500
hours. These studies revealed that the quasi phase-pure (Nb,Zr)4AlC3 MAX phase ceramic
displayed excellent resistance to dissolution and erosion/corrosion [125].

Despite their outstanding properties, MAX phase-based ceramics have relatively low fracture
toughness, albeit considerable for ceramic materials. This characteristic limits their suitability
for structural applications requiring monolithic forms. For example, the highest fracture tough-
ness reported for MAX phase ceramics was approximately KIC = 17.9 MPa*m1/2 for highly
textured Nb4AlC3 [129]. The SEM micrographs exhibit distinct damages on the fracture sur-
faces, portrayed in Figure 9 (a,b). These intricate patterns of fractures and fissures provide
insights into the critical material’s response to external forces.

However, MAX phases possess another remarkable feature that makes them appealing for Gen-
IV LFRs operating at temperatures above 600°C: their exceptional neutron radiation tolerance
[132, 133, 134]. Figure 10 (a) illustrates that in neutron-irradiated Ti3SiC2 at 735°C, grain
boundaries (GBs) act as sinks for radiation-induced defects, resulting in large defect-denuded
zones adjacent to the GBs, that is a region where the presence of radiation-induced defects is
notably reduced or absent. This phenomenon signifies that the defects generated by radiation
tend to accumulate and concentrate at the grain boundaries, leaving the adjacent region rela-
tively defect-free. At higher irradiation temperatures (1085°C), Ti3SiC2 grains appeared to be
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Figure 9: SEM micrographs of the damaged modes observed in fracture surfaces of (a, b) Ti2AlC
MAX phase [130]. A fracture morphology of SiCf/SiC composite [131]

essentially defect-free, indicating effective self-healing of radiation-induced defects (Figure 10
(c)). These findings further support the promising use of MAX phase ceramics in Gen-IV LFRs
[133].

MAX phase ceramics are expected to be used in Gen-IV LFRs in the future due to their pros
and cons. They are particularly suitable for certain purposes like protecting fuel cladding tubes,
pump impeller blades, bearings, and bushings. It’s important to recognize that the drawbacks
of these structural materials can be reduced through smart engineering design. By utilizing
the material’s strengths and avoiding harsh operating conditions, we can overcome its inherent
limitations to a certain degree. [135].

Figure 10: TEM Bright Field images of Ti3SiC2, neutron irradiated to 3.4 dpa at 735 °C (a,
b) and 1085 °C (c). (a) Large defect-denuded zones (DZ, arrows) next to GBs suggest that
the latter act as sinks for radiation-induced defects, showing the self-healing potential of the
MAX phases. (b) The strong mottled contrast indicating radiation damage in the parasitic TiC
grain makes a sharp contrast to the defect-free neighbouring Ti3SiC2 grain (cross). (c)Defect-
free Ti3SiC2 grains irradiated at 1085 °C suggest the effective self-healing of radiation-induced
defects at elevated temperatures [45]
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SiC fiber-reinforced SiC matrix composites

SiC fiber-reinforced SiC matrix composites (SiCf/SiC) have a range of desirable properties that
make them highly suitable for LFRs applications. These composites exhibit excellent radia-
tion tolerance, with minimal (≈1%) radiation swelling up to temperatures around 1200°C [65].
SiCf/SiC also possesses high mechanical strength, resistance to creep at high temperatures, good
oxidation resistance, neutron transparency, and chemical compatibility with liquid lead-bismuth
(Pb and LBE) [136, 137].

Despite their advantageous properties, SiCf/SiC composites still encounter technical challenges
restricting their widespread usage as a long-term material solution. One significant challenge is
the hermeticity of fuel cladding tubes, which has not been fully guaranteed thus far. Progress has
been made with concepts like the CEA sandwich design, which incorporates a ductile metal liner
between two SiCf/SiC composite layers, and the production of highly dense SiCf/SiC composites
through liquid phase sintering (LPS), such as the nano-infiltration and transient eutectic phase
(NITE) process [138]. However, ensuring reliable hermeticity remains a concern, especially for
fuel cladding tube applications.

The brittleness of monolithic SiC (with a fracture toughness of approximately 2.5-3 MPa m1/2 [139])
presents another challenge for SiCf/SiC composites. The brittle nature of the SiC matrix leads
to microcracking at low-stress levels, which compromises the hermeticity of SiCf/SiC compos-
ites during service. Overcoming this issue is crucial for successful implementation. A fracture
morphology of SiCf/SiC composite is reported in Figure 9.

Furthermore, the absence of mature joining techniques and cost-effective manufacturing tech-
nologies capable of producing SiCf/SiC composites on an industrial scale is a significant obstacle
that needs to be addressed. Additionally, cost-effective manufacturing processes are required to
enable large-scale production and make SiCf/SiC composites economically viable for widespread
use [45].

Moreover, advancements in manufacturing technologies, such as additive manufacturing (3D
printing) and advanced sintering techniques, offer the potential for the cost-effective production
of SiCf/SiC composites on an industrial scale. These manufacturing methods allow the creation
of complex geometries and have the potential to reduce production costs through improved
material utilization and process efficiency [140], although challenges related to licensing this
approach need to be addressed.

Surface Alloying: Potentials and Challenges in Steel Enhancement

Surface alloying treatments constitute a significant segment within surface modification methods.
Such processes typically involve modifications to the external layers of substances, predominantly
steel alloys, leaving the internal composition unaltered [141, 142, 143, 144, 145] . A subset of such
alloys, the Alumina-Forming Austenitic (AFA) steels, are a class of high-temperature stainless
steels devised to offer superior resistance against oxidation and creep compared to conventional
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steels [146]. The term ’AFA’ stems from their unique capability of developing a defensive
alumina (Al2O3) layer under high-temperature oxidizing conditions [147]. This alumina layer is
fundamentally stable and forms a formidable barrier against further oxidation, which imparts
significant anti-corrosion qualities [148]. Unlike traditional austenitic steels such as type 304 and
316, where chromium forms a protective layer, the alumina layer in AFA steels provides enhanced
stability and protection, thus making them suitable for high-temperature applications [148].
Surface alloying methods present several advantages, especially for nuclear-grade steels. They
provide improved corrosion resistance in harsh environments [142, 143, 149], and the adherent-
formed ceramic scale enhances surface hardness, which improves the material’s resistance against
erosion, fretting, and wear [150]. The layer can be up to 100 µm thick and possess self-healing
properties [141], [144]. Nonetheless, such methods have inherent limitations. They demand a
specific oxygen level, which can complicate oxygen control in a power plant context. Moreover,
high temperatures are often required for establishing a stable and homogenous interlayer, which
might not always be compatible with the steel substrate following thermal treatments and cold-
working procedures [141, 144].

The Gepulste Elektronen-Strahl Anlage (GESA) is another prominent example of a surface
alloying technique. In this technique, an aluminum foil of about 20 µm is applied on the
substrate and is exposed to an electron beam. This high-energy radiation melts the Al foil and
the top micrometers of the substrate, forming a new alloy surface [144, 149]. The alloy layer
provides improved corrosion resistance, thus minimizing the dissolution of steel components [144,
149]. However, the GESA alloying technique faces obstacles under radiation due to radiation-
induced embrittlement. Radiation appears to reduce the threshold for the onset of cracks and
alters the density and width of these cracks [151]. This suggests that under radiation, the
protective benefits of the GESA-alloyed layers could be jeopardized due to localized cracking
and embrittlement.

Coatings

The discussed methods for safeguarding steels from dissolution attack in heavy liquid metal
(HLM) environments include controlling oxygen concentration to form an oxide layer and mod-
ifying the steel matrix with reactive elements like Al, Cr, and Si. However, both methods face
challenges including temperature sensitivity, uncertain longevity, and complex interplays with
oxygen and temperature [152, 153, 154, 155]. Potential solutions such as metallic glasses and
high entropy alloys show promise for nuclear reactor applications due to their strong mechanical
properties and corrosion resistance. However, they require further investigation, especially their
corrosion resistance in HLM, and more feasible production methods [155, 156].

Coating technologies, specifically metallic and ceramic ones, offer advantages including cost and
time efficiency, and the ability to engineer surface properties without affecting structural in-
tegrity. However, issues including lack of self-healing properties, compatibility with substrates,
and risk of delamination limit their acceptance. The effectiveness of coatings depends greatly on
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Figure 11: Ellingham diagrams of the standard Gibbs free energy of oxide formation per mol
O2 (left y-axis) as a function of: (a) the oxygen partial pressure in the gas plenum above the
HLM melt, (b,c) the concentration of dissolved oxygen in liquid Pb and liquid LBE, respectively,
(right y-axis), and temperature (x-axis) for the formation of oxides due to the oxidation of the
main steel alloying elements in liquid Pb and LBE [45].

the application technique, with Physical Vapour Deposition (PVD) showing particular promise
[155]. For example, the corrosion and irradiation behavior of Fe-based amorphous metallic
glass coatings have been studied, revealing superior corrosion resistance and irradiation toler-
ance compared to uncoated steels [156]. High Entropy Alloys (HEA) coatings have also shown
promising characteristics such as phase stability and oxidation resistance [155, 157, 158]. How-
ever, their response to temperature changes and irradiation needs further investigation [159].
Ceramic coatings, especially Al2O3 and Cr2AlC, offer corrosion protection due to their mechan-
ical, chemical, and thermal properties [155]. However, issues remain in terms of their toughness
and adhesion on substrates. Nitride and carbon-based coatings present improved toughness and
compatibility [160], with the latter demonstrating superior corrosion resistance, smoothness, and
self-lubricating qualities, making them suitable for dry friction environments.

Despite the challenges, protective coatings are considered crucial for future-generation nuclear
systems and are already in the licensing process for enhancing the performance of current LWRs
according to Westinghouse and Framatome research programs [161, 162].

Finally, the amorphous alumina coating, a product of research at CNST @PoliMi [163] of IIT
and x-nano [164], is promising. This material is a focal point of this thesis, thus, a comprehensive
examination of its properties will be initiated in the subsequent section.

One of the reasons behind the choice of studying this material comes initially from a thermody-
namic perspective, because Al2O3 is considered an excellent choice for protecting steel in liquid
lead environments for several reasons. Firstly, the favorable properties of alumina include its
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high thermal stability and exceptional resistance to corrosion in various environments, including
in contact with molten metals such as lead [45]. From the standpoint of thermodynamics, the
Ellingham diagram is a key tool for understanding reactivity and stability. Ellingham diagrams
plot the Gibbs free energy change (∆G) for oxidation reactions against temperature. A sub-
stance with a more negative ∆G of formation will be more stable than one with a less negative
value. Alumina is lower in the Ellingham diagram, indicating a more negative free energy of for-
mation than many other oxides, including iron ones. This means alumina is thermodynamically
more stable than iron oxides at a given temperature, making it less likely to react. Ellingham
diagrams of the standard Gibbs free energy of oxide formation considering the oxygen partial
pressure in the gas plenum above the HLM melt, and the concentration of dissolved oxygen in
liquid Pb and liquid LBE are reported in Figure 11 showing what just discussed.

Therefore, when alumina is used as a protective layer, it acts as a barrier that prevents the steel
from reacting with liquid lead.
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0.2.6. The Cutting-Edge Advances in PLD-Grown Alumina Coatings

A previous discussion examined the benefits and drawbacks associated with coatings. The
disadvantages of coatings, such as the lack of self-healing properties and coverage issues, argue
against their utilization. Furthermore, ceramic materials, specifically alumina films developed
by IIT, have been discouraged due to their inherent brittleness. Expanding upon these initial
considerations, this section focuses on the properties of alumina and alumina-based films created
through the Pulsed Laser Deposition (PLD) technique. The subsequent pages provide a detailed
account of the characterization tests conducted on the candidate material and highlight the
noteworthy accomplishments. Additionally, the section provides an overview of the upcoming
chapters by introducing the main objectives of the Ph.D. thesis.

Figure 12: (a) SEM and cross-sectional image of as-deposited PLD-grown Al2O3 films. The
material appears fully dense (i.e. no porosities) and well attached to the surface. The film
quality is very high, with minimal defects.No evidence of grain boundaries is found by SEM,
suggesting the amorphous nature of the material [165]. (b) Top view SEM images of nano-
indented alumina film. The coatings can undergo severe plastic deformation without cracking
or delaminating: no cracks are found at the edges of the indentations or departing from imprint
corners [166]

The investigation into PLD-grown alumina coatings for nuclear reactor applications commenced
in 2010 within the NanoLab research group at Politecnico di Milano. However, significant ad-
vancements were later made, particularly at the CNST@PoliMi - IIT laboratories, with the
contributions of F.G. Ferré and F. Di Fonzo [166, 167, 168]. The authors employed PLD, a
specific Physical Vapor Deposition technique [169, 170, 171], to develop a nano-ceramic alumina
coating. The fabrication process is not described here, but further information can be found
elsewhere [172]. Nevertheless, Pulsed Laser Deposition enabled researchers to achieve the depo-
sition of a fully dense amorphous film at room temperature. The as-deposited films exhibited a
smooth and uniform surface, characterized by high compactness without any porosities (Figure
12 (a) ), and showcased minimal defects and sharp interfaces. Atomic Force Microscopy (AFM)
was employed to measure the roughness, which closely resembled the substrate’s one. The den-
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Figure 13: Mechanical response of amorphous Al2O3 at room temperature: simulations and
experimental data. (a) Experimental tensile stress as a function of strain. Inset I shows the
length of the free-standing tensile sample at the onset of elastic contact (strain 0.0), and inset
II shows the length of the tensile sample after its fracture from the bottom part (scale bars,
500 nm). In the insets, the sample is highlighted with white borders, while another piece of
the PLD film partially overlaps the sample in the image but does not interact with the sample
during the test [176]. (b) Simulation of time-dependent flow behavior of amorphous Al2O3 at
room temperature:Averaged simulated (N = 6 for each data point) flow stress as a function of
the strain rate measured and averaged between total strain of 25 and 50%. Error bars show
standard deviation [176].

sity and compactness were evaluated using Ellipsometry. Ferré et al. [166] reported a density
value of 3.47 ± 0.02 g/cm3 for the pristine film deposited at room temperature. These values
indicate a more compact material than usual, as the density of amorphous alumina generally
falls within the range of 2.8 to 3.2 g/cm3 according to existing literature [173, 174]. The amor-
phous nature of the room temperature films was confirmed through X-Ray Diffraction (XRD),
Raman Spectroscopy, Infra-Red (IR) Spectroscopy, and other techniques [165, 168, 175]. In
terms of mechanics, the mechanical properties of alumina coatings grown through PLD were
initially assessed using the Ellipsometry - Brillouin - Nano-indentation (EBN) technique [166].
The results indicated a combination of mechanical properties resembling metals and exhibiting
higher hardness. While the hardness remained above 10 GPa, which is typical for ceramics,
the measured mechanical moduli and Poisson’s Ratio were similar to those found in traditional
structural steels like austenitic 316L [166]. These properties contribute to the coatings’ high re-
sistance against erosion, scratching, and fretting. Unlike bulk ceramics, the Al2O3 films do not
display typical brittleness but rather can undergo plastic deformation under mechanical loads
due to shear band mechanisms inherent in ductile materials as visible in Figure 12 (b).

Recent studies have provided further evidence of the plastic behavior exhibited by PLD-grown
alumina films. E.J. Frankberg conducted in situ nano-mechanical testing on independent Al2O3

layers as part of his Ph.D. research [175, 176]. The experiments revealed a deformation to
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rupture of approximately 15% under compressive and tensile loading, while traditional aluminas
fracture at much lower levels [175, 176]. Molecular Dynamics (MD) simulations were employed to
support these experimental findings, suggesting that this remarkable plasticity results from the
material’s viscous creep, which can be activated under mechanical load even at room temperature
[175, 176]. Hence, this plastic behavior is expected to persist as long as the material maintains
its original amorphous structure. This study was recently published on Science [176].The Figure
13 provides a comprehensive view of amorphous Al2O3’s room-temperature behavior, blending
empirical (Figure 13 (a) ) data with theoretical simulations (Figure 13 (b)).

In the context of nuclear reactor research, alumina coatings were characterized in relevant envi-
ronments. The chosen environments were pure lead for application in Lead-cooled Fast Reactors
(LFRs) and Lead-Lithium Eutectic (LLE) for fusion blanket systems. Ferré et al. conducted
chemical compatibility analyses in a static lead environment [167]. Short-term corrosion tests
were performed on T-91 steel plates, with and without Al2O3 coatings, under oxidizing condi-
tions for 500 hours at 550 °C. The results demonstrated the protective nature of alumina coatings
in oxidizing conditions within the specified timeframe. Similarly, D. Iadicicco conducted similar
tests as part of his Ph.D. research [177]. EUROFER-97 steel substrates, both coated and un-
coated with Al2O3, were exposed to Pb-16Li in a static dissolutive regime for 1,000 hours at 550
°C. Although the complete effectiveness of the alumina layer in LLE environments could not be
fully determined due to chemical interactions with the liquid medium, the underlying substrate
remained unaffected by the Pb-16Li, indicating positive outcomes from the conducted tests.

Moreover, the response of the films to irradiation was investigated (Figure 14). Heavy ions
were utilized to study the radiation-induced damage in the material to gather efficient and
timely data. Irradiation experiments were designed based on sample geometry, and PLD-grown
films were subjected to 12 MeV Au5+ and 18 MeV8+ W ions at 600 °C, resulting in a total
displacement per atom (dpa) of 150 [168, 178]. dpa is a unit used in radiation damage science to
quantify the extent of damage experienced by a material exposed to irradiation. It signifies the
average number of times each atom in a material has been displaced from its original position
due to interaction with high-energy particles such as neutrons or ions. Following irradiation, the
samples were collected and subjected to various characterization techniques such as Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Scanning Transmission
Electron Microscopy (STEM), X-ray Diffraction (XRD), and Nano-indentation. The evolution
of the material under irradiation is illustrated in Figure 14 [168, 178].

Under irradiation, the material transformed its original amorphous matrix to a micro-crystalline
state. The specific crystalline phases that formed depended on the irradiation conditions. Im-
portantly, no failures, delamination, or cracking were detected during the investigations [168,
178, 179]. The energy delivered by the ions was effectively absorbed and dissipated through local
rearrangement, resulting in a final configuration with increased stability in the form of a crys-
talline structure. The initial amorphous alumina film provided a significant advantage in this
regard due to its nanostructured configuration [175]. From a mechanical perspective, radiation-
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Figure 14: The bright field transmission electron microscopy (TEM BF) and electron diffraction
patterns provide insights into the transformation of pulsed laser deposition (PLD) grown Al2O3

under the influence of heavy ion irradiation. Initially, in its pristine state (a), the material
presents an almost entirely amorphous structure. However, the exposure to irradiation triggers
crystallization, as depicted in figures (b, c, and d). This phenomenon prompts a continued
process of grain growth and phase transition, which progressively intensifies as the displacement
per atom (dpa) increases [178].

induced crystallization (RIC) led to an enhancement in hardness and stiffness compared to the
pristine material. However, the irradiated films did not exhibit brittleness. Nano-indentation
and nano-scratch tests performed after ion irradiation demonstrated a certain level of remaining
plasticity in the system [168, 178].

At room temperature, recent findings indicate that even at 25 dpa, there is no evidence of crys-
tallization [180]. This significant observation buttresses the assertion that amorphous Alumina
has inherent radiation tolerance properties. As such, it is being touted as a promising candidate
for radiation-resistant coating applications.

Lastly, the formation of voids was observed as the primary radiation damage product in the
coating near the 150 dpa threshold [178]. This observation suggests that specific factors may
influence the material’s radiation tolerance. Further studies are necessary to gain a deeper
understanding of this dependence.
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0.3. Bridging Terrestrial and Cosmic Challenges: Material Solu-
tions from Lead-cooled Fast Reactors to Space Solar Power
Systems

The preceding sections conducted a comprehensive analysis of the material challenges encoun-
tered in the environment of Lead-cooled Fast Reactors (LFRs). Special attention was dedicated
to the dual constraints of radiation and corrosion, both of which are prominent factors in this
high-stress context. The exploration focused on advanced material solutions to address these
challenges, highlighting the paramount importance of material engineering in extreme environ-
ments. Coatings, particularly PLD Al2O3, were given specific attention as they pertain to the
subject matter of this work.

Transitioning to the subsequent chapter, the focus will shift from the nuclear reactor environment
to the expansive and demanding realm of space. The parameters and challenges in this context
vary, yet the underlying principle remains consistent: materials must be meticulously engineered
to withstand the rigors of extreme conditions. Moreover, nuclear and space environments are
united by ionizing radiation, which can induce detrimental effects on materials.

Furthermore, power generation through solar panels presents distinct material challenges in
space applications. The inhospitable conditions of space, encompassing radiation, significant
temperature fluctuations, and impacts from micrometeoroids, necessitate the implementation of
advanced material solutions. Additionally, due to the inherent restrictions of weight and size in
space missions, these materials must exhibit characteristics such as lightweightness, compactness,
high efficiency, and reliability.

The upcoming chapter will provide an in-depth analysis of these challenges and potential solu-
tions. As observed in the case of the LFR environment, it will be evident that innovative material
technologies are pivotal in surmounting these obstacles. The ongoing research and development
endeavors aimed at producing materials capable of enduring the harsh space environment while
optimizing the harvesting of solar energy will be thoroughly investigated.

This transition signifies the commencement of an exploration into material challenges and solu-
tions within the domain of space-based power generation. Although, as previously mentioned,
the shared presence of radiation serves as a common factor between these environments, the
utilization of coatings for developing radiation resistant solutions acts as a unifying element in
this work. This aspect has already been discussed in the nuclear scenario and will be further
expounded upon in the subsequent section relating to the space domain.
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0.4. Conquering the Technological Challenges of Space Explo-
ration: The Critical Role of Materials Science

Space exploration has captivated the human imagination for centuries, catalyzing advancements
in knowledge and technology that enrich people’s lives worldwide. Delving into the cosmos
enhances our understanding of the universe and our place within it and stimulates innovation,
fosters international cooperation, and promotes economic growth. As we embark on daring space
missions, we unveil new celestial bodies, deepen our comprehension of Earth’s natural systems,
and expand scientific knowledge through groundbreaking discoveries, such as exoplanets and
the universe’s age. Examples like the Hubble Space Telescope [181] and the Kepler Mission
[182] underscore the far-reaching benefits of space exploration, as they have allowed scientists
to study celestial bodies in unprecedented detail and conduct experiments that cannot be per-
formed on Earth. In doing so, space missions have spurred the development of cutting-edge
technologies with extensive applications on Earth, strengthened peaceful relations between na-
tions, and created opportunities for global partnerships. This multifaceted value of space science
and exploration transcends borders, uniting humanity through the shared benefits of discovery,
innovation, and collaboration.

0.4.1. Materials Challenges and Innovative Solutions for Spacecraft Opera-
tions in Harsh Environments

The extreme environment of space poses significant challenges for spacecraft operations, neces-
sitating the development of advanced materials and technologies to meet demanding operational
requirements and ensure reliability, functionality, and safety. The different regions of the uni-
verse pose unique and diversified challenges , including temperature extremes, radiation events,
thermal cycling, varying plasma densities, intense ultraviolet radiation, ionizing radiation, mi-
crometeoroids and debris impacts [183, 184, 185, 186].

The orbits in space for earth proximity application, are classified as geostationary Earth orbit
(GEO), which is a geosynchronous orbit 36,000 km directly above the equator, and medium
Earth orbit (MEO), which is between GEO and the low Earth orbit (LEO), where LEO is
defined as 200–1000 km above the Earth’s surface. Each orbit is used for different applications.
The GEO is primarily for communication satellites; MEO is used for navigation satellites such
as the Global Positioning System; and LEO is for Earth monitoring [186].

Factors such as the harsh vacuum environment, solar radiation, and the rapid temperature
cycling experienced by materials during orbital transitions strongly depend on the distance from
the earth and contribute to accelerate fatigue processes. For example, temperature extremes in
Earth orbit range from +200°C when fully exposed to the Sun, to -180°C when in eclipse, leading
to thermal expansion/ contraction and consequently thermal fatigue [185, 187]. Engineers must
account for thermal fatigue when designing spacecraft and satellite components to ensure their
durability and longevity in these demanding conditions [186]. Additionally, on-orbit charging
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(electrostatic discharge), atomic oxygen (AO), and micrometeoroids and orbital debris (MMOD)
are primary concerns for space missions due to their potential to cause significant damage
[183, 186, 188]. AO is of particularly concern. It is generated by the photo-dissociation of
molecular oxygen by intense UV sunlight, and the vacuum conditions in LEO, resulting in a high
concentration of reactive atomic oxygen, which can cause erosion and damage to the surfaces of
spacecraft materials, as shown in Figure 15 (a), impacting their longevity and functionality [186].
Moreover, as it will be discussed below, radiation poses one of the most significant challenge for
materials used in space, as exposure to ionizing radiation can result in degradation of structural
integrity, mechanical performance, and material properties [184, 185]. Indeed energetic particles
such as electrons, protons, and heavy ions in the space environment can ultimately reduce the
lifetime and functionality of spacecraft components.

Additionally, when materials traverse the vast void of outer space, they experience an outgassing
phenomenon in which volatile components embedded within their constitution are liberated as
gases [189, 190]. This occurrence, while seemingly negligible, poses a substantial hurdle, es-
pecially for materials with a porous nature. These porous materials, identified by their inter-
linked network of tiny voids or channels, demonstrate heightened susceptibility to outgassing,
an attribute attributable to their expansive surface area. The gas emissions resulting from this
process can instigate numerous adverse consequences, encompassing contamination of delicate
instruments and devices, modification of thermal attributes, and diminishing mission efficacy.
Moreover, the accumulation of outgassed substances on optical equipment, like cameras or sen-
sors, can reduce their effectiveness, and in some instances, outgassing can lead to the degradation
of the material’s structural integrity over time, potentially leading to failures in structural com-
ponents [189, 190]. The preceding discussion highlights several effects, the magnitude of which is
captured in Figure 15. This visual representation vividly portrays the profound and calamitous
repercussions that the space environment imposes on exposed materials.

These environmental factors necessitate the development of advanced materials that can with-
stand these harsh conditions, ensuring the survivability and functionality of spacecraft and their
components [184]. Traditional solutions may not adequately address all the requirements to ad-
dress all the mentioned issues and various conditions. Thus, new materials, such as self-healing
structures, are being considered to ensure long-term survival of space structures in outer space
[183]. However, self-healing materials may not always be the ideal solution for space applications
due to the unique challenges posed by the space environment, such as the harsh vacuum, ex-
treme temperature fluctuations, low-gravity conditions, and exposure to ionizing radiation [191,
192]. To address these concerns, the use of advanced coatings can play a vital role in enhancing
the durability and resilience of materials used in space. By engineering multifunctional coatings
with tailored properties, it is possible to mitigate the environmental effects while simultaneously
providing passive protection against radiation, oxidation, and thermal fatigue [193, 194].

In conclusion, addressing the diverse challenges posed by the space environment requires the de-
velopment of advanced materials that offer improved performance, reliability, and affordability.
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Figure 15: SEM images of the profound and devastating consequences of the space environment
on exposed materials. (a) Kapton surface erosion after exposure to Atomic Oxygen (AO) [195],
(b) Impact of debris on a solar cell [196], (c.1, c.2) Corrosion products on Cu foil with and
without UV light irradiation [197].

These materials should provide enhanced functionality and safety and contribute to environ-
mental sustainability. Emphasizing materials efficiency, implementing self-healing mechanisms
or the use of coatings and fostering a culture of responsible resource management within the
space industry are essential steps toward achieving these goals and ensuring the long-term suc-
cess of our space exploration endeavors.
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0.4.2. Space Power Generation for Diverse Mission Environments

Efficient power production has always been a significant challenge in space exploration, especially
considering the vast distances and diverse environmental conditions encountered in the solar
system [198]. The power generation system (PGS) is a critical component of spacecraft, whether
in Earth orbit or on missions to far-reaching destinations. The choice of power generation
technology depends on mission duration, distance from the Sun (expressed in astronomical
units, AU), and the required electrical power [199]. Electrochemical power sources like non-
rechargeable batteries and fuel cells can be employed for short-duration missions. However,
for longer missions lasting several years, options such as photovoltaic (PV) devices or nuclear
power systems (NPSs) in combination with rechargeable batteries become necessary to ensure
uninterrupted and stable electrical power [198, 199].

In situations where the distance from the Sun or planetary surfaces poses challenges, such as low
solar light intensity levels and extreme temperatures, alternative power generation systems are
required. These systems may impose additional power burdens on mission budgets due to specific
operating temperature requirements [199]. For outer planet missions, where working conditions
are characterized by low light intensity and low temperatures, NPSs emerge as the optimal
solution to meet mission requirements [199]. Radioisotope power sources, such as Radioisotope
Thermoelectric Generators (RTGs) and Radioisotope Heater Units (RHUs), can provide thermal
control and electrical power, making them suitable for such missions. The efficiency and mass of
radioisotope power sources directly impact the overall mass budgets of science payloads and the
range of mission scenarios. Plutonium-238 (238Pu) has been the most commonly used isotope
in space applications, primarily decaying by alpha emission and generating heat that can be
converted into electricity [200]. However, concerns over the limited supply and cost of producing
238Pu have prompted the exploration of alternative isotopes, including 241Am, 208Po, 210Po, and
90Sr [198].

Conversely, satellites for inner planet missions, which are closer to the Sun, rely on solar cells
(SCs) as their primary power generation technology [199]. This choice is driven by the fact that
the power density of sunlight at these distances is sufficient to meet the electricity production
requirements. By leveraging solar energy through SCs, these missions can efficiently generate
the power needed to sustain their operations in the proximity of the inner planets, including
Mercury, Venus, Earth, and Mars [199].

0.4.3. Advancements in Photovoltaic Technologies

Crystalline silicon-based solar cells (SCs) currently dominate the commercial market. However,
a limitation of silicon is its indirect-bandgap nature. A misalignment between the conduction
band’s minimum energy and the valence band’s maximum energy in the reciprocal lattice char-
acterizes indirect-bandgap materials. As a result, the required momentum for an electron in
the valence band to transition to the conduction band cannot be achieved through the only
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absorption or emission of a photon with specific energy and momentum. To address this, silicon
solar cells (SCs) require greater thicknesses (>100 µm) to optimize light absorption [201].

Other SCs typically comprise multiple materials stacked on a substrate. Various semiconduc-
tors, including germanium (Ge) and III-V semiconductors like gallium arsenide (GaAs), indium
phosphide (InP), and their alloys (InGaP, InGaAs, InGaNAs, AlInGaP, and AlInGaAs), are
commonly used as light harvesters in photovoltaic (PV) technologies for space applications [202,
203, 204, 205]. Notably, InGaP/InGaAs/Ge 3JSCs and AlInGaP/AlInGaAs/InGaAs/Ge 4JSCs,
manufactured by companies such as Azur Space, Spectrolab, SolAero, and CESI, have become
the standard in the aerospace sector due to their adherence to European and American Space
Standards and superior performance compared to other PV technologies [202, 203, 204, 205].

Semiconductors play a crucial role in SCs by absorbing sunlight and generating electron-hole
pairs, which are then transported and collected at the electrodes. The working principle of SCs
can be divided into three main steps: i) absorption of light and generation of charge carriers,
ii) separation and transport of charge carriers, and iii) collection of charge carriers. Optimizing
these three aspects is essential for enhancing the performance of SCs. Efficient sunlight absorp-
tion specifically requires the use of semiconductors with an energy bandgap (Eg) within the
visible to infrared (visIR) range, as the sun’s emission spectrum is concentrated in this region
[199].

The absorption of light is quantitatively described by the absorption coefficient (α), which should
possess two crucial characteristics: panchromaticity (to absorb the majority of sunlight) and
high value (enabling the use of thin samples to capture the entire solar spectrum and reduce the
cost of solar cells) [206, 207, 208]. Subsequently, efficient separation and transportation of the
generated free electrons and holes toward the electrode interfaces are essential. This is achieved
through strategies that utilize both drifts (resulting from an electric field at junctions between the
light harvester and charge transporting layers) and diffusion (caused by carrier concentration
gradients) processes [206, 207]. Efficient electron and hole transport throughout the various
layers of the solar cell contributes to low recombination rates and enables fast movement [206,
208]. When electron-hole pairs are generated through photogeneration, they can form excitons,
neutral bound states that reduce the number of available free carriers and increase the probability
of recombination events [209]. All of these factors significantly influence the solar cell’s power
conversion efficiency (PCE), which is defined as the ratio of the electrical power produced by
the solar cell to the incident power. It is important to highlight that the maximum theoretical
PCE is limited by the processes involved in solar energy conversion. The detailed balance limit
is also known as the Shockley-Queisser limit [210]. The Shockley-Queisser limit, named after
William Shockley and Hans-Joachim Queisser, represents a fundamental theoretical constraint
based on thermodynamics and semiconductor physics. It takes into account various factors such
as photon absorption, electron-hole pair recombination, and losses due to thermalization and
radiative recombination. For an ideal infinite sequence of light harvesters, the maximum limit
of PCE increases to 66% [199].
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Figure 16: (a) Evolution of the PCE of some PV technologies.(b) Dependence of the absorption
coefficients to excitation wavelenght for several semiconductors used in the PV industry. (c)
Schematic representation of the fabrication processes of a MJSC and its absorption spectrum.
[199]

The Shockley-Queisser limit is critical for photovoltaic technology, particularly for solar cells
constructed with crystalline silicon (c-Si), a predominant material in the field. For these c-Si
solar cells, the Shockley-Queisser limit stipulates the highest conceivable efficiency, a cap largely
influenced by silicon’s bandgap energy of roughly 1.1 electron volts (eV). This corresponds to
a hypothetical maximum efficiency of about 33.7% at room temperature. Nonetheless, actual
efficiencies of commercial c-Si solar cells fall short due to a variety of factors and constraints
[199, 211].

Several strategies have been put forth in an effort to surpass the Shockley-Queisser limit, includ-
ing the employment of lenses and mirrors to amplify the intensity of incoming solar radiation
(concentrated PV systems)[212] and the development of Multi-Junction Solar Cells (MJSCs).
The latter employs multiple light-absorbing subcells, often composed of III-V alloy semicon-
ductors with increasing bandgaps, stacked sequentially and wired in series[213]. This layered
structure facilitates more efficient absorption of the solar spectrum. Indeed, the highest recorded
PCEs both in laboratory and module instances (47.1% and 40.6% respectively) were achieved by
4-junction MJSCs operating under concentrated conditions [199]. Yet, despite their potential,
emerging photovoltaic technologies often present complex manufacturing processes and higher
costs, which means crystalline Si-based technology remains the benchmark. Figure 16 (a) of-
fers an illustrative depiction of the advances in PCE that have been achieved in diverse PV
technologies, as previously described. Conversely, the subsequent Figure 16 (b) outlines the
correlation between absorption and the excitation wavelength across a range of semiconductors
commonly employed within the photovoltaic industry. This graphical analysis helps to illus-
trate the dynamic relationship between these variables and their implications for PV technology
performance.

MJSCs, although bulky and rigid,[18,19] have garnered attention in the realm of photovoltaic
technologies intended for space applications due to their superior performance (PCE = ≈32% on
industrial scale)[14–16] and impressive radiation resilience (retaining between ≈90% and ≈87%
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PCE upon electron or proton irradiation) [202, 203, 204, 205]. As mentioned above, MJSCs
consist of a series of subcells (each with progressively increasing bandgaps) grown epitaxially
on a single substrate and stacked, forming a standard structure with two terminal contacts.
To prevent the formation of inverse p-n junctions, which could obstruct current flow, tunnel
junctions are introduced to connect the subcells in series[214]. However, the fabrication of these
devices can pose challenges due to the requirement for high-quality crystalline materials[50] and
the complexities associated with the monolithic deposition of several light-harvesting layers on
top of each other [215].

