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LIST OF ACRONYMS

UE - European Union

CRM - Critical Raw Materials

REE — Rare earth elements

REO — rare earth oxides

TBC - thermal barrier coatings

HREE - Heavy rare earth elements
LREE - Light rare earth elements

PGM - Platinum group metals

LCO - Lithium cobalt oxide

NCA - Nickel-cobalt-aluminum oxide
NMC - nickel oxide, manganese, cobalt
TEC - Coefficients of thermal expansion

RZO - Rare earth zirconates
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INTRODUCTION

The growing interest in the production of a wide range of goods and services used in everyday life,
the development of new materials, advanced components necessary to support important applications, but
also an increase in the population and the fact that the resources of our earth are limited, raising the issue
of the supply of raw materials in the future. The increase in global demand for metals and minerals is due
to the acceleration of innovation, industrialization, digitization and the rapid growth of emerging
economies, which are especially necessary for the development of new technologies that are more
efficient in terms of eco-efficiency and competitiveness. All these technologies are closely related to the
great challenges of society, which are mobility, climate change, health and the need for new concepts of
urban development. Therefore, raw materials, forming a strong industrial base, are crucial to the global
economy. Ensuring access to a stable market for raw materials has become a major challenge especially
for regional and national economies with limited production, such as the economy of the European Union
(EV), which relies on imports of many metals and minerals needed for industry, including many critical

raw materials [1-3].

The European Commission launched the European Raw Materials Initiative in 2008, an integrated
strategy addressing the ongoing concern to secure and improve access to raw materials for the EU. The
establishment of a list of critical raw materials (CRM) at European level, reviewed periodically (every 3
years) was one of the priority actions of this Initiative [1]. This list also includes rare earth elements

(REEs), elements that play a critical role in the global economy.

The motivation for choosing the research theme came from the identified problem regarding the
complexity of the separation process in individual rare earth oxides (REO). This fact is due to their similar
electronic configuration and physico-chemical properties and is reflected in high-priced products with a
large environmental footprint. In recent years, there has been an increasing interest in the use of various
REO mixtures as dopants for high-temperature ceramics, especially for ZrO-based thermal barrier
coatings (TBCs) used in aeronautics and cogeneration. The use of mixed REO can increase the working
temperature of TBCs due to the formation of tetragonal and cubic solid solutions with higher melting
temperatures, avoiding grain thickening due to interface segregation, enhancing its ionic conductivity and
sinterability. The thermal stability of the coatings can be further improved by using rare earth zirconates

with perovskite or pyrochlore structures that do not have phase transitions before melting.

Through the research carried out in the doctoral thesis, the effective use of CRMs, more precisely
rare earth elements, as dopants in ZrO>-based materials for potential applications in the field of thermal

barriers was pursued.



Therefore, the objective of the thesis is to demonstrate the potential of using mixtures of rare earth
oxides (mixture that simulates the natural composition of monazite concentrates), as dopants in the design
of zirconia-based coatings, which contribute to an efficient use of critical raw materials, with an impact on

ensuring the transition to climate neutrality.

Thus, the elimination of separation steps and the use of mixed REOs instead of individual REOs
can bring about an important decrease in production costs along the entire manufacturing cycle, from raw
materials to product. At the same time, an important aspect of the doctoral thesis is the development of
advanced nanomaterials for high-tech applications for thermal barriers. Thus, the elimination of separation
steps and the use of mixed REOs instead of individual REOs can bring about an important decrease in
production costs along the entire manufacturing cycle, from raw materials to product. At the same time, an
important aspect of the doctoral thesis is the development of advanced nanomaterials for high-tech

applications for thermal barriers.

Thus, the elimination of separation steps and the use of mixed REOs instead of individual REOs
can bring about an important decrease in production costs along the entire manufacturing cycle, from raw
materials to product. At the same time, an important aspect of the doctoral thesis is the development of

advanced nanomaterials for high-tech applications for thermal barriers [2].
The doctoral thesis is structured in two parts:

M general part, represented by chapters I and 11, which includes the current state of knowledge, in
which the analysis of specialized literature in the field of the research theme is presented;

original part, developed in chapters 111, 1V, V, VI, which includes the sum of the experimental
results and own contributions in the field addressed. The experimental part is focused on two research
directions, and a market study, namely: research on the development of ceramic powders based on ZrO»
doped with a synthetic mixture of rare earths; research on the development of thermal barriers based on

ZrO, ceramic materials doped with a synthetic mixture of rare earths, market research on thermal barriers.

Chapter I, entitled “THE CURRENT STATE REGARDING CRITICAL MATERIALS
AND THEIR ROLE IN GREEN ENERGY. RARE EARTHS AS CRITICAL MATERIALS",
presents a synthetic analysis from current specialized literature, regarding the criticality of raw materials
and their role in strategic technologies, with an emphasis on rare earth elements - types of ores, production

and their applications.

Chapter 11, entitted THE CURRENT STATE OF RESEARCH IN THE FIELD OF
THERMAL BARRIERS BASED ON ZrO2 DOPED WITH RARE EARTHS, is dedicated both to
obtaining ceramic materials based on ZrO» doped with rare earths and to obtaining thermal barriers based

on ZrO, doped with rare earths. Thus, a theoretical foundation is presented regarding the structure of ZrO,
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but also information regarding the doping of zirconia with rare earths. At the same time, recent
information regarding the synesis methods and the deposition processes approached for the development
of these types of materials are presented. The most relevant results obtained in this field are briefly

presented.

Chapter 111, RESEARCH OBJECTIVES AND METHODOLOGY, provides information on
the objectives, proposed targets and research methodology of the doctoral thesis. Also, the materials,
methods and equipment needed both for the development of the materials and their characterization are

presented.

Chapter 1V, entited EXPERIMENTAL RESEARCH ON THE OBTAINING AND
CHARACTERIZATION OF MATERIALS BASED ON ZrO2 DOPED WITH RARE EARTHS,
primarily aimed at the study of the synthesis of powders based on ZrO; doped with 8% Y203 and co-
doped with different controlled amounts (4,6,8 wt%) of a single REE (REE= La, Nd, Sm si Gd). Thus, 12
types of powders were developed by the hydrothermal method: MxZY4La, MxZY6La, MxZY8La,
MxZY4Nd, MxZY6Nd, MxZY8Nd, MxZY4Sm MxZY6Sm, MxZY8Sm si MxZY4Gd, MxZY6Gd,
MxZY8Gd.

Before the actual synthesis, the thermodynamic prediction of hydrothermal reactions was used,
which was useful in understanding the formation and stability of all species under given process
conditions (reaction temperature, pressure, reactant concentration and pH). It was thus possible to identify
the feasible regions for the hydrothermal synthesis of materials.

The obtained powders were characterized from the point of view of: chemical composition, phase

purity and crystal structure, thermal stability and microstructure, to confirm the feasibility of the process.

