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Abstract

Polycrystallineithium metatitanate (bTiQ) is an attractive material for eange of applications
including battery materials and microwave dielectrics, it has also attracted a great dettdifion

as proposed tritium breeder material for use in nuclear fusion reactors. During the continued
development of LITiG, and similar Lecontaining ceramics, for these advanced applications,
transmission electron microscopy (TEM) is likely to be eygal to study the nanstructure of these

materials and, in the case of nuclear fusion applications, their response to radiation induced damage.

In this project, the effects of ceramic processing conditions on the microstructurela® ceramics

was frst identified. The effects of ceramic microstructure on the behaviour-®i@iunder electron
irradiation was subsequently investigated. Results show that electron irradiation in a conventional
TEM results in the formation of nanometre sized vacaypg defects at room temperature, and

that the size and number density of the vacaitgge defects are linked to ceramic microstructure
and crystallographic disorder. Electron beam induced vactypsy defect formation is discussed in
terms of electron beam éating, electron beam induced radiolysis and electron beam induced
displacement damage; the displacement of Li and O lattice atoms is proposed to be primarily
responsible for the observed damage. Results suggest that the formation and growth of vagancy
defects is initially driven by the supersaturation of vacancies due to the preferential loss of
interstitials to the surfaces of thin fillEM specimens, followed by coalescence of larger vaeancy
type defects, which leads to cavity growth. Results fremaydiffraction suggest that growth at room
temperature may be facilitated by the presence ofz2C@oduced by the decomposition of 2CQ
surface reaction layer under the electron beam. These results highlight that care must be taken when

interpreting TEM data and undertaking the associated analysis, especialtgantaining oxides.

Following the discovery of electron beam induced cavity formation,i@;j the thermal evolution

of these cavities at temperatures relevant to fusion breeder blanieérating conditions was
investigated using ksitu thermal annealing experiments, which were carried out under electron
irradiation in a TEM. The effects of temperature, electron beam exposure time, and ceramic
microstructure on cavity growth dynamics alescussed. The rate and extent of cavity growth was
found to be significantly enhanced at elevated temperature, this is primarily attributed to the
increased mobility of defects introduced as a result of electron beam induced displacement damage.

Minimising exposure of thidilm TEM specimens to the electron beam was found to significantly
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reduce the extent of cavity growth, particularly at high temperatures, indicating that cavity growth is
strongly dependent on electron fluence. The microstructural praps of low porosity and large

grain size may increase the resistance ¢filk to electron beam damage. This is attributed to the
longer diffusion path to defect sinks associated with large grain size and low porosity, resulting in a
reduction of prefeential interstitial loss and increased probability of defect recombination; thus
reducing the excess vacancy concentration responsible for cavity growth in theAulistinct
correlation between the temperature at which significant quantities op @€rereleased from bulk
LbTiQ samples (revealed by the results of thermal desorption spectroscopy (TDS) experiments) and
accelerated cavity growth in thin film specimens was identified. Hence it is proposed that enhanced
cavity growth under electron irradiettn at elevated temperature in41iiG may be facilitated by GO

gas produced as a result of the thermal decomposition of g&Q surface reaction layer.

The accumulation of helium in2LiQ samples with different microstructural properties was
investicated using irsitu helium ion implantation. The influence of the interactions of implanted
helium with electron beam induced radiation defects on cavity / gas bubble growth at elevated
temperatures was investigated using complimentangitn thermal annelng experiments. Helium

was found to accumulate to a greater extent in samples of low porosity and large grain size. The
extent of cavity / bubble growth was found to be significantly exacerbated at elevated temperatures
in samples which exhibited high lhen retention. Such cavities have the potential to trap tritium in

a working breeder blanket, thereby impeding its release and increasing tritium inventory, both of
which would be detrimental to material performance. In the absence of implanted heliuen, th
microstructural properties of large grain size and low porosity appear to increase the radiation
tolerance of LITIG to displacement damage induced by electron irradiation. However, since the
presence of helium has been shown to severely exacerbatéyograwth in LiTiQ, the increased
helium retention by specimens of low porosity and large grain size in fact resulted in a greater extent
of cavity growth in such specimens at temperaturelevant to breeder blanket operating conditions.

As such, the mperties of high porosity and smaljrain size are likely to be beneficial for the
optimisation of the performance of 41iiGk ceramic breeder materials from the perspective of
reducing cavity formation at breeder blanket operating temperatures when theceffof helium are

taken into account.
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Chapter 1- Introduction and aims

With ever increasing population, a dwindling supply of fossil fuels and increasing pressure to reduce
carbon emissions, meeting the global demand for energy in an environmentally responaitrbeim

is a challenge which cannot be ignored. Harvesting energy from nuclear fusionlideaalt@rnative

to fossil fuelsin conjunction with conventional nuclear fission and renewable energy soucgEsn

could make a major contributiortowards solung the issue of the ever increasing global energy

demand.
Advantages of nuclear fusion inclufg:

1 Fundamentally safe There will be insufficient fuel in the plasma chamber for a potentially
dangerous runaway reaction to occur. Reactor design minimisesainount of radioactive
isotopes present at any one time.

1 Sustainable Fuel sources are plentiful. Deuterium can be recovered from water, and tritium
can be bred from lithium, which is sufficiently abundant on land to supply several hundred
years of enegy generation (after which extraction of lithium fraseawater is a possibility).

1 Environmentally friendlg, No carbon emissions are directly associated with the process. No
long lived radioactive isotopes are produced in the reaction; and while structuaatae
materials will become radioactive, they are expected to be safe to be recycled artund
100 yeardollowing removal from the reactor

1 Efficientg¢ 1 kg of lithium could produce enough tritium to supply 3%10 of energy
(equivalent to 900,000df petrol, or~100,000 kg of coal).

The fusion reaction currently proposed for power generation is the reaction betw&ensotopes
of hydrogen, namelyleuterium (D) and tritium (T), which fuse to form helium, and a high energy

neutron is ejected:
H(D#°H(T)A  *He+n (17.6 MeV)

The energy is liberated in the form of kinetic energy, which is distributed between the neutron (14.1

MeV) and the helium nucleus (3.5 Md¥).

D and T have been selected as the fuels for fusion as the reaction crosm qectheasure of the

probability of fusion) is the largest of any fusion reaction of interest for power generation, and hence
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the most easily achievable fusion reaction with a net energy [dai]. “Heis very tightly bound; it
is thisdifference in binéhg energy between nucleons in the fuel nuclei (D and T) antHberodut

that is responsible for the energy libeeat (seeFigurel.l).

UZE
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Average hinding energy per nucleon (MeV)
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Figurel.1l: Average binding energy peualeon vs. number of nucleons in nucleus. Adapted from
Wikimedia Commons. (https://commons.wikimedia.org/wiki/File:Binding_energy_cudrve_
_common_isotopes.svg)
While deuterium can be recovered from water, tritium is inherently unstable=#12 years), and
hence must be generated -gitu. Tritium can bedbredé from lithium by transmutation reaction

which occurs following capture ofutrons produced by the fusion reaction by lithium atofik
5%Li(nh D SLi +'n A T +*He (+ 4.8 MeV)
‘Li(nhn):  7Li+n A T +*He +'n  (-2.47 MeV)

This is the primary function of the breeder blankethich is composed o& lithiumcontaining
material located in the first wall surrounding the plasma chamibgguyrel.2, top). Its secondary

function is to convert the kinetic energy of neutrons produced during fusion to recoverable heat.

A number of different breeder blanket concept designs have been developed. These ineliude H
Cooled Lithium Lead (HCLL), Water Cooled Lithium Lead (WCLL) and Dual Coolant Lithium Lead (DCL
designd3], all of which utilise a molten lithiuAdead eutectic (~PlaLi) as a breeder material, the lead
component of which functions as a neutron riplier; the former two designs utilise helium and

water as coolants respectively, while the latter utilises a combination of the two.
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The research carried out irnis projectis concerned withsolid breeder materials in the form of
lithium containing tenary ceramics, which will be used in conjunction with a neutron multiplier
material. The function of the neutron multiplier (the EU reference material for which takes the form
of beryllium metal pebble$4] while current designs are proposed to employ:Be beryllide or
molten lead5]) is toincrease the number of neutrorasrailable for capture by lithium in the blanket;
thereby increasinghe number of lithium transmutation events per fusion neutron produeed in

turn increasing the tritium breedingatio (TBRR which is the ratio of tritium atoms produced per
fusion neutron. For the fusion reaction to be sustainable, the TBR must be greater than 1; current
design targets specify a TBR valik05[6].

Inside the EU, ceramic breeder materials are proposed to be used in the so called GHB (H
Cooled Pebbledl) conceptin the EU reference HCPB blanket design, a schematic of which is shown
in Figurel.2, both the ceramic breeder and beryllium multiplier take the form of pebbles, which are
arranged in alternating layers in a number of breeder units surrourtti@glasma chamber. Helium,

with a small addition of hydrogen, acts as battcoolant (forheat recovery) and a purge gas for

tritium extraction[3, 7]
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Figurel.2: Top: Schematic of breeder blanket surrounding the plasma chamber in a fusion reactor.

Bottom: Reference HCPB blanket module desigrac2015, adapted from [3].

The latest proposed HCPB desjgh shown inFigurel.3x dzii A -6 BIS & R & NJJZASK v & ¢

lithium ceramic breeder pebbles, surrounded by hexagonal blocks @ Beeutron muliplier as

g K

opposed to the layered configuration of the reference design. This design is reported to reduce the

risk of structural materials overheating, and a variant of this design allows the use of a molten lead

neutron multiplier in place of berylliumhts circumventing inherent isssassociaté with the use

of beryllium as a neutron multiplier material such as its toxicity, reactivity and relatively low

abundance.
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Ceramic breeder
pebbles (housed in
fuel- breeder pins)

Figurel3Y G 9y KI Yy OSR¢ flguration, adaptedyfronS[s]. O2 y

The material studied in this project was lithium metatitanateTiG), which is considered to be one
of the leading candidate ceramic breeder materials; indeed,i@ is incorporated into e latest
generation of ceramicreeder materials being developed for use with gferementionedEUHCPB
concept, whickare composed primarily of lithiurarthosilicate (LiSiQ) with additions ofLeTIG as a
secondary phasg8]. L TiQ has also been proposddr usein the various breeer blanket conept

designs being investigated by widaternational research groug9-11].

During operation, ceramicrbeder materials must withstand the extreme conditions associated with
nuclear fusion, including high temperatures and thermal graiieand high magnetic field8reeder
materials must also be compatible with structural reactor materials, and remain stable for their

operational lifetime[12].
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Possibly the most demanding conditibawever,is the high levels of radiation damagsich will be
induced by exposure to a high flux of high energy neutrons (14.1 MeM2aMeV for conventional
fission). The estimated neutron flux at the first wall of the DEMO pilot plant is 1.75 MWising to
2.2 MW n? in the first industrial plant; thiequates to 9.86x18 14.1 MeV neutrons ms?, or
approximately 15200 displacements per atom (dpa) firstwall steelover the lifetime of the

blanket(based on an approximation for H&g].

Neutron irradiation damage will result in the displacemeitlattice atoms in ceramic breeder
materials from their equilibrium positions, introducing defects in the form of vacancies and
interstitials (Frenkel pairshhe correlation between defect annihilation and tritium release behaviour
suggests that thesealects may act as trapping sites for tritijd¥-16], and as such impede tritium
NBfSFaS FyR NBO2@SNEIX gKAOK Aa TREdghdgatighyoiilikef G 2
defects can also result in the formation of extended defects such as vaidies, and dislocation
loops[17, 18} tritium could potentially become trapped in such cavities, impeding its recovery and
increasing the tritium inventory of the blanket material. Excessive tritium retention in the breeder
blanket poses a potential &gty risk at the blanket Endf-Life due to the inherent radioactivity of

tritium [6].