Currently, the pinnacle of space-intended devices is the 3JSC Ga0.50In0.50P/Ga0.99In0.01As/Ge
model grown on a Ge substrate (Figure 16 (c)). Despite the nearly perfect lattice-matching (LM)
of all the materials, the bandgap combination is suboptimal. The Ge bottom cell produces ap-
proximately 50% more current than the other two layers. Since the current of an MJSC is
restricted by the layer generating the minimum photocurrent (as per Kirchhoff’s current law),
the surplus current is wasted as thermal energy [216]. The 4JSC overcomes this issue by incor-
porating an additional absorbing layer between the InGaAs and Ge, which successfully reduces
the light incident on Ge and thus its photocurrent [199].

In addition to advances in metal-organic junction solar cells , another area of interest is the explo-
ration of innovative strategies to improve their performance and stability. In recent decades, hy-
brid organic-inorganic perovskites, specifically methylammonium lead triiodide (CH3NH3PbI3,
commonly known as MAPbI3), have also emerged as significant materials in the field of per-
ovskite solar cells (PSCs). These materials have enabled the development of PSCs with re-
markable Power Conversion Efficiency (PCE) values of up to 25.5% under standard conditions
(lab-scale devices, under 1 sun AM 1.5G conditions) [199]. This breakthrough has yielded
promising results, particularly for space applications [217, 218]. Several key factors contribute
to the advantageous features of these devices. Firstly, they are manufactured using cost-effective
solution-processed techniques [219], making them economically viable. Secondly, their flexibility
and low weight, with a thickness of less than 5 µm and the highest specific among all photo-
voltaic technologies, make them highly desirable [220]. Lastly, these materials exhibit notable
radiation hardness, further enhancing their suitability for space applications [221, 222].

Recent researches have focused on employing 2D materials like graphene and MXenes as Trans-
parent Conductive Electrodes (TCEs), aiming at finding viable alternatives to indium, a critical
raw material traditionally used in indium tin oxide (ITO) TCE fabrication. Successful develop-
ment of TCEs based on 2D materials could have significant implications for photovoltaics and
other fields, such as light-emitting diodes (LEDs), where substantial advancements have been
made utilizing these materials [223].

0.4.4. Radiation Effects and Damages on Solar cells and their Components

As aforementioned, when the solar wind approaches Earth, it interacts with the geomagnetic
field, trapping the incoming charged particles in two regions known as the Van Allen radiation
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belts. These belts consist of an inner zone, extending from an altitude of 3200 to 16,000 km,
and an outer zone, ranging from 13,000 to 60,000 km, that capture high-energy protons and
electrons. Specifically, the inner Van Allen belt, situated between 1000 km and 6000 km altitude,
encompasses substantial concentrations of electrons in the 100 keV range and energetic protons
exceeding the 100 MeV threshold. Meanwhile, the outer Van Allen belt primarily contains high-
energy electrons in the 0.1-10 MeV range and a modest concentration of protons in the 0.1-10
MeV energy range. The irradiation profile, including the energetic distribution and integral
flux of the incoming particles affecting a satellite’s solar panels, can significantly vary, and it
relies entirely on mission-specific factors such as the final orbit altitude and the trajectory of the
transfer vector relative to the Van Allen radiation belts [224, 225, 226].

Both directly and indirectly, ionizing radiations pose significant threats to the stability of space-
craft components. Directly ionizing radiations, such as protons and electrons, lead to ionization
and the formation of defects. Indirectly ionizing radiations, including neutrons and γ-rays, have
the potential to release charged particles within materials or instigate atomic displacement due
to nuclear scattering or recoiling [227, 228]. Therefore, gaining insights into these radiation
sources’ average energies and fluxes is of utmost importance. Damaging radiation fields can be
categorized into three main components: high energy photons (gamma and X rays), neutrons,
and charged particles (electrons, protons, and ions). Despite having relatively small interaction
cross sections, high energy photons and neutrons present a substantial interaction rate if the
incoming flux is severe, owing to their macroscopic mean free paths (ranging from millimeters
upward). This makes shielding against these types of irradiation a challenging task. Conversely,
low energy charged particles, whose penetration depths range from sub-millimetric to micromet-
ric, depending on the particle type and energy, are highly likely to interact with unprotected
cells, leading to significant damage concentration. Nevertheless, it is practical to create effective
shielding against these particles, a practice that is currently in use [199].

Key performance indicators for valuating the radiation response of SCs are the open-circuit
voltage (Voc), short-circuit current (Isc), and the maximum power (Pmax) produced by the
SCs. Various studies [229, 230] have demonstrated that SC structures suffer losses in Voc
and Isc (and consequently Pmax) as electron and proton fluences increase. SC performance has
declines with rising fluences at fixed energy values for both ionizing radiations, with performance
degradation being more significant with increased electron energy. These effects are summarized
in Figure 17.

When contending specifically with proton irradiation, an effective strategy involves a protective
layer capable of stopping low energy protons (from 0.1 MeV to 10 MeV) but not the more
energetic ones (above 10 MeV), which would demand impractically thick protective layers on
the order of millimeters. These high-energy protons induce few atomic displacements and thus
barely contribute to solar cell degradation. Protons of low energy possess larger interaction
cross-sections and, hence, can cause significant displacement damage. This inverse correlation
between damage and proton energy is demonstrated in Figure 17, where lower proton energies
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Figure 17: Degradation of VOC, ISC, and Pmax of an a GaInP/GaAs/Ge cell as a function of
proton and electron fluence for various particles energies [229] .

correspond to higher damage rates. Understanding this inverse relationship is crucial for devising
appropriate safeguards. Thus, based on the material’s properties, the shield is designed with
a thickness such that most protons of a pre-determined energy are stopped within the shield,
while higher energy protons, with their smaller cross section that makes them less harmful, cross
the shield itself.

The overall performance reduction in triple-junction (3J) solar cells is predominantly due to the
sub-junction most susceptible to radiation, typically the middle InGaAs sub-cell. This particular
sub-cell tends to degrade faster when exposed to proton and electron irradiation, thereby deter-
mining the overall radiation response of the entire cell [231]. Consequently, developing a robust
shield capable of effectively stopping these charged particles becomes necessary to ensure the
protection of the solar cell. Nonetheless, the protective elements are not impervious to damage
and experience degradation over time, potentially affecting their functional properties.

Moreover, it is of utmost importance to maintain optimal transparency in the wavelength range
of 350–1250 nm throughout the entire lifespan of the solar cell to ensure efficient transmission of
sunlight. Any reduction in transparency would inevitably lead to decreased solar cell efficiency
[232]. Currently, in LEO and GEO operations, 3J solar cells are safeguarded by space-ready glass
sheets, which offer limited configurations. The prevailing solution involves utilizing borosilicate
glass enriched with Cerium, with a thickness typically ranging from 100 to 150 µm. Cerium
enhances the glass’s radiation resistance, preventing it from darkening progressively, protecting
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it against ultraviolet (UV) degradation. Moreover, these cover glasses commonly incorporate an
anti-reflective coating, such as MgF2, on their front side to minimize sunlight reflection [232].
For missions in MEO and GEO that encounter higher irradiation doses, protective glasses are
chosen based on their thickness, as thicker glasses can obstruct a broader spectrum of energetic
particles. Multiple studies have reported significant degradation of these cover glasses over their
lifetime due to the harsh space environment [233, 234, 235]. For example fused silica and Corning
0214 cover glasses have been observed to darken when exposed to high-energy electrons, which
is compounded by the accumulation of contaminant films [236]. Given the factors above, there
is a growing interest in developing flexible cover glass for solar cells in space. These cover glasses
aim at being lightweight, expandable, and cost-effective for space solar panels [237]. However,
the spacecraft industry still heavily relies on traditional rigid cover glasses from the borosilicate
family [238, 239]. For more detailed discussions on innovations and materials related to cover
glasses, refer to the work by Plis et al. in [232].

The traditional method for attaching an anti-irradiation cover glass to a silicon solar cell uses
silicone adhesive or Teflon, as documented in studies [240, 241]. More modern techniques have
also been proposed such as electrostatic bonding, which can be used to bind the cover glass
directly to silicon (Si) or gallium arsenide (GaAs) solar cells, provided that they share a matching
thermal expansion coefficient [241].

However, the gluing process is fraught with potential issues, the most crucial being the distribu-
tion of the adhesive layer. The glue must be spread evenly across the solar cell surface to ensure
complete adhesion of the glass sheet, and it must be devoid of any air bubbles. The reason is
that any air bubble trapped during the gluing process can eventually rupture in space, leading to
the failure of the adjacent solar cell. Furthermore, the adhesives could be degraded by UV light
exposure, resulting in a significant decrease in transparency. This, in turn, inhibits the solar
cells underneath, thereby reducing the device’s overall efficiency. To prevent this degradation, a
spectral filter could be used to eliminate the UV component of the incident solar light. However,
this also reduces the photogeneration yield of the top Indium gallium phosphide (InGaP) cell,
adversely affecting overall cell performance [204, 241].

Thermal factors also pose challenges in bonding. When silicone is used as an adhesive to bond
different elements, and the coefficients of thermal expansion (CTEs) of those elements do not
match, cracking can weaken the bond strength. From a chemical standpoint, high temperatures
or extreme thermal variations can trigger new chemical reactions in organic molecules, resulting
in undesirable post-curing or aging, bond breakage, and material discoloration [242]. As a result,
the silicone adhesive can further lose the optical properties that make it particularly problematic
in space solar cells or similar applications. This can occur due to the combined effects of high-
vacuum and thermal cycles, which, along with other space environmental factors, can create
harsh operational conditions [242, 243].

Various adhesive coating and bonding technologies have been developed for industrial applica-
tions considering these challenges. The Silk Screen Printing technique is currently the most
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commonly used method for coating with adhesives, but it struggles to maintain uniformity in
the adhesive layer’s thickness during practical operation [244]. Spray-coating technology, which
offers benefits such as uniform coating and good stability, is also extensively used for adhesive
deposition on substrates [241]. The spin-coating technique relies on the centripetal force by
rotating the substrate platform to deposit the adhesive on the substrate film [245]. However,
each technique brings its own challenges, and research is ongoing to refine and develop new
approaches[241].
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0.5. Quantifying Radiation-Induced Structural Changes and
Material Degradation

In the brief span of just over half a century, humanity has made remarkable strides in the two
frontier domains deepen in this work: space and nuclear technology. Not so long ago, in 1957,
the launch of Sputnik marked the beginning of mankind’s endeavors in the celestial expanses
[246]. The ensuing leaps in space exploration and related technology have been astonishing.
Paralleling this story of progress and exploration, the nuclear field has followed a similar timeline.
The genesis of nuclear materials dates back to the mid-1950s, gaining global recognition as a
significant scientific pursuit towards the end of the decade. The inaugural foundations of this
discipline were laid in the First and Second International Conferences on the Peaceful Uses of
Atomic Energy, convened in Geneva in 1955 and 1958 [247].

Delving into the study of materials exposed to ionizing radiation reveals the relative infancy of
this field. A span of merely fifty years has witnessed remarkable strides, yet the complexity of
the subject indicates that our understanding is still in a state of evolution. Navigating through
this discourse, it becomes unmistakable that numerous knowledge gaps persist, inviting deeper
exploration and rigorous investigation.

For more than this half century, extensive knowledge has been gathered on the effects of radia-
tion damage in metals, specifically in alloys with face-centered cubic (FCC) and body-centered
cubic (BCC) structures, due to their relevance to the industry [248, 249, 250]. The current
understanding and comprehensive data on radiation damage indicate that there is still much
to explore regarding the time-dependent evolution of microstructures under the influence of
irradiation effects [248, 250, 251, 252].

When radiation interacts with matter, it generates a primary knock-on atom (PKA), displacing
multiple atoms from their lattice positions [248, 250, 252]. This PKA, resulting from the collision
with a neutron or particle, undergoes both elastic and inelastic interactions. The inelastic
interactions transfer some of the initial energy to an excited state of the impacted atom, thereby
reducing the kinetic energy of both the neutron/particle and the PKA (Figure 18) [252]. After
the primary collision, the PKA dissipates its kinetic energy through electron excitation and
elastic collisions with other atoms in the irradiated material, nearly conserving the total kinetic
energy of the involved atoms [253, 254]. This energy dispersion leads to the displacement of
numerous secondary atoms, initiating a series of cascading collisions often represented as a tree-
like structure. However, most displaced atoms quickly reposition themselves into vacant lattice
sites or merge with other defects and sinks within nanoseconds, resulting in significantly fewer
vacancies and interstitials than the original displacement count. As briefly introduced before
the final assessment of this effect is measured by dpa which is further discussed later also in
Section 0.5.2.

The clustering and interaction of the vacancies and one or two-dimensional interstitials lead to
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several effects, the same described in the section related to radiation damage in nuclear materials
above [248, 252]. The whole process of point defects, vacancies, and interstitials production,
ultimately resulting in macroscopic phenomena like volumetric swelling, is illustrated in the
Figure 19 (a), where the spatial-temporal scales of void swelling processes are depicted.

At the same time, neutron-induced transmutations play a crucial role in determining the suit-
ability of a material for nuclear applications [255]. These transmutations cause stoichiometric
changes as nuclei undergo nuclear reactions with incident neutrons, transitioning into stable or
radioactive states.

Figure 18: Schematic illustration of irradiation damage cascade [252].

Deciphering the various interactions involved proves challenging due to the complex dynamics.
The damaged lattice rapidly evolves towards more stable states through intricate many-body
processes [256, 257]. These unstable microstructures often lead to the clustering of remain-
ing defects, resulting in significant degradation of material properties. While understanding
individual processes and their interconnections is already a daunting task, comprehending the
processes leading to macroscopic effects over the lifetime of a nuclear reactor (30-80 years) or
solar panel in space (10-20 years) poses an even more significant challenge [248]. For example,
despite the presence of microscale descriptions [248, 258] and macroscale descriptions [259] of
void swelling, the sudden onset of this phenomenon as a function of imposed state variables
remains unpredictable [248].

Radiation damage in materials involves intricate dynamic processes operating across multiple
scales. It is rooted in rate-equation formulations and transition-state theory, considering specific
details like point defect concentrations [249, 260]. A significant part of the damage produced,
as mentioned above, is attributed to the formation and migration of interstitial-vacancy couple
(Frenkel pair) defects produced, atomic disturbances that do not return to their initial position,
leading to an increase in atom replacements over the actual defects produced. These defects
often migrate to interfaces, triggering alloy dissolution, segregation, and grain-boundary embrit-



48 | Introduction

tlement, thereby hastening the aging of materials [248].

Recent developments have highlighted the role of self-interstitial atom clusters, their one-dimensional
mobility, and the bias in producing isolated vacancies versus interstitials and their clusters in the
context of irradiation defect growth [249, 260]. This emphasis on the evolution of point-defect
clusters in varying local environments exemplifies the role of self-organized defects in Materials
Science and Simulation (MSS). It emphasizes the multiscale and multifaceted nature of ma-
terial aging, underlining the importance of different disciplines in understanding this complex
phenomenon [248].

The exploration of the governing mechanisms and processes of irradiated structural materi-
als is facilitated through the utilization of a multiscale strategy. This strategy involves both
computational materials science and high-resolution experimental validation. The hierarchical
multiscale modeling methodology, depicted in Figure 19 (b), generally combines various compu-
tational approaches. These include ab initio structure calculations at the atomic scale, molecular
dynamics simulations, kinetic Monte Carlo simulations, discrete dislocation dynamics, and rate
theory. This methodology also integrates continuum calculations, which cover thermodynamics
and kinetics, as well as phase field calculations [252].

The requirement for ab initio methods arises to calculate parameters such as the most stable
defect–cluster configurations, their dissociation energies, and the most likely paths of lattice
diffusion. The findings from ab initio studies can then provide input data for molecular dynamics,
kinetic Monte Carlo, rate field theory, and thermodynamics computations. Figure 19 (b) shows
additional connections between the varying simulation methods through the depicted arrows
[252].

Experimental validation technologies, such as in situ micromechanics, high-resolution electron
microscopy techniques, atom-probe tomography, neutron, and X-ray scattering sources, play a
significant role in verifying computational modeling results. The fusion of these computational
and experimental modeling approaches represents a considerable challenge. This is primarily
due to the requirement of incorporating more traditional structure-property correlations and
irradiation-induced defect characteristics into a single integrated framework [248, 252].

The simulation of the effects of light particles, such as protons and electrons, on materials des-
tined for space applications can be readily conducted in a laboratory setting. While replicating
the influence of neutrons proves significantly more challenging. This challenge stems from the
necessity of a nuclear reactor that can emulate the precise neutron spectrum conditions required
for these crucial experiments, a resource that isn’t always within reach.

With this research thesis delving into the comprehensive investigation of the irradiation effects
on amorphous oxide ceramic materials, the forthcoming discussion will be primarily centered
on comprehending the impact of irradiation on these types of materials. Particular emphasis
will be placed on understanding the influence exerted on Al2O3 materials. This material was
specifically chosen due to its pertinent role in the nuclear application component of this research.
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Figure 19: (a) The spatial-temporal scales of void swelling processes are depicted. The interac-
tion of radiation leads to the generation of primary knock-on atoms (aa), initiating a thermal
spike (ab) and subsequent annealing (ac). Lattice point defects (ad) quickly form and relax into
local defect structures ae through short-range interactions. These structures act as nucleation
sites for voids (af ), which organize into a semi-regular lattice (ag) through long-range interac-
tions. The growth of voids and evolution of lattice spacing result in macroscopic swelling in the
material component (ah)[248]. (b) Commonly employed integrated computational materials sci-
ence (CMS) methods utilized to comprehend the correlations between structure and properties
influenced by irradiation, aiding in material research and development [252].

Thus, its in-depth analysis is not only essential but also intriguing within the broader scope of
this work. Then a small section will be dedicated to the different strategies used for evaluating
the radiation damage induced by light particles for the specific case of space applications.
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0.5.1. Ion Irradiation as an Emulation Tool: Understanding Material Behav-
ior, Damage Accumulation, and Crystallization in Amorphous Al2O3

under Neutron Irradiation

The primary still unsolved uncertainty surrounding PLD Al2O3 pertains to its response under
neutron irradiation. Current efforts are underway to collect data on neutron irradiation of this
amorphous material. However, this work may take some time due to its high cost and complexity.
In the meantime, ion irradiation is a valuable instrument for initial investigations. Over the
years, heavy ion irradiation has become a powerful emulation tool for studying material behavior
under neutron irradiation. It bypasses the intricacies of in-reactor testing and enables achieving
high damage rates without residual radioactivity [248, 252]. Consequently, ion irradiation allows
considerably shorter and more affordable irradiation campaigns, including irradiation and post-
irradiation analyses, making it a vital tool in predicting and understanding neutron damage in
materials [261]. Furthermore, it is acknowledged as an unparalleled tool for producing controlled
defects, structural disorders, stress, phase transformations, and altering the physical properties
of materials in general [262].

However, designing an experiment with heavy ions that accurately represents neutron behav-
ior requires careful consideration of the differences between neutrons and heavy ions. Unlike
neutrons that only lose energy through specific collisions with the material’s nuclei, energetic
ions suffer depth-dependent energy losses due to collisions with both target nuclei and target
electrons during their passage through matter. The energy losses due to these interactions, de-
fined as nuclear (Sn) and electronic (Se) energy losses, delineate the interaction modes between
the incident ions and the exposed material. The Electronic to Nuclear Stopping Power (ENSP)
ratio (Se/Sn) becomes a critical parameter [263]. Notably, even under neutron irradiation, the
Se term and, thus, the ENSP ratio are not null. Although there is no direct energy transfer
from neutrons to electrons, atoms displaced by neutron collisions do interact with electrons,
thereby transferring some energy. Nuclear and electronic energy losses primarily depend on
the energy and mass of the accelerated ions. Generally, the ENSP ratio increases with rising
energy, while increasing the ion mass reduces it [264]. In metallic materials and alloys, the
energy deposited to target electrons dissipates quickly, leading to localized heating of the mate-
rial without structural transformations. Conversely, ionization effects are expected to be more
significant in covalent/ionic bonding materials, possibly causing artefacts due to electrostatic
interactions [265, 266, 267]. It is widely accepted that higher Se/Sn ratios tend to slow damage
accumulation as more energy released to electrons equates to more energy available for local
heating, promoting annealing and recovery processes along the ion path [266, 267]. However, a
comprehensive understanding of the influence of electronic and nuclear energy losses on glassy
amorphous ceramics, particularly the material class studied in this work, is lacking. Thus, all
the work following presented, related to irradiation, have been designed using data related to
crystalline ceramics and crystalline alumina as a preliminary reference. This approach may not
fit amorphous materials like a-Al2O3 and may require further refinement as the understanding
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in this field is increased.

Past research into the material-dependent impacts of electronic energy losses on ceramic crys-
talline materials [263, 268, 269] has shown that combining nuclear and electronic energy losses
can drastically reduce accumulated damage. Thomè et al. highlighted that this "healing effect"
may occur in certain ceramic crystalline materials when the Se exceeds the Sn, depending on a
balance between defect creation and annihilation. This balance depends on the physicochemi-
cal properties of the irradiated material and irradiation conditions like temperature, low/high
energy ion fluences, and dose rates [263, 268, 269].

Zinkle et al. [264] suggested the theoretically appropriate ENSPs for systems characterized by a
fast neutronic spectrum, (such as LFRs and fusion reactors), pointing to values below 13 as the
correct range. Their suggested ENSP value [264] was based on the effect of ionization-enhanced
migration of oxygen vacancies on the development of dislocation loops in Al2O3 crystals. The
impact of the irradiation spectrum observed was found to have significant implications [270].
Specifically, light ions irradiation (like protons and electrons), having ENSP ratios exceeding
1000, is inappropriate for simulating ceramics’ behavior under typical fission or fusion neutron
irradiation conditions. An ENSP ratio of around 10 may be more appropriate [270]. However,
considering the interplay between these mentioned effects on a-Al2O3 has not been fully clarified
yet, based on the current knowledge, minimizing the ENSP ratio in the experimental design of
ion irradiation experiments is deemed a good practice.

As shown previously in Section 0.2.6., PLD amorphous material crystallizes under irradiation.
At this point, the governing mechanisms of crystallite nucleation and subsequent particle growth
observed can be speculated upon.

The transition phenomenon between amorphous and crystalline states triggered by electron or
ion irradiation has been a long standing, complex issue [271]. The "thermal spike" model is one
of the simplest models to explain observed nucleation processes in an amorphous system [271].
This model suggests that a localized energy deposition region, the thermal spike, is created when
an ion traverses the amorphous material. Structural changes, chemical reactions, and nanoscale
feature formation could occur within this region [271]. Recent molecular dynamics simulations
propose that thermal spikes could be effectively explained through the collision cascades caused
by ion passage. Numerous target atoms are dislodged from their lattice sites during each ion
passage, followed by a subsequent thermal spike phase where the cascade region attains thermal
equilibrium with its surroundings [272]. Moreover, energy deposition to the electrons by slowing
down incident ions could play a crucial role in thermal spike creation [273]. The deposited
energy may eventually induce atomic movement and the creation of cylindrical damage along
the ion path [271]. During the thermal spike, atoms inside the displacement cascade may reach
a partially melted state (cascade melting)[272]. The combined electronic and ballistic thermal
spikes associated with each ion trajectory are often used to explain and model observed ion
irradiation grain growth in ceramic polycrystalline oxides [273] and carbides and may even be
used for describing the nanocrystal nucleation in amorphous materials.
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Koroni et al. described the radiation-induced nucleation in amorphous material in their paper
[271], characterizing it as a disordered state transitioning from ordered configurations towards
crystalline states by irradiation-assisted atomic rearrangement. The underlying assumption is
that atomic ordering may occur as the free energy reduction of the irradiated amorphous region
declines. The evolution of ordered atomic configurations into crystal nuclei depends on whether
the crystal nuclei are more stable than the disordered situation.
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0.5.2. Evaluation of Displacements Per Atom (dpa) in Heavy Ion Irradiation

In the sphere of irradiation, as previously outlined in preceding sections, the term "dpa" signifies
"displacements per atom." This essential parameter is utilized to ascertain the damage inflicted
on materials subjected to irradiation [104].

The dpa depicts the mean number of atomic displacements in a material for each impinging
particle. This is ascertained by dividing the cumulative atomic displacements by the total
number of atoms in the material [104]. For the designing and evaluation of materials to be used
in severe conditions, such as in nuclear reactors, particle accelerators, and space exploration,
understanding the dpa values is vital.

Dpa computation can be carried out utilizing the SRIM-2013 [274] code using the equation [275]:
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While there is no significant difference in ion implantation depth calculated by the two different
modes present in SRIM ("Ion Distribution and Quick Calculation of Damage - cascades" mode or
the "Full Cascade Damage" mode) the damage production is not the same. This inconsistency has
been examined quantitatively in numerous papers. Furthermore, the results of these simulations
heavily rely on the selected values for the threshold energies for displacements. The scientific
community continues to discuss the best method for evaluating dpa based on SRIM simulation
[276, 277, 278], as different papers propose slightly varied procedures. Despite certain limitations,
the Norgett, Robison, Torrents (NRT) standard [279] is the standard procedure for computing
dpa in all reactor Monte Carlo codes. Initially formulated for mono-elemental materials, it
is a straightforward and comprehensive form ideal for analytical computations and computer
code applications [279]. The "quick damage" SRIM simulation alternative is usually chosen for
comparison with reactor radiation dpa data because its outcomes align best with the "NRT
standard dpa" as recommended by simulation studies [279]. Utilizing other alternatives could
lead to deviation from the established standard. Utilizing the SRIM "Quick calculation" option
as a fallback choice has also been proposed when calculating the effective damage energies for
compounds is impossible or when one wants to avoid manually handling SRIM data files [279].
The "quick calculation" mode employing the Kinchin and Pease model is also crucial to avoid
anomalies recently found in its full-cascade model [275]. However, the authors in [279] admit that
moderate quantitative inaccuracies may occur, with a maximum computed vacancy production
error of around 30%. Notably, the dpa value in isolation is generally inadequate to portray
ceramic ion irradiation effects. Most energy lost by heavy ions may be transferred to lattice
electrons, causing ionization.
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The effects of ionization are more prominent in ceramics than in metals, and these need to be
considered when comparing results derived from different irradiation environments in ceramic
experiments. The ENSP ratio discussed earlier seems to be a beneficial extra parameter for
evaluating irradiation spectrum effects in ceramics, as discussed in [264].
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0.5.3. Accelerated Irradiation Challenges and Implications for Microstruc-
tural Evolutions

Accelerated irradiation poses multiple difficulties, primarily the influence of an enhanced damage
rate on the ensuing microstructure and the requirement to consider significant transmutation
reactions happening in-reactor. To mimic the gas production caused by transmutation, pre-
injection, or even better, simultaneous gas implantation and damage creation are proposed
[280]. The more significant challenge is the damage rate, for which Mansur’s invariance theory
is a solution [281, 282]. The theory posits that alterations in an irradiation variable from reactor
conditions are offset by shifts in other variables (like temperature), aiming at maintaining the
collective behavior of defects during irradiation. Such adjustments were devised for specific
microstructure processes like radiation-induced segregation or void growth. In both instances,
the greater dose rate in an accelerator than in a reactor necessitates an equivalent temperature
increase to achieve the same outcome [280].

As for using ion irradiation as a tool for radiation damage, it is crucial to determine the ir-
radiation mode. Irradiations can be executed with a raster-scanned [283] or defocused [284]
beam. Raster scanning assures a uniform dose distribution over expansive areas, but this mode
has to be perceived as pulsed irradiation. In a study by Brimhall et al., pulsed irradiation was
compared with continuous irradiation in pure nickel [284]. The study revealed a minimal dif-
ference in the resultant void microstructure across all temperatures, and any variation in void
swelling fell within the error range. Another study [285] investigated the impact of beam scan-
ning on self-ion irradiations of pure nickel, indicating that defocusing led to more pronounced
void growth at all examined temperatures (350-800 °C).

Hishinuma et al. [286] applied pulsing to a Ti/Si-modified austenitic alloy using 4 MeV Ni2+
up to 50 dpa at 675 °C. The study found that pulsing had a minor impact on void nucleation
and growth, and it did result in a size reduction of loops and a two-fold increase in the number
density of loops attributed to the annealing of point defects. Regardless of the alloy with
helium pre-implantation, defocusing consistently resulted in larger swelling and increased void
diameter and number density compared to raster-scanning. This was consistent for alloy T91
as well. The swelling disparity between HT9 and T91 became insignificant with 100 appm He
pre-implantation, suggesting a minimal difference in swelling resistance at these dosages[285].
For clarity, both HT9 and T91 are ferritic/martensitic steel alloys, with HT9 being primarily
used in fast reactors due to its radiation resistance, while T91 is known for its enhanced creep
strength and corrosion resistance in high-temperature environments.

A similar set of effects is shown in Figure 20 (a) which presents a comparative analysis of the
T91 and HT9 alloys exposed to 5 MeV Fe2+ irradiation at 440 °C to a damage level of 140 dpa,
with 100 appm He implanted using both raster-scanned and defocused beams. The figure 20
(b) further illustrates the increase in diameter, number density, and swelling in the HT9 alloy
when the beam in irradiation is defocused.
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Figure 20: Assessment of T91 and HT9 Exposed to 5 MeV Fe2+. Irradiation at 440 °C up to 140
dpa with 100 appm He, implemented via raster-scanned (a-b) and defocused (c-d) beam. Aug-
mentation in diameter, number density, and swelling observed in HT9 following beam defocusing
during irradiation at 440 °C, 140 dpa with 100 appm He using 5 MeV Fe2+ (e) [285].

The computational model described in [285] addresses a mechanism where in-cascade annealing
of defects between pulses reduces the level of vacancy supersaturation [287]. As corroborated
by Brailsford and Bullough [288] and Little [287], lower vacancy supersaturation will lead to
decreased nucleation and growth. Key findings from these pieces of evidence suggest that pulsing
or raster-scanning should be carried out at a sufficiently high frequency to avoid in-cascade
annealing while the beam is off in a volume element. For example, for the specific case of
stainless steel irradiated at 450 °C, it is estimated that there was no difference in void behavior
in pulsed versus continuous irradiation above 500 Hz [285]. However, it is critical to exercise
caution when comparing outcomes from ion irradiation studies executed with different beam
modes. Ideally, only irradiations with nearly identical defocusing or raster-scanning conditions
should be compared directly [280, 285].
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0.5.4. Solar Cell Degradation in Space: Comparing JPL and NRL Methods
for Radiation Damage Modeling

The degradation of solar cells in space is a critical challenge largely instigated by incident protons
and electrons, either trapped within Earth’s radiation belts - the Van Allen belts - or emitted
during solar events. This degradation is a consequence of the interaction between the cells and
particles with energies extending from nearly zero to hundreds of million electron volts. To
project and manage this degradation, several steps has to be undertaken. Firstly, understanding
how different energy particles affect solar cell degradation is vital, meaning the relationship
between the energy of the particles and the resulting cell damage needs to be clarified. Secondly,
the radiation environment, including any shielding materials, should be meticulously defined.
The final step involves designing a method that marries the energy dependence of the damage
coefficients with the radiation environment over the mission’s duration, making it possible to
compare with ground test results [289]. Two main methodologies currently hold sway in the
modelling of solar cell degradation in space. One is the long-established approach from the US
Jet Propulsion Laboratory (JPL) [289, 290] which uses the determination of 1 MeV electron
fluence that induces equivalent cell damage to a defined space radiation environment. The
other, a more recent approach from the US Naval Research Laboratory (NRL) [291], calculates
the displacement damage dose using the energy dependence of damage coefficients, proton and
electron spectra that a bare cell would experience. Calculating relative damage coefficients for
omnidirectional particles on bare cells, based on normally incident particle data, is a crucial
process in both methodologies. Generally, this results in halving the damage coefficients when
considering only particles incident on the cell’s top surface. Special attention is required for low-
energy protons, though. Cover glass effects on the cell are accounted for via calculations based
on ’continuous slowing down’ approximation and range-energy tables for protons and electrons
traversing different cover glass material thicknesses. This calculation is relatively straightforward
for electrons and protons that traverse the cell without significant energy changes. For protons
that stop in the cell, calculations need to account for a sharp increase in relative damage at the
proton range’s end [289].

The SRIM (Stopping and Range of Ions in Matter) computer code plays a crucial role in the
NRL method, as it allows accurate calculations of displacement damage dose. SRIM can provide
accurate values of Non-Ionizing Energy Loss (NIEL) for energies up to 10 MeV, an energy
range crucial for most space applications, thus facilitating assessments of cell materials new
to the market and bypassing lengthy analytical calculations. This underlines the increasing
significance of dpa (displacements per atom) evaluations in understanding and predicting solar
cell degradation [289].

While both JPL and NRL methods offer valuable insights into predicting solar cell degradation in
space, they differ significantly in their implementation. The JPL model requires an extensive set
of ground measurements to ascertain the energy dependence of the damage coefficients, whereas
the NRL approach calculates these from the NIEL, typically only needed for proton energies
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less than 10 MeV. Thus, the NRL method is simpler to implement in most cases, particularly
with new and emerging cell technologies due to its fewer ground measurement requirements.
However, for pre-established experimental databases, the JPL method, with its successful track
record, remains the only direct method to address thick crystalline Si cell technologies [289].

As delineated in the preceding sections of this document, including the discourse related to
nuclear interactions, SRIM (Stopping and Range of Ions in Matter) [274] software was selected
in this work for as the reference Monte Carlo code for simulating radiation damage. This
powerful simulation tool emerges as the preferred software for our preliminary evaluations of
radiation-induced damage in materials. The decision is rooted in SRIM’s proven efficiency and
accuracy in modeling particle interactions and energy dissipation processes in a solid target,
thereby providing critical insights into the radiation environment a material is subjected to.

The following stages of this manuscript will detail the crucial role played by the SRIM software.
A detailed examination will illustrate how this advanced computational resource provides the
means to investigate the complex interactions between radiation and materials. By leveraging
the capabilities of SRIM, a more comprehensive insight into radiation damage and its impact
on material longevity and reliability in radiation-rich environments is expected to be gained.
Consequently, this understanding is predicted to assist in advancing more durable and radiation-
resistant materials suitable for various applications, ranging from space technology to nuclear
energy production.
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Pioneering Pulsed Laser Deposition: Exploring Applications in Nuclear In-
dustry and Space Exploration

Drawing from the above mentioned advancements, this thesis comprehensively explores ma-
terials science and technology. It began with a detailed study of the pulsed laser deposition
processes, grounded in the substantial knowledge compiled by the Nano2Energy (N2E) group
at the Italian Institute of Technology (IIT). This robust foundation paved the way for a daring
venture: leveraging the state-of-the-art coating production process of pulsed laser deposition
in two distinct areas - the nuclear sector and space exploration, which share a connection via
ionizing radiation. The design of this doctoral research was meticulous, aiming at building
upon previous work regarding amorphous thin films produced through Pulsed Laser Deposition
(PLD). The promising initial findings outlined in earlier chapters provided a propitious base for
this research, which embarked on a unique trajectory. The following chapters will illustrate the
thesis as a wholly novel contribution within the pertinent area of next-generation Lead cooled
fast nuclear reactors and antireflection coatings for space applications.

The work associated with the nuclear section relies on the robust groundwork laid in the past
decade, as detailed in the previous sections. The goal was to push the boundaries further,
attempting to address the existing gaps and advancing the possibility of implementing PLD
Al2O3 coatings in LFRs. The specific segment of work executed within the advanced materials
development framework for the issues described in the SCs space application pertains to the
revolutionary SpaceSolarShield project [292] , supported by the Cariplo Foundation [293]. This
initiative was meticulously structured with a clear objective: to transform the operational con-
text of solar cells (SCs) by establishing a comprehensive optical radiation shield on the Multi
Junction (MJ) SC, utilizing a PLD coating. This objective addresses current challenges and
aims at enhancing the effectiveness of exposed solar cells. CESI [204], a collaborator in this
initiative, focused on improving solar cells, while the Politecnico di Milano and IIT primarily
handled the coating creation. The methods utilized for depositing the protective layer align with
those used for the solar cell stack, leading to seamless integration of both production stages.
This harmony promises significant advantages in materials logistics and process uniformity. The
strategy to deposit a protective layer directly onto the solar cell aims at creating a shield against
low-energy particles, primarily protons, as outlined in Section 0.4.4. A segment of this thesis
work was dedicated to the initial selection of coating materials with a high optical band gap,
ensuring optical transparency up to the UV spectral range, and their characterization. This
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approach will enable the InGaP top cell in the MJSC to capture the entire UV spectral range,
thus enhancing its operational point and the overall efficiency of the solar cell stack. This inno-
vative approach can substantially improve solar cell performance efficiency and power density
and facilitate meticulous production control. This method will enable the creation of custom
protective coating setups for each unique mission, a groundbreaking achievement in this domain.
Furthermore, the direct deposition of coatings is projected to tackle the issues related to cover
glass and adhesive, directly removing the needs to use them.