The behavior of the 12 types of powders during heat treatment was studied (Ttratament = 400 °C/
800 °C/ 1000 °C/ 1200 °C/ 1400 °C) by highlighting the evolution of the phases and the morphology of
the powders. For this purpose, 60 heat-treated powders were obtained. A batch of powders has been
selected (MXZYG6RE - Tuaament= 1000°C) for tracking thermal conductivity properties.

The experiments continued by developing two types of powders:

e ZrO,-based powder doped with 8% by weight mixture of synthetic REOs with a ratio corresponding
to natural occurrence in selected Ce-rich monazite concentrates. It resulted in a type of powder
referred to hereafter as ZrO2CeRO.powder doped with 8% by weight mixture of synthetic REOs with
a ratio corresponding to the natural occurrence in selected La-rich monazite concentrates. It resulted

in a type of powder hereafter referred to as ZrO2RE.



o ZrO,-based powder doped with 8% by weight mixture of synthetic REOs with a ratio corresponding
to natural occurrence in selected Ce-rich monazite concentrates. It resulted in a type of powder
referred to hereafter as ZrO2CeRO.

The obtained powders were characterized from the point of view of: chemical composition, phase

purity and crystal structure, thermal stability, microstructure and thermal conductivity.

Chapter V, entitled, EXPERIMENTAL RESEARCH ON THE OBTAINING AND
CHARACTERIZATION OF THERMAL BARRIERS, presents the obtaining by the EB-PVD
process of two types of thermal barriers based on ZrO, doped with a mixture of rare earth elements.

Therefore, multilayer coatings were obtained on NIMONIC 80 super-refractory alloy support,

which have the following architecture:
o Nimonic/NiCrAlY/Al,03/ZrO2RE/LZOIGZO;
e Nimonic/NiCrAlY/Al,03/ZrO2CeRO/LZO/GZO).

The TBC samples obtained were characterized from the point of view of: microstructure,

morphology, tribological properties, roughness and thermal shock behavior.

Chapter VI, entitled CONDUCTING A THERMAL BARRIER MARKET STUDY presents
a market study using data provided by specialist firm Maya Research Analysis U.K., with data collected
for the period 2016-2020 and forecasts for the period 2021-2027.

Therefore, this chapter has graphed and interpreted TBC data globally by type, application and
region, helping to create an overview of the field.

So, the novelty and originality of the doctoral thesis is given by the integration of emerging
technologies, hydrothermal synthesis with that of physical vapor deposition by electron beam (EB-PVD)
with the aim of demonstrating the efficiency of using synthetic mixtures of rare earths (mixture that
simulates the mixture found in monazite) as dopants in ZrO>-based materials with applications in thermal
barrier coatings.

This integration also denotes the interdisciplinary nature of the thesis.

For the first time, both the potential of hydrothermal synthesis in obtaining complex multi-
component powders based on a mixture of rare earths (which simulates the composition of monazite),
such as ZrO2RE, ZrO2CeRO, as well as the potential of the EB-PVD process in obtaining multilayer
coatings, will be exploited. of the type of thermal barriers. The thesis ends with bibliographic references,

the list of works published in the field of the thesis, as well as the list of supported communications.



CHAPTER I. CURRENT STATUS ON CRITICAL MATERIALS AND THEIR
ROLE IN GREEN ENERGY. RARE EARTHS AS CRITICAL MATERIALS

1.1 The context of criticality of raw materials

Since the first decades of the 20th century, based on the fear of supply interruption, a discourse
related to strategic raw materials has been noted. Thus, due to the mass industrial warfare of the First
World War (1914-1918), strategic thinking began regarding mineral raw materials considered essential
for the projection of military power and for national trade [7].

Before World War 11 (1939-1945) broke out, the term “criticality” was first used in the US in July
1939 in the context of raw material stockpile legislation [3-4]. Strategic and critical materials” were
"materials that would be needed to supply the essential military, industrial, and civilian needs of the United
States during a national emergency and are not found or produced in the United States in sufficient
quantities to meet that need " [10]. During that period, the US Administration decided to hold a stockpile
of 42 raw materials for a military emergency. The geopolitical situation relaxed after the end of the Cold
War.

Today, the term "criticality™ no longer refers only to military technologies and national economies,
it can refer to a regional or global level, being able to take into account, in addition to the strategic

importance, political, ecological, ethical, social, and technical aspects of criticality [11].

1.2 Criticality assessment at the general level

1.2.1 Evaluation indicators

In order to be able to evaluate the criticality, it is necessary to establish certain indicators. In
general, from the literature review and the opinions of expert groups, these indicators are divided into

supply indicators and economic indicators [4].

The first criterion consists of a "supply indicator” and an "economic indicator”.. "Supply risk" and
"vulnerability" are included in the "supply indicator" and “economic risk™ is set as a sub-indicator of the
"economic indicator”. The three sub-indicators are defined as the second criterion, and the indicators are
subdivided into a total of eleven indicators..

1.2.2 Criticality assessment methods

The way in which critical raw materials are identified in many studies is represented in figure 1.2.



Non-critical materials Critical materials
Low Vulnerability & High Vulnerability &
Supply risk ridicat Supply risk ridicat

Non-critical materials  Non-critical materials
Low Vulnerability & High Vulnerability &
Supply risk scazut Supply risk scazut

v

Vulnerability/ Economic importance

Figure 1. 1. Criticality assessment scheme showing how critical raw materials are identified.

1.3 The Context of Criticism at the European level

The European Ecological (Green) Pact, adopted on 11 December 2019, represents a new
growth strategy for Europe, which aims to transform the EU into a society with a modern,
competitive and resource-efficient economy. Thus, access to resources is a security strategy to meet
the ambitious goal of being the world's first climate-neutral continent by 2050 [20]. Industry has an
important role in this challenge. The new industrial strategy for the EU adopted in 2020 brings to
the fore the fact that with the transition of European industry towards climate neutrality, the current
dependence on fossil fuels could be replaced by a dependence on raw materials. Thus, it is proposed

to strengthen the open strategic autonomy of Europe [21].

The activity of the European Commission to address the growing concern of securing

valuable raw materials for the EU economy continues.

In addition to all these challenges, the crisis caused by the COVID-19 pandemic has also
been added, which has clearly shown Europe's dependence on non-EU suppliers for critical raw
materials, revealing how quickly and how deeply global supply chains can be disrupted, having a
negative impact on the industry and other sectors.

One of the initiative's priority actions was the creation of an EU-wide list of critical non-

energy raw materials [22].

The first list was established in 2011 and is updated every three years. The latest 2023 list
presents the assessment of 70 raw materials, comprising 67 individual materials and three groups of

materials: ten heavy rare earth elements (HREE), five light rare earth element (LREE) and five
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metals from the platinum group (PGM), 87 individual raw materials in total. Four new materials

were evaluated: neon, krypton, xenon and wood [23].

The criticality of a raw material is determined by comparing the main parameters, Economic
Importance (EI) and Supply Risk (SR) with the criticality threshold values established, based on the
scaled results of the criticality assessments. Raw materials that meet or exceed the thresholds set for
both parameters are classified as critical raw materials (CRM). From the point of view of criticality,

there is no ranking order of raw materials [23].