A second key issue associated wititium production is the large quantities of Hieim produced
within the breedematerial as a result of lithium transmutatiobue D its insolubility in most solids

[19], accumulation of helium can result in the formation of gas bubbles in irradiated matg@jls
Furthermore, it has long been established that the nucleation and growth of irradiation induced voids
and cavities is falitated by the presence of gas atoif&i-23]. As such, in addition to accumulating

to form bubbles which could act as trapping sites for tritium, the helium produced as a result of
lithium transmutation has the potential to exacerbate the formation armdvgh of extended
radiation defects such as voids and cavities; this could be detrimental to the mechanical integrity of
ceramic breeder pebbles, and further impede tritium release and recovEvydate however,
relatively little research has been carrienlit regarding the role of helm in ceramic breeder
materials; despite this, there exists some limited evidence in the literature which suggests that the
presence of helium could have a detrimental effect on the tritium release characteristic i Li

[24].

20



Microstructural properties such as grain size are known to affect the irradiation behaviour of
materials. Enhanced radiation tolerance, attributed to increased interfacial area associated with
grain boundaries which act as efficient defect sinks,d&en reported in numerous nanocrystalline
materials[25-29]. Aggregation of defects in larger grained analogues, leading to the formation of
defect clusters, has previously been attributed to the longer diffusion path to sinks at grain
boundaries[25, 30] Converselysomematerials exhibit higher radiation tolerance when they are
composed of larger grains; for example, JOhQ and CeQare all reported to exhibit a greater
degree of volumetric swelling as a result of heavy ion implantation in nanodmstédrmat than

their analogous microcrystalline counterpafl]. Helium retention and gas bubble formation has
also been shown to be affected by microstructure; for example, Hadrad. [29] reported that a
higher fluence of helium was required to ek bubble formation in GZr.O; ceramics with smaller

grain size. Similarly, according teAflvaniet al.[32], no helium bubbles were observed in helium
implanted iron with grain sizes less than 400 nm, but helium bubble density was reported to increase
with increasing grain size in specimens with grain sizes up to 3 um. The microstructural properties of
high porosity and small grain size have also been reported to be beneficial for tritium release for

ceramic breeder material83].

lon implantation andSf SOGNRY ANNI RAFGAZ2Y | NB O2YY2yfeé dz
fission gas productiom materiald34, 35] Transmission Electravlicroscopy (TEM) is one of the key
techniques used to investigate the effects of externally induced damage intsatias a result of
neutron irradiation or ion implantatiofi36, 37] However, one factor that is often overlooked is the
effect of the electron beams utilised in TEM, which are also capable of inducing damage, on the
specimen being examined. The mecharsdm which damage is induced by electron beams are likely
to differ from those of neutron damage owing to a significant difference in mass, and the charge
associated with electrons. Howeveriygn that electron irradiation in a TEM has the potential to
introduce defects which are similar in nature (i.e. atomic displacement) to those induced by neutron
irradiation and ion implantationit is important to determine how examination @fn implanted /
irradiated materialsusing TEM techniques will affect the mmstructure of the material being

examinedn order to avoid the erroneous interpretation of results.

In addition to being the subject of extensive research for application as a ceramic breeder material,
LpTiQ has been proposed for use in a multitudeather applications includinglectrode materials

for use in lithium ion batteries[38-44], microwave dielectricg45-47], and supercapattery
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applicationg48]. Since a number of thapplicationsfor which LiTiQ and similar lithiuracontaining
ceramics hve been proposeditilise materials with sumicron or nanoscale microstructural
properties[38, 41, 4345, 48] TEM is likely to be used to examitieir microstructure on the nano
scale. Hence, an understanding of the behaviour 4fiQi under electronirradiation in a TEMnay

also assist in the explanation of unexpected phenomena observed during TEM examination of
analogous materials developed for wider applications; thus avoiding the potential for erroneous

findings being made and reported.

The aims othis project were:
1 To determine the effects of the interactions of conventional TEM electron beamg wiiky
ceramics.
1 To investigate the influence of ceramic microstructure and processing conditions on the
susceptibility oLpTiQ to electron beam dmage
1 Toinvestigatethe effects of ceramic microstructure on helivmscumulationin LeTiG, and
identify the influence ofimplanted helium onthe thermal evolution of irradiation defects

thereinat temperatures relevant to breeder blanket operating cdrus.

In order to achieve the above aimshe effects of ceramic processing conditions on the
microstructure of LiTiQ ceramics produced by solid state synthesis and conventional sintering
methods were firstly investigated. Thereaftam;situ transmisgin electron microscopy was used to
observe the effects of electron beam irradiation on polycrystallin€Q; at room temperature We
report, for the first time, the observation of electron beam induced cavity formationiFi@i The
effects of electra irradiation time and the microstructure of the ceramic in itspaspared stateon

the formation and growth of cavitiegre identified, and the possible mechanisms responsible for the
observedcavity formationunder electron irradiation are discussefitbsequently, irsitu thermal
annealing experiments under electron irradiation in a TEM were used to investigate the thermal
evolution of electron beam induced cavities inTi@ ceramics with different microstructural
properties; such that the effects dfi¢ electron beam could be taken into account when interpreting
the results of the ion implantation experiments which followed. Finallysitun helium ion
implantation and complimentary isitu thermal annealing experiments were used to investigate the
effects of ceramic microstructure on the extent of helium accumulation and bubble formation in
LpTiQ, and to determine the influence of helium on cavity and bubble growth therein at

temperatures relevant to breeder blanket operating conditions.
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Chapter 2- Literature review

2.1 Candidate ceramic breeder materials

To be suitable for application as breeder blanket materials, lithium ceramics must pf48ess

0] High lithium atom density in order to maximise tritium breeding rg@i®R)which isthe
number of tritium @oms produced per fusion neutron. The TBR must be >1 to achieve
tritium self-sufficiency.

(i) Low tritium solubility for efficient tritium release and recovery.

(i) High thermal conductivity for efficient heat recovery.

(iv)  Good thermal, chemical and mechanical siahil

(v) Good compatibility with structural reactor materials.

(vi)  Desirable irradiation behaviour

In addition, current activation targets dictate that activity levels of fusion reactor materials should be
sufficiently low that they can be safely recycled withd0lears following removal from the reactor
[50]; as such, the residual tritium inventory of candidate ceramic breeder materials should ideally be
low, and the elemental composition should be such that no {wed radioactive isotopes are

produced as aasult of neutron irradiation.

Early investigations focused @O due to its high lithium atom density (0.93 g éjrand thermal
conductivity (3.4 WmK?) [49]. However, it has since been eliminated due to concerns regarding its
chemical reactivitywith water (LbO reacts readily with water to form caustic LiO&t)d structural
reactor materialsand mechanical stabilitfp1]. Hence, ceramic breeder materials research shifted
towards the ternary lithium ceramics4BiQ, LpTiQ®, LpZrQ and LIAIQ LiAIQ has since been
eliminated due to its low lithium content and concerns about the activation of alumirji@h
Internationally, LaTiG and LiSiQ are currently favoured over 44rQ;, presumably because of the

lower lithium atom density of the latter anithe potential for zirconium activation.

LpTiQ is currently the material of choice for use with blanket designs utilising ceramic breeder
materialsin India[10], Koreg53] and Japafi54], who are also developing€dl f f SR W& dzLJS NJ
tritium breeders composed of a solid solution l0éTiQ and LeZrQ [55]. The EU reference material

which is scheduled to be tested in Test Blanket Moduleghat International Thermonuclear

Experimental ReactoiTER TBMs composed of hyperstoichiometrickSiQ with minor inclusions
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of LpSiQ [56]; recent studieshowever,have shown that incorporatingpTiQ as a secondary phase
enhanced the mechanical propertiestbé latest generation o I R @ I ypB&iR c@rardidbreeder
pebbles[8], which are currently biag developed for use with the EU DEMO HCPB coffisgpt

The crystal structures and compositional chemistry of current catdideramic breeder materials
are discussed below,edected properties are listed iable2.1. The reseach carried out in this
project focussed on single phaseTi®; the structures and compositional details 0§3i0 and

LbZrQ are included for comparison.

2.1.2 Lithium netatitanate (L TiGs)

According to the phase diagram of the&O-TiGQ system[57] (as shown inFigure 2.1), three
polymorphs ofLpTiQ exist. At low temperatures a metastable cubic phdse §TiQ) exists, which
can be prepared under hydrothermal conditiofs8]T | 6 2 @ S-Lb D@ i8 progredsively and
ANNBOSNBAOGTL & -thasy @& BiviGeRempetaturé uye. iThe stable polymorph under
FYOASY G O2yRA G AN which hay @ nazo® homgger@ity irange, forming solid
solutions between48 and~-51 mol%TiG [57, 59]

CKS LKIFIAS 2F AYyUSNBad TF2NI I LILIX A @olyimarghysinded isl O
stable across the entire range of expectddnke operating temperatures (~400 €920 °J60]).

{ G2 A OKA-RLYiIG is 8tabI© upi to-1155°C[57], at which point a rapid, reversible transition to

the highl S Y LIS NI § dzNB cQeFi) tekesLgkdg30]S The hightemperature cubic phase
adopts a disordered rock salt structure and forms solid solutions over a wide range of compositions
(44 - 60 mol% depending on temperature); ngtoichiometric solid solutions remain stable in the
cubic structure to lower temperatures-1050°C and-930°C at thia-rich and titaniarich limits

respectively) than stoichiometricb TiG [57, 59] which melts congruently at1533°C.
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Figure2.1 Phase diagram for thepO-TiQ: system. Taken from [57].

a 2 y 2 Of-LATyGh bBlongs to space group C2/c and crystallises in a distorted rock salt structure
similar to LiSnQ [61]. The layered structure is constructed from eegwringLiG and TiQ
octahedra. Hexagonal close packed cation layers in the @dveplare occupied alternately by layers
exclusively composed of lithium, and layers composed of a 2:1 ratio of titanium and li{&&jnin

the mixed cation layers, lithium atoms occupy the centres of the hexagons, while titanium atoms
occupy the verticesOxygen atoms lie between the layers of cations. The structure according to

Kataokeet al. [61] is shown irFigure2.2.
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Figure2.2Y { ( NXzOLbTi@Na8cordiy tol Katakoat al[61] . Images generated using
CrystalMaker@63].

2.1.1 Lithium athosilicate (LiSiQ)

Under ambient conditions, the crystal structure lafSiQ is reported to be monoclinic, with space
group P2/m. The LiSiQ unit cell contains 14 formula units and can be ddsali as a supercell

consisting of seven smaller subcell units, each containing two formula[G4its

The structure according to De Joegal. [65] is shown inFigure2.3. The majority of lithiumatoms

are tetrahedrally coordinated by oxygen atoms, although fivefold and sixfold coordination of lithium
is also observed in the structure. Some partial occupancy of lithium atom sites is also repdded. Sil
is exclusively tetrahedrally coordinated. The Si0OQ, Li@, and Li@ polyhedra form a three

dimensional network by a combination of corrand edgesharing.
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Figure2.3: Structure of LBiIQ accoding to De Jongt al[65] Images generated using
CrystalMaker®3].
LySiQ melts congruently at 125% [66]. A reversible displacive transition involving a slight
contraction of the crystal lattice in the-axis with concurrent expansion in the and baxes is
reported to occur at 668C, which results in a small overall increase in unit cell vo[éTie Since no
change in crystal system or space group is associated with this transition, the high temperature

structure is assumed to be a slightly distmtversion of the room temperature structure.

According to the binary phase diagram for thigD-SiQ system[66, 68]severalithium silicates exist
in the region between 20 mol% and 50 mdB. Single phaskiSiQ is only obtained at precisely

stoichometric composition (32 Mol%SiQ).