After conducting an initial evaluation of various materials for antireflection coatings, then in
order to focus the efforts, the research narrowed its focus exclusively to alumina coatings, con-
sidering them as potential candidates for both the applications mentioned.

This thesis began by employing an array of specific characterization techniques and methods
to identify the missing material properties vital for the qualification process of the nuclear re-
actor anti-corrosion coatings and space solar panel antireflection coatings applications. The
experiments were carefully designed to emulate real operational conditions closely. Significant
efforts were dedicated to defining the concept of radiation damage relevant to both fields previ-
ously mentioned, which will prove beneficial in the subsequent chapters where radiation effects
on the material are thoroughly discussed, presenting the results obtained through irradiation
experiments and Monte Carlo simulations.

This work also addressed additional technological challenges, such as the mechanical behavior of
the coating/substrate system, demonstrated by the deformation of coated dog-bone steel samples
in tensile tests. While earlier findings have uncovered exceptional properties, this study aims at
enhancing these traits further. As such, the relationship between the film’s mechanical perfor-
mance and its structural characteristics will be examined. The film’s response was manipulated
by modulating internal stresses within the coatings via the deposition process parameters.

After these experiments, focus shifted to examining the amorphous alumina structure and its
evolution under radiation exposure. A significant effort was expended on controlling the level
of radiation resistance in PLD-grown Al2O3, given the crucial role of the amorphous matrix
in radiation tolerance and plasticity. The primary objective of this study was to accumulate
valuable data for potential practical engineering applications. Ensuring the stability and effec-
tiveness of alumina coatings under various testing conditions was of utmost importance. As such,
numerous experiments were conducted by general standard conditions. The focus was placed
on understanding the physical mechanisms responsible for the material’s unique properties and
understanding the underlying mechanisms comprehensively. In conclusion, innovative strategies
were proposed to provide new tools and expand the operational range, thereby enhancing the
performance of the material. As observed mechanisms may apply to other systems, this thesis
offers novel solutions that advance the field of nuclear and space applications research.
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1.1. Multifunctional Radiation Shield Coatings: A Formal Ex-
ploration via Monte Carlo Simulation

As stated in the introductory chapter of this work, the primary solution for safeguarding SCs
against damage from low particle radiation involves the utilization of a protective coverglass. The
SpaceSolarShield project, funded by the Cariplo Foundation, aimed at investigating, among the
several objectives, the possibility of using a multi-functional radiation shield coating explicitly
tailored for space triple-junction solar cells. The aim was to overcome various issues associated
with these cells, such as coverglass darkening and adhesive problems. At the core of this strat-
egy lies a brilliantly simple yet powerful idea: applying a robust and densely packed coating,
produced using the advanced technique of pulsed laser deposition (PLD), directly onto the top
layer of the space solar cell. This innovative approach eliminates all the challenges associated
with conventional coverglass solutions discussed in the Introduction. A meticulous selection
process was undertaken to identify the most suitable coating materials to ensure optimal ef-
fectiveness. This comprehensive assessment considered various factors, including the materials’
optical properties, mechanical strength, and chemical attributes. The initial part of this work
provides detailed insights into this selection process. At the same time, the deposition of the
chosen materials was expertly executed through a collaborative effort involving counterparts
from both IIT and Polimi.

In light of the stringent and pressing specifications associated with the radiation shield function,
it was considered crucial to start developing this part of the project first. Given this, the
advancement of the anti-reflection feature was placed on hold since its successful realization was
heavily contingent on the breakthrough achieved concerning the radiation shield. Pinpointing
appropriate constituents for the radiation shield coating was navigated through an exhaustive
evaluation of several material properties, corroborated by insights gathered from the scientific
literature. The primary characteristics required for a comprehensive and effective coating are
delineated below:

• Optical Band Gap.The optical band gap embodies the capability of a material to either
absorb or allow the passage of light of different wavelengths. The objective is to leverage
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Figure 1.1: Spectral irradiance of the AM0 spectrum vs photon wavelength (left) and photon
energy (right) [294].

the full spectrum of wavelengths embedded in the solar spectrum, typically harnessed
by space triple-junction solar cells. Consequently, an exemplary coating should uphold
maximum transparency within this spectral realm, forestalling any superfluous absorption
that may undermine the total efficiency of the solar cell.

The illustration provided below Figure 1.1 illustrates the sunlight’s intensity across wave-
length (on the left) and photon energy (on the right), captured from the highest regions
of Earth’s atmosphere. Also shown are the various spectral colors.

The observed spectrum is the Air mass zero (AM0) spectrum. AM0 represents a scenario
where the spectrum is measured without atmospheric interference between the sun and
the recording device. As can be observed from the Figure 1.1, the required imposed was
to find a material possessing a bandgap higher than 5 eV for the reasons mentioned.

• Coefficient of Thermal Expansion. The coefficient of thermal expansion (CTE) is
pivotal in guaranteeing a functional coating. Considering the extreme thermal variations
encountered by operational space solar cells, any significant difference between the thermal
expansion of the coating and the solar cell could instigate considerable mechanical stress,
potentially triggering fractures, delamination, and, eventually, the demise of the coating.
Hence, the CTE of the shortlisted materials should, ideally, align with that of the solar
cell.

• Formation Gibbs Free Energy. The Gibbs free energy of formation (∆G) represents
the variation in Gibbs free energy due to creating a specific substance from its elemen-
tal components. This parameter provides a window into a material’s thermodynamic or
chemical stability, underscoring its ability to maintain its composition and structure in the
face of external disruptions. Materials with high ∆G values generally exhibit enhanced
resilience against transformations triggered by electron, proton, and deep-UV irradiation.
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After undertaking a scrupulous examination of extant literature and assessing them against the
criteria stipulated above, an initial compilation of potential materials is reported below in Table
1.1, where the average values od the different parameters are reported:

MATERIAL BAND GAP [eV] CTE [10-6 °C-1] ∆G [Kj mol -1]

Al2O3 7.2 [295, 296, 297] 8.2 [298, 299, 300] -1050 [301, 302]
HfO2 5.5 [303, 304] 7.3 [299, 305, 306] -1050 [302, 307]
La2O3 5.2 [308] 8 [299, 309] -1104 [302]

MgAl2O4 8 [310] 5.6 [299] -1075 [302]
Y2O3 5.2 [311] 6.7 [299] -1200 [302]
ZrO2 5.8 [310] 10[299] -1033 [302]

COVER GLASS 3.5 5.5 - 6.5 n.a.
Threshold value >5.0 6 ± 15% /

Table 1.1: Properties of candidate materials compared to reference coverglass.

To proceed with the coating fabrication, it is crucial to conduct theoretical groundwork to
adequately address the upcoming experimental tasks. The first step involved determining the
necessary thickness value to protect the underlying solar cell against proton irradiation at a
specific energy level. This was achieved through simulations using the SRIM (Stopping and
Range of Ions in Matter) [274] software. The simulations were conducted using a simplified
configuration of the solar cell, consisting of a 5µm layer of GaAs on top of a thicker Ge substrate,
surrounded by a uniform radiation shield.

Various simulations have been conducted to explore a wide range of possibilities, explicitly
focusing on the primary contenders: HfO2 (hafnium oxide), MgAl2O4 (magnesium aluminate),
and Y2O3 (yttrium oxide), in conjunction with Al2O3 (aluminum oxide). However, the latter’s
properties are deemed inadequate when considering the CTE. It is worth mentioning that the
values referenced here align with those found in the existing literature [298, 299, 300] and may
deviate significantly from the final values for the PLD alumina variant. A detailed analysis of
the extrapolation of CTE values will be conducted in a subsequent section of this research.

The simulations were performed with varying thicknesses, aiming at identifying the optimal
thickness that would completely block 2 MeV protons while minimizing the thickness required
for an efficient deposition process. The choice to focus on 2 MeV protons was based on the
local maximum in the energy distribution of proton flux commonly observed during Medium
Earth Orbit/Low Earth Orbit (MEO/LEO) missions [312]. By successfully shielding the solar
cells from all protons below 2 MeV, the radiation-induced damage to the cells is projected to be
significantly reduced.

The interaction cross section for charged particles decreases as their energy increases. As a
result, high-energy ions pass through the outer layer of the material with minimal interactions
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Figure 1.2: SRIM simulations showcasing proton beams interacting with the SC structure (Y2O3

cover coating). The conducted simulations include: (a) a focused 2 MeV proton beam, and (b)
a 2 MeV proton beam with an isotropic distribution.

and cause minimal damage. However, as they lose energy, their cross section increases. This leads
to a self-enhancing effect where the energy loss causes an increase in the cross section, which
in turn promotes further energy loss. Consequently, the ions are stopped within a relatively
small depth, as explained by the Bethe Bloch equation [313]. Within this depth, they deposit
most of their energy and cause the maximum damage, resulting in a peak known as the Bragg
peak [314]. The goal of a radiation shield is to ensure that the Bragg peak remains within the
shield’s thickness. Specifically, it aims at containing the Bragg peak for the aforementioned 2
MeV protons. Protons with significantly higher energy are relatively less harmful because, due
to the limited thickness of the entire cell, they can pass through it with a small cross section
and a low damage rate.

The results of SRIM simulations for the described cell structure (5µm GaAs / Ge substrate)
with a 25 µm yttria shield are demonstrated in Figure 1.2. The simulations used a 2 MeV
proton beam aimed in one direction and a 2 MeV proton beam with directions evenly spread
out. A procedure developed by prof. M. G. Beghi, allowed to achieve this isotropic distribution,
starting from the initial TRIM file, which SRIM then processed for the simulation.

It’s evident that the beam with isotropically distributed directions shows less penetration depth
compared to the beam directed in a single line. This suggests that a shield built to guard against
a single direction beam would afford even more protection against a beam with multiple direc-
tions. However, it’s important to note, as further simulations have shown, that ions with higher
energy, which typically cause minor damage when striking directly due to limited interactions,
become more destructive when they hit at a slanted angle. This is due to the longer path they
travel which leads to a higher energy deposit and therefore causes more harm within a lesser
depth.

The conducted simulations established that all the chosen materials, with a thickness of 35 µm,
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Figure 1.3: SRIM simulations of proton beams interacting with a SC layered structure. The
figure compares shield materials, proton energies, and beam types (collimated and isotropic),
all indicated in each part.

successfully can block the 2 MeV proton beam in both focused and isotropic incident scenarios.
These results are depicted in Figure 1.3 (a). The disparity in protective characteristics among the
materials is observable; but notably, all the investigated oxides provide more excellent protection
than the common coverglass.

From the multiple SRIM results, the depth distribution of vacancies produced by the incident
ions was identified as the most representative of the resulting damage. As discussed previously,
it’s evident that the 10 MeV beam is less harmful (Figure 1.3 (b)), as high energy ions have a
smaller interaction cross-section. Nonetheless, it’s also clear that the statistical data from the
fewer vacancies left by this beam may not be entirely conclusive, suggesting a need for a more
thorough simulation.
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1.2. Advancing Thermomechanical Analysis for Thin Film: Co-
efficient of Thermal Expansion and Intrinsic Stresses De-
termination

Coatings experience residual stresses present after deposition, as reported in [315]. These stresses
originate from two primary sources:

• Intrinsic stresses result from the deposition process and the properties mismatch between
the coating and substrate materials.

• Thermal stresses occur due to a mismatch in thermal expansion between the coating and
substrate, particularly when the sample is cooled to room temperature after deposition.
Additional thermal stresses are generated when the coated components operate at variable
temperatures.

These stresses, which intensify at the coating-substrate interface, can lead to coating failure, as
observed in previous studies. Therefore, it is crucial to predict and monitor these stresses to
assess the operational stability of coated devices [316].

To engineer the performance of coatings, intrinsic stresses play a significant role, as mentioned
in [317, 318]. These stresses are primarily associated with the physics of the deposition process,
such as the kinetic energy of deposited particles. In highly energetic physical vapor deposition
techniques like PLD, the intense kinetic energy of the particles leads to compressive stresses
within the growing film due to the Atomic Shot Peening process described in [317]: the inci-
dent particles with high kinetic energy cause local atomic displacement, densification, and an
increased concentration of structural defects. The stresses in physical vapor deposition pro-
cesses can be tuned by adjusting various fabrication parameters, as mentioned in [319, 320].
The background pressure during deposition and the kinetic energy of the emitted particles have
the most significant impact on stress control. Lowering the background pressure or increasing
the kinetic energy by adjusting laser fluence in PLD reduces the number of collisions between
emitted particles and background species. This ensures the particles reach the substrate surface
with sufficient energy to induce the atomic shot peening effect. However, it should be noted
that residual stresses depend on other parameters, including coating thickness, as observed in
[317, 318, 321]. The influence of coating thickness on residual stress, especially for amorphous
coatings, requires further investigation. Since measuring residual stress in amorphous films is
challenging with the employment of X-ray diffraction (XRD) or Raman spectroscopy [317, 318],
in this thesis, the monitoring of intrinsic and thermal stresses are obtained by optimization of
a setup based on the optical implementation of the substrate curvature method. The original
development of the setup with all the technical information is reported in [316].

The Stress Curvature method [322, 323, 324], maintains its importance as a non-destructive
technique with great versatility, applicable to both opaque and transparent coatings. It operates
on the fundamental premise of adhesion between a coating and substrate, leading to system
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bending due to differences in material attributes like elasticity,CTE, and lattice parameter.
The method leverages laser technology to measure the curvature radius of the coating-substrate
system at room temperature, which aids in ascertaining the coating’s stress condition, especially
residual stress [325]. The heating of the samples exposes varying thermal expansion properties of
the coating and substrate, causing additional system bending. This observed bending assists in
determining the CTE and tracking the thermal stress development in the coating. For a bilayer
system where the film is significantly thinner than the substrate, resulting in near-uniform stress
across the film, Stoney’s equation [326] can express the coating’s stress in relation to the bending
curvature radius R:

σf (T ) = Es
1− νs

tf
t2s

1
6

(
1

R(T ) −
1
R0

)
(1.1)

In this context, the subscripts ’f’ and ’s’ refer to ’film’ and ’substrate’, respectively, while ’t’
denotes the thickness of the coating or substrate. The residual stress can be determined exploit-
ing equation 1.1 if the curvature radii after and before the deposition, namely R(T) and R0,
are measured. When there’s a discrepancy in the CTE between the coating and the substrate,
causing thermal stresses during heating or cooling, the CTE of the coating can be inferred using
the subsequent equation [316]:

CTEf = CTEs + δσf
δT

1− νf
Ef

(1.2)

The equations (1.1) (1.2) show that knowledge of the elastic properties of the films is neces-
sary to determine the internal stresses and CTE. Moreover, the equations assume temperature-
independent elastic moduli and allow finding a single value of CTE. However, both Elastic
Moduli and CTE do exhibit some temperature dependence. A more comprehensive approach
would consider the temperature dependence of the elastic moduli of both the substrate and
the film. Nonetheless, measuring these dependencies is challenging. In this work, the thermal
treatments used maintain temperatures well below the melting and recrystallization tempera-
tures, where significant variations in elastic moduli could be expected. Therefore, neglecting the
temperature dependence of the elastic moduli only introduces minor inaccuracies. Moreover,
it is essential to note that the measured CTE refers to the in-plane component of the linear
expansion thermal coefficient. For anisotropic samples, the in-plane CTE can differ significantly
from the out-of-plane CTE, which must be determined using other techniques.

Operationally a 2x2 laser beam array with 1 cm spacing is used in this setup, generated by a laser
diode and two etalons. The array hits a sample at a 60-degree angle, allowing investigation of
both metallic-coated and uncoated polished substrate surfaces. However, only the substrate can
be studied for transparent coatings due to laser scattering interferences. The array’s position on
the CMOS sensor is tracked by identifying the laser spot centroids with an intensity algorithm
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implemented in MATLAB developed in [316]. Despite noise factors affecting accuracy, using
multiple laser beams ensures precise measurements, as the relative beam spacing is less sensitive
to vibrations than the beam’s absolute position, providing insight into sample curvature changes
[316].

1.2.1. Curvature Measurement Setup Optimization

Part of the work undertaken in this thesis centered on optimizing the experimental setup, which
was developed as part of a doctoral thesis at NanoLab [316]. The primary aim was to improve
the characterization of the CTE and monitor thermal stresses in films. At the outset, the existing
setup encountered challenges related to the heating module, vacuum leaks, and measurement
instability, impeding the accurate measurement of higher temperature curvatures. These issues
required resolution in order to establish a fully functional system capable of effectively performing
such measurements.

The substrate curvature equipment utilizes laser arrays to measure deflection in a bi-layer film-
substrate structure. The setup was initially designed for experimental trials with a maximum
temperature ramp of 1200°C. It included a programmable power supply, a heating module, a
vacuum system, a gas inlet, and a primary viewport. The setup’s components are summarized
in Figure 1.4, and all the information about it is reported in [316]. The setup was enhanced from
its original version by installing a ceramic heating plate, improving heating efficiency, stability,
and control accuracy. The ceramic heating plate offers fast heating rates, uniform temperature
distribution, and high surface power capability. Silicon nitride was chosen for its stress and
wear resistance, making it suitable for this application. To ensure accurate measurements, a
transparent sapphire view port was installed to replace the previous one, allowing for improved
transmission of infrared radiation, and avoiding the radiative heating coming from the heater
to heat up excessively the port during the thermal cycling for measuring CTE. The sapphire
window is highly durable, with low thermal expansion and excellent optical properties.

Figure 1.4: (a) Inventor®CAD representation of the ubstrate curvature setup. (b) Laser path
tracing (top view).

Due to the existing setup’s space containments, the new heating plate was placed in direct
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contact with the existing sample holder. A thermocouple was located to record the temperature
in the middle of the plate for accurate monitoring. Another thermocouple was set at the junction
tip of the connectors, monitoring any temperature excursions that could surpass the maximum
tolerable threshold of the connectors. This arrangement is illustrated in Figure 1.5 (a).

For precise calibration of the system, initial tests were executed, examining the peak temperature
achievable to different input voltages; by adeptly charting the plateau values attained for each
input, a valuable understanding of the system’s rate of temperature rise and the corresponding
maximum limit was attained. The results in Figure 1.5 (b) revealed a linear pattern, under-
scoring the system’s performance. Notably, the system demonstrated an average temperature
plateau with a voltage rate equal to 12.16 °C/V.

1.2.2. Heat Transfer Kinetic Finite Element Modeling

Delving into a comprehensive examination of the thermal module as a whole entity, the investi-
gation encompassed a thorough analysis of the heat transfer kinetics and heat losses associated
with the alumina mounting plate. Furthermore, the heating component, encompassing the plate
and the sample positioned upon it, was modelized. To maintain simplicity within the model, a
uniform temperature boundary condition along the lower side was implemented to emulate heat
source.

The mounting plate was meticulously designed to accurately represent its actual dimensions.
Subsequently, a comprehensive analysis was conducted to quantify the thickness’s temperature
gradient, thereby gaining insight into the temperature reduction within the section housing the
mounting sample holder. Crafted from alumina, this plate features a strategically positioned hole
to accommodate the thermocouple (Figure 1.5 ). Given that the temperature experienced by
the sample during the CTE measurements holds immense importance in extrapolating the CTE
value, this model was deliberately formulated to ascertain whether the temperature measured by
the thermocouple, placed at the center of the alumina plate, could consistently provide reliable
information regarding the temperature of the sample positioned atop the alumina plate.

The understanding of the heat transfer within the thermal module has been achieved through
COMSOL Multiphysics [327] exploiting Finite Element Modelling (FEM). The FEM works rep-
resenting any continuous domain using an assortment of elements and nodes, with behavior at
any point being informed by the aggregated behaviors of the linked nodes within an element.
Therefore, it’s essential to precisely model the relationships among the variables, facilitating be-
havior deduction at unspecified locations within an element based on associated nodes’ behaviors
[328].

Element models generated from the governing equations of engineering problems establish the
basis of the FEM model. The solution relies on examining differential equations subjected to
specific boundary conditions. The governing equations, directly linked to the unique engineering
problem, maintain adherence to the essential principles of conservation, encompassing mass, mo-
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Figure 1.5: (a) Schematic representation of the heating module. (b) Temperature/Voltage
calibration curve.

mentum, and energy conservation. These principles are depicted as partial differential equations
(PDEs), serving as a means to interpret the conservation principles mentioned above [329].

As mentioned, the design and subsequent exploration were conducted as an initial attempt to
understand heat losses within the system, assuming conditions the closest as possible to the
real one to a vacuum. In this particular scenario, two different pathways for heat transfer were
assumed:

• Heat conduction through the alumina plate structure. Heat conduction is the
diffusive transfer of thermal energy, considering the physics of simple conduction. Fourier’s
law of heat conduction governs the phenomenon, asserting that the heat transfer rate across
a material is proportional to the negative temperature gradient and the area perpendicular
to the gradient through which the heat flows [330].

• Additional heat losses are attributable to radiation from the system. Radiation
from the surface to the ambient environment is an influential component when assess-
ing heat transfer within a system. This heat transfer is facilitated by the emission of
electromagnetic waves, which subsequently carry energy away from the source [330].

The physics governing this phenomenon is encapsulated in Stefan-Boltzmann’s equation.
For practical purposes, the emissivity value of bulk alumina - a measure of the material’s
ability to emit energy as thermal radiation - is approximated based on literature values
[331], ranging between 0.7 to 0.75, facilitating the evaluation of radiative emission.

It is important to note that convective heat transfer is essentially absent due to the vacuum
conditions under which the system is intended to function. Moreover, in light of the system’s
capacity to endure high temperatures of up to 1200°C, radiative heat transfer was identified as a
crucial player in the overall thermal management process. This mode of heat transfer is aligned
with the operational norms of systems designed to function at high temperatures and working
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in vacuum, which aids in preventing oxidation.

To accurately represent the sample inside the model, it was deemed necessary to incorporate it
being modeled onto the same plate. Then a time dependent analysis, based on the boundary
condition of 1000°C at the base of the plate, was carried out to assess the temperature decrement
across the plate, thereby facilitating a more profound comprehension of the thermal attributes of
the system. Two distinct point probes were placed - one alongside the drill hole to simulate the
thermocouple temperature readings and the second on the sample surface. This examined the
total temperature disparity between the measurements the two probes took and the time each
took to attain a steady state. The latter was analyzed through a dynamic study that yielded
valuable insights. In the quest for a comprehensive representation of the actual system, the
presence of coatings on the sample was also modeled, exploiting the thin layer approximation
in Comsol. Thin structures often introduce high aspect ratios in the geometry, which can
complicate or distort meshes and are computationally expensive to solve [332]. Hence, specific
tools and assumptions are implemented for studying such structures. The ’thermally thin’
approximation is used when the films can be considered as boundaries of thickness considerably
smaller than the typical lengths of the overall model [333]. This supposition is generally valid for
thin structures that are good thermal conductors compared to the surrounding domains and/or
exhibit rapid convection along the tangential direction. This formulation applies predominantly
to a thin structure where heat transfer follows the tangential direction, as further elucidated
in [333]. The decision to utilize this node of Layered shell material instead of modeling the
films as a 3D structure was made to circumvent the significantly high aspect ratios, which could
potentially lead to complexities in meshing and be computationally burdensome to process [332].
This notion of thermally thin approximation infers that the temperature variation across the film
thickness is minimal, rendering the distinction of the temperature difference across the opposite
faces of the layer insignificant . This means that instead of the traditional 3D heat transfer
equation, a 2D equation is solved only on the boundaries, with each term multiplied by the film
thickness [333].

Given the lack of specific knowledge about the actual value of thermal contact resistance, be-
tween the coating and the substrate, this value was automatically computed based on the model
of an equivalent thin resistive layer, wherein thermal conductivity and layer thickness serve as
controlling parameters to calculate the equivalent contact resistance. This includes the contri-
bution of the radiative conductance evaluated through the ’gray-diffuse parallel surfaces’. This
thermal contact resistance approach comes into play when a junction is formed by two similar
or dissimilar materials, for considering also roughness of the contacting surfaces [334].

Moreover, as the system encompasses a bi-layered structure free to expand under the imposed
temperature load, a minimum constraint had to be added without imposing additional artificial
stresses [335]. The ’Rigid Motion Suppression’ boundary condition is a valuable method to au-
tomatically create a set of constraints sufficient to inhibit rigid body modes without introducing
any reaction forces as long as the external loads are in equilibrium [336].
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Figure 1.6: (a) Meshed geometry. (b) Visual representation of temperature drop across the
Alumina mounting plate and (c) temperature time evolution

Lastly, since the system operates under vacuum conditions, the boundary condition of radiative
heat loss to ambient condition was imposed onto the system [333]. This was accomplished while
considering the corresponding properties of the system, as indicated in Table 1.2 :

Parameters Values Unit

Plate length 50 [mm]
Plate height 5 [mm]

Si wafer (sample substrate) thickness 0.525 [mm]
Drill hole Diameter 1 [mm]
Ambient temperature 293.15 [K]
Boundary temperature 1273.15 [K]
Emissivity bulk Al2O3 0.70 [-]

Emissivity Si Wafer (sample substrate) 0.60 [-]
Heat capacity (Mount plate) Cp 900 [J/kg K]

Density (Mount plate) ρ 3900 [Kg/m3]
Heat capacity (Si wafer) Cp 678 [J/kg K]

Density (Si wafer) ρ 3900 [Kg/m3]

Table 1.2: Mounting plate’s and sample’s characteristics and specifications used for assessing
the impact of heat transfer throughout the system

The simulation results reported in Figure 1.6 (b) and (c) demonstrate a minimal difference
between the temperature recorded by the thermocouple positioned at the mid-plate and the
average temperature felt by the probe setup on the top of the sample. The impact of thermal
contact resistance doesn’t result in any substantial temperature decrease across the system.
Moreover, the delay for the system to achieve a steady state is negligible since the system
stabilizes within a 10-second timeframe.

The previously mentioned model showed a negligible discrepancy in the temperatures sensed by
the thermocouple and the sample, and it has been substantiated via a series of experiments.
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Figure 1.7: (a) Temperature comparison between the mid-plate location and top surface ther-
mocouples. The graph illustrates a noteworthy consistency between these readings, validating
the numerical model and demonstrating the negligible discrepancy in temperature sensed by the
thermocouple and the sample. (b) Pyrometer and mid-plate thermocouple readings showcasing
minimal temperature difference in the measurements

Firstly, two placed thermocouples were utilized. One thermocouple was embedded into the
plate at the mid-plate drill hole, whereas the other was positioned in immediate contact with the
plate’s upper surface. This setup aimed at mimic the temperature probes used in the simulation.
The temperatures registered by these thermocouples were tracked over time to evaluate their
variability.

Figure 1.7 (a) demonstrates the alignment between the temperature recordings at the top surface
and the corresponding mid-plate location. To further enhance our understanding, a pyrometer
was used to corroborate the plate’s temperature. The readings from the pyrometer also revealed
a trifling variation in temperature ( Figure 1.7 (b) ). These results have crucial implications:

1. The computational model created has been verified through the results mentioned above,
establishing that the temperature difference between the actual sample and the thermo-
couple readings is minimal. This temperature disparity is of the same scale as the value
derived from the simulation.

2. An approximately 10°C temperature discrepancy was noticed between the pyrometer read-
ing and the thermocouple temperature. This divergence may be due to intrinsic errors
within the system, encompassing uncertainties related to both measurements.

The above-mentioned experiments effectively finalized the calibration studies of the equipment,
validating the trustworthiness of the input temperature ramps and the system’s overall stability.
Consequently, the system has been considered appropriately equipped and prepared to engage
in subsequent experimental inquiries, inclusive of tasks such as the evaluation of CTE.
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1.2.3. Alumina Coatings Intrinsic Stress determination

Benefiting from the promising results yielded by the advanced configuration and driven by
the results detailed in the preceding Section 1.1, the measurements of the intrinsic stress and
CTE for Al2O3 coatings were carried out because this was the material with already established
deposition procedure. Given its extensive refinement for nuclear applications, this process indeed
emerged as the most prudent choice during the foundational stage of the setup.

Amorphous alumina coatings with varying thicknesses (250nm, 500nm, 1 µm, and 2 µm) were
deposited on Silicon wafer substrates. The mechanical properties of the film were extrapolated
from existing literature sources [166].

Assessments of residual stress were performed at room temperature on Alumina films of varied
thickness utilizing the Equation 1.1. The parameters employed in the said equation are docu-
mented in the Table 1.3. The objective of each test was to yield numerous data points to aid
the calculation of a precise average approximation. The MATLAB® software developed in [316]
was employed to analyze stress values and curvature radius. The results of this study, depicted
in Figure 1.8, illustrate that the Alumina films, which were deposited via PLD, manifest com-
pressive stress. The results of this study are also consistent with extant literature concerning
thin films of alumina by Physical Vapor Deposition (PVDs). For instance, Cibert et al. [337]
documented a compressive residual stress of approximately 500 MPa for a 1 µm-thick PLD-
grown Al2O3 film, which is similar to the observations made in this study. The figure shows
a notable disparity in the standard deviation for each sample. The large error bar for the 250
nm sample is predominantly attributable to inaccuracies in curvature measurements resulting
from extensive spot divergence when gauged along each axis. This disparity can be linked to
a significant non-uniform distribution of residual stresses in the thinnest film [338]. However,
this variation among samples diminished with increased film thickness. It can be observed that
the error bar declined with an increase in film thickness, suggesting a trend towards greater
uniformity in the distribution of residual stress as the film thickness increased. The disposition
of particles significantly influences the distribution of residual stress; longer deposition duration
results in denser and more uniform particle stacking, thereby enhancing the uniformity in the
distribution of residual stress within the thin film. Consequently, as the thickness of the film
increased, the distribution of residual stress became increasingly uniform [337].

Material Young’s Modulus [Pa] Poisson Ratio Reference CTE [1/K]

Al2O3 1.95 1011 0.29 7.5 10 -6

Si wafer 6.55 10 10 0.22 2.6 10 -6

Table 1.3: Thermo-Mechanical properties of a Al2O3 film [166] and properties for the Si sub-
strate.
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Figure 1.8: Evolution of residual stress with film thickness in Al2O3

Moreover, the paper [317] proposed "isothermal stress relaxation" as the primary factor for the
observed stress decrease. The authors postulated that the creation of thicker films triggers a
general reorganization within the layers. The accumulated heat over time initiates thermal phe-
nomena such as dislocation climb, grain boundary, and volume diffusion. Drawing from a similar
paradigm, the authors in [339] proposed a recovery process. The shot-peening effect produces
intense compressive stresses in extremely thin films. As the growth of the film progresses to
a certain stage, the predominant mechanism transitions to recovery. During this process, the
arrangement of atoms and eradication of cavities and defects result in volume contraction and
local densification. The model mentioned above aligns well with the observations made in this
study. Thus, it appears to be the most suitable model for representing the present material. In
conclusion, the experimental results have confirmed the dependency of residual stresses on the
thickness of PLD-grown alumina. The effect of residual stress on the mechanical performance
of the coating will be discussed in a later section once the results of the mechanical tests have
been reported.

1.2.4. Alumina Coefficient of Thermal Expansion determination

Operating at peak input voltage, the system accomplished to reach 375°C. Implementing a
heating ramp of 18.5°C/min and a cooling ramp of 13.6°C/min (natural temperature decay)
permitted the determination of the CTE for Alumina samples. A pyrometer was employed to
affirm the veracity of the temperature recordings derived from the thermocouple. This served
the dual purpose of comparing surface temperature with the thermocouple’s readings.

Figure 1.9 (a) illustrates the stress-temperature curve for an Al2O3-Si sample with a thickness
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Figure 1.9: (a) Depiction of the thermal cycle conducted on alumina, illustrating the alterations
in curvature and the corresponding stress-temperature evolution. (b) CTE of Alumina samples
of varying thickness

of 1µm. The arrows, colored green, symbolize the direction of the thermal cycles for heating and
cooling, while the dotted line demarcates the linear range where the CTE was computed. The
uncovered CTE values have been depicted in Figure 1.9 (b). A remarkable linear and reversible
pattern was discerned within the defined temperature range, implying that the Alumina-Si
samples underwent elastic deformation[ [316]. The films were subjected to compressive stress,
which lessened with increased temperature, tapering off to roughly -0.35 GPa at 375°C. After
the cooling phase, stress returned to its preliminary value, suggesting a lack of stress relaxation
during the thermal cycle [340]. A similar trend was observed in other Alumina samples. The
CTE values measured across all thicknesses presented a value that was notably lower than
those observed for amorphous alumina, approximately 7.5 x 10-6, within the same temperature
range [341]. While all samples exhibited comparable variances, the CTE values for different
thicknesses revealed system instabilities due to the absence of a distinct trend. Nevertheless,
these findings suggest a probable range of CTE values for varying thicknesses, from 250nm to 1
µm. A noteworthy comparison emerges when juxtaposing CTE values of the Alumina coating
and the bulk, crystalline alumina, which displays a CTE of around 8.5 to 9.1 x 10-6. The values
obtained for the film in this study are lower.

Despite the variability that presently precludes the determination of a definitive CTE value,
it is encouraging to note the lower observed value, which may carry positive implications for
applying alumina coatings in the aerospace sector as antireflecting coatings for solar panels. The
CTE value documented in existing literature was previously identified as a potential obstacle,
which could have resulted in the exclusion of alumina as a viable option for an anti-radiation
protective coating. The lower observed value infuses optimism in reconsidering alumina for this
crucial application.

In order to rectify the variability encountered during this study, further steps must be taken
to fortify the reliability of measurements. For instance, the existing power supply unit allows
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a maximum asymptotic temperature of 375°C. Although initial CTE evaluations could be con-
ducted within this operating temperature, higher temperatures could unveil opportunities to
explore phase transformation and crystallization studies in thin oxide films such as alumina.
This stems from the ability of PLD alumina to undergo a phase transformation beyond 600°C.
Additionally, augmenting the number of laser beams reaching the sample and forming an array
of spots could enhance the evaluation process by enabling the extrapolation of measurements
from multiple distances between the spots, thereby obtaining a less disturbed measurement.
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1.3. Unveiling Alumina Thin Film’s Optical Properties and Den-
sity: Ellipsometry measurements

Ellipsometry, a non-destructive optical methodology, uses a beam of polarized light to shine on
the sample that is being analyzed. This technique quantifies the transformation in the beam’s
polarization state used for measurement, which is instigated by its reflection or transmission
through the sample [342]. The resulting alteration in the polarization state is typically char-
acterized by the ellipsometric parameters: Psi (Ψ) and Delta (∆), as specified in the following
Equation 1.3:

tan(Ψ) = ei∆ = ρ̃ = r̃p
r̃s

(1.3)

Within this equation, rho (ρ) represents the ratio of reflectivity for p-polarized light (rp) to that
for s-polarized light (rs). ρ is identified as a complex number, with the ellipsometric parameters
expressing this value in a polar form: tan(Ψ) communicates the magnitude of the reflectivity
ratio while ∆ indicating the phase. Ellipsometry presents three key advantages over simple
intensity-based reflection or transmission measurements [342, 343]:

• Precision: The modification in the polarization state, determined by a ratio, allows
ellipsometry to remain indifferent to changes in the absolute intensity of the beam used for
measurement. Therefore, the sample acts as the ’reference’ for the measurement, ensuring
that the technique maintains accuracy without the requirement of ’absolute’ intensity
values.

• Sensitivity: The phase details encompassed in the ellipsometric ∆ parameter yield height-
ened sensitivity to exceedingly thin films, capable of detecting even sub-nanometer thick-
ness levels.