Compared to the list published in 2020, the one in 2023 presents 6 more critical raw
materials (arsenic, feldspar, helium, manganese, but also copper and nickel considered to be
strategic elements). Indium and natural rubber are no longer among the elements to be considered

critical.

China is the leading global supplier of critical raw materials, which includes all REEs and other
critical raw materials such as magnesium, tungsten, antimony, gallium, and germanium, among others.
China is also a major consumer of several of these critical raw materials, eg: HREE, LREE, antimony,

PGM, natural graphite, magnesium, tungsten, etc. [26-27].

All these raw materials, assessed as critical by the European Commission, are essential
prerequisites for the development of strategic sectors, such as: electric mobility, renewable energy, digital

technologies, defense and aerospace.

EU industry is currently highly dependent on imports for many of its raw materials, making it in

some cases highly exposed to vulnerabilities along the supply chain.

In table 1.11. the use of the most important materials in strategic technologies are presented.
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Table 1. 1. Use of materials in strategic technologies [28].

Supply risk | Material @ O 9

5,98 LREEs v v v v v v

5,63 HREEs v v v v v

3,91 Mg v v v v v

3,90 Nb v v v v

3,89 Ge v v v

3,55 P v v v v

3,19 B v v v v v v v v

3,09 Sc v v

2,57 St v v v

2,54 Co v v v v v v v

2,38 PGMs v v v v

2,29 Be v

2,27 C(grafit) | v v v v

2,22 Bi v v v

2,01 Sh v v

1,79 In v v v

1,69 V v v v v v

1,64 Li v v v v

1,61 w v v v

1,36 Ta v v

1,15 F v v v

1,26 Ti v v v v v v

1,26 Ga v v v v

1,19 As v v v v

1,18 Si v v v v v v v v

1,12 Hf v v
Mo v v v v v v v
Mg v v v v v v v
Sn v v v v v
Cr v v v v v
Zr v v v v v
Ag v v v v v
Al v v v v v v v v v
Te v v v v
Ni v v v v v v
Fe v v v v v v v v v
Se v v v v v
Zn v v v
Cd v v v v
Cu v v v v v v v v v
Au v v v v
Pb v v v v v v

Among these critical materials, rare earths are increasingly important in modern industry. In
the transition to a green economy, rare earth elements (REE) are becoming increasingly important

12



1.5 The rare earths

Rare earths typically refer to rare earth elements (REES), which are a group of 17 elements in the
periodic table comprising 15 elements with atomic numbers 57 to 71 (called lanthanides), plus scandium
(Sc, 21) and yttrium (Y, 39) [63-65]. These elements are considered REEs because they occur in the same
deposits as the lanthanides, also exhibiting similar chemical properties [66].

Generally, REEs are divided into two broad categories, namely light rare earth elements (LREE)
(from La to Gd) and heavy rare earth elements (HREE) (from Tb to Lu) [73].

The most important sources of combined REE in mineral deposits are monazite and bastnaesite.
Monazite is a phosphate mineral, while bastnaesite is a fluorinated carbonate mineral that contains various
REE [79].

China controls much of the rare earth supply chain. It handles 91% of the refining and 87% of the
oxide separation [82].

Rare earth elements are also called "Vitamins of modern industry” because they are extremely
important in the development of high-tech gadgets, but also for the development of several applications

such as ceramics, batteries, catalysts, etc. [66].
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CHAPTER Il. THE CURRENT STATE OF RESEARCH IN THE FIELD OF
THERMAL BARRIERS BASED ON ZRO,; DOPED WITH RARE EARTHS

2.1 Obtaining ceramic material based on ZrO2 doped with rare earths

2.1.1 Zirconium Dioxide

Zirconium dioxide (ZrOz), also known as zirconium oxide or zirconia, is a ceramic material of great
technological importance due to its advanced multidimensional properties, such as: low thermal
conductivity, high temperature stability, corrosion resistance, chemical inertness, high ionic conductivity
and biocompatibility [87-89]. Due to these properties, ZrO- plays an important role in applications such as:
thermal barrier coatings [90], solid oxide fuel cells [91], gas sensors [92], catalysis [93], medical
prostheses [94], and devices memory [95].

Depending on the temperature conditions, pure zirconia is found in three polymorphic forms,

namely:

Monoclinic Tetragonal phase Cubic phase (¢)
phase(m) (t) (2370°C - melting point ~2700°C )
(1100°C -2370°C)

(> ~1100°C)

Figure 2. 1. The three common crystal structures of zirconia

2.1.2 Stabilization of zirconia by doping

Following the high stresses during the cooling period, pure ZrO; suffers micro-cracks that
strongly affect the mechanical properties. This type of problem can be overcome by adding oxides
(higher cations with lower valence than Zr*") such as MgO, CaO and Ln2Os (Ln: all transition
metals in the lanthanum series of the periodic table of elements) as stabilizers, to zirconium oxide to

stabilize tetragonal and/or cubic phases at room temperature [98-100].

The use of rare earth oxides (REOs) as dopants can avoid grain coarsening due to interface
segregation in doped zirconia ceramics, thereby improving its thermo-mechanical properties.

14



2.1.4. Synthesis and properties of ZrO2 ceramic powders doped with REO

Regarding the doping of zirconia with mixed rare earth oxides, different synthesis methods
have been proposed. A summary of the influence of the synthesis route on the structure and
morphology of ZrO> doped with rare earth oxides is presented in Table 2.2.

Table 2. 2. Morphological and structural properties of different materials based on ZrO> doped

with rare earth oxides

Nr. Material Synthesis type Morphological ar_1d structural Ref
properties
Monoclinic and tetragonal phases;
ZrO, doped with 8 wt% rare earths by dopmg Wl.t h RE lons, the
1 (Ce, Gd and Y). Sol-gel crystallite size is reduced [111]
’ (D = 6752 nm for undoped ZrOx,
D = 4640 nm for doped ZrO,).
Tetragonal and monoclinic
phases;
ZrO, dopaed with Ce, ZrO, dopaed Co- doplng_wnh RE fons, the_
2 with Dy orecipitation crystallite size is reduced (D =12 | [112]
nm for undoped ZrO 2, D =9 nm
for ZrO 2 /Dy, D =6 nm ZrO 2
/Ce)
YSZ doped with 1 mol% RE2O;
(RE =La, Nd, Gd, Yb) and co- Co-
4 doped with 1 mol% Yb,Os precipitation The tetragonal phase [113]
(1IRE1Yb-YSZ)
10 xmol%Sc,03 - 1,5 mol%Y,0s -ZrO; Co- increasing the content of Sc,0s, [114]
(x=45,55,6.5, precipitation phase stability also increases.
3 | (Gd (1-9 mol%) doped with zroz | BuMing the D = 25-35 nm [89]
solution
partial substitution of Y,0; with the
5 equivalent Ln,O; Eeactia in stare faza tetragonal [115]
(Ln = Nd, Sm, Gd in ceramics ZrO; solida
-Nb20Os -Y>03
X mol% ZrO, -GdsNbO; Solid state [116]
(x=0,3,6,9,12) reaction D =2-20 um
Zr0O,—Ta0s5 Y203-LNn203 (Ln =Nd, All compositions consisted only
Sm or Gd) of the tetragonal phase (t) when 1
6 ZrO; — doped with (8,3% mol Solid state mol % Ln203 was replaced by 1 [117]
Ta20s + 8,3% mol Y,0s, reaction mol % Y?203. Also, the
1 mol.% Ln,O;3 substituted 1 mol% introduction of Ln203 resulted in
Y203 a decrease in grain growth.
Colloidal
y Zr0-LnsOs (Ln = Sm, Yb) chem_ical no phase trqnsformgtion occurs [103]
synthesis and during heating
spark plasma
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2.2  Obtaining thermal barriers based on ZrO2 doped with rare earthsa