In lithium rich regions (20 < mol%tQ < 330) hgSiQ forms as a stable secondary phase below 832°C;
above this temperature $i@ decomposes toLO and LukSiQ. Further heating results in the
formation of a lihium-rich liquid secondary phase at 992°C. In silica rich regions €8801%SiQ <

50) lithium metasilicate (:$iQ) forms as a secondary phase beld®24°C. Above this temperature,
either side of the eutectic point a38 mol%SiQ, eitherLsSiQ or LpSiQ coexists with a liquid phase.
Two other, possibly metastable phases3l®@[69] and LiSpO; [70]) have also been reported.

The EU breeder blanket reference material is based_.a8iQ with a small excess of silica, such that
LySiQ is the major phase (90 mol%) and.8iQ is present as a minor phase (10 molf#&}].

Incorporation of LISIQ secondary phase is reported to enhance mechanical propefTigg The
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structure of LiSiQ is orthorhombic with space group CmcZhains of cornesharng SiQtetrahedra
parallel to the(001) plane are in turn cornelinked to chains of cornesharing Li®@ tetrahedra

parallel to the same plane, such that Li atoms lie between &i@ns[73].

2.1.3 Lithium netazirconate (LiZrGs)
Similarly toLikSiQ, LiZrgdA a | a2 OFff SR Wt Ay S LK I-soshdmeirik ¢S o
solid solutions with exceskpO or ZrQ) and as such pur&pZrQ is only obtained at precisely

stoichiometric composition (50 mol%0).

At stoichiometric compositionpure phaselLbZrQ exists as one of two polymorphs. At lower
temperatures,LbZrQ adopts a tetragonal structure{tbZrQ) [74] which undergoes a progressive,
irreversible transformation to the stable monoclinic form-teZrQ) at elevated temperaturef/5].

The precise temperature at which this transition occurs is not clear from the available literature; it is
noted however that all of the samples examined by Wyers and Cordf{irtijewhich initially
contained tLpZrQ; at lower temperatures were fountb consist exclusively of #bZrQ following

heat treatments exceeding 975k701°C), indicating that the transition to the monoclinic form is

complete at this temperature.

In lithium deficient regions (< 50 mol%O) LZrQ is found to coexist withigher of two polymorphs

of ZrQ depending on the temperature of the system; with a monoclinic to tetragonal transition of
ZrQ occurring at-1177°C. In lithium rich regions close to stoichiometric composition (50 < bi@%

< 60)LpZrQ coexists with ZrO; up to the melting point of the latter~1269 °C) at which point
LsZrO7 melts incongruently into a lithi@ich liquid and solid.bZrQ [75].

m-LbZrQGis the phase of interest for breeder blanket applications. This phase is reported to be stable
upto its estimated melting point at 1693.5°C[75], although decomposition due to lithia losses has

been reported at temperatures exceeding 90076].

The structure of rLbZrQ, as reported by Hodeast al. [77], is shown inFigure2.4; it belongsto

space group C2/c and crystallises in a distorted rock salt structure similaBtg@ andi -LbTiGs.
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Figure2.4: Structure of mLbZrQ according to Hodeaat al[77]. Images generated using
CrystalMaker®.
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ZrQy octahedra with cations occupying hexagonal close packed layers in 004 planes; the difference

0 2 -Lili®,She ByerdigtuctdeNdScoratiucted from edglearing Li@and

being that h the case oLbZrQ, all cation layers are composed of lithium and zirconium in a ratio of
2:1. In each cation layer zirconium atoms occupy the centres of the hexagons, while lithium atoms
occupy the vertice§77] (effectively the reverse of the mixedigah 2y I @ S NELLTER). & S NI

Oxygen atoms lie between the layers of cations.

Table2.1: Basic properties of candidate ceramic breeder materia&Q@i LpTiQ and LiZrQ.

Candidate Material: LiuSiQ I -LeTiC m- LeZrQy
[49, 65] [61, 78] [77, 78]
Empirical Formula: LuSiQ LeTiC LbZrQy
Formula Weight / g mot: 119.85 109.76 153.10
Bulk Density / g cnt 2.35 3.43 4.15
Lithium atom density / g crit | 0.54 0.43 0.33
Melting point / °C 1255 1533 1695
Crystal System: Monoclinic Monoclinic Monoclinic
Space Group: P2/m C2/c C2/c
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2.2 Synthesis mthods
2.2.1 Solid state synthesis

The oldest and simplest method employed for ceramic synthesis is the Solid State Reaction method,
in which stoichimetric amounts of reactant materials in powder form are mixed together, pressed
into the desired shape and heated at high temperature for prolonged periods such that reaction
occurs at the interface between reactant partic[@9]. This technique is st¥lidely used today and,
according to literaturg80-83], it remains the conventional method for the preparation lHTIGs.

Titania (TiQ) is commonly used as a titanium source, while lithiarbonate (LiCQ) is the favoured

source of lithium.

Mandal et al. [82] reported that solid state reaction between anata3é®» and LiCQ begins at
around 600C, but found that pure €Q does not begin to decompose unti¥40 °C. Hence they
proposed that formation oLpTiG must occur without prior decompositioof the carbonate via the

following reaction:
LeCQ+TI: A LeTiG + CQ

A slight variation on this mechanism is proposed by Sehak [84] who suggest thaTiQ particles
have a catalytic effect on the decomposition ofd@®; as such the carbonatdecomposes at the

surface ofTiQ particles and the resulting oxide reacts rapidly witiky to form LpTiQs:
LeCQ A LeO+ CQ  (surface contact witlliQ particle)
LeO+TI: A LeTiGys

Growth of the resulting-bTiG phase is then proposed to procgéy the diffusion of Li and O through
the LeTiQ layer and subsequent reaction witiiG. The authorsreported no evidence of

intermediate phases ix-ray diffraction KRD patterns of partially reacted powders.

Since solid state reaction is, by defioit, reliant on the diffusion of ions through solid materials,
therefore high temperatures and long thermal soaking times are often required. Reducing the
particle size, thereby reducing the diffusion distance required for reactants to come into coraact, c
aid the process of solid state synthesis. This can be achieved by milling the reactant materials

together prior to calcination, which also ensures that reactants are well mixed.
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Zhukovet al. [85] investigated the effect ofo-calledmechanoactivatiorof TiQ-LeCQ mixtures by

high energy ball milling. They found that increased milling time resulted in more successful
conversion of reactant powders to the desired phase upon heat meat under the same
conditions Optimum parameters for the synthesiELbTiQ are reported to be 30 minutes planetary

ball milling followed by heat treatment at 630 with an isothermal soaking time of two hours;
although longer milling time and higher calcination temperatures are more commonly ad{fted

86, 87]

While milling may facilitate the formation of the desired phase by solid state reaction at lowered
temperature and/or reduced thermal soaking time, sintering at relatively high temperatures is

usually required to fabricatepTiQ ceramics of lgh density.

Maximising the bulk density of ceramic breeder materials is considered desirable as the overall
lithium atom density will be greater in a dense ceramic than a porous equivalent; hence the
probability of fusion neutrons interacting with lithium atoms in theeeder blanket will be increased

in a dense ceramic, which in turn increases thgum breeding ratio Densification of ceramics is
commonly achieved by solid state sintering, where ceramic powders are compacted under high
pressure and subsequently heaeated at temperatures typically ranging from 80% of the
melting point of the material88]. At such temperatures, diffusion of atoms from grain boundaries
and dislocations to neck regions between contacting particles results in densification biingeofi

pores. Itis widely accepted that the process of densification is driven by the reduction in surface free

energy associated with the reduction of internal faae area attributed to pores.

However, die to the inherent volatility of lithium, sieting of lithiumcontaining ceramics can be
problematic; the high temperatures required can result in the loss of lithium species. High
temperature vapourisation and thermal stability studies have been carried out on numerous
candidate breeder material®¢ludingLrO [89], lithium aluminateqd90], lithium zirconateq76, 91]

and lithium titanate[92]; Li andLpO are usually the predominant species detected in the vapour

phase, with LiO and30 present in smaller quantities in some cases.
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For examplethe thermal stability of lithium silicates has been investigated by €ra¢ [93] who
found that LkSiQ decomposes to b$iQ due to sublimation of lithium in the form df,Oaccording

to the process:
LikSiQs) A LeSiQe) + LeOy)

Since thdormation of LiSiQ attributed to the sublimation of lithium species is obsenadoss the
entire temperature range investigated in their study (90Q - 140C0°C), it is unclear at what
temperature the onset of lithium sublimation takes place. It is cleawever, that the rate of lithium
sublimation increases significantly with increased temperatWaile lithium vaporisation has been
reported in LiTiQ at temperatures in excess of 900 [#2], its structure is likely to be reasonably
tolerant of the asociated lithium deficiency due to the homogeneous range of solid solutions around
the stoichiometric composition of 41ii& in the LiO-TIQ system. Nonetheless, lowering sintering
temperature as far as reasonably possible is considered beneficial fepetispective of maximising

lithium retention.

Densification during sintering is accompanied by grain growth, the driving force for which is the
associated reduction in total surface (or interfacial) area, thus reducing the total interfacial energy of
a pdycrystalline system. Densification and grain growth #Tilk has been shown to be strongly
dependent on sintering conditions (e.g. temperature and duratif®), 95} as such, a degree of

microstructural control can be afforded by systematic variatibsintering conditions.

2.2.3 Solgel methods

Sol gel methods feature regularly in the literature concerned with synthesis of ceramic breeder
materials. The key advantage of g@l methods over traditional solid state reaction is the increased
homogeneityof reagents (afforded by the use of solution state precursors) which facilitates lower

processing temperatures and greater control over particle size and morph{96gy

Traditionally, sebel synthesis relies upon hydrolysis and condensation of midaides by reaction

with water in an organic ¢eolvent. Hydrolysis results in polymerisation of the metal alkoxide via
formation of metaloxane bonds. InitiaJigy KA & € SIFR&a (2 LI NIAIf O2y RSy
condensation reaction proceedsrosst Ay { Ay 3 200dzNE 0Sis6SSy Bt &YS

97]. The solvent is then removed and the gel calcined to yield the final product.
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The reaction is often acidr basecatalysed. Choice of alkoxide precursor, type and concentration of
catalyst employed and alkoxide:water ratio can all have significant effects on the structure of the gel
obtained. LeTiQ and LuSiQ with well-controlled nearidentical microstructures have been

synthesised by this method by Renoeital. [98].

Modern solgel techniques however, are not limited to reactions employing alkoxide precursors and
organic solvents. Watdnased systemswhere the sol consists of a colloidal suspension of precursors
which gel due to intermolecular forces (van der Waals/ hydrogemding) or interaction between
metal complexe$§96] - are increasingly utilised. Relevant examples of this include methods employed
by Yuet al. [99] and Wuet al[100], in the synthesis dfSiQ and LbTiQ respectively using water

based sehel methodsemploying citric acid as a chelating agent.

2.2.4 Melt praying

A method which has attracted major attention is the mefised KALOS (Karlsruhe Lithium
Orthosilicate)process, originally developedy a leadingfusion ceramicgesearch group at the
Karlsuhe Institute of Technology (KDY the production ofLikSiQ [101]. The process has since been
further developed for the production of dualJK I &S &I R@GF yOSRé¢ OSNI YAO oN
of LkSiQ and LiTiQ [8]; the addition the lithium titanatesecondary phase is reported to enhance
the mechanical properties of the resulting ceramics. In this prodidsisim hydroxide hydrate, silica,

and titania powders are mixed together andelted. The resulting melt is allowed to pass through

a pinhole nazleat the base of the crucible; after passing through the nozzle, droplets are formed as
a result of the decay of the jet of liquid as it falls through the air beneath. The resulting droplets are
dropped into liquid nitrogen to reduce deformation and ibi microstructural changes. This rapid
guenching is reportedly responsible for the dendritic microstructure of the resulting ceramic pebbles,

which exhibit densitie©95% of theoretical density (TD) depending aTi content.