These superior accuracy, precision, and sensitivity strengths make ellipsometric measurements
remarkably suitable for rigorous thin film metrology applications. In Spectroscopic Ellipsometry
(SE), the acquisition of Psi and Delta values varies with wavelength. This broadens the quantity
of information in the dataset, allowing simultaneous determination of multiple properties of the
sample [343]. However, deducing parameters like film thickness and optical constants from the
measured SE data necessitates the creation of an optical model that aligns with the data. The
CompleteEASE software provides a graphical user interface, simplifying the construction of these
models and visualizing measured data and model fits. The necessity of data analysis within SE
cannot be overstated. SE, devoid of data analysis, merely quantifies ellipsometric parameters,
Psi and Delta, against wavelength, thereby offering a relatively superficial overview. To unearth
intrinsic sample properties such as layer thicknesses and optical constants, the execution of a
model-based analysis on SE data is imperative [342, 343].

Specificaly for this work, the sample thickness is predetermined, as all depositions are precisely
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calibrated to achieve the necessary thickness. Consequently, thickness transitions from being
an outcome of measurements to an input parameter in this analytical context. For this specific
experiment, 1 µm Al2O3 samples were deposited on Si wafers. In an attempt to glean additional
insights from past measurements outlined in [166], the process of alumina sample production was
altered, with a specific focus on modifying the repetition rate of the laser during the deposition
phase. Historically, literature dedicated to Pulsed Laser Deposition (PLD) produced alumina,
as outlined in the aforementioned section 0.2.6, consistently utilized a repetition rate of 20 Hz.
However, the experiment under consideration deviated from this norm, electing a repetition
rate of 50 Hz instead. This decision expedited the deposition process, producing the same
thickness in just under half the time. While this affords an undeniable advantage in terms of
efficiency, it also provokes a poignant question regarding the material’s properties. It becomes
challenging to predict the material’s properties as an outcome of the deposition process, as it
results in a fully dense, amorphous, and compact material layer that mirrors the morphology
of the sample fabricated at 20 Hz. Further investigation into the impact of deposition rates on
various materials will be presented at a later stage, providing a comprehensive and engrossing
analysis.

From a preliminary examination, it is evident that the coatings appear nearly transparent, at
least within the visible spectrum. Consequently, an initial approach to modeling the refractive
index involves utilizing frameworks designed for transparent materials. The refractive index of
transparent films in the visible spectral range is typically defined using the Cauchy dispersion
equation:

n(λ) = A+ B

λ2 + C

λ4 (1.4)

where the parameter A represents the approximate amplitude of the material’s index. The
parameters B and C outline the shape or curvature of the index versus wavelength.

Measuring the alignment between the data generated by the optical model and the empirical
data forms a crucial element of the SE data analysis process. This is facilitated through an
automated process that quantifies the "fit" or "concordance" of the data, denoted by the Mean
Squared Error (MSE). Achieving the optimal fit, or the lowest MSE, necessitates adjustment of
the optical model’s parameters.

The Cauchy layer is frequently employed to ascertain the optical constants of a transparent
or semi-transparent film, specifically for Dielectrics and Semiconductors that fall below the
fundamental bandgap. For a portion of the spectral range, the optical constants of such materials
can be depicted by a slowly varying index as a function of wavelength and an exponential
absorption tail. This is usually called Urbach tail and represents an exponential segment in the
energy spectrum of the absorption coefficient and typically materializes near the optical band
edge in amorphous, disordered, and crystalline materials [342, 343].
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Figure 1.10: Dispersion curves for the refractive index and absorption amplitude of Al2O3 films

Figure 1.10 presents the dispersion curves of the index and the absorption amplitude for Al2O3,
which was achieved by modeling the system starting from a model containing Silicon substrate.
This substrate was modeled including a layer of silicon oxide from natural oxidation at room
temperature and a subsequent layer of 1-micron-thick alumina. To enhance the measurement’s
reliability, three different reflective angles were evaluated: Ψ and ∆ as a function of wavelength,
and the fitted model was represented for three incidence angles 55°, 60°, and 65°.

Notably, most transparent materials within the visible spectral range show a slight upward curve
in their index at shorter wavelengths, a characteristic aptly captured by the Cauchy dispersion
equation also for Al2O3 case.

The MSE for the results in question yielded a value of 17, which strongly underscores the notable
conformity between the selected computational model and the system’s actual responses. As a
result, it is plausible to interpret the representation of the data in the Figure 1.10 as a precise
visual analogue of the material’s behavior.

It’s worth noting a specific observation concerning the absorption coefficient of the film in the
Ultraviolet (UV) spectrum. Despite the instrument’s limitations, which could not cover the
entire UV wavelength range and halted at 400 nm, it is evident that even at the edge of the UV
spectrum, the absorption coefficient remains remarkably small, falling within the range of 10-3.
Even though it might be projected that the increasing trend could persist as we move toward
shorter wavelengths, the low value found at 400 nm instills optimism for using the alumina
coating as a protective layer in space applications; since, in such contexts, the absorption in the
UV range is a crucial factor affecting the performance of solar cells.

Interjecting with a few noteworthy observations at this juncture in the discourse is imperative.
Firstly, a direct comparison must be conducted between the measurements performed on the
same material as elucidated in [166], with the only discernible distinction being the deposition
frequency employed—20 Hz as opposed to the current 50 Hz. In the aforementioned article
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[166], the refractive index, assessed at a wavelength of 532 nm, was found to be 1.647, while this
study yields a value of 1.758. Unfortunately, the absence of explicit details regarding the fitting
model employed in the referenced article precludes a definitive determination as to whether this
disparity can be attributed solely to the different deposition conditions or may be influenced by
discrepancies in the fitting model.

Nonetheless, after further investigation, another study [344] was unearthed that deposits alumina
via PLD utilizing conditions akin to those delineated in the aforementioned article [166]—namely,
a deposition frequency of 20 Hz and comparable magnitude of deposition pressure. In this study,
the refractive index was assessed at a wavelength of 1550 nm, yielding a value of 1.65, which is
relatively closer to the value obtained in our research, measuring at 1.7289.

Now the discourse can be further deepened on a study by G. Reisse et al. [345] that investigates
the refractive index of an array of variables, among all, the frequency of deposition. Their
research targeted diverse amorphous oxide ceramic materials, such as Y2O3, under conditions
that closely resemble the ones in our current study—using an ultra-high vacuum for deposition,
an equivalent 248 nm UV laser pulse duration, and a comparable target movement. The findings
of the Reisse et al. Reisse et al. [345] study bear relevance to this work as the observed effects
also seem applicable to this context.

One interesting observation reported in the Fig-

Figure 1.11: Refractive index of Y2O3 as
a function of repetition rate (Reisse et al.
[345]).

ure 1.11, is that an increase in the laser repetition
rate leads to an increased refractive index of the
material. This could explain the behaviour ob-
served in this case. This correlation between the
refractive index and ion bombardment, as well
as the growth rate, can be explained with the
model proposed by Chrisey [346] regarding dif-
ferent growth modes in films deposited through
pulsed laser deposition. According to this model
[345, 346], the growth of the film primarily de-
pends on the instantaneous growth rate and the
temperature of the substrate.

When the instantaneous growth rates increases,
and the substrate temperatures are low, a continuous (liquid-like), layer-by-layer growth mode
is facilitated, resulting in a predominantly amorphous increasingly dense microstructure. The
forthcoming discussion will elucidate that this increased refractive index is directly related to a
material endowed with higher density [346].

This result is particularly interesting for the discussed application of this PLD coating since the
density of a material plays a significant role in shaping its mechanical and tribological proper-
ties. High-density materials typically exhibit increased mechanical strength, characterized by



82 1| Pulsed Laser Deposition Ceramic Coatings - Properties Investigation

improved hardness, rigidity, and resilience, all of which are paramount to the performance and
longevity of material under various operational conditions. Furthermore, the density directly
influences tribological properties, such as friction, wear, and lubrication. A denser material gen-
erally reduces wear rates and lower frictional coefficients, thereby providing enhanced resistance
to sliding or rolling contact, which is particularly valuable in industrial applications. Conse-
quently, understanding and manipulating the density of materials offers potential pathways to
engineer materials with tailored mechanical and tribological characteristics [347, 348].

1.3.1. Determining the Density of Alumina Coatings

The justification for employing ellipsometry is twofold; not only does it afford the opportunity
to derive crucial information about optical properties, but it also enables the construction of
a link between the observable macroscopic properties and the inherent microscopic attributes
of a specific medium. This link is made possible by exploiting the Lorentz-Lorenz equation
[349]. This equation offers a profound connection between the medium’s refractive index, which
dictates how light navigates through the medium, and its physical density, a cardinal property
intricately related to its molecular composition and organization.

This noteworthy correlation provides a comprehensive understanding of how a medium interacts
with light. The refractive index measures the degree to which a medium influences the speed of
light moving through it. On the other hand, density provides an instant view of the compactness
of the molecules constituting that medium. The Lorentz-Lorenz equation shows the complex
interaction between these two seemingly disparate elements . The true power of this correlation
resides in the concept of polarizability. This critical parameter evaluates the extent to which
an external electric field can alter the electron clouds surrounding the medium’s molecules.
When synchronized with molecular density, polarizability significantly contributes to defining
the unique optical character of a medium [349, 350].

The equation employed in this study for the evaluation of the density of Al2O3 remains identical
to the one utilized and reported in reference [166]:

ρa = ρs

(
n2
a − 1
n2
a + 2

)(
n2
s + 2
n2
s − 1

)
(1.5)

It is worth noting that Equation (1.5) arises from the assumption that all the molecules have
identical mass and molecular polarizability. The refractive index depends on the polarizability
per unit volume, which in turn is influenced by the number of molecules per unit volume and
the density. In a scientific context, it is crucial to ensure that when applying this Equation,
the conditions above are met. Any deviation from these conditions may lead to inaccuracies in
the results, and further investigations might be required to account for variations in molecular
properties.

In order to derive the Al2O3 density ρa the Equation 1.5 is used. The mass density and refractive
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index of sapphire are taken as reference parameters in this context. Sapphire’s average refractive
index, denoted as ns, at a wavelength of 514.5 nm typically is around 1.770 [166]. Concurrently,
the mass density, represented as ρs, can be averaged as 3975 kg/m3 [166].

Leveraging the analytical model delineated in the preceding discussion and the parameters metic-
ulously outlined in Table 1.4, a refractive index of 1.723 is yielded for Al2O3 at the identical
wavelength of 514.5 nm. When integrated into Equation 1.5 along with the aforementioned
parameters, this obtained index gives rise to a resultant value for Al2O3 density equal to 3779
kg/m3.

Parameters A B C

1.720 9.407 10 3 0.4387

Table 1.4: Ellipsometry fitting parameters for the Cauchy model.

As anticipated, this ascertained density value manifests a higher figure to the one documented in
reference [166], wherein the ρa was found to be 3471 kg/m3. The comparison denotes the notable
influence exerted by the choice of laser repetition rate, in this case, 50 Hz. This experimental
setup catalyzes a perceptible increase in the material’s density, showcasing the properties of the
deposited material. These outcomes further affirm that the material deposition methodology
can indeed wield a positive and consequential impact on the density of the Al2O3.

In the current body of academic literature, to the author’s best understanding, there appears to
be an absence of investigations that directly explore the implications of deposition rate on the
density of deposited coatings. However, a wealth of studies have shed light on the transformative
impact that repetition rate can have on both the morphology and the inherent properties of
materials [351, 352, 353, 354]. A particularly interesting investigation [351] employed a pulsed
kinetic Monte Carlo (PKMC) model to scrutinize the profound influence of laser repetition rate
on island density and film morphology during PLD process.

The research [351] ventured to dissect the influence of laser pulse frequency on island aggre-
gation during the first stages of material deposition onto a pristine substrate. The simulation
demonstrated that increased pulse frequencies created more numerous, albeit smaller, islands.
This reduced island size subsequently amplified the diffusion of adatoms, yielding a more refined
and smoother film surface. Contrastingly, a reduction in pulse frequencies resulted in decreased
island density and a decrease in surface smoothness. This comparatively rougher coalescence
method of film growth could effectively instigate a lower coating density upon the culmination
of the deposition process.
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1.4. Revealing the Thermo-Elastic Attributes of Alumina Coat-
ings: A Comprehensive Evaluation Using Ultrasonic Tech-
niques

Elastic properties of materials, encapsulating their aptitude for reversible deformation, are essen-
tial in understanding how these materials respond to external forces. Examination of such traits
typically requires a deformation process, focusing predominantly on reversible strains. Notably,
the behavior of materials at the nanoscale tends to diverge, influenced significantly by the fab-
rication processes employed [355]. Even though these properties present considerable challenges
in measurement, they can be studied effectively using vibrational excitation measurements[356].

Various experimental techniques utilize vibrational excitations to assess material properties,
taking advantage of the small-amplitude displacements around equilibrium positions. Acoustic-
type vibrational excitations, in particular, exhibit consistency across different scales, rendering
them helpful in evaluating stiffness properties across objects of diverse dimensions [356, 357].

This suite of methodologies, known collectively as ultrasonic testing, exploits high-frequency
sound waves to probe a material’s elastic properties. The principle of extrapolation here rests
upon the detailed description of propagating acoustic waves, or displacements and strains, within
the elastic continuum model without body forces [357]. This principle is demonstrated through
the elastodynamic equations for homogeneous media, which characterize displacement waves
through dispersion relations. These relations factor in the medium’s properties and vectors’
relative orientations [356, 357]:

ρ
δ2ui
δt2

=
∑
j,m,n

Cijmn
δ2um
δxjδxn

, i = 1, 2, 3 (1.6)

The properties of the medium (density ρ and tensor of elastic constants Cijmn) dictate the
determination of dispersion relations, symbolized as ω(k), where ω is the angular frequency, k
the wavevevector. With the displacement vector u possessing three independent components,
the dispersion relation branches into three, which can be categorized based on the relative
orientations of the vectors u and k, i [356]. In isotropic mediums, one longitudinal and two
transversal modes are observed. These modes’ velocities can fluctuate in anisotropic mediums
but remain consistent in isotropic ones, with thermodynamic stability mandating the transversal
velocity to be less than the longitudinal one. Introducing boundary conditions that break
the translational symmetry can lead to additional acoustic modes, such as standing or surface
acoustic waves (SAWs), at the boundary [356, 357].

For a film supported by a substrate or stratified media, layer thickness emerges as a defining
factor for the SAW mode. Waves with a wavelength equal to or larger than the thickness span
across multiple layers, and their properties depend on the varied layers. Conversely, ultrasonic
waves with a wavelength appreciably smaller than the thickness are unaffected by the finite size
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of the medium or the shape of the supporting entity. Instead, their properties depend on the ma-
terial characteristics, with the thickness influencing the existence of observable discrete modes.
Hence, in supported films, the thickness plays a pivotal role in influencing wave properties. A
detailed examination of ultrasonic techniques and the underlying physical mechanisms can be
found in [356].

Two distinct ultrasonic techniques are explored in the context of this PhD thesis work. Initially,
Brillouin spectroscopy is used, benefiting from accumulated experience at Nanoab in measur-
ing the types of films studied in this work. This technique is used to examine the influence of
thickness on the variability of the elastic mechanical properties of Al2O3. Subsequently, with
the support of the Progetto Rocca fellowship, a significant research period was spent at the
Mesoscale Nuclear Material Group at MIT. Here, Transient Grating Spectroscopy, another ul-
trasonic technique, is utilized for the first time to investigate the thermo-mechanical behavior
of alumina thin film. Further discussion on these techniques is forthcoming.

1.4.1. Exploring Elastic Properties of Alumina Transparent coating Using
Brillouin Spectroscopy

Brillouin spectroscopy (BS) serves as a robust and flexible approach for the non-destructive
measurement of the elastic properties of films. It has recently been extensively used to evaluate
opaque and transparent media [166, 358, 359]. The fundamental mechanism of BS is the inelas-
tic scattering of photons, known as Brillouin scattering, caused by thermal acoustic phonons
inherently present in any material at ambient temperature. This process involves the modula-
tion of the optical constants of the medium, which, in the case of transparent media, is initiated
through the elasto-optic effect [360, 361].

From a quantum mechanical perspective, this is seen as a collision between a photon and a
phonon, where frequency and momentum are conserved through creating or annihilating a
phonon, leading to either Stokes or anti-Stokes processes. Therefore, in a typical Brillouin
light scattering experiment, the phonons under investigation have a wavelength close to the
light, implying that their frequencies generally lie between 10 and 150 GHz. Given the rela-
tively low cross-section of the scattering process, a high-resolution spectrometer is necessary
to distinguish the small inelastic light component from the elastically scattered fraction. The
ideal combination of high resolution and efficient throughput is achieved by using a multipass
Fabry-Perot interferometer [361].

When examining opaque films, all detected modes correspond to surface acoustic waves. Specif-
ically, the branch with the lowest velocity is the Rayleigh wave (R), which is altered by the film
itself, while the remaining branches can be attributed to Sezawa waves (S) [316, 356]. Concern-
ing transparent systems, like Al2O3 coatings, it’s also feasible to measure bulk acoustic waves
[361]. As this will be relevant in future discussions, it’s important to note that the Rayleigh
wave does not possess a particular polarization. Instead, it has its unique velocity, which is
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slower than any bulk wave velocity [356, 362].It is essential to emphasize that examining differ-
ent angles of incidence is advantageous for surface waves, as it facilitates the study of diverse
wave vectors. Waves that exhibit behavior contingent on the wave vector are termed dispersive,
a characteristic typical for surface waves but not seen in bulk waves. When investigating sup-
ported films, the displacement field associated with acoustic waves can potentially interact with
the substrate. This effect is especially apparent for coatings whose thickness corresponds to
the waves’ wavelength. As a result of this interaction, supplementary surface modes may arise.
These guided modes typically exceed Rayleigh and shear waves in velocity [361]. Both Rayleigh
and other surface waves may be differently affected by the choice of the substrate material,
which consequently establishes a specific acoustic impedance [361].

The conservation of the momentum component parallel to the surface makes it possible to
directly establish the correlation between the frequency shift of Brillouin peaks and the phase
velocity of the respective acoustic mode:

vSurface = 2πf
QS

= λf

2sin(θ) (1.7)

vBulk = 2πf
QB

= λf

2n (1.8)

Here, QS = 2ki sin (θ) stands for the acoustic surface wavenumber, with ki representing 2π/λ,
and λ denoting the optical wavelength (532 nm) while θ is the angle of light incidence. Further-
more, as already mentioned, when the thickness of the film significantly surpasses the wavelength
of light, "bulk-like" acoustic waves possessing the wavevector QB = 2nki become involved in the
scattering process, where n is the refractive index of the film. The specific case of surface acous-
tic modes garners considerable interest due to the dispersion relation between the angle of light
incidence and the velocities of these modes (Equation 1.7 ) .

Brillouin scattering facilitates the measurement of the dispersion relations of the acoustic waves
in a film-substrate system. When substrate properties are known, the elastic constants of the
film can be derived from these dispersion relations. In situations where bulk waves are not
discernible, a fitting methodology needs to be adopted to extract data on the elastic properties
of the coating from the detected SAWs [361]. This strategy relies significantly on numerical
computations underpinned by statistical assessments. Collecting Brillouin spectra at various
laser incidence angles enables the acquisition of experimental dispersion relations for different
SAWs [316, 361].

Concurrently, numerical dispersion relations for the coating-substrate system can be generated
by solving Christoffel’s secular equations [356]. These equations, governing mode propaga-
tion, are solved as a function of various material parameters such as mass densities and elastic
constants of the film and substrate, the film thickness, and the exchanged wavevector. The
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properties of the coating can be identified by minimizing the least square estimator between
the experimental and numerically computed dispersion relations. The computation part of this
process is semi-automated, facilitated by the Brillo Software developed in Matlab at Nanolab.
Additional details can be sourced from other references [316].

Before concluding this part, specific Brillouin Light Scattering limitations must be noted. The
first is the limited accuracy in determining phase velocities and the phonon lifetime, which in
optimal conditions is constrained to be above approximately 0.5% due to inherent frequency
and wavevector resolution limitations. Consequently, the calculated elastic constants have an
uncertainty of around 1% [361]. Another limitation is the relatively long acquisition times for
each spectrum, which can last multiple hours, as observed in the case of Al2O3 coatings.

Pursuing the investigative methodology previously established in [166], a suite of experiments
was undertaken, fabricating alumina coatings utilizing the protocols reported in the previous
sections. A deliberate selection of thicknesses was explored, namely 250 nm, 1 µm, 2 µm, and
45 µm, which were carefully deposited onto silicon wafer substrates.

The choice of 250 nm was explicitly designed to probe the influence of sub-micron thicknesses
on the ultimate mechanical elastic response of the material. The intermediate thicknesses of
1 µm and 2 µm were selected as points of reference, offering a comparative standard against
previously recorded measurements. The most thick layer, at 45 µm, was chosen to replicate
a scenario resembling the end-use application of space solar panels. This broad spectrum of
thicknesses enabled an exploration into whether escalating film thickness and correspondingly
decreasing residual stress exerted any noticeable effect on the final mechanical elasticity of the
material.

Figure 1.12 (a) presents the Brillouin spectra garnered for the 45 µm sample. The pale blue
areas illustrate the central elastic peak, which does not contribute any information regarding
the inelastic phonon scattering processes. Additionally, the diagram shows the "ghost" peaks
which are instrumentally generated reproductions of the elastic peak at each end of the spectrum
branch.

Given the symmetric processes involved in creating and annihilating photons, the expectation
is to observe identical peaks in the Stokes and anti-Stokes regions of the spectrum, as the figure
corroborates. Notably, the 45 µm sample displays a triptych of unique peaks. The highest peak
can be linked to the bulk mode made possible by the substantial thickness of this sample, while
the two smaller peaks, closer to the elastic peak region, represent two distinct surface modes.

Figure 1.12 (b) demonstrates the spectrum for the 250 nm sample adjusted in aa smaller fre-
quency and intensity ranges. This was done to accentuate the presence of the surface acoustic
peak near the elastic peak, which would not have been detectable in a full-size spectrum. Nev-
ertheless, a sophisticated smoothing procedure employed in Brillo enabled the identification of
a minor bulk peak in the frequency vicinity of 50 GHz. The 1 µm and 2 µm scenarios resemble
the depiction for the 250 nm sample, yet they display a slightly higher peak intensity and more
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Figure 1.12: Collected Brillouin spectra for Al2O3 films, with a thickness of 45 µm (a) and 250
nm (b) thicknesses. The areas delineated in light blue portray the principal elastic peak, the
so-called "ghost" peaks, situated at each extremity of the spectral branch.

defined peaks. Despite these low peak intensities, the approach developed in Brillo allowed the
detection of many peak frequencies. These peak detections supply a broad swath of information,
permitting the comprehensive estimation of independent elastic constants by frequency measure-
ment. As alluded to earlier, some of the peaks, aligned with the Rayleigh wave and other surface
modes, adjust their frequency position in accordance with Equation 1.7. Conversely, the bulk
wave peak maintains near-constancy, regardless of angle changes, reflecting its interaction with
bulk phonons per Equation 1.8.

It is pertinent to highlight further the scenario arising when dealing with submicrometric film
thicknesses, where the film’s thickness is equivalent to, or lesser than, the acoustic wavelength.
Under such conditions, additional modes can surface. A thorough theoretical treatise of these
modes’ cross-section was presented in [363], illustrating that significant interference effects could
emerge, taking into account all potential scattering mechanisms (ripple scattering from both the
free surface and the interface, elasto optic scattering from the interior of the film) [364]. Another
pivotal aspect discussed in [361] concerns the fitting procedure for submicrometric films. In the
mentioned paper, it was shown the theoretical dispersion curves align well for film thicknesses
only surpassing a specific threshold value. When the opposite occurs a notable error can be
introduced.

The error reduction process highlighted above prompts the establishment of a confidence region
within the space of the elastic constants, specifically pertaining to the elastic stiffness tensor
constatnts C11 and C44. Using well-known correlations, these regions enable the extraction of
the elastic moduli. This confidence region is then circumscribed by four physical constraints,
defined as follows:

• The elastic coefficient C11 is determined from bulk longitudinal modes.
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• The bulk modulus B of an amorphous structure cannot exceed that of its crystalline
counterpart .

• The ratio G/B, representing the shear modulus to the bulk modulus, or in other words, the
ratio of shape stiffness to volume stiffness, cannot surpass that of the crystalline structure.
This ratio G/B is intrinsically tied to Poisson’s ratio (ν), and serves as an indicator of
ductility.

• Poisson’s ratio (ν) must fall within the range of 0.0 < ν< 0.5.

All the specifics regarding this process are thoroughly documented in [166]. The key findings
garnered from the procedures described above are concisely encapsulated in the following 1.5.

250 nm 1 µm 2 µm 45 µm
PARAMETERS

C11 [GPa] 176 ± 5.3 255 ± 2.2 291 ± 6.3 283 ± 0.9
C44 = G [GPa] 75 ± 2.1 73 ± 3 73 ± 3 72 ± 6.3

Poisson Ratio (ν) 0.13± 0.01 0.3± 0.02 0.33± 0.02 0.32± 0.02
E [GPa] 169.7 ± 7.1 189.8± 9.1 194.5 ± 9.1 187 ± 10.9
B [GPa] 76.7 ± 10.7 158.2 ± 12.4 193.6 ± 12.4 187± 10.9

Table 1.5: Brillouin extrapolated results form the least square error minimization process.

Observations for film thickness greater than 1 µm closely correlate with previous findings out-
lined in [166], thus signifying the material’s elastic properties that remain static across a broad
thickness spectrum. Regrettably, the aforementioned factors’ complexity makes it infeasible to
reach a conclusive result for the 250 nm case. Despite the substantial uncertainties presented
within this initial analysis, there are indications that films of sub-micrometric dimensions could
exhibit characteristics of lower elastic constants. But, on the contrary, several studies inves-
tigate the effect of thickness on elastic properties in micrometric approaching films, showing
an opposite trend. A case in point is the study depicted in [365], which has demonstrated an
amplification of atomic bonding at the surfaces as compared to the interior sections of a ma-
terial, thereby leading to the assumption that the nominal Young’s modulus of extraordinarily
thin films at the nanoscale is ordinarily larger when the film thickness is reduced. This scaling
phenomenon is identified, underpinned by the theoretical examination of the free energy of the
surface-to-volume ratio of the film and outcomes from the elastic modulus measurement.

It has been disclosed [366] that there is a specific film thickness, denoted by where the film’s
surface energy becomes influential. The thickness exhibits an inverse proportionality to the
bulk Young’s modulus and is substantially contingent upon the in-plane strain. The uncertainty
related to the 250 nm case, requires Further exploration of this latter point is necessary, as
intriguing findings could appear.
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The ambiguity inherent in the scenario involving the 250 nm case necessitates a more profound
investigation of this subject matter. This latter aspect holds a substantial degree of importance
as it could potentially unravel a series of compelling revelations.

1.4.2. Evaluating Elastic and Thermal Diffusivity Parameters in Alumina
Thin Films via Advanced Transient Grating Spectroscopy

During a research visitation period at the Massachusetts Institute of Technology, transient grat-
ing spectroscopy (TGS) was selected as an efficient and non-invasive approach to gain a more
profound understanding of the thermoelastic properties of alumina coatings.

The rationale behind utilizing another ultrasonic optic technique lies in the complexities of
micromechanical testing, as they demand stringent sample design and preparation, making it
particularly difficult to evaluate the properties of nanoscale materials. TGS emerged as a more
rapid method and a means to enhance the findings obtained through Brillouin spectroscopy, given
its capacity to examine various depth scales within the materials. A more detailed explanation
of this aspect will be provided later.

TGS falls under the umbrella of pump-probe methods, it applies the interference of two intersect-
ing laser pulses on the chosen sample, resulting in a spatially periodic excitation. The dynamics
of this excitation are monitored through the diffraction of a probe beam [367, 368]. More specif-
ically, a laser interference pattern (grating) acts as a pump source to create a standing wave
on the sample’s surface with an equivalent wavelength to the grating. A separate laser (probe),
is employed for data acquisition. This optical technique relies on the monitored decay of the
stimulated surface acoustic waves (SAWs) to ascertain sound wave velocity, acoustic damping
properties, and thermal diffusivity [369].

Figure 1.13 provides the representation of TGS measurement signal, obtained from a calibration
process using a reference sample. This signal is presented as a continuous black line, wherein
distinctive segments have been color-coded for better visualization and understanding of the
information they embody. The initially induced pumped surface thermal impulse offers invalu-
able insights into the thermal diffusivity of the uppermost layer of the material. Concurrently,
the detection of the propagation of the acoustic wave imparts significant information regarding
the material’s elastic properties. This is predicated on the understanding that any acoustic
wave’s behavior can be comprehensively explained by the specific Equation 1.6. Lastly, the
observed damping of the acoustic wave could potentially reveal the presence of defects within
the examined portion of the material, further enhancing the analytical power of this technique.

Presently, TGS is being utilized to explore a variety of phenomena, including acoustic wave prop-
agation [370], phonon-polaritons [371], thermal transport [372], molecular diffusion[373], carrier
and spin dynamics in semiconductors [374], charge-density waves [375], and heavy ion radiation
damage monitoring [369]. The technique has also found applications in the microelectronics
industry for metal interconnect metrology [376].
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Figure 1.13: TGS calibration measurement conducted on the W reference sample. The resultant
signal is visually represented as a continuous black line, while distinctive segments within the
signal are color-coded to emphasize the corresponding pieces of extractable information.

The grating systems utilized in this study incorporated a specifically customized diffraction
grating to optimize the first diffraction orders, generating two excitation beams. Including this
diffraction grating facilitates the achievement of phase-stable optical heterodyne detection [377].
Moreover, by employing a phase mask, the grating period can be modified by alternating between
various periodic patterns, thereby enhancing the adaptability of the process.

In this configuration, a 532 nm pump beam was dispersed using a grating, and the first order
diffracted beams were made to intersect at the prepared sample surface. This interference, which
occurred in an open-air setting, resulted in periodic thermal expansion, a critical mechanism
in transient grating spectroscopy. The relaxation of this induced fluctuation in both the tem-
perature field and the surface contour was observed to rely solely on the grating wavevector
and thermal diffusivity [378]. The pulse energies were intentionally selected to minimize surface
heating below 5 K, ensuring negligible variation in TGS readings, as substantiated by recent
extended-duration TGS trials [379].

A 785 nm quasi-continuous wave laser was modulated at 1 kHz using a chopper wheel and divided
for subsequent data acquisition. The probes that traversed the same grating split into two probe
beams and two reference beams. These beams converged simultaneously with the pump during
the diffraction of the transient grating. The first-order responses of the two probe beams were
mixed (heterodyned) with the zeroth order components of the reference beams and captured by
Silicon avalanche photodiodes with a frequency range of 50 kHz to 1 GHz. The timescale for
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the TGS signal development, approximately 1-10 ns, was comfortably accommodated by these
detectors, thus preventing bandwidth-related distortions.

The thermoelasticity equation and the heat equation, when applied in the grating direction to
this pumped surface impulse [378], demonstrate that the surface displacement behavior, uz(x, t),
adheres to the complementary error function:

δuz(x, t)
δx

∝ erfc(q
√
αt) (1.9)

while the surface thermal field T (x, t), decays exponentially:

T (x, t) ∝ 1√
t
e−q

2αt (1.10)

In this context, q is 2π/Λ, where Λ is the grating wavelength and excitation wavevector and α
is the thermal diffusivity.

Figure 1.13 illustrates how the displacement and thermal influences on probe intensity can be
modeled based on Equations 1.9 and 1.10. Hofmann and his colleagues [380] have introduced
a supplementary damped sinusoidal term to account for the decreasing SAW oscillations shown
by the orange dotted line in Figure 1.13. This added term has demonstrated a decrease in the
sensitivity of thermal diffusivity outcomes to the starting point of the fit. To extrapolate the
thermal diffusivity α, the frequency of the induced SAW f and the observed decay τ of the SAW
the measured signal is fitted using an iterative parameter estimation integrated into a nonlinear
least squares calculation. This calculation was used to determine the anticipated intensity of
the acoustic temporal response, represented as IP, and its parameters [369]:

IP = A

[
erfc

(
q
√
αt
)
− β√

t
e−q

2αt

]
+Bsin(2πft+ θ)e−

t
τ + C (1.11)

A, B, and C are constants used in fitting, β symbolizes the ratio of signal contributions from
both displacement and thermally modulated reflectivity, and θ stands for the acoustic phase.
The phase difference denoted as φ, between the two probe beams is usually necessary to measure
in transient grating analysis. Yet, as demonstrated by Dennet and Short [381], this measurement
process is simplified when employing a dual-heterodyne setup.

The thermal diffusion length Lth, represents the extent inside the bulk material where a notice-
able decrease in the thermal field can be observed in relation to the surface. It is the distinctive
depth during TGS investigations [376, 382]. In this particular instance, a general Gaussian
thermal profile is considered. This depth represents the range over which the heat diffuses when
the SAW dwindles to 1/e of its initial height. Even though there might be some seepage into
the bulk, its impact is minimal due to its tiny magnitude.
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Lth ≈
Λ
π

(1.12)

Similarly, the Rayleigh grating induced wave showcases a displacement field that diminishes
exponentially with depth (Ldisp). The scale and the elastodynamic equations uniquely define
the decay length of this wave [382].

Ldisp ≈
Λ
2 (1.13)

Consequently, modifying the grating wavelength makes it feasible to utilize the Rayleigh wave
and the thermally induced field as a probe, allowing for determining the medium’s properties
up to that particular depth. The primary constraint on investigating increasingly superficial
surface segments, for SAW speed determination, is intrinsically linked to the bandwidth of the
oscilloscope utilized in the acquisition process. Indeed, to ascertain the speed, it is requisite
to measure the frequency of the oscillation induced at the surface. In this specific work, the
maximum frequency limit attributable to the electronic chain was quantified at 1 GHz. Given
the acoustic wave velocity (v), previously measured in [166] to be approximately 4300 m/s,
and the established relation correlating wavelength (λ) and frequency (ν), where λ · ν = v, the
smallest exploitable grating wavelength (Λ) was determined to be 4.3 µm. This corresponded to
a shallower analysis depth of 2.2 µm. Given that the decay of thermal diffusivity is independent
of the SAW frequency propagation as stated in Equation 1.11, no restrictions were imposed on
the grating wavelength in the case of thermal diffusivity measurements.

The comprehensive ellipsometry examinations, delineated in the earlier section, have provided
the indispensable foundation for the initial blueprint of TGS measurements. This blueprint is
built upon a profound understanding of the light transmission coefficient as it passes through
the alumina. It is crucial to acknowledge that alumina consistently exhibits transparency in the
visible frequency spectrum when fabricated through the PLD a-Al2O3. This feature, although
significant, presents an inconsistent correlation with the operational requirements of TGS mea-
surements: pump laser’s absorption and probe’s reflection.

To address this technical difficulty, a thin, sputtered coating of gold was deposited on the sur-
face of the alumina to function as an effective transducer. The thickness of this gold layer was
expertly fine-tuned to maintain a delicate balance: thin enough to minimally interfere with the
outcomes yet sturdy enough to ensure the efficient absorption and reflection of the lasers. This
led to a gold layer with a thickness of 100 nanometers, thereby successfully navigating the in-
herent intricacies and facilitating the way for precise TGS measurements. Without a shadow
of a doubt, the presence of the gold layer impacts the ultimate response observed in TGS mea-
surements. However, empirical validation has demonstrated that any gold layer thickness below
the designated threshold fails to produce a reflection of the requisite magnitude for obtaining
a suitable dataset. Nevertheless, given TGS’s inherent ability to manipulate wavelength and,
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Figure 1.14: This figure illustrates the substantial influence of substrate and coating thickness
on the acoustic response of the TGS measurements: (a) decay in thermal diffusion with absent
SAW oscillations in thinner samples; (b) acoustic response influence by substrate-thickness in
thicker samples; (c) steel substrate response; (d) SAW Oscillation resurgence in alumina samples
on monocrystalline silicon

thereby, the depth of analysis, diligent efforts have consistently been made to operate at depths
of analysis that facilitate the infinitesimal gold layer’s affect the measurements the least.