2.2.1 General thermal barriers

Thermal barrier coatings are complex coating systems, used as a heat barrier to stop its progression
throughout the material, reducing the substrate temperature between 100 °C and 300 °C [118]. TBC plays
the significant role of protecting internal combustion engine parts [119-125] metal parts of gas turbine
engines (such as vanes, valves, and combustion chambers), [126-130], and others operating at higher
temperatures, providing significant resistance to corrosion, erosion and oxidation at high temperaturese
[131-132].

The thermal barrier coating system used to protect Ni-based superalloys is shown in Figure 2.3.
TBC generally consists of two key layers: an oxidation-resistant bond layer (BC) such as MCrAlY
(M=Ni, Co)) and a ceramic top layer (TC). The adhesion layer is deposited between the metal substrate
and the top layer to protect the substrate from oxidation and corrosion at high temperatures but also to help
the coupling of the ceramic coating layer and the metal substrate, balancing the thermal mismatch between
the top layer and the substrate. Due to the high temperatures, a thermally grown oxide (TGO),
predominantly alumina) is formed as a reaction product between the upper layer and the bonding layer
[135-136].

Ventilator
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rece
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3- TGO - oxid crescut termic
4 - strat superior ‘\‘\'

Figure 2. 1. Schematic of a typical thermal barrier coating for gas turbine blades.
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2.2.2 Deposition techniques

EB-PVD and APS are the best techniques for obtaining TBCs and various multilayer coatings

from a large class of different materials.

A specific aspect of EB-PVD coatings is related to their columnar microstructure (figure 2.5
a) which determines the behavior of the coating during its lifetime. This structure leads to a very
high tolerance to deformation, which occurs during thermal cycling changes, but also reduces the
thermal expansion mismatch between BC and TC, promoting a longer lifetime of the TBC system

[137,148,149].

Descontinuitati
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Figure 2. 2. Schematic of TBC structures obtained by: (a) EB-PVD and (b) APS and SEM micrographs
showing the typical morphology of YSZ coatings deposited on Nimonic 80A substrate: (a) columnar
structure of EB-PVD coating and (b) flat morphology of APS coverage [151].

2.2.3. Thermal barrier coatings based on ZrO2 doped with REO

In recent years, there is an increasing theoretical and practical interest in the use of various REO
mixtures as dopants for high-temperature ceramics, especially for ZrO>-based thermal barrier coatings
(TBCs) used in aeronautics and co- power generation. The use of mixed REOs can increase the working
temperature of TBC, due to the formation of tetragonal and cubic solid solutions with higher melting
temperatures, avoiding grain size thickening due to interface segregation, increasing its ionic conductivity

and sinterability.
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2.2.4. Multi-layer ceramic coatings

To improve the lifetime of the coatings, two-layer ceramic coating systems have been developed.
The bottom layer is YSZ and the top layer should be a material with high temperature phase stability. Such

types of materials are pyrochlore and perovskite [151]. A schematic of such a proposed structure is shown

in figure 2.6.
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Figure 2. 3. Comparison of conventional single-layer TBC (a) and single-layer alternative material

(b) with double-layer TBC (c), which improve the ability to work at higher operating temperatures [151].

2.3 Thermal barriers based on advanced lanthanum zirconate (LZO) and gadolinium

(GZO) oxide systems (GZO)

Rare earth zirconates (RZOs) with pyrochlore structure are currently considered emerging TBC
materials due to the lack of phase transitions up to the melting point (around 2300 °C) and lower intrinsic
thermal conductivity (1,4 up to 1,6 W-m *K™* compared to ~2,3 W-m *.K* for YSZ ceramics. The low
thermal conductivity of the pyrochlore (A2B2O-) structure is determined by the high concentration of oxygen
vacancies and the ionic mass difference between Ln3* and Zr** that results in phonon scattering [167-176].
Disadvantages are lower tensile strength (0.9—1.3 MPa-m®®) than that of YSZ (~3 MPa-m®®) [158-168]and
larger differences in thermal expansion coefficients that occur during the thermal cycle, reducing TBC
adhesion [167].
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CHAPTER IlIl. RESEARCH OBJECTIVES AND METHODOLOGY

3.1 The objectives of the doctoral thesis

Currently, there is increased interest from researchers in the sustainability issues related to REE
mining and treatment. Researchers working in this field are often concerned with the impact of REEs on
environmental systems and study the life cycle assessment of REEs because they can be a source of

contamination in several ecological systems [186] also generating several health risks human [187].

Starting from this aspect, the basis of the development of the doctoral thesis was the question

"What would happen if these REO were used as they are found in ores?!"

Therefore, the objective of the thesis is to demonstrate the potential of using mixtures of rare earth
oxides (REOs) (mixture that simulates the natural composition of monazite concentrates), as dopants in
the design of zirconia-based coatings, which contribute to a efficient use of critical raw materials, with an

impact on ensuring the transition to climate neutrality.

This new concept can also have a high impact in reducing the consumption of reagents by
eliminating the individual extraction of rare earth oxides, resulting in a reduction in the cost of materials

used in high tech applications.

In order to ensure the fulfillment of the main objective of the doctoral thesis, the following 6

specific objectives were considered:

@ O1: Elaboration of a literature study on critical materials and their role in green energy. Rare

earths as critical raw materials;

=
@ O 2: Elaboration of a literature study on obtaining thermal barriers based on ZrO2 doped with rare

earths;

@‘ O 3: Evaluation of the influence of La2Os, Nd20s, Sm203, Gd203 oxides used as dopants on the

structure and morphology of ZrO. ceramics doped with Y20Os;

@ O 4: Demonstration of the potential of using the synthetic mixed mixture of REO to obtain two
types of ZrO2-based materials in the form of powders (ZrO.RE,ZrO.CeRO);

C@?)’ O 5: Demonstration of the potential of using the synthetic mixed mixture of REO to obtain two
types of thermal barriers (Nimonic/NiCrAlY/Al.0s/ZrO,RE/LZOIGZO,
Nimonic/NiCrAlY/Al.0s/Zr0.CeRO/LZ0O/GZO),

@ O 6: Development of a market study on thermal barriers.
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3.2 Research methodology

The research methodology, the work plan, the experiments and the actual characterizations were
designed and carried out within the framework of the National Research-Development Institute for Non-

Ferrous and Rare Metals.