For its simplicity, in conjunction with the microstructure control afforded by variation of sintering
conditions, solid state synthesis and solid state sintering were the methods utilised syhthesis

and microstructure engineering aspects of this project.
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2.3 Radiation dmage
2.3.1 Radiation damage mechanisms

The energy transferred to lattice atoms as a result of titeractions of cryslline materials with
particulate radiation (definedhere asneutrons orcharged particles such &nsand electron$ can

cause structural damage in the form of atomic displacements. The mechanisms of energy transfer
canbe split into two major categorielectronic stopping and nuclear stoppifip2]. Inelectronic
stopping, the energy of the incident particle is transferred to the electron cloud associated with
atoms in the material via inelastic interactions, resulting in electronic excitation and ionisation.
Electronic stopping mechanisms result in llewels of damage over a long range. Nuclear stopping,
where energy of the incident particle is transferredtémget nuclei via elastic collisions, can result in
much higher levels adisplacementdamage over a shogt range.Neutrons, being neutral pacies,
transfer energy to lattice atoms via elastic interactions with atomic nuclei. With the exception of low
energy heavy ions, the majority of energy transferred by charged particles (i.e. electrons and ions),
which interact with both atomic electrons dmuclei in a Coulombic manner, occurs via inelastic

interactions with atomic electrons.

Several models designed to calculate the maximum kinetic energy transferred to a lattice atom by
incident particles exist (which are further discusse@apters), the simplest approximation of this

Ad GUKS O0AYINEB O2ftftAaAizy Y2RStX 4KAOK Aa ol aSF
particles, which takes no account of relativistic effects. For an incident particle of energy E and mass
m, the maximum kietic energy Faxtransferred to a lattice atom of mass M is given[b§3]:

10 &

Y —
L a

From this relationship, it is clear that the proportion of the energy of the incident particle which is
transferred to target atoms by ballistic interactions is strongly dependent on the difference in mass
between the indilent particle and the target nuclei; i.e. a larger proportion of incident particle energy

is transferred to target nuclei by incident particles of similar mass. Nonetheless, sufficient energy can
be transferred from high energy particles of significantffedent mass to that of target nuclei (such

Fa GKS oSkFya 2F | OOStSNIUGSR St SOUNRyYya -20¢UK f A

displacement of lattice atoms via ballistic interactigh64].
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Atomic displacements result in the production of poidéfects in the form of vacancies and

interstitials, known as a Frenkel pagiesbasic 2D schematic is shown in

Figure2.5.
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Figure2.5: 2D Schematic of atomic diggkement resulting in the production of a vacancy defect
and an interstitial defect (Frenkel pair).

The displacement energyEof an atomin a crystalline structurés defined as the energy required
to displace the atom from its lattice site. If the engrgansferred to the lattice atom by the incident
particle is greater thand:the atom will be displaced, creating a primary knockatom (PKA) which
maythen displacefurther atoms in a so called damage cascade. Incident particles and the resulting
knodk-on atoms will continue to displace further atoms until their respective energies are reduced
below E. The amount of damagproduced in a materiads a result of interactions with radiation is
often quantified in terms oflisplacements per atom (dpajefined as theaverage number of times

anatomin a given systerhasbeendisplaced.

Knockon displacement damage can occur directly, as a result of elastic collisions of ingatgoles
(charged or neutral) with atomic nucldror knockon displacementd occur, the kinetic energy
transferred to the lattice atom by incidemqtarticlesmust be sufficient to exceed the displacement
energy (B); thus, if the maximum possible kinetic energy transfer to lattice atoms excegtitice
atoms can be permanentlisplaced Radiation induced point defects ceramic breeder materials

can originate frominteractions of lattice atoms witlfi) incident neutrongproduced by the fusion
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reaction, (ii) recoil*He or T atoms resulting from lithium transmutation, (iii) kkan atomsor (iv)

creation of lithium vacancies due to Li burnup resulting from lithium transmutdfios].

Charged particles (such as electrons and ions) can also induce displacemestgly as a result of
radiolysis due to inelastic interactiomgth atomic electrons A major part of the research carried

out in this project was concerned with the investigation of the effects of displacement damage
induced as a result of electron irradiation inTiQ ceramics under a conventional TEM electron
beam. In addition to knockn displacements due to elastic interactions with beam electrons, a
number of inorganic materials are known to be susceptible to electron beam induced displacement
damage as a result of radiolytic mechanisms; examples inelkdéhalideg106-108], alkaline earth
fluorides[109, 110]and silicated111, 112] For displacement to occur via radiolysis, a sufficiently
localised excitation of energy greater thams &d sufficient excitation lifetime (>1 ps) must be
induced, and a mdwanism for the conversion of excitation energy to momentum must ¢&i3].

One such mechanism was proposed by Knotek and Fiebdiidhto explain the phenomenon of
electron stimulaed desorption of oxygen fra maximum valency ionic compounds (where tbation

is ionised to its maximum oxidation state such that its outer electron shell is nominally empty).
According to this mechanism, externallyduted electronic excitation (e.dpy an electron beam)
resulting in ionisation of a core electron of the icet results in an inteatomic Auger process
whereby the core electron hole on the cation is filled by a valence electron from a neighbouring
oxygen anion. The energy released in this decay process is transferred to other electrons in the
oxygen anion, radting in Auger emission of one or two Auger electrons; thus, Auger decays can
remove sufficient electrons from oxygen anions to render them positively chargedreBulting
Goulombic repulsion between positively charged oxygen ions and surrounding roati&ains

subsequently leads to displacement (or desorption if located at the surface) of the oxygen ion.

2.3.2 lon implantation

Currently, no neutron source is capable of producing a sufficiently high flux of 14.1 MeV neutrons to
replicate the irradiation enditions of the first wall in a fusion reactdVhile a number of neutron
irradiation campaigns have been carried out on ceramic breeder mat¢tibfs121], the relatively

low flux ofneutronsresultsin slow accumulation of damage, whilmits practicdly achievable dose

levelsin a reasonable time frameéAs such the number of studies in which ceramic breeders have
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been neutron irradiated to fluences corresponding to levels of lithium burnup which are

representative of an operational fusion reactor asdatively few.

lon beam acceleratorare commonly used tanduce displacement damagand simulate the
production of gasesn irradiated materials. Heavy ions such as [86] and Xe[122] are often
employed in studies concerned with inducing high levelsdisplacement damage since the
proportion of energy deposited by nuclear stopping mechanisms is greater for heavy ions. The
production of gaseous transmutation products such as heJi23]can be simulated by implantation

of the relevant species; deutenin is commonly used as a tritium surrogate in studies concerned with
tritium transport [124-126] lon beam acceleratorallow for simultaneous dual (or mytie) ion
implantation, such that the effects of displacement damage and gas accumulation candmedstu
simultaneously127]. Some facilities, like the MIAMI systen{128]at the University of Huddersfield
(part of the UK National lon Beam Centre) which was extensively used in this projectinadituv
examination of the effects abn implantationusing TEM; such facilities have been used to study the

nucleation and growth of gas bubbles in irradiated materials at controlled temperafliged 29]

The main advantag®n implantation ighat high dose levels can be achieved in a short time frame
[130]. Additionally, ion implantation offers a high level of control with respect to experimental
parameters such as ion energy, flux, fluence and sp§tidd; these parameters can be tuned, often
according to the results of simulations using the softwaaekage SRINL32] (Stopping Range of
lons in Matter), such that ions are implanted to an appropriate depth and the effects of individual
parameters can be studied. However, typical implantation depths are limited to an approximately 1
pum layer close to th sample surface; as such, it is difficult to determine whether the damage induced
and / or behaviour of implanted gases in this limited irradiation volume are representative of bulk
NI RAFGAZ2Y O0SKIF@A2dzN ¢ KS KAIKSNI LyNGhLsgaddiion2 y 2
compared to those induced by neutron irradiation results in smaller defect clusters in the damage
cascade, and a higher surviving defect fract[@B1], additionally, sukhreshold collisions and
ionisation effects can cause increasedmaiefect diffusion in ion irradiated materials. Surface
effects are of particular importance to-gitu TEM experiments, which call for very thin specimens
with high surface area to volume ratio. Free surfaces act as a planar sink for point defects; defec
depleted or denuded zones attributed to the reduction in point defect supersaturation in the vicinity
of the free surface has been report§t33, 134] conversely, localised void swelling may occur close

to free surfaces due to the biased loss of intdials to the surface sinKL35]
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2.3.3 Extended defects: Formation and growth of cavities and gas bubbles

While the vast majority of Frenkel defects induced as a result of displacement damage by the various
forms of irradiation recombine and annihilateha aggregation of like defects can lead to the
formation of larger, more stable extended defects such as voids, cavities and dislocatioflléops

18, 136138].

Nucleation of voids and cavities is generally attributed the aggregation of vacancies, fatmch
clusters as a result of vacancy supersaturation (an excess concentration of vacancies over and above
the equilibrium vacancy concentration of a material at a given temperature). Several theories
regarding the causes of vacancy supersaturation have Ipgeposed. @e longstanding theory is

GKS a5Aaft20F0A2y . Al &¢ that, ZoRo®ihgZinitial Kisplaceérheat’add the T &
associated formation of a Frenkel pair, interstitial defects are preferentially absorbed at dislocations
due to the hgh elastic strains associated with selferstitial atoms[18], thus leaving behind an
excess concentration of vacancies. Atormaic scale HRTEM experiment by Xt al [136]
unequivocally showed the nucleation and growth of voids in the vicinity ofrgelfstitial atom (SIA)

loops in Mg under electron irradiation. Void nucleation in this case was attributed to vacancy

supersaturation adjacent to SIA loops which acted as biased sinks for interstitial atoms.

Lt GSNY I GA@GStes GKS a stdtRaRtdedniracasgade productian of trem&ly  a d:
stable, mobile SIA clusters in addition to thermally unstable vacancy clusters can result in high levels
of vacancy supersaturation; following the diffusion of mobile SIA clusters bygiomensional glide,
subsequent (partial) absorption of SIA clusters by sinks at dislocations and grain boundaries results

supersaturation of the corresponding vacandi£39].

In the absence of dislocations, cavity formation due to vacancy supersaturation has also been
attributed to the preferential loss of interstitial defects at free surfaces of thin film TEM specimens
as a result of the higher mobility of interstitials compared to that of vacart#3]. Under conditions
where a vacancy supersaturation has been estabtiskiee resultant net influx of mobile vacancies

to the walls of existing vacancy clusters results in cavity gr¢t&h

However, gven that small vacancy clusters readily collapse into dislocation loops or stacking fault
tetrahedra [141-144], the homogeneus nucleation of voids by random coalescence of mobile
vacancies is generally considered unli@]; as such it has long been theorised that the presence
of gas atoms is essential for void / cavity nucleation and subsequent gfa®&t22] The presene
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of gas atoms reduces the surface energy associated with vacancy clusters, voids and[t4%ifies
thereby stabilising the internal surfaceand in turn preventing the collapse of small voids and
facilitating growth. Void number density has been regaitto increase with gas concentration in
irradiated metals, indicating that the gas acts as an efficient nucleating 4#)48} In addition to
aiding nucleation, void embryos containing a sufficient quantity of gas have been reported to
experience preferstial growth, where void number density was significantly reduced or entirely
absent in degassed specimens of the same matd4dl]. Hence, thenucleation andyrowth of voids

and cavities is generally believed to ocbyrthe absorption of vacancieandgas atomg18, 23] the
extent of (volumetric) growth is primarily dictated by the supply of vacancies, the net absorption of

which may be driven by the internal pressure of the stabilising b&4].

According to Mayeet al.[146], anygas is capable aftabilising voids and cavitieldelium is known

to be particularly efficient inthis aspect indeed vacancy defects have been described as an
insaturable trap for helium due to the positive binding energy between interstitial helium atoms and
heliumvacancy clusters[147]. As such, helium trapped within cavities can reach very high gas
pressures, which in turn increases the driyiforce for vacancy absorption. Additionallyedto its
insolubility in most solidgL9], combined with high mobility and arshg affinity for vacancy defects
[148] helium readily agglomerates to form bubbles in irradiated materials. Helium bubble formation
has been observed in numerous classes of materials including ni£€al449] ceramicq420, 123,

150, 151Jand glassefl52].