For this set of investigations, alumina coatings were fabricated onto steel substrates using a
frequency of 50 Hz. The fabrication process yielded coating thicknesses that varied between 1
and 10 micrometers.

The decision to utilize steel as the substrate was made considering the experimental matrix
that integrated heavy ion irradiation and thermal annealing processes. Empirical evidence has
revealed that alumina exhibits superior adherence properties on steel substrates, reinforcing this
decision.

The initial findings are delineated in Figure 1.14. Specifically, Figure 1.14 (a) shows the represen-
tative behavior of measurements conducted across the range of samples with lesser thicknesses.
This figure reveals a result that deviates from prior observations. There is clear evidence of decay
attributed to thermal diffusion, yet the oscillations associated with the SAW propagation are
conspicuously absent. To investigate this discrepancy, additional measurements were executed
on samples of greater thickness (Figure 1.14 (b)) and on an uncoated substrate (Figure 1.14
(c)). The reappearance of oscillations in the 10 micrometer sample, coupled with the consistent
absence of oscillations in the substrate, suggest that the substrate-thickness combination affects
the acoustic response of the system.
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As previously discussed in the previous section, it is recognized that when the the depth over
which the amplitude of the surface wave (Ldisp in Equation 1.13) equals or exceeds the coating’s
thickness, the travelling elastic wave can be influenced by the substrate’s presence. In this
instance, it appears the substrate has a damping factor (τ in Equation 1.11) of the SAW wave
that is so substantial it likely leads to the immediate disappearance of the oscillation. This
is a fascinating phenomenon related to the steel substrate, yet it remains largely unexamined.
Further investigation was not pursued as it would not yield additional quantitative information
on the alumina coatings. To lend credibility to the hypothesis, alumina samples were also
produced on monocrystalline silicon, and as demonstrated in Figure 1.14 (d), the resurgence of
oscillations aligns with the aforementioned observations.

In this work phase, an introductory comparative analysis was executed between the results
garnered from Brillouin spectroscopy and those procured via TGS. The data extracted from
TGS measurements illustrated an impressive alignment with the findings extracted from Bril-
louin spectroscopy. The TGS results denoted a value of 4138±150 m/s, whereas the Brillouin
measurements showed a resultant value of 4328±42 m/s.

The congruity observed in the results underscores the feasibility of TGS as a potent instrument
for evaluating layered structures, dismissing the limitation related to Brillouin spectroscopy.
Additionally, the concordance between the two data sets enhances the reliability and credibility
of the previously recorded outcomes employing Brillouin spectroscopy. Therefore, applying
TGS broadens the range of methodologies available for such investigations and corroborates and
fortifies the conclusions drawn from Brillouin spectroscopy.

It is essential to acknowledge a slight discrepancy observed in the numerical outcomes yielded
by the two methodological approaches. This divergence inspires the formulation of different
theoretical explanations. The primary hypothesis attributes the aforementioned discrepancy to
the influence of a thin gold layer on the alumina surface used for the TGS measurements. Prior
investigations have confirmed that gold demonstrates a lower SAW speed [383]. Consequently,
this distinct property of gold could produce a minor reduction in the final mean value of the
SAW speed. An alternative hypothesis, which should not be outrightly discounted, suggests that
the marginally lower values documented by the TGS methodology might be attributed to the
inherent characteristics of the material. As highlighted earlier, the samples scrutinized during
this part of the research were fabricated utilizing a laser frequency of 50 Hz, a departure from
the 20 Hz frequency used to create the samples whose results were published in [166]. As of this
writing, to the best of the author knowledge, there is a lack of literature exploring the potential
impact of laser pulse frequency on the ultimate elastic behavior exhibited by amorphous coatings.
Additional analysis could also be directed toward evaluating the governing Equation 1.6 of the
Rayleigh wave propagation within the system.The solutions of Equation 1.6 provide the wave
velocities, whose dependence on the elastic constants and on mass density turns out to be of the
type:
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vSAW ∝
√
Cijkl
ρ

(1.14)

The inverse relationship with the square root of the density implies that this parameter could
also influence the final velocity. The section on ellipsometry measurements suggests that a film
deposited at a 50 Hz frequency might exhibit higher density, potentially leading to a reduced wave
speed if the elastic stiffness matrix remains constant. To authenticate any of these hypotheses,
it is crucial to establish the resolution of the wave’s secular equation. This procedure would
require the implementation of several simplifying assumptions to enable the derivation of an
analytical solution. However, a detailed calculation of velocities in a multi-layered structure
would likely be necessary to ultimately distinguish between the effects of different layers and
their properties. This can be achieved numerically without resorting to simplifying assumptions.
Currently, adopting such a methodology remains beyond this research. Interpreting the gathered
data, an initial conclusion could infer no substantial differentiation in the elastic properties of
materials manufactured at laser frequencies of 20 Hz and 50 Hz. This supposition, proposed with
prudent scepticism, considers the slight deviation observed in this study compared to previous
research. Nonetheless, it is important to consider that such a tentative conclusion may instigate
further inquiries in subsequent investigations.

1.4.3. Evaluation of Thermal Diffusivity in Alumina Coatings

As previously elucidated, the strength of TGS lies in its ability to concurrently and without
correlation, measure the wave propagation frequency and hence, the SAW speed, along with the
thermal diffusivity of the outermost layers of a material. These collective attributes render TGS
exceptionally suited to the revelation of coating properties.

Thermal diffusivity assumes significant relevance when evaluating the characteristics of alumina
coatings, particularly considering their intended applications. Indeed, this parameter, which
quantifies the heat transfer rate, emerges as a pivotal parameter in contexts such as anticorro-
sion coatings applied to nuclear fuel cladding, or as an anti-radiation damage coating in space
applications. These are environments where the material may be subjected to rapid thermal
fluctuations and high temperatures and consequently an efficient heat transfer is necessary.

Given the foregoing, thermal diffusivity was evaluated at the opposite ends of the thickness
range, thereby revealing no discernible dependence of thermal diffusivity on thickness. The
thermal diffusivities ar room temperature for 1 µm and 10 µm were respectively 13.6 ± 3.5
mm2/s and 14.5 ± 1 mm2/s, and are graphically represented in the Figure 1.15. Here, the data
are presented in the form of a box plot to encapsulate, concisely and visually, the sensitivity
statistical analysis employed to derive these results.

The value obtained from the measurements exceeds those reported in several scholarly references
for bulk alumina [384] in alumina coatings [385]]. This suggests that Pulsed Laser Deposition
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Figure 1.15: Box plot representing the thermal diffusivities of alumina coatings with thicknesses
of 1 µm and 10 µm,

PLD Al2O3 exhibits enhanced performance, attributable to its distinct structural formation.
Interestingly, the derived values are not significantly distant from those conventionally observed
for steels [384], which typically gravitate around 30 mm2/s.

1.4.4. Exploring Surface Acoustic Wave Speed and Thermal Diffusivity in
Shallow Coating Layers

Leveraging the advantage of modulating the characteristic investigatory depth, an exhaustive
analysis was conducted on the 10 µm coatings. The paramount objective of this analysis was
to delve into the modifications in both SAW speed and thermal diffusivity when increasingly
superficial segments of the coatings were taken into consideration. The investigation embraced
depths ranging from the least analyzable depth, approximately 2.5µm, extending up to about
5µm.

Regarding the SAW speed, the notable observation from this study was an enhancement of the
SAW speed by an estimated 5%, when the analysis depth increased.

Given that the SAW speed is directly proportional to the square root of the ratio between
Young’s modulus and mass density, several hypotheses may be proposed to elucidate the observed
trend, as previously indicated. One conjecture could be the existence of a less rigid material,
as suggested by a diminished Young’s modulus, in the more superficial regions of the coating.
Another supposition could be the presence of denser material in these same superficial areas. Yet
another hypothesis might be a heightened contribution of the thin gold layer towards reducing the
average SAW speed when the volume under analysis is minimized. It becomes crucial to validate
any of these theories through the execution of additional meticulous and thorough investigations.
It can be observed that the observed reduction in the SAW speed can be delineated by a power
law of the form axb + c, exhibiting a fitting quality R-square value of 0.99. The parameters
assume the values a= -906, b=-2.066, and c=4155.
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Figure 1.16: The plot (a) illustrates changes in Surface Acoustic Wave (SAW) speed and the
associated fitting curve denoted by a dotted line. Thermal diffusivity against the depth of
coating, is represented in the part (b).

The experimental data acquired are represented in the Figure 1.16 (a), wherein the fitting curve
is also depicted (red dotted line). It is important to mention that the fitting and, consequently
the equation and its parameters do not inherently convey any physical meaning, but rather
epitomize the empirical evolution of the observed system.

Conversely, when considering the thermal diffusivity in relation to thickness, no discernible trend
could be identified. This is due to increased margin of error tied to this specific parameter.
Consequently, the inconsistencies in the thermal diffusivity data do not provide a decisive point
of reference within the current context. Similar to the previous case, these results are also
illustrated in Figure 1.16 (b).

1.4.5. Crystallization Effect on Acoustic Wave Speed and Thermal Diffusivity
in Alumina coatings

The research objective at this juncture was to carry out an examination of the property evolution
in amorphous alumina as it undergoes microstructural alterations. It is noted in the introductory
discussion, that the remarkable properties of the PLD Al2O3 coatings only manifest when the
material remains in its amorphous state. However, scrutinizing any potential effects is deemed
pivotal in situations where crystallization cannot be entirely prevented.

This interest was fueled by the knowledge that the onset of alumina crystallization commences at
temperatures exceeding 600 °C. This threshold coincidentally aligns with the target operating
temperature for LFR. Furthermore, the potential impact of radiation-induced crystallization
warrants consideration, given that the projected applications will invariably involve exposure to
radiation. As a result, crystallization merits further study, especially to accumulate additional
data when required.

In order to conduct an exhaustive exploration of the phenomena transpiring both before and
after the crystallization, four unique thermal annealings were executed in vacuum. The selected
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Figure 1.17: (a) Graphical representation summarizing the annealing cycle performed on amor-
phous alumina at four selected temperatures - 500, 600, 700, and 800 °C. (b) Thermal diffusivity
results after thermal annealing

temperatures for this procedure were 500, 600, 700, and 800 °C, with an 8-hour annealing
duration and a heating/cooling rate maintained at 4°C per minute. This annealing cycle for
all the temperatures mentioned is summarized in Figure 1.17 (a). Then thermal diffusivity and
SAW speed were measured exploiting TGS.

Observations indicated that thermal diffusivity did not present any clear trend of evolution. This
can be ascribed to the considerable intrinsic error linked to its measurement, which complicates
the extraction of insightful data (Figure 1.17 (b)).

In stark contrast to the ambiguous trends seen in thermal diffusivity, the SAW response to the
crystallization process yielded significantly more decisive results. A notable observation was an
increase in the stiffness of alumina as a direct consequence of the crystallization process.

The speed of the SAW maintained a state of equilibrium until the annealing temperature was
elevated to 600°C. Subsequently, a gradual increase was observed up to the 700°C mark before
this trend was reversed upon analyzing samples tested at 800°C. The evolution is graphically
illustrated in the corresponding Figure 1.18 (b), with the light blue dotted line serving purely
as a visual aid.

The recorded increase in the SAW speed has to be attributed to the sequential crystallization
process influencing alumina’s structural characteristics. Conversely, the observed decline in
SAW speed may be associated with the initial coating cracking and delamination stages due
to the densification process in alumina during crystallization. This hypothesis was confirmed
by Scanning Electron Microscopy (SEM) images collected after each annealing, which provide
visual corroboration of these events.

The comprehensive depiction of these findings, including the SEM images and the SAW speed
variations with annealing temperature, is provided in the following Figure 1.18. This visual
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Figure 1.18: SEM images of the alumina coating surface after each annealing. (b) A comprehen-
sive depiction of the Surface Acoustic Wave (SAW) speed evolution as a function of annealing
temperature, ranging from 600°C to 800°C. The light blue dotted line serves as a visual guide.

representation succinctly encapsulates the intricate interplay between thermal annealing, crys-
tallization, and the consequential properties alterations in alumina.

This discovery substantiates the critical necessity of averting crystallization in the material to
maintain its structural resilience and functional properties. It highlights the urgent call for the
formulation of comprehensive strategies that can effectively control the crystallization process
induced by both thermal changes and radiation exposure. Such strategic developments could
bolster the performance of the material, enhancing its resilience and adaptability even in the face
of more demanding and challenging conditions. Moreover, the implementation of these control
strategies would not only help sustain the preferred state of the material but also extend its
operational life and efficacy, thereby enhancing the overall efficiency in its intended applications.
This, in turn, could lead to significant improvements in the robustness and reliability of the
systems where this material is utilized.

1.4.6. Interplay Between Coating Thickness and the Measurement of Ther-
mal Diffusivity

As previously outlined, SAW displacement and stress fields experience an exponential decay
with depth, characterized by a penetration depth proportional to the acoustic wavelength [386].
Consequently, SAWs with a wavelength substantially smaller than the coating’s thickness remain
unaffected by the substrate. Similarly, when a coating is much thinner than the wavelength, it
influences only in a marginal way the wave velocity, which remains close to the substrate velocity.
However, when the thickness aligns closely with the wavelength, the finite thickness of the
coating begins to affect the wave velocity. This scenario leads to a wavelength-dependent SAW,
typically visualized in a dispersion curve where the SAW phase velocity is mapped as a function
of the wave’s wavelength or frequency. Correspondingly, the thermal diffusion depth can be
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Figure 1.19: Effective thermal diffusivity dispersion curve for 1 µm alumina coating, showing
the monotonic decrease of effective diffusivity with increasing diffusion depth. The dotted line
represents the best-fitting sigmoid curve obtained from Matlab analysis, indicating the transition
from pure alumina (red star) to steel (yellow square) values as the analysis depth increases. On
the left the fitting parameters and goodness of fit values are reported. The optimal grating
wavelength range containing only coating-specific information is highlighted in yellow.

perceived as the depth to which the surface temperature field responds to the structure’s thermal
characteristics. When the thermal diffusion depth is close to or exceeds the coating thickness
for a specified film thickness, the substrate’s thermal properties will predominantly determine
the thermal decay process and the inverse holds. By manipulating different grating spacings,
one can probe the depth-dependent thermal attributes of the multilayer. For intermediate
thermal diffusion depths, where the thermal diffusion depth is approximately equal to the coating
thickness, the concept of effective thermal diffusivity has been suggested [386]. This effective
thermal diffusivity represents the average value between the thermal diffusivities of the coating
and substrate materials, and it allows for the fitting of the thermal decay in the multilayered
structure using a complementary function to derive the effective diffusivity.

Experimental measurements were performed for 1 µm alumina coatings to evaluate the effect of
the substrate influence on the final outcomes. While as mentioned, thin coatings demonstrated
no SAW oscillation, the results for thermal diffusivity were intriguing. Hence, by defining the
effective thermal diffusivity as the average diffusivity value incorporating the substrate and the
coating’s contributions and modifying the grating wavelength and the analysis depth accordingly,
the relative contributions of the two components were ascertained. This procedure facilitated
the construction of a thermal diffusivity dispersion curve, as illustrated in Figure 1.19.

In the scenario of minimal diffusion depth, the effective diffusivity is congruent with the coating
diffusivity, as anticipated. With increasing diffusion depth, the effective diffusivity exhibits a
monotonic decrease, converging to the thermal diffusivity of the substrate layer. The effective
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thermal diffusivity equaled the pure alumina value when the analysis depth was less than the
nominal coating thickness. Still, it gradually reduced, following a sigmoid trend, up to the steel
value when deeper regions were analyzed. A best-fitting procedure in Matlab determined the
parameters describing the sigmoid curve, represented by the figure’s dotted line in the Figure
1.19. On the left the fitting parameters and goodness of fit values are reported.

This study section was pivotal in establishing the measurement conditions for subsequent irradi-
ation experiments. For reasons that will be discussed later, a 1 µm coating had to be employed
during the irradiation experiments. The observed sigmoid progression facilitated determining
the grating wavelength range that could be used during TGS measurements to extract solely
the coating-related information. This useful grating range is highlighted in yellow in the Figure
1.19.
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1.5. Investigating the Mechanical Properties and Plastic Defor-
mation Behavior of Amorphous Alumina Coatings

Thus far, investigations about the mechanical properties of alumina coatings produced via PLD
have predominantly focused on the material’s behavior in an elastic regime. Indeed the already
presented part of the work has granted valuable comprehension into the prospective develop-
ment of the material’s reaction to minor deformations, which are restricted to a scant strain
percentage. However, the necessity to understand the material’s response to plastic deformation
cannot be ignored, especially considering the potential applications within the intricate sphere
of the nuclear industry. Indeed, of particular interest for PLD Al2O3 possible applications,
are the fuel pins within LFR. The fuel cladding endures incessant deformation throughout the
operational lifespan of the reactor [387]. Reproducing these exact real-life conditions during
short-term mechanical testing poses a considerable challenge due to the complex evolution of
the variables involved.

The integrity of coatings on a stressed or strained substrate has always been the epicenter of
scholarly attention [388, 389, 390, 391]. Indeed, one of the critical prerequisites for a functional
coating is its soundness, implying the continuous preservation of a stable structure that maintain
its features. In this context, the ideal coating remains free from cracks and delamination. This
research endeavours, motivated by this prerequisite, is pivoting towards the analysis of fracture
mechanisms of thin brittle ceramic films deposited on less brittle strained substrates. The
primary objective is to derive an analytical model,which can help to extrapolate further useful
information.

Prior research, as outlined in the introduction [175], has explored the behavior of alumina coat-
ings under plastic conditions by reconstructing the material’s stress-strain curve. Nevertheless,
this study confronts certain limitations when juxtaposed with real-world scenarios. Information
gleaned from tensile tests of free-standing, nanometrically thin lamellae in an SEM apparatus
may not fully represent the behavior of material possessing a bulk thickness on the order of
micrometers.

As a solution, a simplified experiment has been designed to probe the plastic properties of alu-
mina coatings. A more straightforward ’dog bone’ tensile test has been adopted to circumvent
all the experimental complexities mentioned. The ultimate goal of these studies is to scrutinize
and predict the circumstances that might lead to the failure of the external protective film. This
part of the work will be a significant milestone toward enhancing the understanding of alumina
coating failure and further developing preventative measures. This approach harbors the aspi-
ration to expand these experimental findings to more intricate geometries as soon as dependable
and controllable tests can be conducted. Moreover, this investigation will detail other techno-
logical issues, explicitly addressing the mechanical behavior of the coating/substrate tandem
system upon straining. These short-term tensile tests will probe the mechanical performance
of alumina films and the film’s response will be engineered by adjusting the internal stresses
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within the coating. A profound understanding of these phenomena is fundamental to effec-
tively engineering the coating. The experiments have been supplemented by studies involving
FEM designed to support the experimental results. This tandem approach promises a more
comprehensive exploration of the topic.

1.5.1. Mechanical Behaviour and Failure Modes of Amorphous Alumina Thin
Films under Tensile Stress

In the present investigation, a fragmentation test was executed. This test aims at evaluating
the adhesion and durability of a coating system by simulating the impact of an external load
experienced by the coating. The test entailed the application of a coating onto a substrate; in
this case, PLD produced amorphous Al2O3 thin films with varied thicknesses. The fabrication of
test samples and the full characterization transpired at the IIT-CNST@PoliMi facility in Milan,
while the mechanical characterization via tensile tests was supervised by the J-Tech@PoliTo
laboratories in Turin.

A cold-finished AISI 316 stainless steel sheet, acknowledged for its exceptional ductility, served
as the substrate. This material was leveraged to manufacture several tensile specimens in a
dogbone shape, as depicted in Figure 1.20 (b). The specimens bear dimensions of 74 mm × 15
mm × 4 mm. The region of interest for further characterization is the middle section, which
holds a rectangular cross-section of about 6×4 mm2. The deposition protocol implemented
the steps detailed in the preceding sections, selecting a deposition frequency rate of 50 Hz
within an axially symmetric deposition configuration as presented in [392]. Using 50 Hz was
indispensable due to the extensive area deposition demanded in this scenario, necessitating an
accelerated deposition procedure. Upon undergoing tensile tests, the amorphous Al2O3/AISI316
specimens were analyzed to comprehend the behavior of alumina coatings within the planar
geometry. Fragmentation tests were also conducted at varying temperatures. A spectrum of
sample thicknesses was chosen, ranging from 250 nm to 3 µm, to thoroughly investigate the
impact of thickness (and consequently the impact of the previously assessed residual stresses)
on the final response, and the test temperatures spanned from room temperature to 600 °C. The
upper limit of 600 °C was chosen to mirror the crystallization conditions of Al2O3 closely; this
temperature also exemplifies the first target operational temperature for LFR reactors.

The apparatus for this experimental campaign was the ZwickRoell Z050™ testing machine,
renowned for its extensive array of features, notably the capacity to perform tests at both rooms
and raised temperatures. In instances requiring high-temperature testing, a durable, integrated
3-zone furnace was activated within the testing device, with the possibility to achieve a maximum
temperature of 1250°C. It is crucial to emphasize that tensile tests are generally carried out by
applying a static load or sustaining a constant strain rate. Considering the considerable effect
that varying strain rates may exert on the tensile characteristics of specific materials, this study
prioritized using fragmentation tests under the control of a consistent strain rate. For this
purpose, the ZwickRoell device was programmed to reach a predetermined final load at a steady
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Figure 1.20: (a) Partial stress-strain curve from a tensile test, showing key references (numerals)
for coating’s top-view SEM micrographs reported in (c) representing each sample after the
corresponding strain values. (b) CAD representation of the sample geometry. The red box in
the section (c) highlights the presence of induced buckling.

speed. Throughout the process, the integrity of the coating was continuously scrutinized by a
laser extensometer enabling in-situ video contactless measurements. Capturing 5 images per
second, the video extensometer detected the emergence of cracks by identifying changes in the
sample surface’s reflectance. The unstressed specimens were assigned an initial or gauge length
equal to the length of the central portion of each dog-bone sample (15mm). Consequently,
the induced strain in each sample could be directly ascertained from the measurement of the
stage displacement. To secure the sample within the die and ensure precise alignment, an
initial composite pre-stress of about 15 MPa was administered. Subsequently, a mechanical
stage, attached to one of the grips, was moved at a consistent speed of 2 mm/min until the
predetermined final load was achieved. Data collection was a continuous process, recording the
necessary information to produce the resulting σ(ε) curve.

After applying several external loads, the extent of the induced deformation was analyzed to
scrutinize the coating’s response preceding and after the strain-initiated cracking process. Figure
1.20 (a) presents the initial part of the stress-strain curve derived from the tensile test. Various
numerals on the curve are references for the top-view SEM micrographs (reported in Figure 1.20
(c)) conducted on the ex-situ sample after reaching the respective strain value. It is noteworthy
that, due to the relative insignificance of the thicknesses of the different coatings compared to the
dimensions of the dogbone, the stress-strain curve primarily exemplifies the dogbone’s behavior.
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Under a specific load, the material may encounter elastic deformation, plastic deformation,
or a combination of both. Upon unloading, a material subjected to elastic deformation will
revert to its original state, whereas a material exposed to plastic deformation will endure a
permanent change. As the substrate is loaded and varying mechanical responses occur, shear
forces are transferred across the interface from the strained substrate to the film, instigating and
perpetuating the film’s cracking [389, 390, 391]. The cracking method is significantly influenced
by the magnitude of the effective modulus, (Eeff), also called perceived stiffness , that the thin
film experiences during its cracking phase. Mathematically, Eeff can be calculated as the first
derivative to the strain of the stress-strain relationship [391]:

Eeff = δ

δε
σ(ε) (1.15)

This quantity represents the substrate modulus "felt" by the coating upon cracking and its
definition holds, irrespective of the method used to calculate stresses and strains (engineering
or true). However, from now on, σ and ε will henceforth be referred to as engineering stress and
strain. It is worth noting that Eeff can vary significantly with strain over the range of strain at
which film fracture occurs; it is a strain-dependent property. Thus, the assumption made by
several investigators of a constant substrate modulus for analysis involving low-elongation thin
films on high-elongation substrates must be evaluated with caution for each specific case.

Several factors contribute to how a coating fails when it cannot endure the imposed strain
state. These include the properties of the coating, interface, and substrate, in addition to the
distribution of stresses. As Hutchinson [390] indicates, three potential failure mechanisms may
arise if the coating is under tensile stress, irrespective of whether this stress results from external
or internal forces: a brittle coating may crack through the film thickness, tougher coatings may
fail by delamination along the interface edges, or a crack may propagate within the substrate.
For the specific case of this study, it is determined that through-the-thickness, multiple cracking
is the principal active failure mode when tensile tests are conducted.

The material remained intact (Figure 1.20 (c.1)) up to the point where the linear relationship
between stress and strain held true (elastic region). Under varying imposed strain conditions,
the subsequent cracking process is depicted in the Figure 1.20 (c) for the 3 µm Al2O3 case and
aligns with numerous literary papers [393, 394, 395].

The cracking process can be classified into three distinctive stages:

• Crack Initiation (Stage I): Multiple vertical cracks occur in a direction normal to the
loading, instigating sporadically throughout the film (Figure 1.20 (c.2)), and start at the
critical strain, termed as Crack Initiation Strain (CIS) or first failure strain (εff ). A
decreasing εff is observed with an increase in film thickness, reinforcing the assumption
that thinner films exhibit higher ductility [393, 394]. The initial onset of cracking leads to
the stress formerly supported by the coating being transferred to the substrate. Despite
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causing greater, nonuniform strains in the substrate, these strains are not substantial
enough to induce failure [395].

• Crack Propagation (Stage II): Vertical cracks continue to develop upward and downward
upon increasing the strain, remaining perpendicular to the tensile direction (Figure 1.20
(c.3)). The number of cracks within the sample length grows swiftly increasing the tensile
stress.

• Crack Saturation and Delamination (Stage III): The generation of vertical cracks subsides,
and transverse cracks, i.e., cracks in the direction of the tensile load, become discernible
across fragments due to the effects of Poisson’s ratio and/or stress relaxation in the tensile
direction (Figure 1.20 (c.4)). This comprehensive failure process is referred to as transverse
buckling. The appearance of buckling is represented in Figure 1.20 (c.4) by the red box.
The phenomenon can be described considering the lateral shrinkage of the film layer, which
concurrently induces the formation of transverse cracks, as consequence of Poisson’s ratio
effects. With additional strain, the amplified transverse compressive stress instigates an
increase in transverse cracks, leading to buckling, fracture, and subsequent delamination
[393]. After the first induced buckling occurred, delamination takes place, becoming the
predominant failure mechanism.

Figure 1.20 (c.5) and Figure 1.20 (c.6) illustrate the resultant complete delamination of the
coating, revealing patches of coating islands enveloped by the bare substrate.

In summarizing the cracking phenomena, the literature proposes a parameter known as crack
density (CD) [µm-1], which denotes the quantity of vertical cracks per unit length in the tensile
direction. An alternative approach is to calculate the average distance between two closest cracks
and subsequently determine its inverse. This latter methodology is employed in the analyses
herein. It is of noteworthy significance to mention that as strain increases, the emergence of
vertical cracks diminishes, culminating in crack saturation. This occurrence is contingent upon
the inherent characteristics of the material system and the thickness of the film deposited, as
corroborated by the works of Wojciechowski [391] , Zhou [393], and Yanakana [394].

Various empirical models have been formulated to elucidate the relationship between crack
spacing and substrate strain. The initial model, put forth by Grosskreutz and McNeil [396],
postulates that when film cracking occurs at a macroscopic strain, a consequential relaxation in
the stresses at the coating/substrate interface occurs. Uniform cracks with equal spacing arise
for each strain and a linear correlation can be observed between the reciprocal of the spacing,
which constitutes the crack density and the strain. However, one of the principal limitations of
this model is the absence of the coating thickness parameter, which plays an instrumental role
in the commencement of cracking as it will be shown later.

To introduce a relationship that considers the impact of thickness on the onset strain, an em-
pirical relation proposed in the literature [391] may be utilized. The following Equation 1.16
portrays the crack density CD as a function of the applied strain ε, film thickness tf, and two
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Figure 1.21: On the left , the evolution of crack density for a specific film thickness of 3 µm.
The dotted line represents the fitting outcome procured utilizing Equation 1.16. On the right,
the stress versus strain curve depicted by the solid grey line, which is derived from an analytical
function based on experimentally acquired data from the tensile test. In contrast, the solid black
curve denotes the first derivative of the stress-strain curve, commonly referred to as the effective
modulus or apparent stiffness (Equation 1.15). The effective modulus of the substrate embodies
the modulus experienced by the film.

empirical system constants A and B:

CD = A

t
2/3
f

+ B

tf · ε
(1.16)

The evolution of crack density for the specific instance of a 3 µm thickness is demonstrated
in Figure 1.21, where the dotted line represents the fitting result obtained via Equation 1.16.
For the system of interest in this study, the following values were derived: A=0.092783 µm-1/3

and B=1.6001×10-2. It is imperative to highlight that neither A nor B signifies any physical
quantity. They have been included in the discussion merely for completeness.

1.5.2. Crack Formation and Evolution in Film/Substrate Composites: A Fo-
cus on Shear-Lag Models

While the underlying physics and models explaining these processes are exceptionally intriguing,
the comprehensive delineation of every aspect is not feasible. Hence, this discussion narrows
down to encapsulating key points and highlighting vital parameters that can be inferred from
the following reported models.

The issue of crack failure in bulk materials was first systematically approached by Griffith, who
postulated an energy-based theory suggesting that fractures transpire if potential energy per-
sistently reduces from an intact to a fractured state [397]. Griffith surmised that the surge in
surface energy from a new crack is counterbalanced by the release of the elastic strain energy
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harbored within the material [397]. However, this theoretical framework does not entirely corre-
spond to film/substrate composites. Wojciechowski and Mendolia further examined the intricate
issue of crack failure in their investigation of a Permalloy-Kapton composite system [391]. They
proposed that stress relaxation mechanisms are triggered when the film-substrate system is sub-
jected to a load exceeding its elastic limit, reducing the film’s strain energy upon cracking. To
explain this phenomenon, they identified multiple mechanisms, such as plastic deformation and
substrate and film flow, tensile fracture of the film, compressive buckling, and adhesive failure
at the interface. They discovered that the effective elastic modulus, Eeff, decreases monotoni-
cally and can drastically vary with strain over the strain range in which film fracture happens,
influencing the system’s ultimate response.

In the case of alumina coating deposited onto

Figure 1.22: Shear lag model representation
for a film segment after cracking. The normal
(tensile) stress (σ) distribution for thin-film
segment and the interfacial shear stress dis-
tribution (τ) are depicted.

steel, the stress-strain curve was experimentally
extrapolated and then represented using an ana-
lytical function defined on two intervals; one for
the linear part and the other for the plastic re-
gion (Figure 1.21 (right)). The effective elastic
modulus was evaluated and illustrated in Figure
1.21 (right) exploiting Equation 1.15. Compre-
hending the failure of thin brittle films adhered
onto high elongation substrates necessitates the
understanding that a significant amount of en-
ergy release and stress relaxation mechanisms
are related to the substrate and its non-conservative
behavior. Consequently, the strains experienced
by the coating are transferred exclusively through
the substrate, which undergoes direct mechani-
cal extension. A more profound comprehension
of the cracking process necessitates focusing on
the shear-lag model depicted on the Figure 1.22
on the right [391, 398]. This model hinges on the
premise that when the substrate is strained, the
adhering film segments fracture due to tensile
stress accumulation transferred by the substrate
across the film’s thickness until saturation.

After the initial crack formation due to surpassing the maximum stress limit, the film’s end
segments, free from direct tension, are subjected to interfacial shear stress. The evolution of the
shear-lag model orbits around determining the interfacial shear stress ( τ) between the fractured
film element and the substrate. The maximum shear stress emerges at the fractured ends and
quickly decays towards the segment’s center. Then cracking occurs when the film normal stress
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exceeds a critical threshold, potentially instigated by internal or external factors. This load can
be directly evaluated starting from the shear stress distribution and it is subsequently absorbed
by the high elongation substrate. Increasing the strain, new stress distributions arise and further
cracking until equilibrium, or saturation, is reached. Each crack formation reduces the maximum
induced stress, as seen from the concept of the effective modulus described earlier.

The shear-lag model was first deployed by Cox to dissect the mechanics of fiber-matrix com-
posites, particularly the strength and stiffness of fibrous materials [398]. This method was
subsequently expanded and utilized to analyze cross laminates by Aveston, Kelly, Garrett, and
Bailey [399, 400, 401]. Multiple approaches exist, all rooted in the fundamental shear-lag concept
[388, 391, 393, 394, 402, 403]; but, although various formulations of interfacial shear stress exist
in the literature, the central concept remains uniform. Many authors have suggested different
functions to describe τ behavior, from exponential [391, 394] to sinusoidal functions [388, 404].
Several enhancements encompass the use of Weibull statistics for coating strength distribution
[393, 405] or the consideration of residual stresses induced by the deposition process [394]. While
as stated before, thorough review of all models is beyond this discussion’s scope, emphasis is
given to the model proposed by Wojciechowski and Mendolia [391], which is considered the most
comprehensive.

The impact of residual stress and the distinct model proposed by Agrawal and Raj [388] are also
explored in the following.

The model proposed by Wojciechowski et al. [391] originates from the fundamental notion that
failure can be described by the equation σs = Es · εff , where σs represents the stress in the
substrate approaching a critical stress value. When the coating reaches its critical failure stress,
εff , a crack is formed and the stress is released in the substrate. It can be expressed as a
function of the relative displacement between the substrate and the film, which depends on the
mechanics of shear transfer across the interface. By imposing an equilibrium condition following
the occurrence of cracking and differentiating the value of this released stress concerning the
direction of straining, a second-order, non-linear, homogeneous differential equation for the
released stress can be determined. Additionally, applying a force balance to the unit element
makes it possible to derive the values of the maximum shear stress (τmax) and the maximum
stress in the coating segment (σmax) and also an evaluation of the mean crack spacing L.

τmax =
[(

Estf + Ef ts
tf + ts

)
ε

](
1 + tf

ts

) [(Ef tc/Ectf )/1 + (Ef tc/Ectf )]1/2

[2 + (1 + νs)]1/2
(1.17)

σmax = Ef
Es
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)
ε
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L = −
(

Es
2(1 + νS)

Estf + Ef tc
EsEf tct

2
f

)
ln

[
1− εff

ε

]
(1.19)

A comprehensive derivation of the equations can be found in [391]. In the presented equations,
the subscripts f and s correspond to the quantities associated with the film and substrate,
respectively. The symbol t denotes the thickness, E represents the Young’s modulus, and ν

signifies the Poisson’s ratio, as previously mentioned. Specifically, εff is the critical strain value
at which the film experiences cracking, while ε generally denotes strain. In the case in which
also the residual stresses have to be taken into account the formulation can be further modified
[394]:

σmax = tf
ts

[(
Estf + Ef ts
tf + ts

)
ε
EsEf tsε

′′

EfTs + Estf

](1− exp(−L/2λ)
)2

1 + exp(−L/λ) (1.20)

where λ = −
(

Es
2(1+νS)

Estf+Ef tc
EsEf tct

2
f

)1/2
and the parameter ε′′ encapsulates all the relevant informa-

tion concerning the strain experienced by the coating resulting from the presence of residual
stress. The detailed formulation of this parameter can be found in [394]. Specifically λ is equiv-
alently designated as the ’shear transfer length’. This term characterizes the specific span along
which the stress intensities depreciate from their peak value, to zero, transpiring through the
thickness of the coating. This concept is of substantive relevance in the fields of structural design
and analysis, given its considerable impact on structural behavior.

To complete the picture, the outcomes of the model developed in [388] are provided below. The
model, employing a sinusoidal trend for stress formulation, enables the derivation of a simplified
expression for the maximum induced value in the system based on the experimental measurement
of the average crack spacing at a specific strain level (L). Moreover, the model facilitates the
assessment of the ultimate shear strength (τuss) and can be modified to consider the influence
of residual stresses (σresidual), if necessary.