The doctoral thesis work plan comprises two parts that aim to achieve specific objectives. The
first part is one related to the current state of knowledge, which includes chapters one and two, in which
the current state of the research topic is presented, through a descriptive analysis of the research in the

field, based on a laborious documentation.

The second part of the thesis is given by the author's personal contribution and includes the

experimental research of the doctoral thesis, as well as a market study.
Within the doctoral thesis, the achievement of the following goals was aimed at:

¢ 12 types of powders based on ZrO2 doped with 8% Y203 and co-doped with 4/6/8% RE
(RE=La, Nd, Sm, Gd): MxZY4La, MxZY6La, MxZY8La, MxZY4Nd, MxZY6Nd, MxZY8Nd,
MXZY4Sm MxZY6Sm, MxZY8Sm and MxZY4Gd, MxZY6Gd, MxZY8Gd;

. 60 heat-treated powders: MxZY4La, MxZY6La, MxZY8La, MxZY4Nd, MxZY6Nd, MxZY8Nd,
MxZY4Sm MxZY6Sm, MxZY8Sm  and MxZYAGd, MxZY6Gd, MxZY8Gd  at
T=400/800/1000/1200/1400 °C;

¢ 2types of powders based b: ZrO2RE(element majoritar La), ZrO2CeRO (element majoritar Ce)

¢ 6 types of pressed pills: P1-MxZY6La, P2-MxZY6Nd, P3-MxZY6Sm, P4-MxZY6Nd, P5- ZrO2RE;
P6- ZrO2CeR0;

¢ 2 types of thermal barrier samples: Nimonic/NiCrAlY/AI203/ZrO2RE/LZO/GZO;
Nimonic/NiCrAlY/AI203/ZrO2CeR0O/LZO/GZO

In the ZrO2RE, ZrO2CeRO samples, 8 wt% Y203z commonly used as TBC dopant was replaced by
8% synthetic REOs mixture with a ratio corresponding to the natural occurrence in selected La  and Ce
rich monazite concentrates, respectively.

The stages that were the basis of the doctoral thesis development are presented below in figure 3.1
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Figura 3. 1 Schematic representation of the work plan.

In order to achieve the proposed general objective, in this thesis the most relevant investigation
methods and techniques were used to provide the results in order to demonstrate the potential of use of the
synthetic mixed mixture of REO: chemical analysis of the powders, microstructure and morphology, thermal
stability , thermal conductivity, as well as determining the tribological properties of TBCs, thermal shock

behavior.
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CHAPTER IV. EXPERIMENTAL RESEARCH ON THE OBTAINING AND
CHARACTERIZATION OF MATERIALS BASED ON ZR0O2 DOPED WITH
RARE EARTHS

4.1  Obtaining powders based on ZrO2 doped with REO

4.1.2. Hydrothermal synthesis

All nanostructured powders were synthesized in one step by the hydrothermal method at

moderate temperatures (max. 250 °C) and pressures (max. 40 atm).
4.1.3. Thermal treatment of powders

The next step was to evaluate the phase stability of MxZY 4/6/8La, MxZY4/6/8Nd, MxZY,
4/6/8Sm, MxZY 4/6/8Gd powders. Therefore, they were heat treated at different temperatures (400 °C/
800 °C/ 1000 °C/1200 °C/1400 °C) for 60 minutes and their phase compositions were analyzed.

As a result, the ZrO2RE and ZrO2CeRO powders were subjected to heat treatment at the

temperature considered optimal, that of 1200 °C for 60 minutes, also analyzing the phase composition.
4.1.1. Obtaining and sintering pellets

A manual press is used to obtain pellets of approximately 20 mm size. Thus, 6 types of pressed
pills were obtained, named below: P1-MxZY6La, P2 - MxZY6Nd, P3 - MxZY6Sm, P4 - MxZY6Gd, P5 -
ZrO2RE, P6 - ZrO2CeRO.

4.2  Characterization of ceramic powders based on ZrO2 doped with REO

In this chapter, the results regarding the development of individual and multicomponent REO-
doped zirconia simulating the existing composition in some selected monazite concentrates after removal

of radioactive elements (Th, U and Ra) were presented.
4.2.1. Characterization of powders with unitary REO dopant

ZrO> powders doped with 8% Y203 and co-doped with 8% synthetic REO mixture (containing La, Gd, Y,
Nd, Gd and Yb with a ratio corresponding to the natural occurrence in selected concentrates of La-rich
monazite and Ce, respectively) were prepared by a hydrothermal method at moderate temperatures (max.
250 °C) and pressures (max. 40 atm.). The XRD pattern of this powder corresponds to a monophasic

tetragonal ZrO- solid solution, consisting of granular aggregates with sizes up to tens of microns.
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Tabel 4. 1. XRD spectra for MxZY 4/6/8La, MxZY4/6/8Nd, MxZY, 4/6/8Sm, MxZY
4/6/8Gd samples thermally treated at different temperatures.
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SEM analysis shows that nanopowders with irregular shapes are formed in all systems and no
significant grain growth is observed after calcination. Figure 4.5 shows as an example only the
morphology of YSZ powders of 8% by weight co-doped with 4/6/8% La203, obtained by hydrothermal

processes and after calcination at 1000 ° C, including the grain sizes of all samples.
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Figure 4. 1. Representative SEM images of MxZy4La, MxZy6La, MxZy8La material at different

magnifications.

Thermal analysis was used to follow the thermal stability of the hydrothermally synthesized
powders and the phase transformations during heat treatment. Only the TG and DSC graphs of the
MxZy4/6.8%La powders heated from ambient temperature to 1450 °C are shown in Table 4.6, with the

specification that for the other samples the graphs are similar.
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Table 4. 2. DSC-TG analysis of MxZy4/6/8%Ln.

MxZy4La MxZy6La MxZy8La

DSC-TG measurements show a continuous mass loss up to about 600 °C and an endothermic
peak around 80-90 °C, revealing a dehydration process of the materials, which is in agreement with other

literature studies [73].

Thermal conductivity
The obtained values range from 0.305 W/mK, for pellets co-doped with La, to 0.38 W/mK for
pellets co-doped with Gd.

The thermal conductivity values obtained are similar to those obtained in the work [193] in which
the materials RE2Os (RE = La, Yb, Ce and Gd) and ZrO> co-doped with Y203 were obtained by sol-gel
methods. The thermal conductivities for RE-YSZ powders (RE = La, Yb, Ce and Gd) were: 0.5181,
0.4215, 0.4851, 0.5187 and 0.5347 W/mK, respectively..