Once nucleated, the growth and coarsening (i.e. an average increase in size and concurrent reduction

of number density) of cavities and gas bubbles occurs by a number of different mechftb&is

0] Vacancy collection the net absorption of vacanciesylravities, driven by the excess
pressure inside the cavities (exerted by gas atoms contained therein).

(i) Migration and coalescence (ME)Long range driving forces such as temperature or stress
gradients can result in the migration of cavities, which subsetjy leads to coalescence
and growth. Migration of cavities has also been shown to occur by Brownian motion in
the absence of long range driving folld&4].

(i)  Ostwald Ripening (ORExchange of vacancies and gas atoms between cavities / bubbles

by thermdly activated dissociation (rdissolution into the matrix) of vacancies and gas
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atoms from small cavities / bubbles, and subsequentleposition at larger ones. This

process is driven by the difference in pressures within small and large bubbles.

The effciency of cavity and bubble growth is known to be temperature dependent. The growth of
cavities and bubbles can be enhanced at elevated temperatures as a result of the associated increase
in the mobility of point defects (i.e. vacancies), gas atoms, haeaavities / bubbles themselvEss5,

156]. Hence, the frequency of coalescence events is increased due to the enhanced mobility of stable
cavities and bubbles, increasing the efficiency of MC. Under conditions where a vacancy
supersaturation is presenthe flux of vacancies to existing bubbles / cavities is increased; thereby
accelerating growth by vacancy collectigkdditionally, since the migration energy of vacancies is
generally greater than that of interstitials in oxide ceraniitS7], vacancies r@ less mobile than
interstitials. As such, at low temperatures where vacancies remain relatively immobile, mutual
recombination with mobile interstitials may be favoured over the vacancy aggregation processes,
limiting cavity growth. In the case of Ostwd Ripening, this mechanism relies on the thermally
activated dissociation of vacancies and gas atoms from existing vagas@omplexes. As such, the
activation energy for OR where helium is present is equal to the activation energy for helium (and
vacarcy) dissociation from existing bubbles, which is reported to be much higher than that of
migration and coalescend&56]; hence MC is expected to dominate at lower temperatures, where
OR mechanisms may contribute to growth to a greater extent at relativiglger temperatures.
Indeed, a transition from MC to OR in helium implanted metals has been suggested by Shroeder and
Fichner[158]® /| 2YLI NR&az2y 2F a/ FyYyR hw a@2ARé O2F NRS
was discussed by Evafib9], who conclded that, under conditions where growth by Ostwald
Ripening mechanisms would be appreciable, loss of vacancies to the surface would inhibit growth to
such an extent that it would not be possible to reach the cavity sizes observed in specimens annealed
in the temperature range of 7001000 °C; whereas the migration and coalescence model fitted
experimental data very well. Hence it was suggested that OR mechanisms did not contribute to void
growth at such temperatures. The pressure exerted by gases contaiitigid cavities is reported to

reduce the thermal emission of vacancies, which would also inhibit OR growth mechi€js

Thermal annealing experiments are commonly used to investigate the effect of temperature on the
growth of cavities and gas bublsleEnhanced growth is often attributed to the increased mobility of
defects, gas atoms, and the bubbles / cavities themselves.eDab[129] reported that the growth

of helium bubbles as a result of coalescence by random migration in helium implalited became
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more significant at temperatures in excess of 870 °C; no shrinkage of smaller bubbles was observed,
as such they conclude that OR mechanisms were not a contributing factor. Sasajahd37]
attributed the preferential formation of heliumubbles in the vicinity of dislocation loop planes in
AkQ:s at elevated temperature (1073 K) to the increased mobility of helium and vacancies, and the
de-trapping of helium from vacancies at higher temperature. Zirgtlal [20] suggested that the
reduction in the helium fluence required to produce resolvable cavities in MyAMgO and ADs

at elevated temperatures was due to the increased mobility of helamwancy clusters, they also
suggest that the decrease in cavity density in hydrogen and heliyptlanted MgAIO; at peak
implantation depth was due to the coalescence of neighbouring bubbles at 650 °C. Helium bubble
growth in MgAIOs and A$Os during thermal annealing was also attributed to coalescence
mechanisms by Fururet al. [160]. Ofanet al.[161]ascribed the aggregation of implanted helium

into bubble strings in LiINkQo increased mobility of helium at elevated temperature, subsequent
growth of helium bubbles was again attributed to coalescence. Vaedgpeydefects in helium
implanted zircaia were shown by Yarg al.[150]to increase in size with increasing helium fluence

at room temperature; preferential accumulation of helium at grain boundaries followed by
coalescence of the resulting bubbles was reported to result in the formatiancohnected channel
along the grain boundary. Taylet al.[162] reported that helium implantation into palladium metal

at 400 °C resulted in the rapid migration of helium and implantatmmuced vacancies to existing
cavities, indicating the high mohyli of the aforementioned species at such temperatures.
Subsequent cavity growth at temperatures in excess of 500 °C was attributed to coalescence.
According to Chernikost al.,[163]the coarsening of helium bubbles in helium implanted nickel was
fasterclose to the surface of thifilm specimens during thermal annealing in the temperature range

of 8731273 K. The authors ascribe this to enhanced relaxation of bubbles facilitated by the greater
supply of vacancies in neaurface regions, which are repedly transferred between bubbles by an

OR type mechanism. In the bulk however, bubble growth was proposed to occur via MC mechanisms
since an insufficient supply of vacancies (provided from dislocations in the bulk) prevents OR. Bubble
growth during the tkermal annealing of helium implanted nickel has also shown to occur by
coalescence in the work of Muntiferii@6], who also reported that the increased grain boundary
area in nanocrystalline nickel had a negligible ability to limit the growth of cavithesr work also
showed that specimens which had been {gl@maged by heavipn implantation prior to helium
implantation exhibited a higher, uniform, number density of helium bubbles in the bulk of the grains

than those which had not been piamaged; suggeing that existing defects can act as nucleation
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sites for gas bubbles. Growth of cavities inz§ coalescence under electron irradiation has also
been reported[164], which was shown by McCartney and Smith to be significantly exacerbated at

elevated emperatureq165].

2.3.4 Effect of microstructure on radiation tolerance and helium accumulation

The influence of microstructural properties such as grain size on radiation induced damage
accumulation and recovery has been investigated for numerous méeneany of these studies are
concerned with nanocrystalline oxide ceramics. The contrasting results of selected studies are briefly

discussed forthwith.

A number of materials have been reported to have superior radiation stability in nanocrystattme
compared to their larger grained analogues. This effect was first highlighted byeRalsg5] who
reported a linear correlation between grain size and defect number density in nanocrystalline ZrO
in the grain size range 18-70 nm, saturation of dett number density was apparently observed in
grains 70g 100 nm in size. They proposed that, since no resolvable defects were observed in grains
smaller than 15nm, all point defects were absorbed at grain boundaries, which act as efficient defect
sinks. Ayglomeration of defects in larger grains, leading to cluster formation, was attributed to the
increased diffusion path length to grain boundaries. Enhanced radiation stability in the context of
defect accumulation and amorphisation has also been reportgchfinocrystalline MgG®s [28],

which was reported to remain crystalline at"fluences approximately a factor of eight higher than

the onset of amorphisation in large grained (~10 um) polycrystalline counterparts; adeGd29],

where a lesser proption of samples consisting of 55 nm grains was reported to have amorphised
than those consisting of 221 nm grains under* iHediation. Deyet al[30] reported that larger
grained (220 nm) samples of yttria stabilised zirconia exhibited a higher nurebeityl of defects

than those with smaller grains (2538 nm) under Krirradiation; adding that both vacancy and
interstitial clusters were observed in larger grained samples, where only vatgreyefect clusters

were observed in smaller grained sanmgleThey attribute this observation to the preferential
migration of interstitial defects to defect sinks at grain boundaries during the cascade. However,
aside from the increased availability of defect sinks associated with the increased grain boundary
area of smaller grained materials, their irradiation response can also be affected by competing effects
which are detrimental to radiation damage tolerance. High surface energy associated with increased

interfacial area enhances the driving force for struelunodifications which reduce the free energy
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of the system, such as grain growth and phase transformations, which can reduce radiation stability
[166]. The highly localised energy deposition resulting from the increased confinement of excited
phonons ancklectrons in small grains, where the dissipation of energy is impeded due to scattering
at grain boundaries, can result in thermal spikes. In conjunction with the excess free energy of grain
interfaces, these two factors reduce the energy difference betwaenorphous(disordered) and
crystalline (ordered) states, lowering radiation damage resistance; as proposecebglLio explain

the amorphisation of nanocrystalline monoclinic Zt@der U irradiation[167]when bulk Zr@with

~ 0.2 um grains couldoh be amorphised under similar irradiation conditioji$8]. Other materials
where larger grain size has been reported to improve radiation tolerance includeNgyO
composite ceramic$l69], where larger grained samples exhibited increased resistangghése
transitions under Xeirradiation; and U@ ThQ and Ce® [31], all of which showed increased
volumetric swelling of unit cell parameters in nanocrystalline form (~20 nm grain size) as a result of
AU irradiation compared to microcrystalline analogug-2 um grain size). With reference to helium
accumulation,Huanget al. [29] reported that a higher fluence of helium was required to induce
bubble formation in GgZr,O; ceramics with smaller grain size. Similarly, according-#iniet al.

[32], nohelium bubbles were observed in helium implanted iron with grain sizes less than 400 nm,
but helium bubble density was reported to increase with increasing grain size in specimens with grain

sizes up to 3um.

2.4 Radiation damage studies o, LiO; (and other candidate ceramic breeder materials) and its

implications for material performance

The effect of X&ion irradiation on the structure dfpTiQ has been investigated by Nakazaeteal.

[122, 170Jusing a combination of XRD and Raman spectroscopy.rieeidd the breakdown of long

range order as a result of irradiation induced damage was demonstrated by observed redaoction
XRD peak intensity with increased ion fluence. Reduction of intensity and eventual disappearance of
peaks observed in Raman speoivih increased ion energy was also reported, indicating disruption

to shortrange order in structural units as a result of ion implantation; the authors suggest that
structural disorder as a result of irradiations is more dependent on electronic stopmetanisms

than nuclear stopping. Similar observations (significant reduction in Raman and XRD peak intensities)
have been made by Zhat al. [171]in the results of Arirradiation experiments carried out drpTiG

with grain size <5um.
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In addition to ntroducing structural disorder, and the formation of extended defects such as
dislocation loops and cavitiefiscussed previous|yadiation damage can lead to the formation of
secondary phases; colloidal Li metal has been detected in neutron irradia@fl 72], presumably

due to radiation induced segregation caused by preferential migration of particular types of defect.
Lithium burnup during operation will also result in compositional changes, potentially causing

precipitation of secondary phases.

Tdiks et al. [173] detected colloidal lithium irLsSiQ irradiated with fast electrons at an absorbed
dose of 1620 MGy between 40800 K, but argue thatiSiQ is sufficiently radiation stable for
application as a breeder material as the degree of riggis (the number of radiation induced defects
per structural unit) was 0:1% and does not exceed Li brup. Under the same conditions, no
colloidal Li was detected inbTiQ up to a dose of 500 MGy, and the limit of thermal stability for
localised defets is reported to be 55600 K; hence the authors state thekTiQ hasvery high
radiation stability Zarinset al. [174] conducted a similar experiment dikSiQ using 5VieV electron
irradiation (10.56 GGy dose); the results suggest that samples mih grain size (um) are more
stable under irradiation than saples with larger grain sizes. No publications concerned with electron
irradiation of ceramic breeder materials using TEM electron beams, nor the stability efilthin

specimens thereof undesuch beams has been discovered in this literature survey.