τuss = πtf
1.5L(Ef · εff ) (1.21)

τuss = πtf
1.5L(Ef · εff + σresidual) (1.22)

Furthermore, it is significant to highlight a series of papers delineating a connection between
adhesive characteristics and the shear lag model. Mittal and his team [406] elucidated a qualita-
tive relationship between adhesive properties and phenomena related to the formation of cracks.
They emphasized the observation that the presence of consistently spaced, parallel cracks is
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indicative of optimal adhesion. Despite these empirical results, their investigation fell short of
an analytical structure linking the distance between cracks to quantifiable information about
the adhesive and cohesive characteristics of the composite system. To bridge this research gap,
multiple studies [407, 408, 409, 410] set forth an effort to provide a comparatively unequivocal
and meticulous treatment of adhesion in brittle films. According to their theoretical studies, a
thin film exhibiting low elongation can fail due to cohesive cracking or adhesive failure. The cor-
responding analytical model used fracture mechanics and Griffith’s energy criterion to establish
a relationship. In an equilibrium or quasi-steady state, this relationship connects the adhesion
of the low-elongation layer to the substrate to the critical tensile force required to instigate
adhesive failure.

Griffith’s derivation articulates that the composite system’s internal energy consists of two com-
ponents [397]: the elastic strain energy and the energy associated with crack propagation. The
latter represents the energy involved in forming new material surface areas due to cracking. The
criterion for crack propagation posits that the modification in strain energy is equivalent to the
upsurge in surface energy consequential to the expansion of the crack. This suggests that the
surface energy of the newly fractured region originates from the release of elastic strain energy
during the crack’s progression. In alignment with this concept under the thin-film approxima-
tion (tf << ts), an analytical formulation to assess the adhesion energy (γ) [N/m], which is also
the negative of the energy release rate (ERR), can be found [407, 408, 409, 410]:

γ = −ERR = EC
ts + tf

2

(
Fff
Estf

)
δ(1− δ)2

[
1 + δ

4D

]
(1.23)

where

• EC = EStf/1−νs+Ef ts/1−νf
ts+tf

• Fff is the first failure load, defined as the critical stretching force (per unit width) at which
adhesion failure commences

• δ = Ef ts/1− νf (tf + ts)

• D is the non-dimensional flexural rigidity of the two-layer composite, and can be evaluated
by: D = [(Es/1− νs)t3f + (Ef/1− νf )bt3s + 3δ(1− δ)EC(ts + tf )3]/12(ts + tf )3Ec

Equation 1.23 establishes a functional correlation between the force at film fracture and the film
thickness, contingent on the system moduli and a given adhesion value. Experimental validation
of this relationship was achieved via tensile tests on samples of varying thicknesses. However, the
model is predicated on a few debatable assumptions, including an undifferentiated consideration
of strains in the coating and substrate. The model assumes that the displacement of the film and
substrate at the interface must be identical, which holds only before film fracture. Post-initial
crack, the film becomes discontinuous, leading to potentially significant changes in the modulus
and flexural rigidity of the composite.



1| Pulsed Laser Deposition Ceramic Coatings - Properties Investigation 113

An alternative methodology, reported in [405], consistently begins with the shear lag model as a
basis to define the energy release rate. This approach leverages the Dundurus parameters’ defi-
nition (D1,D2), further employing the non-dimensional crack opening displacement function (g).
However, the detailed definition of the Dundurus parameter[411] and the opening displacement
function [403] are left to the existing literature to prevent overcomplicating the discussion.

In this context, the energy release rate assumes a final formulation as follows:

ERR = πtf
2Ef

(
Ef ε

1− νf
+ σresidual

)2

· g[D1, D2] (1.24)

This method also elucidates that when the energy release rate ERR, as presented in Equation
1.24, hits the critical threshold necessary for the films to fracture, it implies the onset of the crack.
Then this could be directly associated with the film’s tensile, or mode I, fracture toughness,
symbolized as KIC (Pa m0.5),

ERRcrit = K2
IC

Ef
(1.25)

In the foregoing discourse, an attempt was made to present the theoretical underpinnings of the
aforementioned equations succinctly. These equations served as crucial instruments to ascertain
the parameters needed to construct a practical comparative analysis to gain comprehensive in-
sights into the performance and characteristics of these alumina coatings. By examining them
in light of various thicknesses and temperature conditions, the study aimed at drawing mean-
ingful conclusions about these variables’ influence on the coatings’ properties. These findings
are reported below.

1.5.3. Applications of Shear-Lag Models to Tensile Testing of Amorphous
Alumina Coatings

The phenomenological behavior detailed in the previous section has been determined to exhibit a
remarkable uniformity across all the thicknesses sets investigated, independent of the individual
conditions assessed. The primary results derived from this research are summarized in the
subsequent sections.

When subjected to tensile testing, the 3 µm-thick amorphous -Al2O3 coatings analysis suggests
the multi-stage failure process described above, beginning with no observable cracking at low
substrate strains (around 0.1%). In this domain, the film exhibits primarily elastic properties.
Cohesive failure is seen to commence when the strain reaches a threshold value of approximately
0.239%, indicating the start of the coating’s cracking.

The cracks that form, called primary cracks, emerge randomly, probably originating from
film’s morphological inhomogeneities—likely droplets resulting from the PLD deposition process.



114 1| Pulsed Laser Deposition Ceramic Coatings - Properties Investigation

These cracks, vertical to the tensile direction and regularly spaced, are sharp and approximately
parallel. A complete crack morphology is observed at higher tensile strains (around 1.8%), where
the substrate has wholly entered the plastic regime. Secondary cracks, characterized by their
wiggly and uneven nature, eventually develop and are nearly normal to the primary ones. This
arises due to the Poisson effect— a mismatch of the Poisson’s ratio between the film and sub-
strate, perpendicular to the tensile axis. Consequently, an adhesive failure mechanism involving
some film buckling comes into effect. Following the initiation of film cracking, the density of the
cracks increases rapidly as more plastic strain is applied to the metal substrate until reaching
saturation.

The shear-lag model by Wojciechowski and Mendolia [391] provided a relation for the maximum
interfacial shear stress, i.e., the maximum shear stress transferred at the coating/substrate inter-
face. Due to the absence of an oriented crystalline structure or a mesostructure, the mechanical
isotropy of the coating was assessed within the framework of an isotropic model. Furthermore,
perfect adhesion between the film and substrate was assumed.

The numerical results obtained are summarized in Table 1.6 for the most important different
strain values: failure buckling onset and crack saturation. It’s worth remarking the coating
failure started at a strain ≈0.239%, and after the commencement of coating failure occurred at
a strain ≈0.25%. At the end the crack saturation occurred far beyond coating failure (strain
≈4.847%).

In the detailed equation’s application, the parameters represented as ts and tf, symbolizing the
thicknesses of the film and substrate respectively, are set to values of 3 µm and 4 mm. The
Poisson ratio is for the film and substrate, precisely 0.29 and 0.30, and the film elastic modulus
Ef = 195 [MPa]. The coating’s parameter where extrapolated from [166].

Parameters Conditions
At Failure At Saturation
(ε ≈ 0.26%) (ε ≈ 4.8%)

τmax [MPa] Maximum interfacial shear stress 18.04 68.07
σmax [MPa] Maximum normal stress 132.06 260.18
L[µm] Crack segment length (theoretical) 86.59 22.1875

Table 1.6: Parameters calculated according to the shear-lag model proposed by Wojciechowski
and Mendolia [391] evaluated for the 3 µm alumina coating

Immediately after its failure, the alumina film fractures in segments whose width, resulting from
SEM analysis, is 44.8±10.8 µm, corresponding to a crack density of 0.0223±0.01 µm−1 . The
shear-lag model theoretically predicts the crack spacing is L =86.8 µm, corresponding to a crack
density of % ≈0.012µm−1. Much satisfactory agreement is found at saturation, where the av-
erage crack spacing experimentally observed is 23.03±5.5 µm, corresponding to a crack density
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of 0.0434±0.011 µm−1. The theoretically predicted average crack spacing is, in this case, L
=22.19 µm, corresponding to a crack density of 0.0450 µm−1. Hence, the model seems to be
much more consistent when saturation in the density of cracks is attained. Nevertheless, this
model does not consider the considerable influence of residual stresses from the PLD process.
The modification to the shear-lag model by Yanaka et al. [394] does provide a more compre-
hensive understanding of the system. Since no residual stress measurements on the coatings of
this thickness was carried out during this work, which stopped at 2 um, the evaluation of the
parameters considering the residual stress started from the work by Vanazzi [165], where the
measures residual stress is assumed to be nearly equal to -300 MPa for a 3 µm-thick alumina
film.

Parameters Conditions
At Failure At Saturation
(ε ≈ 0.26%) (ε ≈ 4.8%)

τmax [MPa] Maximum interfacial shear stress 0.33 0.55
σmax [MPa] Maximum normal stress 6.03 5.51
L[µm] Crack segment length (theoretical) 61.2310 15.6890

Table 1.7: Parameters calculated according to the shear-lag model proposed by by Yanaka et
al. [394] evaluated for the 3 µm alumina coating

Naturally, the physical quantities characterizing the composite system, i.e., the effective modu-
lus, remained unchanged independently from the model chosen. In the Yanaka model .[394] the
main Equation 1.18 incorporates an additional exponential term for analyzing interfacial shear
stress maximums considering residual stresses. This particular term introduces modifications
to the second-order partial differential equation describing the stress evolution in the system.
It is worth stressing the most important feature of the Yanaka model, which, differently from
the previous case, accounts for the decline in σmax increasing strain, explaining the consequent
crack density saturation. This can be elucidated by the overlap of shear stresses at the fractured
segment ends, resulting in partial cancellation of them. This process diminishes the magnitude
of the σmax, ultimately leading to crack density saturation.

As predicted by this modified shear-lag model post-initial crack formation, the average crack
spacing is L =61.23 µm, resulting in a crack density of ≈0.02 µm-1. SEM empirical observations
report a figure of 44.8408±10.8024 µm, equating to a crack density of 0.0223±0.0054 µm-1.
An agreeable correlation is also identified between analytical and experimental values at the
saturation point, where the theoretical average crack spacing is L= 15.7 µm, leading to a crack
density of 0.06 µm-1. The experimentally observed spacing is 23.03±5.5467 µm, correlating to
a crack density of 0.04±0.01 µm-1.

While the variety of models persistently yields diverse values for the evaluated quantities, the



116 1| Pulsed Laser Deposition Ceramic Coatings - Properties Investigation

different shear-lag models uphold their validity as an attempt to describe the evolution in the
stress. The solidity of the shear-lag theory is rooted in its theoretical foundation, with its efficacy
in addressing the issue at a qualitative level being incontrovertibly proven. Nonetheless, the
current landscape is marred by the absence of a universal analytical model, one that is capable
of quantitatively elucidating the fracture behavior of low elongation films on high elongation
substrates for any condition. This absence represents an opportunity for further exploration,
offering a challenge for the scientific community to address.

The adhesive characteristics of the interface between 3 µm-thick amorphous alumina films de-
posited on AISI316 stainless steel substrates have been meticulously investigated following the
approach described above. These properties have been qualitatively assessed through the series
of fragmentation tests.

The adhesion energy measured at the film/substrate interface equates to 4.20 N/m (or J/m2).
This value, in modulus, corresponds to the steady-state energy release rate ERR, as defined pre-
viously. Consequently, the stress intensity factor KIC of the crack can be definitively estimated,
yielding a final result of ≈ 0.9169 MPa m 0.5.

Despite the shortage of direct papers to enable a comparative study of the values for this type
of coating; the gathered data harmonize with the trends outlined in existing scholarly works
concerning their order of magnitude. This congruence provides an encouraging sign that, even
in the void of direct comparisons, the comprehension of this subject coincides with the broader
academic discourse, paving the way for continued inquiry and deepened understanding.

1.5.4. Impact of Thickness Variation on the Failure Response of Alumina
Coatings

Various thicknesses were experimented upon, specifically 250 nm, 500 nm, 2 µm, and 3 µm .
As previously mentioned, the behavior of the different coatings demonstrated a similar pattern
to what had been observed for the 3 µm thick alumina coating. Additionally, the stress-strain
curves exhibit a close alignment, implying that approximating an "infinitely thick" substrate can
be deemed acceptable. To put it concisely, the deposition of a substantially thinner film, which
is at least three orders of magnitude smaller than the substrate, does not notably influence the
mechanical behavior of the composite. The predominant factor determining the composite’s
mechanical behavior stems from the substrate’s properties. Garnering a comprehensive dataset,
the crack density was reconstructed, albeit solely for the 3 µm case (Figure 1.21). Indeed, to
enrich the breadth and depth of the investigation, a more diverse assortment of samples was in-
troduced, thereby encapsulating an expanded spectrum of thicknesses, but reducing the number
of samples for each of them. Even though a complete sigmoidal curve cannot be reconstructed
for the other thicknesses, specific observations concerning crack density about possible thickness
effects can be made and are detailed below. The thicker layers exhibit a lower crack density at
high strains than their thinner counterparts. This can be intuitively rationalized from an energy
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viewpoint: creating cracks in thicker films generates a larger surface area, distributing a given
force over a larger region and decreasing stress. Consequently, thicker layers are expected to
sustain less stress per unit area and crack less under a given composite strain, implying an in-
verse correlation between crack density and film thickness. This conclusion aligns with numerous
reports in the existing literature [391, 393, 412] and is consistent with the empirical Equation
1.16 that describes the evolution of crack density as a function of the coating’s thickness.

Conversely, when analyzing low-strain data, it is

Figure 1.23: First failure strain εff of alu-
mina coatings of various thicknesses de-
posited onto AISI316 stainless steel sub-
strates and tensile tested at room tempera-
ture.

evident that thicker layers crack under lower sub-
strate strain values than thinner layers. This can
be attributed to compressive residual stresses that
increase in magnitude with decreasing film thick-
ness. Therefore, a higher tensile stress is re-
quired to counteract the more considerable resid-
ual compressive stress in a thinner film, leading
to a higher strain value. The described pattern
applies to the composite system studied in this
work, as shown in Figure 1.23, where the initial
failure strain, or crack initiation strain (CIS), de-
creases as the film thickness increases, giving cre-
dence to the theory that thinner films exhibit su-
perior ductility. The failure onset strain for the
thinnest (250 nm) is nearly seven times that of
the thickest (3 µm). However, potential errors in
determining the crack initiation strain should not be overlooked, and experimental results must
be interpreted cautiously.

In order to enable reliable quantitative comparisons of interfacial parameters across varying film
thicknesses, identical conditions, especially concerning imposed tensile strain, must be main-
tained. Since some parameters rely heavily on the cracked film segment length, identical crack
spacing must be employed to assess the effects of thickness on coating response. Regrettably,
these conditions are unfeasible due to the difficulties in precisely controlling the experimental
conditions during tensile testing. Therefore, the only parameter evaluated here is the maximum
interfacial shear stress at coating failure, according to the Wojciechowski model Wojciechowski
and Mendolia [391], independent of factors other than the geometric and physical parameters
characterizing the composite system. This stress approximates 18 MPa and 16 MPa for coating
thicknesses of 250 nm and 500 nm, respectively, and increases to approximately 37.5 MPa for 2
µm-thick alumina films. The maximum value of nearly 68 MPa is reached for a film thickness
of 3 µm. However, given the difficulties above, the data set was obtained under slightly differ-
ent conditions, and the maximum interfacial shear stresses were calculated at different imposed
strain values.
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Nonetheless, the most interesting result is the preliminary qualitative trend found, indicating
the trend in the first failure strain εff of alumina coatings of various thicknesses. As previously
stated, these numerical results must be carefully interpreted, but it is noteworthy that a similar
thickness dependency has been reported in the literature [394].

The adhesive energy and energy release rate for various film thicknesses were calculated and the
results are presented in Table 1.8.

Parameters Thickness
3 µm 2 µm 0.5µm 0.25 µm

Fmax [kN/µm] First failure load 8 7.9 8.99 9.99
γ [N/m] Adhesive energy 4.20 66.67 13.69 37.25

KIC [MPa m0.5] Stress intensity factor 0.92 3.65 1.65 2.73

Table 1.8: Adhesive parameters computed for alumina films of various thicknesses.

The stress intensity factor and the energy release rate increased as film thickness decreased. For
instance, 250 nm-thick alumina films exhibit a stress intensity factor of 2.73 MPa m0.5, three
times the value measured for their 3 µm-thick counterparts. Data for a film thickness of 2 µm
are anomalously inconsistent and thus deemed unreliable. Consequently further testing on this
thickness is required to verify the preliminary observations. In essence, this study elucidated
the superior performance of thinner coatings. Exhibiting both lower crack density and enhanced
ductility, these thinner films prove resilient and capable of bearing strain more effectively. The
uncovered advantages spotlight the potential of thinner coatings, sparking intriguing avenues
for future research and innovation in the alumina coating industrial application.

The existing body of literature underscores the significant implications of residual stresses on
mitigating mechanical failure. One compelling study [317], evaluates the bending strength of
ceramic films concerning their residual stress. It was discovered that amplifying the compressive
stress had the favorable outcome of augmenting the deformability of TiN coatings. This led to a
twofold increase in the critical deflection before the advent of cracking in tri-point bending tests.
Moreover, this research further illustrated an enhancement in the adherence of the coatings,
attributable to the rise in the critical load - interpreted as the load at which cracks initiate.
Parallel findings were illuminated in [413], demonstrating an escalation in the first critical loads,
achieved by adeptly calibrating the relative thicknesses of the multi-layered Ti-TiN system.
Another study by Lin et al. [414] reported on CVD-grown amorphous alumina, highlighting that
the critical load witnessed a staggering rise of nearly 300% upon fine-tuning the compressive
residual stress.

In summary, the results posit a promising proposition: the potential for engineering ceramic
coatings systems through the deliberate instigation of a suitable stress state, thereby serving to
amplify their in-operation performances.
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1.5.5. Impact of Temperature on the Failure Response of Alumina Coatings

To broaden the scope of accessible information, this part of the study evaluated the impact of
temperature on the stability and structural integrity of coatings through in temperature tensile
tests performed at 400°C, 500°C, and 600°C. Two key findings were drawn by observing the
overall mechanical response: Firstly, AISI 316 exhibited unstable characteristics at elevated
temperatures, as reflected in the continuous fluctuation within the stress-strain curve shown
in Figure 1.24 (a), which complicated the data interpretation process. Additional information
extrapolation is made even more complex because the Al2O3 crystallization process occurs at
600°C.

The results demonstrated a modest decrease in the steel yield stress as temperature increased,
starting from approximately 350 MPa at room temperature and tapering down to around 200
MPa at 600°C. As suggested in [415], this indicates temperature-dependent dislocation motion
tied to the substrate’s plastic deformation. However, the yield strain values remained relatively
stable, with minor changes compared to room temperature readings.

Due to several challenges, the extraction of information from these tests was limited. The
first cracks began appearing in the 3 µm test at a strain that inconsistently changed with
temperature. This discrepancy is credited to the observed thermal instability and measurement
errors, necessitating further investigation (Figure 1.24 (b)). Furthermore, the behavior of 2 µm-
thick amorphous aluminum oxide coatings was studied under the same temperatures (400°C,
500°C, and 600°C) at a constant strain rate of 2 mm/min. The initial failure stress of the 2
µm-thick Al2O3 coatings appeared to decrease more consistently with temperature (Figure 1.24
(b)). However, this aspect has to be further investigated due to limited experimental data and
a scarcity of literature on the subject. To the best of the author’s understanding, there appears
to be a singular study that has undertaken similar temperature variant testing, underscoring
the novelty and importance of our present investigation [416]. Due to the limited sample size,
the experiment did not yield exhaustive data, limiting the crack density comprehension. It was,
however, noted that the distance between cracks reduced as the temperature increased, resulting
in a threefold increase in crack density at 600°C compared to room temperature or 400°C in the
saturation region of the crack density.

More research is needed to reliably determine temperature’s effects on crack morphology evolu-
tion within the coating. Present findings suggest a consistent crack pattern from room temper-
ature to higher levels but fail to conclude the physical mechanisms controlling crack formation
and distribution definitively.

Additionally, using analytical models for in-temperature tests is constrained and calls for inno-
vation to account for temperature-dependent physical parameters, such as the elastic modulus.
One possibility involves modifying the equation with temperature as a variable. An alternative
method could introduce a new parameter in the previously presented equations to account for
the temperature-induced elastic modulus reduction.
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Figure 1.24: (a) Stress strain curve of the AISI316 at 600°C, showing the temperature induced
instability in its mechanical response. (b) Strain Cracking Onset for different thicknesses alumina
coatings tensile tested at various temperatures

To recap, the research so far closely examined the complex and unique behavior of thin Al2O3

films under various temperature conditions. Although this investigation has led to several ob-
servations, it is crucial to recognize the limitations of the current research. Constraints such as
data insufficiency and experimental limitations add complexity to the complete understanding
of the subject. These hurdles should not be perceived as impediments but illuminate areas ripe
for further research and discovery. The complexity of the field underlines the need for more
extensive and rigorous research. The study of Al2O3 films under various thermal conditions
remains a promising field with the potential for novel discoveries.

1.5.6. Comprehensive Investigation of Alumina Coating under tension through
Finite Element Modeling

In light of the extensive discourse that precedes, employing tensile specimens of films on com-
pliant substrates is a widely recognized technique for elucidating interfacial properties. This
methodology juxtaposes the experimentally observed delamination buckling with a mathematical
construct, wherein the interface properties function as key parameters. Presently, the methods
discussed predominantly adhere to two-dimensional models for explicating the cracking process,
often overlooking the significant contribution of the delamination buckling process. Such models
fall short of adequately encapsulating the intricate states of stress and deformation that emerge
from the uniaxial tension test.

Consequently, a paradigm shift towards three-dimensional models has been initiated, leveraging
a multi-scale approach for improved representation. Finite Element Modeling has been identified
as a beneficial tool to foster enhanced extraction of knowledge. The application of this modeling
tool has been made feasible through the utilization of COMSOL Multiphysics®, a commercially
available simulation software recognized for its efficacy in setting up finite element studies, espe-
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cially about thermal transport issues. While alternative software programs are often employed
to resolve mechanically based problems owing to their superior convergence and optimization
capabilities, COMSOL was the chosen platform in this instance, owing to its accessibility within
the Politecnico di Milano software suite. Additional factors influencing this choice include its
user-friendly interface and the ability to couple diverse problem sets.

Additionally, this selection was influenced by a comprehensive review of existing literature. To
the best of the author’s knowledge, there has been limited research in this field. This scarcity
is probably due to the complexity and convergence difficulties associated with the multiscale
nature of the problem, as well as the highly nonlinear equation describing the issue of coating
delamination. The work of Toth et al. [417] presents one of the few explorations of a compa-
rable problem regarding coating delamination on compliant substrates, using the capabilities of
COMSOL for the evaluation.

The proposed strategy of 3D modeling is posited as a marked enhancement over existing 2D
models and shear-lag theory. It does so by accounting for many experimentally observed effects,
thus facilitating a more precise dissection of the stress, strain, and deformation states. This
approach employs a multi-stage model to illuminate some of the effects on 3 µm-thick alumina
coatings when tensile tested at ambient temperature. This includes crucial considerations such
as the appropriate load transfer between the film and substrate preceding the film’s cracking
and the shear-stress-induced local out-of-plane deformation of the film.

The initiation of this investigation employs an initial macro model to determine the crack-
ing stress of the film, defined as the stress condition corresponding to the global strain level
where cracking is observed in experiments. This pivotal macro model is essential for setting the
boundary conditions for subsequent models. Shell elements represent the coating in the model,
a method echoing the earlier Section 1.2.2 that analyzed thermal transport in the curvature
setup, based on the same motivation.

Establishing the film’s cracking stress and examining the area of uniform stress in the external
coating layer requires the definition of several steps within COMSOL® to conclude the stationary
study accurately. While an in-depth explanation of the physics central to each step and its
execution in the software extends beyond this work’s scope, the procedure’s critical elements are
detailed here, leaving comprehensive descriptions of different modules and software components
to the relevant program manuals [336].

The substrate component, known for its dog-bone geometry, is constructed using INVENTOR®
CAD software before being imported into COMSOL®. Following the project’s initial declaration
to extrapolate before cracking behavior, the substrate is presumed linearly elastic and perfectly
isotropic, working far from the plastic region. Under these assumptions, the mechanical prop-
erties needed for the substrate’s study, included the elastic modulus, Poisson ratio, and density.
The values used in this study are as follows: Es=187 GPa, νs=0.29, and ρs=7850 Kg/m3. In
this context, COMSOL® enables the upload of the complete stress-strain curve of the material,
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Figure 1.25: (a) CAD dogbone representation with the implemented mesh used in the FEM
analysis. (b) and (c): Visual representation of the stress state induced in the coating at an
initial strain level of 0.239%. Figure (b) illustrates the high stress value in the central green
area, which gradually diminishes with increasing distance from the sample center, this stress
evolution is numerical represented in the plot in (c). In the figures (c) and (d) the reference
system is the same.

which allowed the software to calculate the corresponding elastic modulus. At the same time,
the Poisson ratio and the density have been selected as an average value obtained by the different
classes of AISI steel in the COMSOL library. Conversely, the elastic physical properties of the
amorphous alumina coating, associated with the outer shell element, have been extrapolated
from literature [166]: Ef=195 GPa, νf=0.29, and ρf=3450 Kg/m3.

Following the geometry creation and the physics assignment to the model, the next crucial
step was constructing the mesh. The mesh of the model geometry greatly influences how the
model is resolved; hence it was created automatically through a physics-controlled sequence to
take advantage of COMSOL’s internal optimization tools. Particular attention was given to
meshing the coating shell elements using a multi-dimensional mesh of tetrahedral geometries
with user-defined sizes. Considering the study’s focus on the outer layer’s behavior within the
elastic regime, it was considered logical to use a gradient mesh, the size of which refines as it
approaches the shell element. The CAD geometry representation and the mesh obtained are
illustrated in Figure 1.25 (a).

Alongside the shell interface implementation, the solid-thin structure connection multiphysics
node sets up a suitable interface between the modeled film/substrate domains. The connection
type is arranged as shared boundaries, enabling the shell element to be modeled on a bound-
ary—the upper face of the 3D solid substrate. The loading edge, rigidly fixed, is translated in the
y-direction, replicating the global straining of the test specimen. The displacement-controlled
analysis starts from a stress-free, undeformed state, disregarding potential residual stresses from
the deposition process.

Then the stress state generated in the coating was evaluated, specifically at the initial stage of
strain where cracking is experimentally observable (ε ≈ 0.239%). This result assumes that the
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Figure 1.26: Graphical depictions of stress-strain relationships for the models developed for the
substrate(a) and the coating (b). (c) Illustration of the model employed to assess the influence
of the cracked film under tensile strain (truss elements are distinguished in blue). (d) Display
of coating displacement along the vertical z-direction, indicating no particular effects triggered
by the presence of the modeled cracked film.

substrate and film materials remain in the elastic regime. These findings are detailed in Figure
1.25 (b) and Figure 1.25 (c). In particular, Figure (b) provides a visual representation of the
induced stress, where the central green area illustrates a high stress value that gradually reduces
with increasing distance from the sample center, as demonstrated in Figure 1.25 (c).

The validity of these findings must be viewed with an understanding that the assumption of
elasticity for the coating may be significantly different from the reality, especially when consid-
ering we are near the point of induced cracking. Figure 1.25 (c) reveals that the tensile stress
induced in the outer shell element is just under half a GPa, a value that aligns closely with the
calculated value of 478 MPa.

It is imperative to note that the primary goal of this preliminary study was not to ascertain
numerical results. Instead, it aimed at determining the uniform distribution of film stress across
the central region of the dog-bone sample. This information was vital for guiding the implemen-
tation of the experimental protocol. It helped to focus the SEM observations within the section
of the component experiencing uniform stress for the determining the crack densities discussed
above.

Then since the film exhibits a loss of stiffness in a specific direction when it undergoes transverse
cracking relative to the global straining direction. A second macro model is established by
employing the approach detailed in [417]. In this model, truss elements are used to simulate the
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film strips, separated by these cracks, and are aligned with the y-direction shell node lines in a
model containing a condensed section of the dogbone system. Truss elements are fundamentally
one-dimensional and characterized by their two-node structure. They are solely designed to
handle axial tension and compression, eliminating shear forces or bending moments. Each node
in these elements has two degrees of freedom in a two-dimensional space (or three in a 3D model),
thus capturing the movement of the structure. The elements are assumed to deform only along
the length of the element, indicating that all loads are applied exclusively at the nodes and align
with the axis of the truss elements [336]. Consequently, these truss elements can accurately
represent the sections of the film affected by the cracks, thereby determining areas where shear
forces cannot be transferred between two film strips due to the cracked region. Shared nodes on
the shell reference surface are utilized by both truss and shell elements. To accurately represent
the composite’s bending stiffness, shell elements are offset by tf/2 as suggested in [336] where
tf is the coating thickness equal to 3 µm. Symmetry boundary conditions are applied to the
edges to prevent the emergence of any dimensionally induced phenomena, while the remaining
assumptions remain consistent with those used in the previous model.

In contrast to the first macromodel, this second model requires considering the plasticity in
both the film and the substrate. The uniaxial stress-strain curve for the substrate is obtained
from experimental results. The film’s material behaviour is assumed to be linearly elastic and
ideally plastic, with a yield stress slightly higher than the cracking stress identified earlier. The
stress-strain curves for both materials are depicted in Figure 1.26 (a,b). An imposed strain of
ε ≈ 0,75% is applied, equivalent to the initial strain at which the 3 µm alumina coating displayed
the first signs of buckling formation experimentally.

Figure 1.26 (d) summarizes the results of this model, showcasing the z-displacements and illus-
trating that the center of the specimen predominantly remains flat throughout the simulation
process. As an initial hypothesis, the induced deformation appears incapable of producing buck-
ling since the z-displacement results do not highlight any variations in the cracked regions.The
line at the edge, where the displacement is zero, represents a boundary where the boundary con-
ditions dictate null displacements. The observations made in these findings align closely with a
similar behavior delineated in [417]. This congruity between this study and the referenced work
suggests the reliability of the observed phenomena.

The evidence gathered shows that the characteristics of buckling, and the subsequent processes
observed, are not solely triggered by crack formation. Hence, to gain insights about buckling or
delamination in the computational model, the introduction of a minor imperfection is required.
This proposition is supported by the findings in [417], where it is shown that the concentration
of shear stresses near introduced imperfections prompts buckling, leading to the localization of
debonding failure at these sites. In light of these findings, a 3D continuum model was employed
for a portion of the film strip adhered to a part of the underlying substrate. This model’s
scale is judiciously set to be expansive enough to encapsulate local phenomena while remaining
compact enough for feasible parameter studies. The model considers two types of potential
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Figure 1.27: Visualization of geometric model including two imperfections: a polishing line and
a droplet.

imperfections resulting from the finishing, polishing procedure, and the pulsed laser deposition
process, all integrated into a complete assembly to ensure geometric continuity. The model’s
visual representation can be found in Figure 1.27.

Drawing from the outcomes of the previous model in the coating’s behavior, rotations are min-
imal and thus not factored into computing local displacement boundary conditions. Continuity
is maintained by ensuring equal film and substrate displacements in the y-direction. The micro-
model also allows for disregarding global shear deformations due to their minimal impact aas
verified by the previous model. Verification of this assumption is provided by examining the
reaction forces generated. The substrate and film are connected via cohesive zone elements that
maintain zero thickness in their undeformed state, based on the concept proposed by Tvergaard
and Hutchinson [418]. The decohesion functionality proves useful for simulating delamination
between layers or describing crack growth in a continuous material. It is worth noting that for
the latter, the crack path must be predetermined before initiating the analysis. A cohesive zone
model (CZM) formulation hinges on a material model where certain conditions apply. In this
instance, a multilinear separation decohesion model was utilized. In finite element modeling, se-
lecting an appropriate decohesion model is crucial to accurately represent the material behavior
under different load conditions. Specifically, the multilinear decohesion model is highly applica-
ble because it offers a versatile way to simulate complex failure processes. It provides a robust
framework to interpret the relationship between the traction-separation behavior of the material
interfaces, with each phase of the model representing different stages of the decohesion process
- from elastic deformation and damage initiation to final rupture. This approach is particularly
effective in the simulation of composite materials and interfaces, where failure is often a result
of complex load interactions [419, 420, 421]. A more detailed description of the different model
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Figure 1.28: (a) Shear stress commencing on the 3 µm-thick outer block, simulating an in-
finitesimal portion of the amorphous alumina coating. Notice the intensification of stresses in
correspondence of the geometrical imperfections simulating (b) a polishing line defect; (c) a
droplet resulting from the deposition process.

approaches used in COMSOL are reported in [327].

The multilinear decohesion law can be determined using five distinct parameters: maximum ten-
sile strength, maximum shear strength, tensile and shear energy release rate, and a shape factor,
a function of in-plane and out-of-plane separations. As these parameters are unknown for this
case, the most effective approach involved setting a parameter sweep. The basic premise was to
replicate the displacement at which buckling was experimentally observed, allowing for determin-
ing the parameter combination and their values, which best can reproduce the experimentally
observed behavior. However, despite the robustness of the parametric sweep, full convergence
was unattainable due to the highly non-linear nature of the problem when the decohesion zone
element analysis was incorporated. Although no explicit outcomes could be measured from this
segment of the modeling study, It provides a strong foundation for future research, shedding
light on both explored and uncharted pathways. The study remains a starting point for further
investigation and was reported to promote innovative methodological advancements. While the
model failed to determine the delamination behavior of the coating due to the described issues, it
remains relevant, enabling us to understand the coating behavior, particularly near the imposed
defects. The shear stress intensification, which theoretically could lead to cracking and subse-
quent film delamination, occurs precisely near the defects. It confirms the empirical observation
that achieving the lowest possible surface roughness via polishing is crucial for well-adhered
coatings. Therefore, efforts to improve the polishing or deposition processe to prevent external
inclusions deposition, are crucial for enhancing the mechanical behavior of the coating.
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Transitioning from the detailed exploration of material behavior under mechanical stress, includ-
ing the processes of crack formation and delamination, it is essential to expand this inquiry to
understand how this material react when subjected to irradiation. This interaction between ma-
terial and radiation can result in changes to its physical and mechanical properties, influencing
their performance and durability under operational conditions, as discussed in the introduction.
The forthcoming chapter pivots from the initial focus on mechanical factors to a comprehensive
investigation of material response under irradiation conditions. This crucial shift allows for a
broader understanding of material behavior, introducing the new variables and effects that ra-
diation exposure brings to the table. The upcoming exploration encapsulates the analysis of
radiation-induced defects and their accumulation and their impact on the microstructure. This
comprehensive approach permits a complete understanding of the material’s performance under
irradiation environments. As it will be shown, this following section contributes significantly to
expanding the knowledge needed for material selection and design for its specific applications.
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The systematic evaluation of pioneering alumina’s potential as a radiation-resistant material
is paramount to fostering its applicability in the related domains, necessitating an in-depth
exploration of its irradiation response.

In the light of evolving nuclear power generation systems, neutron irradiation experiments are
often hailed as the ideal choice. However, these procedures come with their own sets of chal-
lenges such as hefty financial implications, machine-time limitations, extensive duration of ex-
periments, handling of activated samples, and the requirement of thorough post-experiment
analyses. Amidst these obstacles, heavy ions have successfully showcased their potential in em-
ulating radiation-induced effects on metallic and ceramic substances [263, 422, 423]. However,
an elaborative discussion on the variances between neutron and heavy ion irradiation, along
with the impact of different irradiation parameters on the final material responses, can be found
in the closing part of the introduction (Section 0.5).