4.2.2. Characterization of ZrO2 powders doped with REO mixture

Chemical analysis

The chemical analysis of the powders synthesized under hydrothermal conditions is presented in
Table 4.6. and is in accordance with the designed compositions. The concentration of Zr, Y and Ln in the
mother liquor resulting from the filtration of the hydrothermal reaction products and in the washing waters

was in all cases <103 g-L—1.
XRD

The XRD spectra for the ZrO2CeRO and ZrO2RE powders are shown in figure 4.14 and 4.15,
respectively.
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Figure 4. 2 XRD spectrum for ZrO2 CeRO powder heat treated at 1200°C.
Compound name Formula Identified card Crystallization system
ZrO; PDF 04-004-4339 Monoclinic
Zirconium Oxide Ss baza ZrO; PDF 01-079-1769 Tetragonal

The hydrothermally synthesized ZrO2CeRO powder has the ZrO2 solid solution with tetragonal

structure as the main phase and monoclinic zirconium oxide (Baddeleyite) as the secondary phase..

Figura 4. 3. XRD spectrum for ZrO2RE powder heat treated at 1200 °C.

Compound name Identified card Formula Crystallization
system
Zirconium Yttrium PDF 00-060-0505 ss((Y,La,Gd,Nd,Sm,Yb), Os) ( tetragonal
Oxide ZrO»)
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The hydrothermally synthesized ZrO2RE powder has the solid solution ss((Y,La,Gd,Nd,Sm,Yb)2 O3) (
Zr0O2) with tetragonal structure as the unitary phase.

Analiza SEM

ZrO2RE

Initial Calcinat

Figure 4. 4. Representative SEM images of ZrO2RE material.

ZrO2CeRO

Initial Calcinat

Figure 4. 5. Representative SEM images of ZrO2CeRO material.

The scanning electron microscopy images shown in Figures 4.16 and 4.17 show that nanopowders
with irregular shapes are formed in all systems and no significant grain growth is observed after

calcination.

Energy dispersive X-ray spectroscopy (EDS) was used to determine the chemical composition of

the powders used in this study. The EDS results are shown in Figures 4.19 and 4.19.
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DSC analysis

a) b)
Figure 4. 6. DSC-TG analysis for a) ZrO2CeRO powder and b) ZrO2RE powder.

DSC-TG measurements for both types of powders are similar to powders doped with a single
REO element. Thus, a continuous mass loss up to about 500 °C and an endothermic peak around 70 for
ZrO2CeRO powder and around 90 for ZrO2RE powder are observed. The latter are attributed to a

dehydration process of the materials, which is in agreement with other studies in the literature..

Thermal analysis
The thermal conductivity values obtained for the P5-ZrO2RE and P6-ZrO2CeRO samples are
0.8902 £+ 0.00311 and 0.68228 + 0.0035, respectively.
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CHAPTER V. EXPERIMENTAL RESEARCH ON THE OBTAINING AND
CHARACTERIZATION OF THERMAL BARRIERS

5.1  Obtaining thermal barriers based on ZrO2 doped with REO

In this chapter, it was aimed to obtain two types of thermal barriers based on ZrO2RE and
ZrO2CeRO powders. The architecture of the two types of TBC developed by the EB-PVD technique is

presented in figure 5.1.

ALO,
NiCrAlY NiCrAlY

Nimonic Nimonic

Figure 5. 1 The architecture of the thermal barriers developed in this study.

These TBCs were developed in a special EB-PVD thin film coating equipment (Torr International
Inc., New Windsor, NY, USA — Figure 5.3) equipped with quartz sensors (QCM) mounted next to each
crucible to monitor deposition rate and software that allows the creation of a complex deposition recipe

that can be performed automatically while keeping the evaporation rate constant.

Figure 5. 2. EB-PVD system.

All successive layers were deposited by the EB-PVD process. Commercial NiCrAlY powders
(Amperit) were used to deposit the acros layer before the ceramic layer was deposited. Commercial
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LaxZr,07 (LZO) granulated powders (30—120 um grain sizes) and Gd2Zr,0O7 (GZO) granulated powders
(45—140 um grain sizes) from Trans-Tech Ceramics and Advanced Materials USA were also used for to

deposit the outer layers, aiming to improve the thermal shock properties of the system.

To ensure a gradual transition from the composition of the AlOs layer to that of LZO, ZrO2
powders co-doped with a mixture of rare earths, ZrO2RE and ZrO2CeRO obtained by a hydrothermal
technology were used for the first time. At the same time, the selection of this material corresponds to the
trends in the specialized literature for obtaining composite materials with improved mechanical properties.

5.2  Characterization of thermal barriers based on ZrO2 doped with REO
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Figura 5. 3. Mass wear rate values for the tested specimens.

From the wear rate analysis (Figure 5. 9), for Nimonic +
NiCrAlY/Al;03/ZrO2CeR0O/La2Zr207/Gd2Zr207 samples, the lowest value was obtained at the
sliding speed of 150 rpm, and the highest wear rate is given by testing the sample at a speed of 300

rpm. For the rest of the test speeds, the wear rate is about the same value.
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SEM analysis
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Figura 5. 4. SEM image in section for Nimonic+ sample NiCrAlY/Al,Os/ ZrO2CeRO/ LZO/ GZO.

As can be seen in the image, the coating shows a columnar structure, with grains perpendicular to
the surface, which is a typical characteristic of EB-PVD coating, care este o caracteristica tipica a
acoperirii EB-PVD [194,195].
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Figure 5.12 studies the surface and cross-sectional microstructure of ZrO2CeRO-based TBCs after thermal
shock testing at different temperatures.

At the temperature of 1200 °C, the thermal barrier layer suffers the greatest destruction, compared

to the other samples.

Increased vertical cracks at the interface contribute to providing the heat flow channel, therefore

the bonding layer experiences higher temperature oxidation during thermal shock tests [196].

The exfoliation of the surface layer can be attributed to the high level of internal stresses that occur

at the interface between the layers.
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5.2.3. Characterization of thermal barriers based on ZrO2RE

DRX analysis

The Nimonic sample with 4 layers of NiCrAlY/YSZ/LZO/GZO type material was subjected to

heat treatment at a temperature of 1250°C for 10 minutes in nitrogen to determine its behavior under high
temperature conditions.

The diffractogram obtained for the Nimonic support covered with 4 layers of material
(NICrAlY/YSZ/LZOIGZO) after thermal treatment (figure 5.18) shows the phases Gd>Zr.O; (ICDD

PDF4+ 01-078-4083) and La»Zr,0O; (ICDD PDF4+ 00-050-0837 ) characteristic of the last 2 layers
deposited on the Nimonic support
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Figura 5. 14. X-ray diffraction spectrum obtained for Nimonic with 4 material layers
(NICrAlY/YSZ/LZOIGZO) after heat treatment at 1250°C.
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SEM analysis
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Figura 5. 5. SEM images at different magnifications (x5,000, x50,000), representing the surface of
NiCrAlY/ZrO2RE/LZO/GZO type deposition on Nimonic substrate, the cross-sectional view of
NiCrAlY/YSZ/LZOIGZO type deposition on Nimonic substrate, as well and elemental mapping.