The aforementioned paper by Zariasal. ishowever,one of the very few which has shown direct
correlation between agprepared microstructure on irradiation stability. In many cases key
microstmuctural details (particularly morphological information) are omitted from papers concerned
with radiation damage performance. It is also apparent that, in cases where microstructural details
are provided, the microstructures of different candidate matevialibjected to similar experimental
investigation are often not comparable, thereby rendering true comparison of irradiation
performance problematic. There is a clear need to approach this area of research in a more
systematic fashion; this view appearshe shared by some of the leading researchers in the field:
G¢KS SFFSOGa 2F LS00t S YAONRAGNHzOGdzNBE 2y G NX G
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Gas bubbles attributed to heliuraccumulationhave been observed ihpO [175]. Macroscopic
swelling in irradiated_bO has alsobeen attributed to retained heliunjl76]. While there exists a

preponderance of evidencthat gas bubble formation can occur in ceramics as a result of neutron
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irradiation or ion implantation, veryttie effort has been made to understand the mechanisms of
helium accommodation in lithium ceramics for application as breeder materiddsioscale
examination of irradiated or helium / hydrogen isotope implanted ceramic breeder materials appears
to be raely carried outCarelleet al. [177] examined He implantedpTiQ under a TEM, and suggest
that precipitated helium forms nanocavities in the damage cascade during implantation; no-follow

up paper appears to have been published to date.

It is generally greed in the literature that the mechanism for tritium release from lithium ceramics

is a complex process involving (i) diffusion through the bulk of the grain, (ii) grain boundary diffusion,
(i) surface diffusion (iv) surface reaction (adsorption/desimp'ion exchange), (v) gas phase
percolation through pore structure, and (vi) trapping/detrapping of tritium by irradiation defects. It
is recognised that bulk diffusion is generally the rate determining step for-gn@eed samples,
while surface inteaictions can dominate in smaller grained sample&8-181]. Trapping of tritium on

defect sites becomes significant at high levels of displacement dafthage

It is often stated that small grain size and open porosity are beneficial for efficient triéleasg 33,

182]; Wedemeyetet al found that tritium release from smafjirainedLiSiQ was faster than that of
samples with larger graingl83]. Increased pebble density has been shown to increase tritium
residence time irLbTiQ [184]. Furthermore, theresults of recent neutron irradiation experiments

on LiSiQ breeder pebbles suggest that tritium release behaviour is dominated by the recombination
of tritium species at the sample surfadd$85]; such surface processes could be significantly altered

according to the porosity and grain size of ceramic breeder materials.

The extent of radiation damage is also proposed to affect tritium release characteristics. A thermal
desorption spectroscopy (TDS) study by Kobayetshli [186] showed a reduction in ttium release

rate and concurrent increase in peak tritium release temperature with increased neutron fluence in
LbTiQs. They propose that increased neutron fluence results in a higher concentration of defect sites,
which trap tritium and inhibit its relese from the material. A similar shift in tritium release
temperature was observed in the case of neutron irradiadt@8iQ, where samples which had been
irradiated to higher Li burup exhibited peak tritium release at higher temperatyie 6]. Further
evidence that radiation induced defects have a significant effect on tritium release performance is
the correlation defect annihilation and the rate of tritiureleaseobserved in neutron irradiated

LbTiQ andLisSiQ [14].
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Numerous studies concerning tritium filiSion and release have been carried out; the influence of
the presence of helium on tritium diffusion however, has not been thoroughly investigatee.of

the few publicationswhich directly investigates the influence of helium on tritium release from
ceramic breeder materials was carried out Kybayashet al. [24], who found that that the amount

of tritium released fromLpTiQ was reduced in samples which had been-pnplanted with helium.
Initially they proposed this to be due to trapping of tritiimhelium bubbles, but also note that the

level of residual tritium detected was low, and suggest that helium may displace tritium from trapping
sites, aiding its release. Although they appear to have reached conflicting conclusions, the results of
this gudy indicate that the presence of helium effects tritium release; as such their findiagant

further investigation of the behaviour of helium in ceramic breeder materials.
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Chapter 3- Materials and methods

This chapter describes the methods used to synthesmecess and characterise the materials
a0dzZRASR Ay (GKAEA LINPANNOIRAAYI SRKBA NG LINBE &0 £ RS & E
investigate the effects of the microstructural properties of the materials fabricated on their
behaviour under electn irradiation, the behaviour of implanted helium therein, and the thermal
evolution of irradiation / implantation induced defects at temperatures relevant to breedemket

operating conditionsre alsodetailed here.

3.1 Ceramic synthesis andqressimy
3.1.1 Solid state synthesis of2[iO; powders

Lithium metatitanate (LiNQ) powders were synthesised via the solid state reaction method

according to the following reaction:
LbCQ 5+ TiQ (s) A LbTiG s+ CQ (g

The phase purity of commerciabiyailable reagent powders,0Q (Acros Organicsa0Q 99+ % ACS
Reagent) and TgdAldrich Titanium (IV) oxide, ~325 mesh, >99% trace metals basis) was confirmed
by Xray diffraction as detailed in section 3.2.2 below. Reagents were dried (180 °C @rfiC90
respectively) for a minimum of 12 h prior to synthesis. The dried reagent powders were mixed
together in stoichiometric ratios and ball milled for 24 h under isopropanol with 10 mm +yttria
stabilised zirconia (YSZ) media. The resulting slurry was dviechight (80 °C) to remove the

isopropanol, and sieved using a mesh size of 250 pum.

3.1.2 Thermogravimetric malysis(TGA) of milled reagent@vders

TGA can be used to monitor the mass loss associated with the decomposition of reagent powders
during sold state reaction as a function of temperature. In the case of the formatidnb®fC by
reaction of TiQwith LeCQ, the reaction is considered to be complete at such a temperature where
no further mass loss associated with the evolution o @® a reslt of LbCQ decompositionis
observed. Hence, in order to identify an appropriate calcination temperature, a Perkin Elmer
TGA4000 thermogravimetric analyser was employed to carry out TGA on a portiom¢)49 the

milled reagent powders prior to cal@tion. TGA was performed under flowing air (BDmir?) from

30°C¢ 855°C using a heating rate of 1@ mir.
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Based on the results of thermogravimetric analysis (detailed in Chapter 4), the milled reagent
powders were calcined under atmospheria @ a box furnace using the tw&iage calcination
program shown irFigure3.1 (RT to 700 °C, heating rate of 5 °C-tifih dwell; and 700 to 730 °C, 5

°C min' heating rate, 4 h dwell). The twatage calcination program was adegd in order to allow

the reaction to progress as far as reasonably possible below the melting poinCat Huring the

first stage, thus mitigating the extent of possible particle agglomeration; the second stage ensured
that the reaction reached complein. The calcined product was ball milled for 24 h under

isopropanol with 10 mm YSZ media, dried overnight at 80 °C, and sieved using a mesh size of 250 um.

800 ~
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600 A
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400 A
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Furnace Temperature / °C
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Figure3.1: Temperature profile of the twstagecalcination programme adopted for the solid state
synthesis of.bTiQ powders from LICQ and TiQ reagents.

3.1.3 Sinteringg Densification and microstructural manipulation

Portions ofLTiQ powder (~0.3 g), synthesised as per section 3.1.1, weraxially pressed into
LISttt Sta omn YY RAFYSGSNE noy ¢2y 2R F wmnn a
subsequently sintered under atmospheric air in a tube furnace. One of the main aims of this project
was to investigate the effect of grasize and porosity on helium accommodation mechanisms;
hence, in order to investigate this, suites of samples with varying grain size and porosity were
produced. In order to determine the processing conditions required to produce the desired
microstructures, a sintering study was initially undertaken; sintering conditions were systematically
varied in order to determine the effects of sintering (i) temperature and (ii) duration, on the density

and microstructure of the resulting ceramics.
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Initially, green lodies were sintered at systematically increasing temperature (7501150 °C, 50

°C increments, 6 h dwell) in order to investigate the effect of sintering temperature on densification
behaviour, and thus identify appropriate sintering temperatures foe tbroduction of LbTiQ
ceramics of different densities. Based on the results of the aforementioned initial study, further green
bodies were sintered at two different temperatures for systematically increasing duratg@ts°C,

3 h-9 h, 3 h incrementsand 1000 °C, 2 h8 h, 2 h increments) to produce two suitescagramic
samples- a high porosity suite and a low porosity sugecomprising a range of grain sizes. This
allowed the investigation of the effects of sintering duration on ceramic grain gizéhe
temperatures adopted. A longer duration increment was employed during sintering of the porous
suite as the rate of grain growth was expected to be lesser at lower temperature. In each case, two

pellets were sintered simultaneously at each increna¢mémperature / duration.

3.2 Characterisation of reagents and pristineLiO; samples
3.2.1 Preparation of sintered pellets

One face of all sinteredJliQ; pellets was progressively polished to a 1 um finish using silicon carbide
grit paper followed byion-aqueous diamond suspensions, and thermally etched under atmospheric

air at 90% of the respective sintering temperature for 30 min prior to characterisation.

3.2.2 Xray diffraction (XRDY, phase analysis

XRD is commonly used to probe the structuremyfktalline materials, allowing the determination of

unit cell (the smallest repeating unit representative of the full symmetry of the crystal structure of a
material) parameters, space group, and the position of atoms which make up the respectivelunit cel
Phase identification is commonly achieved by comparison of XRD patterns to entries corresponding

to known structures in the International Centre for Diffraction Data (ICDD) database.

Given that the atoms in crystalline materials are, by definition, ceden a regular repeating array,
the structure of crystalline materials can be visualised as sets of uniformly spaced planes of atoms
separated by a distanad The orientation of a given set of crystal planes in relation to the unit cell

is conventionail represented by fractions of unit cell vertices denoted Miller Indices.
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Figure3.2 (Adapted from[187]): Schematic diagram portraying diffraction efays, as described by

NI} 33Qa f I ¢ ® répiededtdd byfhorizdintal yinSsisholvriNidsblackas are

represented by waves shown in green.

X-rays are a class of electromagnetic radiation, as such incideays<are scattered by atomic
electrons. Scattering of-Mys at consecutive planes withihd penetration depth of the incident
beam results in interference, which can be either constructive or destructive. The majority of
scattering events result in destructive interference; however, when the path length-rafys<
scattered at consecutive plasediffers by an integer number of wavelengths, constructive
interference occurs, increasing the cumulative amplitude of the scattered wave. This constructive
interference gives rise to peaks in the diffraction patterns of crystalline materials. Diffrgutimks
are directly related to the interplanar spaciog2 ¥ | 3IA @Sy aSad 2F ONBadGl f

law:
¢ Qi Qb
Wherenis an integercisthe XN & g @St Sy3dK | yR ‘rayshd (GKS Ay OA

Using the scenario depicted igure3.2, in which incident Xays are scattered by an angle equal to

H' G I talipludes udh théx N path difference ofds scattered at consecutive planes
RATFSNARA 0@ mM< O6NBadzZ GAy3a Ay O2KSNByd aol GdGSNRy
gl @SA0T GKS 2NAIAY 2F . NI 33 Q Zetryf ThestotaDdpathi diffe@ncdR S Y 2
of Xrays scattered at consecutive crystal planes is equal to the sum of the (equal) diséBwed

BCwhich is in turn equal t@ - (AB) Therefore¢ _ ¢ 0 @
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Using trigonometry: | Q& — 06 QiO—

Substituting AB fot _¥¢: — Qi Q& A € _ CQi Q¢

X-rays are widely utilised for diffraction studies since the wavelength-iafyXadiation is typically
the same order of magnitude as the d spacing of crystal planes; Xrags are of a suitable
wavelength to allow the diffraction peaks corresponding to the d spacing of planes of atoms in a

crystalline material to be resolved.