Wishing to provide a succinct summary, the behavior of amorphous Al2O3 films deposited by
PLD on steel has been studied under irradiation by 12 MeV Au5+ and 18 MeV W8+ at 600
°C, up to 150 dpa [178], and under Ni [179] and Au [424] irradiation at room temperature,
with ex-situ post-irradiation analyses. The general picture which emerges from these studies
is a temperature dependent response to irradiation, with no major modification occurring at
room temperature, whilst, at 600 °C, a general trend towards the formation of nanocrystals. In
particular, in all the studied conditions, nanocrystals with mean size growing with dpa in a sub-
linear way have been observed. Some effect of the ion used has been observed as a second order
effect on the growth kinetics [179]. The occurrence of radiation induced crystallization (RIC)
is particularly noteworthy because most structural materials subjected to irradiation typically
experience radiation-induced amorphization. However, in certain cases like the amorphous PLD
alumina, a dynamic equilibrium can be achieved between ordering and disordering processes,
leading to the material’s crystallization [425, 426]. If the driving force for crystallization ex-
ceeds the defect creation rates, the irradiated material undergoes RIC. Numerous models have
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been proposed to illuminate these phenomena. The detailed discussion on the potential physical
explanations for this behavior, particularly in relation to irradiation-induced crystallization in
amorphous materials, is available in Section 0.5.1.

Sections 0.2.6 and 0.5.1 provide a critical review of prior findings on the irradiation of PLD-
grown alumina, where the radiation-induced crystallization process was identified as the main
outcome of these studies. Starting from the initial amorphous material, a continuous grain
growth coupled with the emergence of various crystalline phases was documented [168, 427].

This research extends these studies by conducting further analyses and irradiation experiments
to enhance our understanding of the effects on the irradiated material. The study aims at filling
the knowledge voids by implementing ion irradiations with various characterization techniques.
By doing so, it strives to offer an enriched, comprehensive perspective that would fuel future
research and application developments in this domain.

2.1. Exploring the Evolution of PLD Alumina’s Microstructural,
Thermo-Mechanical, and Optical Properties under Irradi-
ation

As part of the GEMMA project, a research visit was conducted to the Ruder Boskovic Institute
(RBI) in Zagreb, Croatia. The institute is home to the Dual-beam Ion Irradiation Facility for
Fusion Materials (DiFU), which facilitates irradiating nuclear material samples with one or two
ion beams. This is made possible by using two accelerators housed at the RBI: the HV 6 MV
Tandem VDG and the HV 1 MV Tandetron.

The primary objective of the research visit was to complete a significant irradiation experiment
designed to provide further insights into the impact of radiation on the crystallization process.
The focus of this experiment was a unique sample: a steel plate with dimensions 5 x 10 x 2
mm3, coated with 1 µm of PLD Al2O3. A corresponding sample was simultaneously placed and
shielded from the irradiation to facilitate the distinction between thermal and irradiation plus
thermal effects.

The irradiation of the PLD Al2O3-coated steel samples was carried out at the DiFU facility at the
RBI using 12 MeV Au ions to a level of 10 dpa. These specific ions and irradiation parameters
were chosen to replicate conditions reported in previous studies [178, 428]. Throughout the
irradiation process, the samples’ steel substrate temperature was kept steady at 600°C, which
is the thermal onset crystallization temperature of PLD Al2O3. Two sets of horizontal and
vertical slits continuously tracked the ion flux, which defined the 10x5 mm2 irradiation area
on the sample. The beam spots for both ion beams were defocused to align closely with the
dimensions of the irradiation area. During irradiation, high-frequency ion beam scanning was
also employed, specifically at 6.6 kHz horizontally and 444 Hz vertically.

The potential consequences of utilizing a raster beam instead of a defocused one are explored in
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Section 0.5.4. Prior findings suggest that pulsing or raster scanning should be conducted at a
sufficiently high frequency to prevent in-cascade annealing during the beam’s off period within
a volume element. This rationale guided the decision to apply an increased range of scanning
frequencies. The Table 2.1 summarizes the main irradiation parameters.

Spot size Average current Dose rate Irradiation time Au fluence

0.5 cm2 46.2 nA 1.15 x 10-4 dpa/s 23 (h) 9.57 x1015 ions/cm2

Table 2.1: Irradiation parameters for the Al2O3 irradiations

The samples within the DiFU are heated by an Ohmic heater equipped with molybdenum heat
shields and fused quartz to monitor the ion beam scanning area. A K-type shielded thermocouple
managed the heater’s temperature control, and the sample temperature was supervised by two
additional thermocouples located at the edges of the sample. Given the critical nature of dose
measurement in ion irradiation, precision in this regard was ensured by using a pair of slits and
a large Faraday cup.

Post-irradiation, the samples were analyzed using various characterization techniques. These
included FIB/TEM, carried out by PhD Andrea Fazi at the Microstructure Physics section of the
Chalmers University of Technology Department of Physics. Nanoindentation and ellipsometry
measurements were also carried out.

Figure 2.1 offers a compelling visualization of the primary findings obtained from the TEM
analysis. During thermal annealing, sustaining a temperature of 600 °C on the sample’s surface
required the temperature of the steel substrate to be elevated beyond the set level. This sub-
sequently induced crystallization at the coating and steel substrate interface. The observable
preferential columnar orientation in Figure 2.1 (a) further supports this hypothesis. A compar-
ison of samples that underwent merely thermal treatment with those exposed to both thermal
treatment and irradiation demonstrates contrasting behaviors. The thermally annealed sample,
maintained at a temperature of 600 °C, retained an amorphous state in its upper coating layer.
The Selected Area Electron Diffraction (SAED) pattern shown in Figure 2.1 (a 1.2) and (a 2.2)
further validates this expected outcome. Specifically, the analysis of the area marked by the red
circle in Figure 2.1 (a 1.1) confirmed the amorphous nature of this segment.

On the other hand, the irradiated sample showcased a state of complete crystallization, marked
by a homogeneous dispersion of crystalline domains devoid of any evident preferential orienta-
tion. The SAED images in the Figure 2.1 (b 1.2) and (b 2.2) corroborate the presence of the
crystallized material in this case.

Interestingly, the irradiated sample transformed an amorphous to a homogenous crystalline
state. This highlighted the impact of irradiation in inducing the coating’s crystallization and
its enhancement effect during the process, a finding that echoes the conclusions of previous
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Figure 2.1: Transmission Electron Microscopy (TEM) Analysis: The figure compares the mi-
crostructural changes between thermally annealed (a) and irradiated(b) samples at 600°C. The
thermally annealed sample shows partial crystallization with an observable preferential colum-
nar orientation. This is also confirmed by the selected area electron (SAED) diffraction images
for the different regions in (a 1.2) and (a 2.2). Conversely, the irradiated sample showcases
complete crystallization with a homogenous dispersion of crystalline domains. Also in this case
the SAED images (b 2.1) and (b 2.2) give confirmations to the observed microstructures.

research.

In exploring the transformation of a material’s structure, a sequence of nanoindentation were
been performed, allowing for the monitoring of changes in its mechanical characteristics. These
tests were conducted under normal environmental conditions using a Berkovich-shaped diamond
indenter. A set of ten forces, ranging from 0.5 mN to 5 mN, was utilized to form indents. The
Oliver and Pharr model [429] serves as a computational foundation for extracting nano-hardness
(H) and reduced Young’s modulus (E*) from unloading data. The collated results, including
average values and standard deviations, are documented in Table 2.2.

Non Irradiated Irradiated
H [GPa] E*[GPa] H [GPa] E*[GPa]

14.6 ± 2.5 273.8 ± 21.9 21.5 ± 1.75 340.9 ± 37

Table 2.2: Summary of the results of the nanoindentation tests ( hardness and reduced Young
modulus) for the thermally annealed and the irradiated sample.

As reported in Figure 2.2, an enhancement in hardness and Young’s modulus is observable in
unirradiated and irradiated samples compared to the as-deposited material’s properties. This
behavior can be linked to the induced crystallization process and explained through the inverse
Hall-Petch model. The Inverse Hall-Petch Law is an empirical concept in nanomaterials, de-
noting a decrease in mechanical hardness or strength as the grain size diminishes to nanometer
scales. This theory initially appears counter-intuitive, considering it contradicts the standard



2| An In-depth Examination: Unraveling the Response of Amorphous Alumina to
Heavy Ion Irradiation 133

Figure 2.2: Comparing hardness and reduced Young’s modulus in unirradiated (@600°C), irra-
diated (@600°C), and as-deposited material samples

Hall-Petch relationship that emphasizes increased hardness and strength with reduced grain size
in polycrystalline materials. At extremely small grain sizes, typically below 10-15 nanometers,
the inverse Hall-Petch effect is postulated to arise due to increased grain boundaries grain vol-
ume ratio. This shift encourages alternative deformation mechanisms, such as grain boundary
sliding or diffusion, which dominate over dislocation slip. Moreover, the increased surface-to-
volume ratio can potentially induce a higher concentration of defects, thereby fostering these
alternate deformation mechanisms [430, 431, 432]. Existing literature data on alumina coatings
and thin films are compared to the findings from these experiments. Notably, Ferré et al. [178,
428] documented a sub-linear increase in Young’s Modulus under irradiation, achieving similar
levels to those observed in this study only after extensive nucleation of the specific α-phase of
Al2O3.

The hardness of amorphous Al2O3 is found to be between 6 and 13 GPa [173, 433], with crys-
talline alumina showing increased hardness values, ranging from 12 to 26 GPa [434, 435]. Specific
transition phases such as γ-Al2O3 or θ-Al2O3 are identified within the 12 – 21 GPa range [436],
while for α-Al2O3, the recorded value is about 21 – 26 GPa [437, 438]. In conclusion, a handful of
authors have reported the extraordinary mechanical properties of meta-stable alumina, present-
ing hardness levels up to 26 GPa [437, 438]. Ion-irradiated coatings in this study demonstrate
higher hardness and, thanks to the Hall-Petch mechanisms’ role it is even possible to think to
control the PLD alumina’s mechanical properties.

Proceeding with the protocol established in Section 1.3, where ellipsometry measurements were
employed to gather information on the refractive index and absorption coefficient, enabling
the computation of the material’s density, further ellipsometry analyses were executed on the
samples involved in this study. The outcomes are represented in Figure 2.3.

Unlike the thermally annealed sample, which displayed negligible alterations from the as-deposited
case, a noteworthy increase was documented in the irradiated material’s refractive index and
absorption coefficient. This change can be unequivocally traced back to the substantial crys-
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Figure 2.3: Depiction of the evolution of refractive index (presented on the left) and absorption
coefficient (displayed on the right) spectra in both thermally treated and irradiated conditions.
The results for the as-dep materials were reported in Figure 1.10.

tallization provoked by the combined action of radiation and thermal exposure. The resulting
value closely mirrors that of crystallized α-alumina or corundum, identified by a refractive index
of 1.76 at 1000 nm [439].

Observing the increased refractive index of the material and in light of the Lorentz-Lorenz
Equation 1.5, the conclusion can be drawn that alumina exhibits a higher density after RIC.
This indicates that the material is subject to decreased volume during crystallization. This fact
becomes particularly pertinent when addressing the potential for radiation-induced void swelling
within the material – a condition potentially exacerbated by volume contraction due to the RIC.
PLD alumina void swelling is reported in the literature [168, 179]. Specifically, Ferré et al. found
voids solely in conjunction with α-Al2O3 crystals. Indeed, the creation of vacancy clusters is a
specific radiation-induced event observed in crystalline bulk alumina, with multiple researchers
reporting void swelling phenomena in α-Al2O3 bulks [85, 264]. This finding holds significant
implications, as the development of voids within the material can threaten its functionality as a
protective coating. Thus, it is suggested that improving the material’s stability under irradiation
is a critical step if it is to be successfully utilized as a protective coating for nuclear materials.

2.1.1. Thermal diffusivity evolution in irradiated amorphous alumina

As previously discussed, thermal diffusivity is critical, particularly in nuclear fuel cladding ap-
plications where effective thermal exchange is crucial. To further understand this, the Mas-
sachusetts Institute of Technology hosted a supplementary ex-situ irradiation experiment at the
CLASS General Ionex 1.7 MV tandem ion accelerator. The intent was to irradiate the sam-
ples and subsequently employ Transient Grating Spectroscopy (TGS) to trace the evolution of
properties at room temperature and 600°C. Gold ions were employed to simulate the conditions
replicating neutrons with an energy of 12 MeV. This selection was driven by the aim at aligning
as closely as possible with previous studies. This specific energy implants ions at a depth of
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1.2 µm, necessitating the use of the 1 µm coating to circumvent any effect of the implanted
ions. Regrettably, this condition hindered the evaluation of wave speed evolution via TGS, as
substantial damping in wave propagation rendered wave speed detection in the thinner samples
unattainable, as discussed in Section 1.4.2. Nevertheless, the earlier study, referred to in Section
1.4.6, proved beneficial. It enabled the determination of the TGS wavelength range in which the
thermal diffusivity measurement remained unaltered by substrate influence.

The irradiation was configured to yield a Gaussian damage profile on the sample surface.2.4
(a). This method allowed us to generate a damage gradient ranging from 0 dpa to 10 dpa in a
single irradiation session. The parameters set for irradiation included an ion current of 1.23 x
1011 ion/s and an ion flux of 6.26E x 1011 ion/cm2 s. The irradiation covered a circular area
on the surface, measuring approximately 0.2 cm2 in diameter, which was substantially larger
than the laser beams’ spots used in TGS. This difference in size, facilitated the use of TGS as
a small probe to observe the property evolution as the damage dose increased in the material.
Furthermore, SEM was employed to analyze the surface morphology in regions subjected to
varying radiation doses.

The plots denoted by Figure 2.4 (b) and Figure 2.4 (c) effectively illustrate the progression of
thermal diffusivity throughout the radiation profile, spanning a range of approximately 2.5 mm
from the center. This investigation is conducted under two distinct temperature conditions:
ambient temperature and a high temperature of 600°C. In an attempt to enhance clarity and
visual simplicity, error values are omitted from the graphics. However, it is worth noting that
each plotted point signifies the mean value derived from fifteen separate measurements. Fur-
thermore, the corresponding standard deviation value falls within an 8-15% range of the final
data point depicted in the visual representation.

The thermal behavior exhibited under room temperature conditions is particularly intriguing.
From the boundaries of the radiation profile (± 2.8 mm), which symbolize the section where
no damage has occurred, the thermal diffusivity closely approximates a value of 11.2 ± 1.6.
This figure aligns with the previously documented range of 13.6 ± 3.5 as referenced in Section
1.4.3. As we progress further into the zone characterized by the onset of damage, a notable
decline in thermal diffusivity is observed. This diminishing pattern of thermal diffusivity as
radiation damage escalates is a well-documented phenomenon in scientific literature [369, 440,
441]. Thermal transport within materials can be perceived as a composite of two distinct
components: electronic and phononic. Radiation exposure induces the development of defects
which can ultimately contribute to the reduction of both components. Higher defect density
disrupts the motion of electrons and phonons throughout the medium, resulting in less efficient
heat transfer [369, 442]. However, an unanticipated pattern emerges in the sample exposed to
room temperature radiation. As we navigate towards the center of the radiation profile, where
the dpa and associated damage level rise, an increase in thermal diffusivity values is observed.
This pattern echoes a certain symmetry, climaxing at a thermal diffusivity value of 16.7 ± 2.4,
in direct correlation with the maximum radiation level of 10 dpa. Figure 2.4 (b) displays these
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Figure 2.4: (a) Gaussian damage profile on the sample surface. Evolution of thermal diffusivity
following irradiation at room temperature(b) and 600°C (c). Figures (b.1) and (c.1) represents
top view SEM of the alumina coatings at the maximal level of radiation reached (10 dpa).

results, with an added red dotted line serving as a guideline to visualize the trajectory that
forms as a result of the thermal diffusivity augmenting alongside increasing dpa values.

Within the context of published literature, enhancement in thermal diffusivity is frequently
justified by an increase in the crystalline fraction present within the system [443]. This no-
tion aligns with the theoretical proposition that an extensive crystalline network can augment
long-range phonon and electronic transport, thereby bolstering the overall efficacy of thermal
transportation [442]. Nevertheless, the findings presented in the referenced article [443] do not
coincide entirely with the observations made regarding pulsed laser deposition (PLD) alumina.
Specifically, the PLD alumina seems to resist crystallization at room temperature, even when
subjected to an exposure of 25 dpa [180]. Hence, one would reasonably conjecture that the
material at 10 dpa remains entirely amorphous. This assumption is further corroborated by
the SEM analysis carried out around the 10 dpa region, depicted in Figure 2.4 (b.1). The film
morphology displayed i bears a striking resemblance to the structures previously recorded for
amorphous materials. However, the spatial variation in dpa is so restricted that XRD measure-
ments alone cannot conclusively confirm this hypothesis. As a result, future analyses must be
orchestrated to substantiate these assumptions. An alternate proposition suggests that irradi-
ation could induce short-range structural ordering through successive thermal spikes, without
leading to full-blown crystallization. While this theory also remains to be definitively verified,
it also does present its own unique set of challenges to overcome.

Turning the attention to the material irradiated at a temperature of 600°C, a decrease in ther-
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mal diffusivity relative to the standard value is observed throughout the entire profile. This
phenomenon can be explained by intense crystallization, evident in Figure 2.4 (c.1), which initi-
ates the formation of cracks within the film, subsequently generating a myriad of new interfaces
within the material. The consequential increase in interface thermal resistance hampers heat
transport efficiency within the material [444].

Summarizing, the study unveils a compelling correlation between irradiation damage and ther-
mal diffusivity in the context of nuclear fuel cladding materials. Atypical patterns in thermal
diffusivity under room temperature irradiation hint at potential structural changes necessitating
further scrutiny. Conversely, the study observes a decrease in thermal diffusivity in materials
irradiated at 600°C, a likely consequence of pronounced crystallization and interface creation.

It is paramount to underscore that the observed phenomenon is a secondary consequence of
crystallization. Precisely, the crystallization process induces a diminution in volume, leading to
the formation of cracks, which serve as formidable impediments to thermal conduction.

These findings underline the necessity for ongoing research to unravel the effects of irradiation on
thermal properties, with the potential to inform the development of advanced nuclear materials.
Pursuing this line of inquiry, an in situ irradiation study for the comprehensive analysis of RIC
kinetics has been conducted and is presented in the ensuing discussion.
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2.2. Evaluating Radiation-Induced Crystallization: Exploration
via In Situ Transmission Electron Microscopy

Radiation-induced crystallization (RIC) has been shown to increase the material’s hardness and
stiffness, in contrast to its unaltered state. Interestingly, despite the structural modifications,
the irradiated films retain some resilience. Other post-ion irradiation nano-indentation and
nano-scratch tests revealed also a residual level of plasticity within the system [427, 428] .
Although these studies have clarified the overall trends, a complete kinetic understanding of
RIC in amorphous Al2O3 films has been elusive.

This Part of the work aimed at bridging this knowledge gap through ion beam irradiations with
in-situ TEM observation. This method led to an extensive understanding of the combined effects
of ion irradiation and temperature on the structural evolution of amorphous alumina. This level
of detail cannot be attained through conventional post-irradiation examination.

Understanding thermodynamically metastable materials’ high-temperature and neutron irradia-
tion behavior is critical, yet remains a complex field. This knowledge gap is particularly vital in
deploying barrier technology. This part of the work represents a pioneering step toward address-
ing this gap. It does so through the in-situ, dynamic monitoring of RIC processes in amorphous
Al2O3 thin films. RIC was investigated across a wide temperature range (400 - 800 °C), at
the Argonne National Laboratory’s Intermediate Voltage Electron Microscope (IVEM)-Tandem
Facility, thanks to different international grants won in the framework of the NSUF (Nuclear
Science User Facilities) founded by the American Department of Energy. The findings, that
will be shown latter, provide critical insight into the grain growth’s dependence on ion dose
and temperature. A kinetic approach helped extract the process activation energies and key
parameters.

Films with nominal thicknesses of 100 nm were grown on monocrystalline substrates obtained by
cleaving a NaCl crystal. After deposition, each sample was put in warm distilled water, where
the salt dissolved and the oxide film floated on the water’s surface. TEM grids were used to pick
up the films, to be ready for analysis in the TEM. Additional information about this floating
technique is included in [176]. Films with thickness og 50 nm were also been produce to analyze
the final effect of the thickness on the RIC.

The thickness of 100 nm was selected as a reference, to steer clear of the spatial resolution
degradation in TEM resulting from an augmented number of inelastically scattered electrons
due to the increased thickness, as well as to prevent any surface effects that may be induced by
lower thicknesses. Samples tested at temperatures below 600 °C were laid on PELCO ® 2000
mesh Cu grids from Ted Pella, Inc. To perform the irradiation tests at temperatures above 600
°C, ceramic Si3N4 membranes and Molybdenum grids (PELCO ® from Ted Pella, Inc.) are used
to pick and support the floating films.
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2.2.1. Irradiation Experiment Details

The in situ irradiation experiments were carried out in the IVEM facility. It includes an in-
termediate voltage transmission electron microscope and an ion implanter. The combination of
these instruments offers a unique capability for a wide range of in situ experiments involving
ion irradiation or ion implantation with simultaneous transmission electron microscopy. More
information about the IVEM facility is covered in [445].

The PLD deposited alumina films were subjected to thermal heating until stabilization thermal
equilibrium at different temperatures (400, 500, 600, 700, 800 °C ), then irradiated with A 700
keV Kr2+ ion flux of 6.25 1011 ions/cm2s. Fluences required for reaching 1 dpa were 8.5 1014

ions/cm2. For each experiment, the ion flux was measured to an accuracy of ±10% by an annular
Faraday cup located within the microscope at 4 cm from the sample [445].

The above choices were based on simulations performed by the SRIM code [446]. The main
outcomes, such as implantation profile, ENSP ratio and damage events, are summarized in
different plots in Figure 2.5. The discrepancies between the damage production in the SRIM
two modes of calculation ( Full Cascade and Quick Damage) are reported in Fig. 2.5 (c). In this
case the Quick Damage mode was employed for the dpa calculation. A more detailed discussion
of their use for the dpa calculation is reported in the Irradiation section.

In the present work, the values exploited for displacements threshold energies for Al2O3 are the
ones given by default by SRIM: 25 eV for Al and 28 eV for O. It is worth remembering that
these values are averages of direction dependent values [447].

Figure 2.5: SRIM simulation outputs:(a) implantation depth and (b) electronic to nuclear stop-
ping power (ENSP) ratio. Notably, the picture on the left reveals a complete absence of ions
implantations since the 700 KeV Kr implantation peak is beyond 100 nm.(c) Depth profile of
the total number of vacancies produced under irradiation of alumina by 700 keV Kr ions at the
as calculated using two alternative damage simulation methods of the SRIM software.

Direct observation of the films under irradiation revealed the ion irradiation-induced particle
nucleation and then their growth, as it can be observed in Fig. 2.6. Crystallite growth occurred
for all irradiation temperatures examined, even below 600 °C, which is the boundary temperature
below which thermally induced crystallization does not occur in PLD Al2O3, as reported in [178],
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Figure 2.6: Bright field images of the radiation induced crystallization in Al2O3 film at different
temperatures.

where no discernible crystallization or grain growth are found during annealing for 90 minutes
at 600°C. The evolution of the microstructure was followed by sequentially taking bright-field
images (BF), dark field images (DF) and diffraction patterns (SAED) of the films while they
were being irradiated.

2.2.2. Irradiation-Induced Nucleation and Phase Evolution: An Analytical
Study of Crystallite Growth Kinetics Using Selected Area Electron
Diffraction and Dark Field Imaging

During the various in-situ irradiation experiments SAED patterns were recoded to precisely
identify the onset of crystallization (Fig. 2.7). In each pattern, rings dimensions were measured,
determining the crystalline phases present in the system by a direct comparison between the
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Figure 2.7: Radiation-induced crystallization diffraction pattern evolution in Al2O3 films at
different temperatures.

interplanar distances (d-spacings) obtained and the databases present in literature [448, 449].

The phase recognition was not straightforward because each pattern consists of an overlapping
signal from grains of different phases. Indeed, alumina has an abundant number of metastable
transition phases that appear before the only stable α-phase as discussed in [450], and at least
for the thermally induced crystallization, the phase transformations are strongly related to the
deposition method and temperature [451]. Furthermore, the different crystalline planes often
present d-spacings very close to each other, making a unique attribution to one of the possible
crystalline structures sometimes impossible. Apart from the principal γ-Al2O3 directions, which
produce in any experiment the brightest reflections, several other contributions (Table 2.3) have
been detected : according to database, θ-Al2O3 or δ-Al2O3 meta-stable phases [448, 449].

To have a more precise representation of the evolution, SAEDs were also analyzed by a rotational
average procedure, using the DiffTools script in DigitalMicrograph™ [452]: the two-dimensional
SAED patterns are rotationally averaged about a chosen center, obtaining a one dimensional
intensity profile, in reciprocal space, as shown in Fig. 2.8. The peaks corresponding to the
different phases are thus better identified; these one dimensional profiles will be called SAED
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Order of appearance d-spacing phases attributed Temperature of appearance
1 1.438 ± 0.0053 γ [440] 400, 500, 600, 700, 800
2 2.034 ± 0.0028 γ [400] 400, 500, 600, 700, 800
3 2.884 ± 0.001 δ / θ [401] 500, 600, 700, 800
4 2.46 ± 0.0024 θ [111] /δ [312] 500, 600, 700, 800

Table 2.3: Phase appearance evolution at different temperatures.

diffraction patterns. Furthermore, the Fig. 2.8 is a valuable tool for visually demonstrating the
impact of temperature on the nucleation of particles and the resulting phase transformations in
the material induced by ion irradiation. Notably, the identification and classification of these
distinct phases are detailed in the Table 2.3.

Figure 2.8: Diffraction patterns in reciprocal space, obtained from an intensity profile extraction
from SAEDs. The appearance of different peaks highlights the phase evolution at different
temperatures.

Another important feature always present in each analyzed SAED, is connected to the central
bright halo, visible in Fig. 2.7. This contribution comes from the crystal lattice incoherence,
highlighting that a complete crystallization did not occur in the system [453], also at high
levels of dpa. When the intensity profile is extracted, the halo is converted into a small hump
grafted between 5 and 8 nm−1. When the crystallization starts, the first reflection produces
a peak growing from this hump, and with the crystallization progress, the hump progressively
diminishes. Moreover, as the crystallization continues, the intensity of the γ-[400] peak, is
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gradually reduced, indicating that other phases (δ/θ) are growing in the system. Regarding
the phase recognition beyond the primary reflections, reported in Table 2.3, several small other
peaks are present, showing the complex structure present in the system Fig. 2.8. Considering
the 600 °C case, the crystallization started with the γ polymorph nucleation, showing a high-
intensity reflection linked to the γ [400] plane. Increasing the dose to the system, other peaks
appear. Different behaviors can be noticed at different temperatures. At 500 °C (and 700 °C),
the phase evolution is essentially the same as the one described for 600 °C, being only slightly
retarded (or accelerated) due to the lower (or higher) temperature. At 400 °C, instead, only
the first two reflections reported in Table 2.3 were present also at the highest dpa level reached
(15 dpa), and if compared with other cases, the crystallization starting dose was highly shifted.
Indeed, in this case, a value of 5.5 dpa was needed for the RIC onset.

The evolution was further dissimilar at 800 °C, since the lowest dose analyzed (0.25 dpa).
Moreover, a very complex pattern of reflections was present. At 0.25 dpa (Figure 2.8), the
diffraction intensity profile resembles the reflections that appeared at lower temperatures only
at much higher values of dpa. The above considerations allow to perform a first distinction
among three crystallization regimes: a high temperature one, which includes the 800 °C range,
an intermediate temperature one, evident in the behaviors at 500, 600 and 700 °C, and a lower
temperature one, visible at 400 °C.

As reported above, alumina has several phases with d-spacings very close to each other, hence
a unique attribution to different phases is difficult. This problem was overcome thanks to the
availability of an extensive set of XRD diffractograms, obtained in a previous study which in-
vestigated the thermal crystallization of alumina samples deposited by PLD. Exploiting Bragg’s
law in the form:

Q
[
nm−1] = 4π

λ
sin
(2θ

2

)
(2.1)

where Q is the wavevector in the reciprocal space, λ is the working wavelength of the diffrac-
tometer and 2θ is the diffraction angle. Each XRD diffractogram was converted into the form of
a one dimensional intensity profile in reciprocal space, i.e. the same form of the SAED patterns.
After the conversion, being both the diffractograms (SAED and XRD) in the same form, a direct
comparison can be done, as shown in Fig. 2.9. A perfect overlap is found between the peaks in
the RIC and in the thermally induced one, allowing to achieve a more reliable identification of
phases in the irradiated samples, confirming the results reported above.

The whole procedure described and summarized in Fig. 2.9, shows that the phase evolution of the
radiation induced crystallization retraces exactly the same phase evolution induced by thermal
crystallization. As discussed in [454] the PLD Al2O3 has the γ phase as the first appearing
phase during the thermally induced crystallization, then passing through the δ/θ phases and
reaching the only stable phase when temperature exceeds 1100 °C. The comparison between
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Figure 2.9: SAED diffraction patterns in reciprocal space, [600°C 5 dpa] and XRD pattern
annealed sample [70h 700 °C] in reciprocal space compared.

Figure 2.9 and the evolution of thermal crystallization [454] confirms that irradiation has an
accelerating effect in the crystallization process. Indeed the features observable for the case of
thermal annealing at 700 °C for 70 h are the same that in the case of RIC are observable at
600°C after a radiation dose of 5 dpa. The similarity between the phase evolution of radiation-
induced crystallization and thermally-induced crystallization at higher temperatures implies that
thermal spikes, including both ballistic and electronic effects, may be more significant factors
than displacement or atomic mobility in causing local temperature increases. This finding could
have important implications for understanding the mechanisms behind crystallization and could
potentially lead to new methods for controlling the crystalline structure of materials. Further
research is needed to elucidate the role of thermal spikes in radiation-induced crystallization
fully and to explore their potential applications in science for these amorphous materials.

Particle Growth kinetic

The average crystallite size evolution was studied, measuring it from DF (Fig.2.10) at the dif-
ferent fluences for the first appearing reflection in SAED . This is related to the [440] plane of
the γ polymorph.

For each micrograph, from 15 to 130 particles were analyzed, and the area of each particle was
measured through the open-source program ImageJ [455]. The variability in the number of
particles analyzed depends on two factors: in low dose micrographs, few particles were present,
while at high dpa values, due to the overlapping of different particles, only the discernible,
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Figure 2.10: Dark field picture with a magnification of a specific region of the image where the
crystallite selection process is highlighted

Figure 2.11: The DF images show the temperature’s impact on nucleation. The number of
particle nucleated increases when temperature is higher than crystallization temperature.

not-overlapped, single particles were analyzed.

The figure 2.11 summarizes the DF images, highlighting the initial dose at which radiation-
induced nucleation occurred for each temperature analyzed. It is important to note the effect
of temperature on the number and size of particles nucleated. At temperatures below the crys-
tallization temperature of alumina (i.e., 600°C), a consistent and nearly uniform number of
particles (typically ranging between 15-30 particles) is observed. Conversely, at higher tem-
peratures, more particles are detected, even at the lowest dpa value analyzed. Remarkably, in
the latter case, the number of recognizable particles consistently exceeded 100, and the size of
particles at 800°C was observed to be even bigger than other temperatures.

Describing the effect of particle density with increasing doses is more complex. While at temper-
atures lower than the crystallization temperature, the nucleation of particles increases with the
dose, as evident from Figure 2.11 for the specific case of 600°C. However, at 700°C and 800°C
temperatures, it is difficult to determine whether the initially nucleated particles are growing
solely or if there is concurrent nucleation occurs. This is due to the uniform crystallized region
and the fact that images at progressively higher doses analyze different regions of the material
and are, therefore, uncorrelated.
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The average crystallite size was then plotted versus ion dose for the different irradiation tem-
peratures (Figure 2.12). As discussed above, to compare the crystallite growth kinetics between
different materials, the dpa is the most helpful parameter. Hence, although the data are plotted
as a function of both dpa and fluence, the fitting procedure, discussed later, is done with dpa
values.

It is worth underlining that each point is plotted with its corresponding Standard Error of the
Mean (SEoM) as error bar. The SEoM is the standard deviation σ divided by the number
of elements of the statistical population. It represents the precision of the value of the mean,
rather than the dispersion of particle sizes. Indeed, as it can be easily understood, the standard
deviation of the crystallite dimension grows as the dose increases, also because, at a high dose
level, new crystallites nucleate while the older ones continue to grow.

The crystallization kinetic models for different classes of materials have been discussed in detail
[456, 457, 458, 459]. In one of the first proposed models, Burke and Tumbull [457] deduced a
parabolic relationship for the thermally induced grain growth kinetics:

D2
g −D2

0 = kt (2.2)

Where D0 isd the initial grain size, k is the proportionality constant that depends on abso-
lute temperature and activation energy, t is holding time at a steady temperature T. For the
proportionality constant k of a temperature dependence of the Arrhenius type is proposed:

k = k0e
− Ea
RT (2.3)

where Ea is the activation energy for grain growth, k0 is the total pre-exponential constant
and R is the gas constant. The relation of Equation 2.2 turns out to accurately describe the
experimentally observed behaviors only in limited sets of cases. Mechanisms can be active,
which slow down the kinetics of grain growth. In order to represent these cases, a generalization
of Equation 2.2 has been proposed [460].

Dn
g −Dn

0 = kt (2.4)

where the exponent 2 is substituted by other values. Values of n between 2 and 5 have been
reported for various metallic systems [461, 462, 463]. Grain growth kinetics have been extensively
measured also in ceramics, and the data reveal a similar range of grain growth exponents [464,
465, 466, 467]. Most of the investigators tried to explain the exponents in terms of the parabolic
grain-growth kinetics (n = 2) and of phenomena that can explain the deviation from this value.
In the literature [457, 468], different n dependences from external stress, recrystallization path
and grain shapes have been reported. In [469] the possible relationships between n and the
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crystallization temperature and materials purity have been investigated, without finding general
trends. It is worth mentioning that in Equations 2.3 and 2.4 both n and Ea are considered
constant during the transformation process [470]. When the Grain growth process occurs under
irradiation, a modified version of Equation 2.4 can be derived accordantly [471]. Grain size
increases with the ion fluence (φ) (when the ion flux is constant, Φ = φt) according to an
analogous power law relation

Dn
g −Dn

0 = kirrΦ = kirrφt (2.5)

where n and t have the same meaning of Equation 2.4, and kirr is the kinetic constant for
the irradiation induced process, which depends on the materials properties and the irradiation
conditions. The equation (2.5) can be further modified in order to express the evolution as a
function of the dpa value:

Dn
g −Dn

0 = K · dpa (2.6)

For the kirr and K kinetic constants, the same Arrhenius form of Equation(2.3) is assumed.
Kaoumi et al. [472] could analytically extrapolate the Equation (2.5) with an exponent equal
to 3 using the concepts of radiation-enhanced diffusion, rate theory, and the thermal spike
hypothesis. Kaoumi et al. [472] developed this grain growth model under ion irradiation based on
the impact of thermal spikes induced by irradiation on the grain boundaries. In these conditions,
grain growth occurs thanks to the enhanced radiation diffusion and the local driving force of
the grain boundary curvature. The same model can also explain the grain growth in the so-
called thermally assisted regime. Furthermore, by analyzing the self-diffusion constant under
atomic displacement environments, a different paper [473] elucidates how the growth of grains
accelerates as a result of the combined impacts of temperature and radiation.

Before proceeding with the further presentation of the result, it is essential to address a specific
point. This study focuses on the nucleation and subsequent growth of crystallite particles. So
far, a general equation for irradiation induced particle growth in an amorphous material, does
not exist. The equations 2.5 and 2.6 presented above were derived based on crystalline materials
and considering the diffusion rate of atoms and defects that lead to their interactions with the
existing grain boundaries. Therefore these equations cannot be considered valid to describe the
growth of crystallite particles nucleated in an amorphous material.

Considering the fact that in a crystalline material, the grain growth is well described by a sublin-
ear correlation with the fluence and, hence of dpa; and given the clear evidence of an incubation
dose prior particle nucleation (at temperatures lower than the crystallization temperature), a
semi-empirical model is formulated to characterize the crystallite growth:
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Figure 2.12: Mean crystallite dimension evolution for each temperature. The model fitted using
equation 2.7 is here represented by the solid lines. The 800°C case can not be represented by
the model discussed (dotted line). The data relates the 700 keV Kr2+ ions in the 100 nm Al2O3

film.