The SEM analysis on the surface of the Nimonic sample with 4 layers of material
(NICrAlY/YSZ/LZOIGZO) (figure 5.15) shows that the deposition is uniform and a continuous film is
present on the support. Polyhedral granules with well-defined edges and sizes between 190 and 380 nm

are identified.

The sectional view of the Nimonic support with NiCrAlY/YSZ/LZOI/GZO type coatings
highlights the presence of the 4 layers arranged as follows: NiCrAlY with a layer thickness of 448.9 nm,
YSZ with a layer thickness of 1,770 um, LZO with a layer thickness of 4,543 um and GZO with layer
thickness of 4,658 um. The total thickness of the deposit having a size of 12.15 um. The elemental
mapping delimits through the chosen colors the specific elements of the layout of the coverage in the form

of multilayers.
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Figura 5. 6. SEM images at different magnifications (x5,000, x50,000), representing the surface of the
NiCrAlY/ZrO2RE/LZO/GZO type deposition on Nimonic substrate, the sectional view of the
NiCrAlY/ZrO2RE/LZO/GZO type deposition on Nimonic substrate, as well and elemental mapping at a
temperature of 1250°C.

In the SEM micrographs obtained after the treatment, it can be seen that the layers did not change
their morphology, being similar to the sample before the heat treatment. The film is uniform on the

substrate, but cracks appear at the intergranular boundaries.

After the thermal treatment, the cross-sectional view of the Nimonic sample with 4 layers of
NICrAlY/ZrO2RE/LZO/GZO material and the elemental mapping leads to the following conclusions: the
thermal shock caused the cracking of the ZrO2RE layer, the diffusion of Ti to the contact layer and Cr

from the contact to the substrate as well as the formation of TiO..

Roughness

From the results of the roughness investigations shown in Figure 5.17, a slight change in the
average surface roughness can be observed from 0.448 pm of the Nimonic 80A substrate to 0.521 pm for
the coated Nimonic substrate. These values are very similar, thus proving that the coatings grow uniformly

following the substrate morphology.
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Figure 5. 7. Surface roughness studies of uncoated and coated Nimonic 80A substrate.

Thermal shock

The results of the thermal shock tests are shown in Figure 5.18 and Figure 5.19. This test shows
the number of heating and cooling cycles that a coated material can withstand without delamination of the
coating layers. The comparison of the thermal shock values of the new coatings architecture with the
existing ones can be a method to evaluate their potential application in aeronautics. The results show a
satisfactory behavior obtained after a minimum number of 150 cycles in the temperature ranges 1200-
1300 °C for the proposed NiCrAlY/ZrO2-RE1/LZO/GZO coating architecture with a total thickness of
about 11.5 um. The results are comparable to those of traditional YSZ coatings with thickness greater than
100 pm [ 65 ], showing the ability of the new coating materials to further improve the thermal properties
of TBCs at much lower thickness.
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Figura 5. 8. Thermal shock tests. Red line (TCup)—represents the furnace temperature recorded by the
Pt/PtRh thermocouple mounted inside the furnace; the magenta line (pyrometer 2) represents the
temperature of the sample over the heating stage during the test, which shows a peak starting from the low
temperature and a stabilized temperature for the waiting time. The blue and black lines represent the sample

temperature change in the cooling step by pyrometer 1 and pyrometer 3, respectively.
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Figura 5. 9. Thermogram for thermal shock cycles 38-43, temperature range 800-1300 °C.
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CHAPTER VI. DEVELOPMENT OF A MARKET STUDY REGARDING
THERMAL BARRIERS

This section will help to establish an overview of the industrial development and characteristics of
the Thermal Barrier Coatings market. This study is based on data provided by Maya Research Analysis,
where 2016 is considered a historical year, 2020 a base year, 2021 an estimated year and 2027 a forecast
year. The study is segmented by market analysis based on type of materials used, applications, region and

TBC manufacturing companies.

According to the research, the global thermal barrier coatings market has a total sales value of
USD 697.07 million in 2016 and will grow to USD 1990.43 million in 2020. TBC markets forecast may
be USD 2827.82 million by 2027 .The TB CAGR is 6.03% from 2021 to 2027.

North America was the largest revenue market with a market share of 41.91% in 2016 and
41.77% in 2021, a decrease of 0.14%. Europe ranked second with a market share of 35.68% in 2020.
Also, the Asia Pacific market for thermal barrier coatings is expected to be the market with the most
promising growth rate. The development of the economy, the progress of technological innovation in the

emerging economies, specifically in China and India, have led to an increase in demand.

Thermal barrier coating companies are mainly from the US and Europe; the concentration rate of
the industry is relatively low. The top three companies are Praxair Surface Technologies, Cincinnati
Thermal Spray and Treibacher Industrie AG with a revenue market share of 9.17%, 6.67% and 6.14% in
2020.

The global thermal barrier coatings market is expected to witness growth during the forecast
period due to multiple demands from downstream industries. The other factor driving the growth of the

thermal barrier coatings market is continuous innovation.
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CONCLUSIONS, PERSONAL CONTRIBUTIONS AND RESEARCH
DIRECTIONS..

Final conclusions

The doctoral thesis with the theme Research on the effective use of critical raw materials as
dopants in zirconium-based materials for applications in extreme conditions, was based on the extensive
study of specialized literature that concluded several aspects related to the current trends in the field of

interest as follows:

- Critical raw materials form a strong industrial base that contributes to the production of a wide
range of products and applications used in everyday life and in modern technologies. They enable
European industry to meet the EU's political objectives. A first EU assessment of critical raw materials
was launched in 2008. A priority action was the establishment of an EU-wide list of critical raw materials
in 2011. This list was a response to the challenges related to their economic importance and their risk of

supply and is updated every three years to regularly assess the criticality of raw materials.

- Among the critical raw materials at the European level are REE. The need for increased and
sustained action was emphasized so that their use as critical raw materials is more sustainable and with a

low environmental impact.

- The most widely used ceramic material for thermal barriers is zirconia stabilized with 7-8%
yttrium (YSZ), which is otherwise considered to be the gold standard for TBC for turbines;

- However, the main disadvantage of YSZ is actually its stability above 1200 °C, due to the phase
transformation with increasing volume upon long-term exposure (generally greater than 100 h) at high
temperatures. Moreover, after prolonged exposure to high temperatures, YSZ tends to sinter and/or
increase its thermal conductivity and is also susceptible to infiltration of CMAS (calcium magnesium
aluminum silicates). Therefore, the development of new TBC materials that can be applied at high

temperatures for a long time is urgently needed;

- Zirconia with the non-transformable tetragonal (t") phase was found to be harder than the cubic

phase due to ferroelastic hardening;

- In recent years, there is an increasing theoretical and practical interest in the use of various REO
mixtures as dopants for high-temperature ceramics, especially for ZrO.-based thermal barrier coatings

(TBCs) used in aeronautics and co - energy generation;

- It has been reported that by co-doping zirconia with different REOs to improve the thermal
properties of thermal barrier coatings and the oxidation properties, due to the reduction of mechanical

stresses and porosity in the oxide layers;
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- Several studies have shown that the structure of multilayer TBCs exhibits better properties
compared to single-layer TBCs. As a rule, the lower layer is YSZ, and the upper layer should be a material
with high temperature phase stability. Such types of materials are pyrochlore and perovskite.