Diffraction patterns for simple (cubic) systems can be indexed (i.e. Miller Indices cangreddsi
each diffraction peak) using equations relating interplanar spadntp the unit cell parametera,
and possible values of Miller Indicés k, IA Y O2yadzy Ot A2y ¢AGK . NI 3IIQA

- - — — 0 0 a

Once indexed, approximate unit cell parameters can be calculated from the d spacing of peaks with
known hklvalues. However, such equations become significantlye complicated to solve where
more complex (less symmetric) systems are concerned; e.g. for monoclinic crystal systems such as

that of LpTiQ, the above equation for 1 /Zbecomes:

Hence indexing and unit cell refinement are often carried out with the aid of appropriate software

packages when dealing with more complex systems.

In this work, XRD was used to confirm phase purity of reagent powders, as well ababe
assemblage of the asynthesised_bTiQ powder and the sintered ceramic pellets. Powder samples
were ground toa fine, visually uniform texture using a pestle and mortar prior to data collectibn.

XRD data were collected in Bragg Brentano gediiiet dza Ay 3 / dz Yh NI RAIF GA2Y
t KIASNJ 2NJ t ! 3Rowderidifadtoimeters Wer® Ndfilised. Phase identification was
achieved by comparison of observed diffraction patterns to entries in the ICDD PDF4+ database with

the aid of EXX 3.1 (Bruker Diffrac Suite) and PDF4+ (ICDD) software packages.
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3.2.3 Density measurement

The dimensions of each sintered pellet were measured using Vernier callipers (precision: 0.01 £ 0.005
mm). The mass of each pellet was measured using a mass bgtaceion: 0.0001 £ 0.00005 g).
Modelling each pellet as a cylinder, the absolute dengity of each of the sintered pellets was
calculated from its masgn ) and the mean values (obtained from six measurements) of diameter
(D) and depth(d) according to Eq. (3.1). The er(@r yassociated with the density of each individual
pellet was calulated by propagating the maximum deviation and instrumental error associated with

each measured dimension through to density according to Eqg. (3.2).

- (3.1)

T ¢ — — (3.2)

where Vis the volume of the pelletdsis the surface area of the circular pellet facas the pellet
radius, and %&nd) Are the absolute errors associated with diameter and depth respectively (taken
as half of therange of six measurements, plus the instrumental error). Full details of how Eg. (3.2)

was constructed are given below:

T —

Neglecting— (negligibly small by comparison e):

As AO C—=2.-—=2.—

Final values of density were calculated from the mean average values of the absolute density

obtained from two pellets prepared under identical conditions. The final values of associated errors
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() m) are quoted as the sum of the errors calculateddach individual pellet propagated through

to the mean, and half of the range of the absolute density values obtained (Eq. (3.3)):

' P (3.3

3.2.4 Scanning electron microscopy (SEMjrain size analysis

SEM was used to examine the morphology of the millgd@i powder, give an estimation of powder
particle size prior to sintering, and to obtain a mistale overview of the microstructure of the
sintered ceramic pellets. SEM microghs also provided visual verification of the nature and extent

of porosity, and the extent of grain growth, exhibited by samples sintered under different conditions.

Electron Gun
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Back-scattered

Electron Detector Secondary

Electron Detector

Secondary Secondary
Electron

Interaction Electron Escape

Volume Depth (< 10 nm)
v Back-scattered

Electron
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Back-scattered Electron
Interaction Volume

Total
Interaction Volume

Figure3.3: Basic schematic of a typicBEM setup showing the escape depth of the secondary and
backscattered electrons which can be used for imaging.
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A basic schematic of a typical SEM setup is showgure3.3. A beam of accelerated electrons
(typically <30 keV) icussed to a small probe (typicallylD nm in diameter) on the surface of a
sample by a set of electromagnetic lenses. The probe is rastered across the sample surface.
Secondary electrons (SE) are produced as a result of inelastic scattering inteyaafit@am
electrons with weakly bound outeshell (valence or conduction) atomic electrons. If sufficient energy

is transferred from incident beam electrons to outghnell atomic electrons to overcome the
Coulombic forces which confine them to a particudom, a secondary electron is released; any
excess energy transferred to the released electron is retained in the form of kinetic energy. Most
secondary electrons come to rest within the interaction volume (the tihameensional region of the
sample in with most of the scattered beam electrons are contained), but those very close to the
surface may escape to the vacuum where they can be detected by the secondary electron detector.
Since detectable secondary electrons originate from very close to theceyi&E imaging is used to

obtain topographical information about the sample.

Beam electrons can also be backscattered (scattered through an angle greater than 90°) as a result
of elastic interactions with positively charged atomic nuclei. Due to the elastture of such
interactions, the kinetic energy of backscattered electrons (BSE) is comparable to that of the incident
beam, and significantly greater than that of secondary electrons; as such the escape depth of BSE is
much greater than that of SE. Asesult of this, much of the topographical information is lost, but
since the cross section for higimgle elastic scattering is proportional to atomic number (Z), more
electrons are backscattered by elements of higher atomic number. Hence, the contsesved in

BSE images can provide information corresponding to variations in the elemental composition of the

sample.

In this work, powder / pellet samples were mounted to aluminium stubs usineadalsive carbon

pads. The upwarfiacing surfaces (polisheahd thermally etched in the case of pellet samples) of
samples were sputtecoated with gold (15 mA,-2 minutes) prior to imaging in order to reduce
specimen charging. All SEM micrographs were collected in SE imaging mode using FEI Inspect F or FE
Inspect F50 electron microscopes operated at 20 kV. Both microscopes are equipped with field

emission gun electron sources.

The SE SEM micrographs obtained were subsequently used to determine the grain size distribution

and mean average grain size exhibitedUiQ samples sintered under the different conditions
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detailed in section 3.1. Using the image processing package INiE8f}) the longest available
dimension of 450 grains per sample was measured, and the corresponding mean average grain size
calculatel. Errors associated with the mean grain size are quoted as the estimated standard deviation

(ESD) of the 450 grain population measured.

3.3 (Insitu) transmission electron microscopy (TEM)

In a TEM, a beam of accelerated electrons is focussed onto &th00 nm) specimen by a series of
electromagnetic lenses. As the beam of electrons passes through the specimen, they are scattered
as a result of interactions (which may be elastic and inelastic) with atomic nuclei and atomic electrons
associated with th specimen material. Forwaistattered beam electrons are subsequently
collected, magnified, and focussed onto a fluorescent screen or a CCD detector by further sets of
electromagnetic lenses to form either an image or a diffraction pattern dependingeosttangth of

the second set of lenses. A simplified schematic detailing the basic components of a conventional

TEM is shown ifrigure3.4.
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Figure3.4 (Adapted from[189]): Simplifed schematic showing the basic components of a
conventional TEM. Schematic of an electron gun with a thermionic emission source inset top left.
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The Hitachi F9500 microscope used in this work, utilises aelLefgstal electron source, where
electrons are psduced by thermionic emission as a result of ohmic heating. Within the electron gun,
the LaB source is housed in a Wehnelt cylinder, where it acts as the cathode, and the electrons
produced are accelerated towards the earthed anode of the cylinder dtigetdifference in applied
potential. This difference in applied potential is known as the accelerating voltage. A slight negative
bias is applied to the Wehnelt cylinder; the resulting electric field focuses the accelerated electrons
into a crossover, andirects them through a hole in the anode into the microscope itself. The
electrons from the gun are transferred to the specimen by a series of condenser lenses (four in the
case of the microscope used here) and an aperture. The first condenser lens €&tBs ca
demagnified image of the gutrossover; the strength of subsequent condenser lenses are adjusted
to produce an undefocussed image of the C1 crossover at the plane of the specimen such that a
GLI NI €St o0SIYeé Aa Ay OA selayditurergducaskie coaviel§edde ¥ngly” @ ¢

of the electrons which reach the specimen, thereby producing a more parallel beam.

After passing through the sample, scattered beams of electrons are collected by the objective lens,
and magnified by a series oftermediate lenses (3 in the case of the Hitackd390) before being
projected on the screen / detector by the final (projector) lens. The strength of the intermediate
lenses can be adjusted in order to produce an image or a diffraction pattern, andoktontr
magnification. If the strength of the uppermost intermediate lens is adjusted such that its object
plane coincides with the image plane of the objective lens, an image is produced on the screen /
detector; if the strength of the intermediate lens is bubat its object plane coincides with the back
focal plane (BFP) of the objective lens, a diffraction pattern is produced. Respectively, the objective
and selected area apertures are used to limit the collection angle of scattered electrons exiting the

specimen, and dictate the area from which a diffraction pattern is obtained.

The TEM micrographs featured in this work were taken exclusively in Hiedgh{ BF) imaging mode.
For the formation of BF TEM micrographs, the objective aperture (located &RReof the objective
lens) is centred around the direct beam on the optic axis. In BF imaging mode, the contrast observed

in TEM micrographs is generally dominated by amplitude contrast arising from:

0] Mass / thickness contragtAtoms of greater atomic nulrer (Z) and/or thicker regions of
the specimen inelastically scatter electrons to a greater extent than atoms of lower Z /

thinner regions. Thus a larger number of electrons are scatteredxdf (and blocked by
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the objective aperture) by higher Z / thekregions of the specimen and as such these
regions appear darker in a BF image.

(i) Diffraction contrast; Regions of the specimen which are oriented such that they diffract
the incident beam away from the optic axis sufficiently for the diffracted beameto b
blocked by the objective aperture appear darker in a BF image; this is because the
electrons originating from the diffracting region of the specimen are intercepted by the

objective aperture, and hence do not contribute to the final image.

Fresnel contrat, utilised extensively in this work according to the Fresnel contrast analysis method
described in section 3.3.2, is a phase contrast effect arising as a result of an abrupt change of inner
potential between a feature (such as an edge, void, bubble @itydaand the matrix material.
Interference patterns due to the difference in path length of spherical waves scattered from the edge
of the feature with those that are scattered to a lesser extent (i.e. those passing through the
void/cavity or the vacuunmimediately beyond the edge of the specimen) results in the formation of

fringes at the edges of the feature.

In this work, four sample types, two from the high porosity suite and two from the low porosity suite

detailed in section 3.1.3, were selected THEM experiments on the basis that:

0] Samples from different suites exhibited a significant difference in density (and hence by
association the degree of porosity).
(i) Within their respective suite, samples exhibited comparable density and a significant

difference in grain size.

Thus allowing the effects of porosity and grain size to be investigated in the followsiiy iMEM

experiments.

All TEM experiments were carried out at the University of Huddersfield MIAMI FE28}using a
modified Hitachi FB500 TEM equipped with a lanthanum hexaboride @)afectron gunpperated
in bright field (BF) TEM mode at 300 kV. Beam current was recorded at 55 nA. Images and videos

were captured by a Gatan OneView CMOS camera with resolution of 16 MPx.

TEM was initidy used to characterise the microstructure of the selectedi ceramic samples on
the nanoscale. hsitu electron irradiation experiments were used to investigate the formation and

growth of electron beam induced cavities ialliQ; samples with diffeent microstructural properties
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at room temperature. The effects of temperature and electron beam exposure time on the thermal
evolution of electron beam induced cavities were investigated isitun thermal annealing

experiments.

3.3.1 TEM sample preparatn

To produce thin film specimens for use in TEM experiments, selected sintered pellets were sectioned
into cubes (~2 m#) using a slow saw equipped with a diamond cutting disk. The resulting cubes of
ceramic were mechanically thinned to a thickness oft60+ 10 um using silicon carbide grit paper
(P1200- P4000), the opposing faces were subsequently polished to a 1 um finish uskagjueous
diamond suspension. A Gatan model 656 dimple grinder was utilised to achieve a final thickness of
~20 pm in a hemspherical region (polished to a 0.25 pm finish) in the centre of each sample. Samples
were subsequently mounted to molybdenum TEM grids using Gatan G1 epoxy (cured at 80 °C, 1 h).
Electron transparent regions were produced using a Precision lon PoligtstegrS(Gatan PIPS-1I

dual beam modulation, automatic gas flow rate); Bn energy was gradually reduced (5 keV at 6°,

3 keV at 4°, 1 keV at 4°) during the ion milling process in order to minimise surface damage and

contamination, and to produce a greatarea of electron transparency.