Dn
g = ka · (dpa− dpa0) (2.7)

Regarding the previous Equation 2.6, in this case, the initial grain dimension D0 has been
assigned a value of zero since the material is initially amorphous and lacks crystals. Ka de-
notes the updated kinetic constant for the amorphous material, and the same Arrhenius form
of Equation(2.3) is assumed. While dpa0 is the incubation dose required before the onset of
radiation-induced crystallization.

In Figure (2.12), the average nucleated particle sizes are plotted vs. the dpa values, for each
irradiation temperature. A fitting procedure, performed by a Matlab script, allows to determine
ka, n and dpa0. The parameter dpa0 has been established as a fitting parameter since the dpa
values at which the first picture of the crystallized material was captured represents a progressed
stage, and may not necessarily correspond to the dpa0 value at which nucleation begins. Then
by the Arrhenius equation ( Equation 2.3 ) the activation energies and the k0 prefactors are
obtained.

A clear dependence of the phases transformation on temperature is present, and several con-
siderations can be made by direct observation. First, the temperature strongly determines the
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Figure 2.13: Dose at which RIC is experimentally observed, for various temperatures. The trend
is well described by a power law [R-square = 0.99]

dose level at which RIC begin. For example, while at 400 °C the first hint of crystallization is
visible at about 5.5 dpa, at 600 °C a similar hint is visible at 1 dpa, and, at 800 °C, at 0.25 dpa
a substantial crystallization is already present.

The relation between the dpa for the onset crystallization and temperature is shown in Fig. 2.13
The relationship between these two parameters is well described by a power law with a negative
exponent larger than 4. Due to this exponent, the extrapolation of this trend towards lower
temperatures would suggest that at room temperature a practically infinite dose is required to
induce crystallization. This is consistent with the recent observation of no crystallization hints
even at 25 dpa at room temperature [180], and supports the indication of amorphous Alumina
should be ‘radiation tolerant coating’.

The other parameters (n and dpa0) of the crystallite growth semi-empirical model in Equa-
tion 2.7, obtained by fitting the experimental data, are presented in the Table 2.4 and further
discussed later.

As mentioned previously, the ion induced particle growth kinetics was obtained from the analysis
of the DF images at different fluences. A systematic analysis, in terms of the average crystallite
size evolution, is presented here for the reflection due to the [440] plane of the γ polymorph.
The experimental data and the curves obtained, at each temperature, by a best fit procedure
for the behavior of Equation 2.7 are reported in Figure 2.12. The distinction, already emerging
in the discussion of the SAED results, between the behaviors at higher (800 °C), lower (400 °C)
and intermediate temperatures is confirmed.

A specific consideration has to be done for the 800 °C case in which a decreasing trend in the
mean particle dimension appears at 1 dpa after a steep initial growth. Indeed, while all the
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Temperature (°C) n dpa0
400 3.7 3.9
500 4.9 1.63
600 6.2 0.98
700 6.8 0.45

Table 2.4: Crystallite growth model parameters extracted from the fitting of the experimental
points.

other curves represent the best fit of Equation 2.7, the behavior at 800 °C cannot be described
by the particle growth kinetic of Equation 2.7, and is therefore plotted as a dotted line in Figure
2.12. A physical explanation of the observed decreasing trend can be proposed remembering
that the data of Fig. 2.12 come from the reflection due to the [440] plane of the γ polymorph.
While this is the only, or at least the dominant, one at lower and intermediate temperatures,
at 800 °C it is probably the first one to nucleate and grow, but other phases also nucleate, and
eventually grow also consuming the γ crystallites. Considering now only the temperatures for
which the growth kinetic model is valid, it can be noticed how, at least for low dose levels, there
is a satisfactory correspondence with experimental points, confirming the validity of the chosen
model. At higher dpa levels, the lines begin to tangle one with the other, even though all the
curves converge towards an approximate value of 15-20 nm. The kinetic growth law, previously
reported, can describe the growth of a single phase in the absence of other competing phases.
This could explain why each fitting curve is well shaped describing the experimental points in
the first part of the RIC at low radiation levels. While they lose the describing capability at
higher levels of dose.

Wishing to proceed the dicussion, although a general model to describe the temperature depen-
dence of n does not exist, as discussed previously, a linear dependence of these two quantities
as shown in Fig. (2.14). It should be noted that the parameter n describes the particle growth
speed, hence a strong temperature dependence was expected. Indeed, considering the typical
relationships describing crystallization, a clear inverse dependence between temperature and
crystallization time exists [474].

Furthermore, the kinetic constant K has a clear Arrhenius-type dependence on temperature
(Figure 2.15). This allowed the calculation of the activation energy for the crystallization process.
The γ [440] reflection’s activation energy obtained is Ea = 147.2 kJ/mol (1.5 eV/particle).
Interestingly, the value obtained is close to the values reported in the literature for crystallization
activation energies in other glassy ceramic materials [475, 476, 477]. The values represent the
activation energies for elementary steps in the phase evolution mechanism of the system. In
literature, this energy is usually called apparent activation energy because it is the value that
can be found experimentally but that does not represent the real difference between the initial
and final state [478, 479]. A more rigorous approach should be used if the Gibbs free energies
should be found. This approach is inapplicable in this case, because thermodynamic parameters
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Figure 2.14: Linear fitting for n

Figure 2.15: Arrhenius plots for the reflection analyzed.

such as the formation enthalpy of each step in the process [480] are unknown.

2.2.3. Particle Distribution

Despite a lack of physical basis, a log-normal function has widely been used to describe experimentally-
observed size distributions in many studies [481] [482] [483] [484] [485]; although, the general
applicability of this distribution to crystallite growth is not universally accepted, as pointed out
by Atkinson [486]. However, also in this study the log-normal distribution is adopted, due to its
similarity to the measured distributions of particle, particularly when the number of particles is
high.

The evolutions of particle distribution for different doses at 700°C is reported in Fig. 2.16
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Figure 2.16: Histograms evolution of particle distribution for the 700 °C case. All different
radiation dose can be represented by a lognormal distribution. highlighted by the red line.

Figure 2.17: SAED patterns for films with 50 nm thickness (A) and 100 nm (B). crystallite
growth evolution for the two different thicknesses (C).
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2.2.4. Film Thickness and Ion Energy Effects on Crystallite Kinetic.

As previously discussed, a thickness of 100 nm was employed as the benchmark for these inves-
tigations. However, a series of additional experiments were designed to investigate the influence
of thickness on the RIC by testing a 50 nm film at 600 °C. As per the results from the SRIM
simulations, ENSP ratio was slightly lower for the 350 KeV Kr case than for the 700 keV Kr ion
case. Instead, no difference on the resultant defects production when an energy of 350 keV was
selected for the Kr ions was observed. Notably, the 350 kEV energy prevented ion implantation
in the 50 nm coating.

The identical signals detected in the diffraction patterns and the same phases recorded in the
Table 2.3 confirm the formation of γ-Al2O3 as the initial nucleation phase. This result aligns
with the expectations, given both experiments were designed with the same dpa level and almost
the same ENSP ratio. A few other important considerations can be made starting from the
diffraction patterns in Figure 2.17 , where the film thickness’s effect is shown. Figure 2.17 (A)
is related to the 50 nm thin film, while Figure 2.17 (B) is of the 100 nm one. In Figure 2.17(B),
the crystallite size is larger than in Figure 2.17 (A), as the rings are made up of discrete spots.
Indeed, a finer crystallite size usually produces a more continuous ring pattern, while larger
crystallite size gives a more speckled pattern, as discussed in [487]. It is possible to conclude
that the crystallite growth process is probably more affected by surfaces in the 50 nm thick
films than in the 100 nm one, producing arcs in SAED instead of rings made of discrete spots.
A similar fragmentation is also reported in [453], where the incompleteness of the diffraction
rings was correlated to the growing crystals’ anisotropy due to the surface effect. A second
important feature is connected to the central halo. This contribution comes from the crystal
lattice incoherence, highlighting that a complete crystallization did not occur in the system [453].
Both these features, ring pattern and halo, were present in all measures in which crystallization
had occurred, also at the highest levels of dose reached for each value of temperature, meaning
that a complete ordering process had not occurred in the system in any case. Although the
high associated error of each individual point, combined with a low statistical data strength,
makes it difficult to draw any definitive conclusions about the effect of ion energy on the final
crystallites’ kinetic, the Figure 2.17 (C) suggests that the mean crystallite size for 700 keV Kr
may be smaller than that for 350 keV Kr. To speculate on the factors that could produce this
effect, the role of the ENSP ratio may be considered.

As mentioned in the introduction, Thomè et al., [263, 268, 269] reported how an ENSP ratio
higher than one could lower defects balance. Assuming that this hypothesis also applies to PLD
amorphous alumina, it is reasonable to suggest that because for the 700 keV Kr case where
the electronic energy loss are more significant than the nuclear energy losses, this could result
in a final defects healing effect. This could explain the smaller crystallite size. It should be
stressed again that the results obtained can not confirm this hypothesis. Unfortunately, there
has been a lack of research conducted on amorphous alumina to assess the effects mentioned
above. Therefore, this observation should be considered a preliminary phenomenon to be further
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investigated.

2.2.5. Bright Field Images analysis: Amorphous Fraction Evolution

Since the outstanding properties of PLD alumina can be related to its peculiar amorphous/nano-
crystalline microstructure, understanding how the amorphous fraction (AF) in the system evolves
through the RIC is fundamental. For this reason, a procedure has been developed in order to
obtain qualitative trends in AF at different temperatures. BF images were used to achieve this
goal.

In BF images the amorphous region turns out to be brighter. Therefore, an average value of
brightness is evaluated for the AF, then the appreciably darker parts are attributed to the
crystalline component area fraction, and the AF is calculated from each image. It should be
pointed out that some criticalities are present in this procedure. In order to reduce them, for
each value of dose, BF images are taken from three different angles in random areas. However,
the outcome should be considered only a first order analysis.

Indeed in BF, the crystalline part far from the Bragg condition has a low diffraction contrast,
and it would have similar brightness as the amorphous part. Moreover, as the dose increases
and the amorphous fraction decreases, it becomes more challenging to determine the standard
brightness for the amorphous part, and errors can occur in opposite directions. Either the bright-
est crystallite could be counted as amorphous, or the lower brightness amorphous parts counted
as bright crystallite. For this reason, for each dose three BF images are taken from different
orientations, and the results are averaged. Upon comparing the results obtained from various
tilt measurements, it was observed that the standard deviation between the acquired values was
approximately 10%. However, it is noteworthy that the observed standard deviation does not
necessarily represent all the possible sources of measurement error. Whilst this procedure is to
be perfected in order to be considered fully quantitative, yet it gives a coherent trend of the
evolution of the amorphous fraction with dpa and temperature.

Another uncertainty comes from the fact that the nucleated particles are smaller than the
film thickness, and the measured value of the crystalline transverse area fraction, from particle
projection in BFs is larger than the actual volume fraction. For this reason, the particles
projected area, measured in BFs, should have been converted in particle volume before making
any evaluation of AF. Several statistical and experimental procedures to perform this conversion
have been discussed [488] [489]. However, due to the difficulties in their implementation and to
the uncertainties which unavoidably affect the results, they have not been adopted because they
could not introduce essential improvements. In the light of the limitations highlighted above, the
presented values of the fraction should be considered as affected by a limited accuracy. However,
since they are all obtained by the same procedure, their differences, and therefore the resulting
trends, should be more reliable than the absolute values. As a matter of fact, these fractions
turn out to show meaningful trends.
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Figure 2.18: The amorphous fractions at different temperatures. The dashed lines, obtained by
smoothing spline fitting are just a guide to the eye.

The amorphous fraction evolutions at different temperatures are reported in Fig. 2.18. The
trends suggest the existence of an incubation dose, which decreases at increasing temperatures.
Moreover, at higher temperature crystallization occurs at lower doses and causes a more pro-
nounced decrease of the amorphous fraction. Nevertheless, it seems that a residual amorphous
fraction is always present even at the highest doses and temperatures. However, the latter result
shall be considered affected by a more severe uncertainty since, the identification of the amor-
phous fraction becomes increasingly difficult the lower it is. It is anyhow consistent with the
observation of the central halo in the SAED images.

2.2.6. Physical mechanisms of irradiation induced nucleation and particle
growth

At this point, the mechanisms governing crystallite nucleation and subsequent particle growth
observed can be speculated.

As briefly discussed in the introduction, the phase change phenomenon induced by electron or
ion irradiation between amorphous and crystalline states has long been a complex, puzzling
problem [271]. One of the most straightforward models used to explain the observed nucleation
process in an amorphous system is the “thermal spike” model [271]. According to this model,
a highly localized energy deposition region, the thermal spike, is created when an ion passes
through the amorphous material. In this region, structural changes, chemical reactions, and
the formation of nanoscale features could occur [271]. Recent molecular dynamics simulations
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suggest that thermal spikes could effectively be explained starting from the collision cascades
produced by the ion passage. First, during each ion passage, many target’s atoms are dislodged
from their lattice sites. Then, the subsequent thermal spike phase comes, in which the cascade
region attains thermal equilibrium with its surrounding [272]. Moreover, the deposited energy
to the electrons by slowing down the incident ions, as part of an inelastic collision, could be
essential in the thermal spike creation. Indeed, the released energy diffuses within the electron
subsystem by electron-electron interactions before being transferred and finally localized in the
lattice system via the electron-phonon coupling [273]. This second energy transfer mode could
become even more important for the irradiation process analyzed in this study, because the
ENSP ratio is close to 1.0 over the film thickness (Fig. 2.5) for the case of 700 keV Kr ions.

The energy deposited could ultimately lead to atomic motion and the creation of cylindrical
damage along the ion path [271]. Moreover, during the thermal spike, the atoms inside the
displacement cascade may reach a partially melted state (cascade melting)[272]. The combined
electronic and ballistic thermal spikes associated with each ion trajectory are often used to
describe and model the observed ion irradiation grain growth in ceramic policrystalline oxides
[273] and carbides and may even be used for describing the nanocrystals nucleation in amorphous
materials.

Koroni et al explained the radiation induced nucleation in amorphous material through a theo-
retical investigation in their paper [271]. They described the irradiation induced nucleation as a
process of disordered state progressing from ordered configurations toward crystalline states by
irradiation-assisted atomic rearrangement. The underlying assumption is that atomic ordering
may occur as the free energy reduction of the irradiated amorphous region declines. Whether the
ordered atomic configurations evolve into crystal nuclei depends on whether the crystal nuclei
are more stable than the disordered situation.

Therefore, creating the thermal spike region can account for the induced nucleation observed
in the alumina thin film. After the nucleation of particles occurs, the growth of the crystallites
can benefit from the radiation-enhanced diffusivity. Moreover, the differences in the exponents n
found and reported in Table 2.4 of the Equation (2.7), compared to those found in the literature,
may be attributed to the different initial matrices (polycrystalline or amorphous).

It is also worth stressing that the similarities in the phase evolution of radiation induced crys-
tallization and thermally induced crystallization at high temperatures (Figure 2.9) may further
confirm the validity of this thermal spike model.

The findings of this study are particularly intriguing with regards to the activation energy, as
the conversion of 147.2 kJ/mol to 1.5 eV/particle are similar to the reported values for point
defect migration energies in Al2O3 for both the Al-vacancy (1.8-2.1 eV/particle) and O-vacancy
(1.8-2 eV/particle) [490]. This suggests a potential correlation between point defect migration
and the growth of crystallite particles.

Considering that the amorphous alumina coatings initiate the crystallization process at 600°C,
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and subsequently achieve complete crystallization at higher temperatures as delineated above,
a zero-order approximation permits the assumption that the melting temperature of alumina
coatings produced via Pulsed Laser Deposition may be equivalent to the melting temperature
of conventional alumina (Tm ≈ 2000°C [491]). Moreover, taking into account the discussion in
Kaoumi [472] regarding crystalline material, it can be inferred that the particle growth process
occurs in a thermally-assisted regime (irradiation temperature above 0.15-020 Tm) where grain
growth is enhanced with increasing temperature. This is precisely what was observed in this
study.

All the evidence indicates that the observed processes occur in a regime where radiation can in-
duce initial nucleation, followed by a combination of radiation-enhanced diffusion and temperature-
assisted processes that facilitate further particle growth. These combined effects result in crys-
tallization at a temperature lower than typically observed (T < 600°C).

2.2.7. Exploring the Potential of Alumina Coatings: Strategies for Enhancing
Radiation Resistance

Radiation-resistant materials, capable of maintaining their inherent properties under high-energy
radiation, are integral to various applications, from nuclear reactors to satellite casting and
solar cells. The resistance these materials exhibit to radiation is predominantly a factor of their
lattice structure, defect loss, magnetic conductivity, temperature, and displacement damage
dose. The importance of radiation-resistant materials is well recognized and discussed in this
work, specifically in developing resilient coatings for use under the strenuous LFR conditions.

Several strategies have been employed to improve the radiation resistance of materials, including
selecting or modifying materials based on their inherent resistance, utilizing composite materials,
and designing microstructures for optimal resistance [492, 493, 494]. Moreover, surfaces, grain
boundaries, and interphase boundaries are recognized as sinks for radiation-induced point defects
and traps for implanted species [248, 492]. In the case of PLD alumina, it is unfeasible to
increase the density of grain boundaries due to its amorphous structure. However, strategies
to maintain the amorphous nature of a material, particularly alumina, under radiation are not
well-understood in literature.

PLD Alumina has displayed compelling properties as a radiation-resistant material, demon-
strating exceptional incubation doses before any radiation effects appear - a characteristic that
further increases as temperatures decrease. However, the key challenge lies in adapting these
properties to the demanding environments of LFRs.

Despite the inherent complexity of its structural evolution, bulk alumina continues to captivate
significant technological interest. This is largely due to its abundant potential, which has been
the focus of various studies. Numerous research endeavors have been centered on stabilizing the
amorphous matrix of alumina or certain metastable phases, such as γ-Al2O3. Conversely, other
studies have aimed at expediting the crystallization process [495, 496, 497, 498, 499].
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Given that the thermal spike model has demonstrated its proficiency in representing the RIC
in PLD Al2O3, it’s becoming abundantly clear that RIC is indeed a thermally activated ef-
fect. Consequently, it’s feasible to draw analogies from the mechanisms witnessed in alumina,
stabilized against phase transition under elevated temperatures. Such insights potentially offer
avenues to enhance mastery over the RIC process.

Many elements have been evaluated for their potential to stabilize alumina. Several papers
studied how using compounds such as alkaline and alkaline earth metals, lightweight metalloids,
and heavy transition metals can induce distortion in the oxide lattice, postponing the transition
from an amorphous to a crystalline structure or the evolution among different crystalline phases
[497, 498, 499]. Specifically, for the PLD Al2O3 case, the doping effect of Y2O3, as substantiated
in [454], has been found to shift the crystallization onset temperature by approximately 150 °C.
The underlying assumptions behind this effect suggest that Yttria doping could either instigate
a process of disorder within the alumina structure or stabilize the first appearing phase that
nucleates (γ-Al2O3).

Given the compelling evidence reported, a comprehensive study utilizing at the IVEM facility
was instigated. The study’s objective was to pinpoint parameters (such as the Yttria doping)
that could be adjusted to ensure the amorphous microstructure of a material is preserved for
as long as feasible when subjected to high temperatures and radiation fields. Coatings were
produced utilizing the aforementioned floating technique, with attention directed towards indi-
vidual parameters pertinent to the study. The fabricated coatings exhibited a thickness of 100
nm, and the irradiation parameters were consistently maintained, adhering to the parameters re-
ported earlier (700 keV Kr ions). These steadfast protocols ensure a reliable basis for comparison
and evaluation, further enhancing the credibility of the ensuing results. As an initial analytical
step, SAED patterns were collected and converted into diffraction patterns in reciprocal space
through the rotational average procedure. This procedure offered a primary instrument for the
assessment of diverse effects.

Three essential parameters were chosen for this study: Pulsed laser frequency, plasma plume
shadow removal, and Yttria doping effect.

Pulsed Laser Frequency Effect on Radiation Induced Crystallization

The first parameter investigated was the pulsed laser frequency used during deposition. As
detailed in Section 1.3, it has been demonstrated that frequency can influence the refractive index
and, consequently, the density of the final coating. There is a paucity of literature examining
how the density of amorphous material can affect its radiation response, making it an intriguing
parameter for investigation. Additionally, given that utilizing a frequency of 50 Hz expedites
the deposition process, it is emerging as the favored method for coating larger surfaces. This
underlines the importance of investigating the effects of this parameter.

The findings from this preliminary investigation, as depicted in Figure 2.19, reveal that the
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Figure 2.19: Comparison of diffraction patterns in reciprocal space for alumina coatings produced
under different pulsed laser frequencies. The material created with a higher laser frequency
(50Hz) showcases superior radiation resistance, evidenced by diffraction pattern peaks with
lower intensity and less pronounced, indicative of a less well-formed crystalline structure.

material produced with a higher laser frequency (50Hz) exhibits superior radiation resistance
compared to other conditions. This is evident upon examining the diffraction patterns at 5 dpa
and 8 dpa. The 50 Hz pattern displays lower intensity and less pronounced peaks, suggesting a
less well-formed crystalline structure than the other case.

Although the varying final density of the materials is noteworthy, discerning whether the material
harbors short-order differences due to deposition process variations is challenging. Therefore,
despite the intriguing nature of these findings, providing a tangible physical explanation for this
behavior remains a complex task at this stage of the work, since no consistent modification are
found also in the SRIM irradiation simulations obtained for the two different densities.

Plasma Plume Shadow Removal Effect on Radiation Induced Crystallization

Pulsed Laser Deposition presents many advantages, but the films it produces often suffer from
subpar surface morphology, a consequence of laser droplets, particulates, and various inconsis-
tencies. Efforts to counter these surface imperfections or diminish particulate counts have led to
an examination of several adaptations of traditional PLD [346, 500]. These droplets, result from
hydrodynamic instabilities at the target surface, target superheating, and the ejection of liquid
phase driven by vapor and plasma pressure. These droplets migrate within the ablation plume
and end up deposited on the substrate surface, obstructing the ideal growth of the coating.

Various methods to confront these challenges encompass the adjustment of the laser wavelength
fluence , target damage , and deposition angle. Implementations of ’laser-induced plume heat-
ing’, ’off-axis laser deposition’ , ’synchronous velocity filter’, and ’shadow mask’ have been
explored [500, 501, 502, 503, 504, 505, 506, 507, 508, 509] .

The shadowing mask method’s central principle involves strategically placing a mask between
the PLD target and the substrate holder. This arrangement is designed to filter the dispersion
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of the ablation plume. In this method, as the ablation plume expands, the mask acts as a barrier
that intercepts the peripheral components of the plume, which typically carry less energy. This
filtering process refines the ablation plume, allowing only the most energetic parts and potentially
in a complete plasma state to interact with the substrates. As a result, the shadowing method
improves the overall quality of the coating morphology [500, 508, 509].

This part of the research falls on employing the shadow mask method, first proposed by Kinoshita
et al. It was successfully applied by Kinoshita et al. on YBa2Cu3O3 (YBCO) thin films, resulting
in nearly droplet-free surfaces. The method’s effectiveness is further confirmed by reports of
droplet-free SrTiO3 films [500, 508, 509].

In this instance as well, the concept of evaluating this deposition method under RIC is in-
trinsically tied to the evolving trend of the mask usage becoming a standard in deposition
methodologies. This shift is due to the significant enhancements the mask brings to the process,
demonstrating its growing importance and relevance in the field. Moreover, in recent scholarly
developments [392], Boris Paladino leveraged this method in his doctoral research to enhance the
surface quality of alumina films produced by PLD, addressing the enduring challenge of surface
droplets. Paladino proposed that these droplets transition from a liquid phase to a final amor-
phous state during deposition, implying the potential for a more structured micro-architecture
in the resultant droplet material. This hypothesis provides an explanatory framework for the
distinct RIC observed between materials generated with and without the mask, as depicted in
Figure 2.20.

Notably, the material deposited with the mask exhibits enhanced radiation resistance. This
material shows no signs of crystallization, even at the highest examined damage level of 15 dpa at
the temperature of 400°C. This observation deviates from prior studies where materials exhibited
crystallization at similar doses. The increased radiation resistance is further substantiated by
the less pronounced diffraction pattern at 600°C when the material deposited with the mask is
compared to its counterpart without the mask.

It is postulated here that droplets could serve as opportune crystallization centers due to their
potentially more structurally ordered configuration relative to their surrounding material. Under
high temperature or radiation conditions, these droplets might crystallize ahead of other con-
stituents, potentially acting as nuclei for heterogeneous nucleation and thereby accelerating the
system’s crystallization process. This proposition offers an outlook on crystallization dynamics,
inspiring further research and discourse.

Given the novelty of this research, the absence of supporting literature for the hypotheses set
forth presents a challenge for their verification. However, the potential ramifications of this
study are substantial, shedding new light on techniques to improve the surface quality and
radiation resistance of PLD films. Further investigation is necessary to consolidate and broaden
our understanding of these preliminary findings. As a pioneering endeavor, this research sets
the groundwork for future studies, demonstrating the potential to effectively control surface
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Figure 2.20: Comparative analysis of radiation-induced crystallization in alumina films produced
via Pulsed Laser Deposition, with and without the utilization of the mask shadowing method
at 400°C and 600°C.
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Figure 2.21: Comparative analysis of radiation-induced crystallization in alumina and doped
alumina films produced via Pulsed Laser Deposition at 600°C and 800°C.

morphology in PLD, with possible wide-reaching effects on various technological applications.

Investigating the Impact of Yttria Doping on Radiation-Induced Crystalliza-
tion in Alumina

Incorporating insights from Vanazzi’s research [454], it has been demonstrated that Yttria
(Y2O3) may exhibit a slowing effect on the crystallization of alumina. As a result, the study
of RIC in yttria-doped alumina was extended, adopting the same doping level as specified by
Vanazzi [454]. Coatings of 100 nm thickness, comprising 3% yttria-doped alumina, were fabri-
cated for a deeper analysis of these multifaceted phenomena.

Since the only known study examining the effects of irradiation on doped Al2O3 is by Yu et al.
[510], who found a general reduction in the crystallization rate for iron-doped samples in their
comparison of pure alumina under Ar irradiation, a new campain at IVEM was settled to study
in situ the RIC. In order to establish the initial parameters for an in-depth kinetic study, three
separate temperatures ranging from 600 to 800 degrees Celsius were meticulously examined.
This investigative approach is a natural progression from the foundational studies previously
undertaken, adhering to the methodologies delineated earlier. The rationale behind selecting
this specific temperature range was to provide an enriched understanding of the underlying
kinetics, thereby building a robust framework for further scientific exploration. Applying the
same method of diffraction pattern extrapolation as previously discussed, the influence of doping
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on the radiation resistance of the material was clarified. As illustrated in the Figure 2.21, it
became apparent that the doped material tends to crystallize at higher damage levels.

In light of the initial findings, coupled with the time constraints at the IVEM facilities, a
strategic decision was made to prioritize the examination of the doping effect on RIC control,
thus deferring a potential kinetic study on the other two effects. The exceptional ability of Yttria
doping to inhibit crystallization in alumina, especially at temperatures exceeding the typical
onset crystallization temperature of alumina (600°C), underscores the value of investigating the
consequences of doping. Despite the emphasis placed on this particular facet of the study, other
areas of the research also provided promising results. This suggests a landscape rich in potential
strategies for effective process control, ripe for exploration and subsequent discovery in future
studies.

The conclusions from the current study are presented in a cohesive summary. The initial ob-
servation suggested a slower radiation-induced crystallization in doped materials. This was
ascertained by examining the kinetics of the process, depicted in Figure 2.22, and calculated by
assessing the grain size via dark field images. This deceleration implies that greater radiation
damage doses are needed to stimulate crystallization.

Furthermore, upon analysis, it was observed that the mean grain size within the yttria-doped
alumina was consistently smaller compared to that in pure alumina at similar dpa levels. This
observation is depicted in Figure 2.22, which shows particle growth measurements for each dpa
analyzed, along with the fitted equations for each condition, effectively comparing the doped and
undoped cases for each temperature studied. The crystallization rate at all the temperatures
studied in doped materials can be properly represented by the previously discussed Equation
2.7. Of notable importance is the inhibitory effect of yttria on the nucleated particle growth
process, specifically at temperatures of 800°C. Prior to the inclusion of yttria, the process was
not adequately described by Equation 2.7. However, with yttria, the process now falls within
the descriptive capabilities of the equation, suggesting the significant role of yttria in influencing
the crystallization process. Moreover, the phenomenon of smaller grain size production due to
the presence of yttria during RIC is of great significance, as it enhances the material’s resistance
to radiation. This is attributed to the increased grain boundary density, widely recognized as a
main factor for material radiation resistance due to its function as a sink for radiation-induced
defects. In the end it also is important to emphasize that, despite the delay, the sequence of
phase appearances remained equal in both doped and undoped instances.

The impact of yttria doping on the delay of crystallization is further highlighted in Figure 2.23
(a), demonstrating that higher radiation doses are required to initiate crystallization across all
investigated temperatures. This observation shows an increased trend in the power law curve
describing the minimum dpa for crystallization vs. temperature in the doped case. The Arrhe-
nius plots in Figure 2.23 (b), obtained from extrapolating the K value at varying temperatures,
revealed another layer of yttria doping’s influence on the activation energy of radiation-induced
crystallization. The resultant activation energy, calculated following this method, was 81 kJ/mol,
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Figure 2.22: Graphic representation of the kinetics of radiation-induced crystallization in both
yttria-doped and undoped alumina materials at different temperatures.

Figure 2.23: Influence of yttria doping on radiation-induced crystallization. (a) A power law
curve demonstrating the increased minimum dpa required for crystallization initiation at varying
temperatures with yttria doping. (b) Arrhenius plots showcasing the change in activation energy
for crystallization due to yttria doping

lower than the 147.2 kJ/mol noted in the undoped case. This observation suggests that yttria
may not significantly contribute to the thermodynamic stabilization of the transformation. How-
ever, it may affect the system’s kinetics, possibly by limiting the diffusion capacity of the species
and, consequently, the reorganization process leading to crystallization.

Hence , the introduction of 3% wt. as a dopant, yttria significantly impacted the crystallization
process by slowing down the nucleation initiation and decelerating the kinetics of grain growth.
However, the dopant concentration examined did not prevent crystallization at higher radiation
doses.

In conclusion, the role of dopants in controlling material crystallization has been substantiated
through in situ ion irradiation tests. Particularly, the stabilizing effects of Y2O3-doped Al2O3

showed promising evidence in terms of crystallization dose, grain growth, and radiation tolerance.
As such, the doping technique appears to be a potential avenue for designing radiation-tolerant
coatings and improving the unique properties of PLD-grown ceramic films.
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he research undertaken in this doctoral dissertation advances the understanding of amorphous
ceramic coatings generated through Pulsed Laser Deposition (PLD). This explorative research
pushes boundaries and illuminates new paths for sophisticated applications, specifically nuclear
technology and space exploration. Our findings underscore these coatings’ critical role in for-
mulating materials that can withstand the punishing effects of ionizing radiation. The study’s
emphasis on nuclear technology is on Lead-cooled Fast Reactors, the revolutionary Generation-
IV nuclear systems. They present us with a remarkable blend of promising safety characteristics
and enhanced efficiency, thus marking notable progress in this field. This work methodically
examines the application of corrosion-resistant bulk alloys, surface-alloying treatments, and coat-
ings in nuclear environments, endeavoring to bridge the knowledge gap in materials suitable for
high-temperature, corrosive, and radiation-intense environments typical of LFRs. The research
uses Al2O3 PLD coatings to amplify existing materials’ radiation tolerance and mechanical sta-
bility.

About space exploration, the research unfolds an innovative methodology to amplify the effec-
tiveness of solar cells. The novel approach tackles issues associated with traditional solar cell
stacks by embedding a protective layer directly onto the solar cell, which functions as a radiation
shield while preserving optical transparency. This ingenious initiative falls under the broader
umbrella of the SpaceSolarShield project, promising to revolutionize the solar cell manufactur-
ing industry by significantly improving performance efficiency, power density, and production
control. The research carried out meticulous characterizations and experiments to materialize
these ambitious concepts, aiming at emulating real operational conditions. These investigations
probed into the distinct attributes of the materials and their behavior under varying conditions,
such as irradiation exposure, mechanical stress, and temperature fluctuations. The studies en-
riched the understanding of alumina coatings’ mechanical performance and properties.

This work extensively analyzed alumina thin films using diverse techniques. These included
residual stress measurements and coefficient of thermal expansion on alumina films of vari-
ous thicknesses. Ultrasonic techniques were employed to extrapolate the thermo-mechanical
properties; then it was also investigated the evolution of the refracting index by ellipsome-
try. SRIM simulations were comprehensively utilized to examine the radiation effect on the
material. Multiple fracture phenomena in thin films have been extensively studied, providing
insights into crack density saturation, stress distribution, and the interfacial behavior of the
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coating/substrate system. Analytical models, finite element simulations, and experimental in-
vestigations have contributed to understanding these phenomena. However, further research is
needed to address certain limitations and fully capture the complexities involved. By advancing
our knowledge in this area, it is possible to develop damage-tolerant amorphous oxide coatings
that enhance the mechanical resistance and reliability of nuclear applications, particularly fuel
claddings, and support the advancement of GEN-IV fast fission reactor technologies.

A significant achievement of this research is an exhaustive, in-situ study of the interplay between
radiation dose and temperature on the crystallization kinetics of amorphous Al2O3 deposited by
pulsed laser deposition. A wealth of data was collected across a broad temperature range (400
– 800 °C), creating a new semi-empirical model. This model, built upon previous research on
already crystallized materials, accounted for an incubation dose for radiation-induced crystal-
lization at temperatures below the crystallization point of Al2O3. Various strategies have been
explored to improve the radiation resistance of materials. The study investigated pulsed laser
frequency, plasma plume shadow removal, and yttria doping effect. The results showed that a
higher pulsed laser frequency (50Hz) during deposition led to superior radiation resistance in the
alumina coating. The plasma plume shadow removal method, achieved using a shadow mask,
improved the coating’s surface morphology and radiation resistance. Yttria doping of alumina
was found to slow down radiation-induced crystallization and inhibit grain growth, enhancing
the material’s radiation tolerance. The findings of this study contribute to the understanding of
radiation-resistant materials and their behavior under radiation. The insights from investigating
these parameters pave the way for developing improved coatings and effectively controlling sur-
face morphology in pulsed laser deposition. The study suggests that yttria doping has potential
applications in designing radiation-tolerant coatings and enhancing the properties of ceramic
films produced through pulsed laser deposition.

This dissertation propels beyond the conventional boundaries of coating performance and op-
erational range, offering creative solutions and strategies. The extensive research conducted
considerably fuels both nuclear and space application research. The insights gathered have the
potential to apply to a broader spectrum of systems. These findings provide a robust framework
for understanding the intricate processes involved in the structural evolution of amorphous films
under ion irradiation, which will be instrumental in guiding material growth and evolution. The
impact of these developments, facilitated through nanotechnology, will be monumental. They
promise to enhance the safety and efficiency of nuclear reactors and revolutionize space travel
by protecting against harmful radiation. However, the incredible power of radiation-resistant
coatings necessitates careful regulation and responsible application. As we progress, it is vital to
remember that while these coatings are a beacon of scientific achievement, they also underscore
a commitment to a safer, more sustainable future.

In summary, this endeavor represents a crucial step forward in successfully utilizing PLD-grown
ceramic coatings for future systems. However, as has been made evident, this path is complex,
replete with a need for persistent experimentation, ongoing learning, and constant validation.
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There is tremendous potential in PLD-grown doped alumina, and the exploration of its usage
will continue. Our preliminary findings have shown its improved performance, especially under
irradiation. While promising, these findings must be supplemented by comprehensive charac-
terization and rigorous testing to ensure the doped alumina films are a superior replacement
for conventional oxide materials. In the wider picture, this work has gathered significant data
concerning these ceramic coatings’ behavior and potential application. While basic requirements
have been met, we underscore the necessity of continued research and development efforts before
reaching the final full working phase.
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