Taking this information into account, the objectives, research methodology and work plan

were formulated.

In the present thesis, the strategy of using mixed REOs instead of individual REOs was adopted in
order to minimize the environmental impact and decrease the production costs of potential applications.

The main objective of the doctoral thesis was achieved by::

- The development by the hydrothermal method of two types of materials based on a synthetic
mixture of rare earth oxides: MxZyCeRO and MxZyRE. The basis for obtaining these powders was an
experimental study related to the doping of zirconia with different amounts (4, 6, 8% by weight) of
individual REO elements (La, Nd, Sm, Gd) in order to follow the influence of each element in what

concerns structure and morphology;

- The development by the EB-PVD method of two categories of TBCs with several layers, among
which ZrO, doped with rare earths as an intermediate layer between the bonding layer and the LZ, with the

aim of adjusting the thermal mismatch, as well as improving the cycle execution thermal of TBC.
The results of the research activities carried out indicated:

- The efficiency of using hydrothermal synthesis in obtaining ceramic materials based on
ZrO2 doped with a synthetic mixture of rare earths.

Thus, a number of 12 powders were obtained, ZrO, doped with 8% Y203 and co-doped with
4/6/8% RE unitary dopant (La, Nd, Sm, Gd), for which the phase evolution was followed and the
morphology of the powders at different heat treatment temperatures.

S-au obtinut pulberi nanocristaline formate din ZrO; cu structura cubica drept faza majora si M-
ZrO, obtained nanocrystalline powders consisting of cubic ZrO- as the major phase and monoclinic M-
ZrO2 (Baddeleyite) as the secondary phase, except for Nd-doped YSZ which consisted of only a cubic
phase. The phase evolution of the powders during heat treatment in the range 400-1400 °C shows the
progressive formation of different solid solutions through the isomorphous replacement of Zr** by Ln** It
was found that the optimal heat treatment temperature is 1200 °C, where the formation of pyrochlore solid
solutions (Pyr-RE2Zr.O7 where RE—Y and Ln) is observed for all compositions, except for samples co-
doped with 4, 6 and 8 wt % Nd, 6 and 8 wt % Sm and 8 wt % Gd, when only the cubic phase was
observed (ZrO2) SS-(Lno14 Y 014 Zro72) O16s .

Low values of thermal conductivities were measured by the hot plate method at room temperature.
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Both ZrO2RE and ZrO2CeRO powders obtained by hydrothermal synthesis showed tetragonal

structure. The ZrO2CeRO sample presented, instead, a monoclinic phase as the secondary phase.

- The feasibility of making thermal barrier type coatings that include ZrO, doped with a
synthetic mixture of rare earths as an intermediate layer between the acros and the surface

substrates. Two types of thermal barriers were obtained::

In the case of the uncoated NIMONIC 80 substrate, which was subjected to heat treatment at 1250
°C, a change in the surface morphology and an appearance of oxidation as a result of the temperature to

which it was subjected, was observed, through the appearance of TiO2 and Cr.0s.

Structural and morphological analysis confirmed that multilayer TBCs were successfully obtained.
Thus, the microstructure of both types of coatings indicates that through the EB-PVD technique, coatings
with uniform, dense structures were obtained, with a columnar structure and grains perpendicular to the

surface, a characteristic structure of this deposition technique.

In the case of TBCs with the NiCrAlY/ ZrO2RE/La2Zr207/Gd2Zr20 architecture, which was
subjected to heat treatment at 1250 °C for 10 minutes, in nitrogen it was observed that no significant
change in morphology occurred, cracks appearing at the intergranular boundary , but without affecting the
substrate. The roughness study on both the simple substrate and the one deposited with the architecture...

proved the fact that the coatings grow uniformly, following the morphology of the substrate.

The results of the thermal shock tests on this architecture, after a number of more than 150 cycles
at the temperature between 1200-1300 °C, are comparable to those of the classic YSZ coatings that have a
much greater thickness. Thus, the capacity of these new types of coatings is highlighted, for the
development of TBCs with a much smaller thickness, thus reducing the consumption of critical raw

materials.

For TBC with the NiCrAlY/Al,0s/ZrO2CeR0O/La2Zr207/Gd2Zr20 architecture, analyzing the
surface of the samples after thermal shock testing at different temperatures, total cycles 0-50, it was found
that a partial exfoliation of the upper layer occurs at a temperature of 1200, which can be due to the high
level of internal stresses that occur at the interface between the metal layer (Bond Coat -BC) and that of
the overlays of oxide layers (Al.Os/ ZrO2CeRO/ La2Zr207/ Gd2Zr207) chosen for the system the upper
ceramic layer of the thermal barrier (Top Coat). Although this partial exfoliation occurs, no changes are

evident at the substrate level, showing potential for applications such as thermal barriers.

Therefore, the results concluded above, underline the fact that the use of ZrO, doped with mixed
rare earths, combined with pyrochlore-type materials (LZO, GZO) in the architecture of TBCs leads to
obtaining thermal barriers with a reduced content of critical raw materials, which have properties similar to

those currently used.
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Original contribution
Original contributions were made at each stage, from the literature study, to the choice of
dopants, the design of ceramic powders and thermal barriers, to the selection of technological

process parameters..
Below are the original contributions, described extensively throughout the doctoral thesis:

- Carrying out a specialized literature study on the areas of interest: critical raw materials and
strategic technologies, rare earth elements and their applications, obtaining ceramic materials based on rare

earths, obtaining TBC based on rare earths;

- Realization of some thermodynamic predictions of hydrothermal reactions to obtain ceramic

materials based on ZrO> doped with rare earths;

- The study of the influence of different amounts of e REE (La, Nd, Sm and Gd) used as co-dopants
on the morphology and structure of zirconium doped with 8% by weight Y>Os was carried out;

- Demonstration of the potential of using the synthetic mixed mixture of REO to obtain two types of
ZrO2-based materials in the form of powders (ZrO2RE, ZrO2CeRO) with promising properties related to

the use for the development of thermal barriers. Achieving such results is an important milestone.

- Demonstration of the potential of using the synthetic mixed mixture of REO to obtain two types of

thermal barriers;

- Carrying out a market study on TBC.

Perspectives of further research
- The development of ceramic materials based on ZrO. doped with a natural mixture of rare earths;

- Development of TBCs based on ZrO. doped with a natural mixture of rare earths;

- Development of REE-doped ZrO thin films for applications in solid oxide fuel cells.
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