3.3.2Room temperature insitu electron rradiation

In order to investigate théormation and growth of electron beam induced cavities #Ti at room
temperature, an area of selected thfilm specimens was exposed @BkeV TEM electron beam and

the exposure time (defined as the time elapsed while an area of specimen was exposed to the TEM
electron beam) was recorded. Live video was captured durksgunelectron irradiation, and bright

field TEM micrographs were tak at regular intervald-resnel contrast analysis was used to identify
vacancytype defects. In this technique, BF TEM micrographs are defocussed byc1800 nm in

order to observe the appearance and change in intensity distribution of Fresnel fivigels form

around vacancyype defects such as small voids, cavities, vacancy clusters or gas bubbles. inh under
focus images, vacandype defects appear bright with a dark fringe, while in ef@rus images they
appear dark with a bright fringe. Small $<nm) vacancyype defects are invisible when the TEM
image is in focus; thus the observation of a change in Fresnel contrast when the objective lens is
defocussed also allows a distinction to be made between vaeapeydefects and secondary phase
precpitates as the contrast associated with precipitates does not vary in this way, and often remains

the same irrespective of focus. In this work, bright field throfgtalseries micrographs (x 500 nm
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objective lens defocus) were taken at 10 minute intes\aflbeam exposure to monitor the formation

and evolution of TEM resolvable vacasgpe defects. Codenser lens settings were altered
according to the optimal conditions for imaging each individual specimen, as such it was not possible
to consistently nonitor electron fluence; this has been taken into consideration when discussing the

effects of electron beam exposure onTi(.

3.3.3 Insitu thermal annealing of LiNGs under electron irradiation

In order to investigate the effects of temperature the thermal evolution of electron beam induced
cavities in LiTiQ, a thin film specimen was initially thermally annealeesittt under constant
electron irradiation by a 300 keV TEM electron beam. Using a Gatan Model 652 -tititigating
holder equigped with a wateffed cooling system, the specimen was heated from 30 °C to 1000 °C in
100 °C increments; a 10 min dwell was incorporated into the heating program at each incremental
temperature. Live video was captured throughout the annealing processrurmiestant electron
irradiation, bright field througHocal series micrographs (£ 500 nm objective lens defocus) were

taken at the end of the dwell time at each incremental temperature.

In order to investigate the effects of minimising electron beam expmsime (and thus reduced
electron fluence) on the thermal evolution of electron beam induced cavities 2, the
experiment described immediately above was repeated with the gun valve closed (i.e. the electron
0SIFY g1 a STFSOUA Difgthe dwel tink at @dcISiRcre@dehtal dempeitdzdlJThe
same heating program as that specified above was adopted (8000 °C, 100 °C increments, 10

min dwell / temperature increment). The gun valve was only briefly opened at the end of the dwell
time associated with each temperature increment in order to capture bright field threfoght

series micrographs, thereby minimising electron beam exposure time as much as reasonably
possible. The electron beam exposure time corresponding to through-$ecek micrographs

captured at each incremental temperature was recorded.

In order to investigate the effects of ceramic microstructure and processing conditions on the
formation and thermal evolution of electron beam induced cavitiesJfiQi, subsequent aalogous
experiments were conducted on selectedTli®® samples with different microstructural properties
(produced according to the procedure detailed in section 3.1.3). The previously described method

for minimising electron beam exposure time was adapteroughout; the electron beam exposure
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time corresponding to through focaleries micrographs captured at each incremental temperature

was recorded in each case.

3.3.4 Insitu helium ion implantation and thermal annealing

In-situ helium ion implantatiorwas used to investigate the accumulation of helium isTiCk
ceramics with different microstructural properties at room temperature. Subsequergitin
annealing experiments were used to investigate the thermal evolution of helium bubbles, and the
effect of the interaction of electron beam induced defects with implanted helium on the thermal

evolution of cavities / helium bubbles.

To simulate the production of helium inTiG as a result of lithium transmutation following neutron
capture, thin film speanens were implanted with helium ions-gitu in a TEM using the MIAMI

system[128] at the University of Huddersfield MIAMI Facility.

High energy beamline
(not utilised in this work)
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Figure3.5 (Adapted from[128]): Schematic of the layout low energgdmline of the MIAML Il
system. Inset top left shows the geometry of the incident ion beam relative to the TEM electron
beam and the axes of the goniometer / sample holder.

61



Figure3.5 shows a schematic of the layout of the oW SNH& 06X wHn 10 @&ISF YT )

aeaidsSyYy dziAfAdASR Ay GKA& aitdzReT (GKS aeaidSy Ara
which was not used here. The low energy beamline utilises a Coult@iogun to produce high

ion currents fromlight gaseous species. The helium ion energy utilised in this work was tuned
according to the results of SRI[M32] simulations such that the majority of helium was deposited
within the thin film specimens, and peak helium concentration coincided appragiynavith the
centre of each specimen. The thickness of electron transparent regions of the specimen was
estimated to be ~100 nm. In order to investigate the effects of ceramic microstructure and
processing conditions on helium accumulation Tk, sdected thin film specimens with different
microstructural properties (produced according to the procedure detailed in section 3.1.3) were
implanted insitu with 5.5 keV Helons. Implantation was carried out at room temperature using a
He' ion fluence of aproximately 4x1& ions cn¥ s'. Specimens were implanted in 10 min 15 s
intervals (such that each interval corresponded to a fluence of ~2'8idi®s cnd), to a total fluence

of 1x1G7ions cn?. In order to circumvent any synergistic effects betweemehectron and ion beams
during implantation, the electron beam was not incident on the sample during implantation. Bright
field throughfocatseries micrographs were captured at each fluence interval. The electron beam
exposure time associated with the@uasition of micrographs at each interval, which was minimised

as far and reasonably possible, was recorded.

In order to investigate the thermal evolution behaviour of implanted heliumJhiQ with different
microstructural properties, and the interaotis of helium with electron beam induced defects, the
helium implanted specimens were subsequently annealesitinusing the same temperature profile

as was detailed in section 3.3.3 above (39 1000 °C, 100 °C increments, 10 min dwell / temperature
increment). Bright field througifiocalseries micrographs were captured at the end of the dwell time

at each incremental temperature. Electron beam exposure time was minimised throughout
according to the procedure detailed in section 3.3.3; the electron begposure time corresponding

to through focalseries micrographs captured at each incremental temperature was recorded in each
case. At the end of each experiment, areas of the specimen which had not been previously exposed
to the electron beam were examaa in order to independently determine the behaviour of

implanted helium at elevated temperatures in the absence of electron beam induced damage; thus
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enabling the effects the interactions of electron beam induced defects with implanted helium on the

thermal evolution of cavities / helium bubbles inTi} to be evaluated.

3.3.5 Image analysis

After acquisition, image processing was performed using the image editing software [[h88eA
bandpass filter (&0 pixels) was applied to each 4K image fh@iy G f NBaz2ft dziazy F
suppress features of low spatial resolution, and the contrast adjusted to enhance features of interest.
Processed underand overfocus micrographs corresponding to each throdgbusseries were

subsequently aligned arstacked.

As detailed in section 3.3.2, vacargpe defects (used here to describe voids, cavities or gas
bubbles) appear bright with a dark fringe in undecus micrographs, and dark with a bright fringe
in overfocus images due to Fresnel contrasac¥ncytype defects were considered resolvable only
if the fringes associated therewith could be observed in both unded overfocus micrographs

after processing.

The number density of vacantype defects was calculated by taking the mean averagehef t
number of resolvable defects observed in three different regions of equal area (25 x 25 nm or 50 x
50 nm depending on defect size), associated errors are quoted as + half of the range of the values
obtained over three areas. Vacantype defectsizewaR SG SNXYAY SR dzaAy3a G(GKS alL
Gdadzf GA tf20G¢ G22fa AyO2NLI2 NI {188Rin dosfumction witkhS &2 F
purposebuilt Excel spreadsheet. Greyscale intensity profiles of linescans across the longest available
dimension ofindividual vacancyype defects with well resolved fringes on opposing edges were
obtained using the line intensity profile and multi plot tools in Imad&8]. The distance between

fringes was extracted from intensity profiles in a s@matomated fashiorusing a purposéuilt Excel
spreadsheet which yields: (i) individual cavity diameters (taken as the average distance between
fringes of the same cavity measured in equivalent un@erd overfocus images), (ii) the mean
average cavity diameter (calculatéom the extracted diameter of 50 cavities), (iii) Estimated errors

in the form of the ESD and the standard error of the mean, and (iv) a population distribution of the

measured cavities according to size in graphical format.

Values of defect size repodéhere are given as the mean average value calculated from the extracted
diameter of 50 cavities; associated errors are quoted as the standard error of the mean. Examples of
the graphical outputs obtained from the purpoeilt Excel spreadsheet are showrFigure3.6.
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Figure3.6: Example of sermautomated measurement of defects in (a) ovand (b) undeifocus
micrographs, and the respective graphical outputs (c and d) obtdnoed Excel defect size
measurement spreadsheet (superimposed over corresponding BF TEM micrographs). (e) Example
histogram of defect size distribution constructed using output generated from Excel defect size
measurement spreadsheet; fitted distributionrme added using OriginP{290].
An outline of the process by which feature sizes (in this case cavity diameters) are extracted from
raw greyscale intensity profile data exported from ImageJ by the purpage spreadsheet is
detailed below. Note that thespreadsheet is designed such that the only input required from the
user is to paste the data (in the default .csv format from ImageJ) into a master sheet, and select an
appropriate threshold intensity; all outputs are automatéthis is a novel processsvkloped during

this PhD and is therefore described in detail below. The spreadsheet will be made publically available

via the publication presented in Chapter 5:

1. Greyscale intensity values for each linescan are automatically normalised to their respectiv

maximum.
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2. Individual graphical representations of each linescan (Linescan Distance vs. Normalised
LydiSyaAriteo FFTNB Ftdzi2YFdAOlrfte LX20GSRd hy
corresponding vertical intersects at the maximum and minimum intersecpoints of
intensity data with the threshold line is automatically generated. This provides the user with
a visual representation of how the measurement is being extracted, thus the cause of any

errors in output values can be easily identified.

3. The (%)ntensity value at which the threshold line intersects the Y axis is adjusted (by the
user) to an appropriate value such that the corresponding vertical intersects are
representative of the position of the opposing edges of the fringes of the featureseoést.

The horizontal threshold and corresponding vertical intersect lines displayed on all graphs are
simultaneously updated automatically with the input of the desired intensity threshold

percentage into a single cell by the user.

4. The lesser of the twinescan distance values corresponding to the vertical intersects on each
graph is automatically subtracted from the greater to yield the distance between fringes and
thus the diameter of the feature across which each linescan was drawn. The diamesehof e

feature is output and automatically transposed to a table in the form of a list.

5. The mean diameter of the same feature in undand overfocus images is automatically

calculated to give a final value of diameter for each individual feature, and addid table.

6. The mean average defect diameter of the population, an ESD, and the standard error of the
mean are automatically calculated from the final values of diameter measured from 50
defects. The diameter distribution is automatically displayedhim form of a customisable

histogram.

A copy of this spreadskéalong with a user guide can be found in supplementary file 1a.

65



3.3.6 Thermal Desorption Spectroscopy (TDS)

TDS was used to investigate the release characteristics of gaseous speciesTi@nsaiples with
different microstructural properties as a function of temperature. All TDS experiments were carried
out at the UK Atomic Energy Authority Materials Research Facility, located at the Culham Centre for
Fusion Energy. The TDS system emplayad a TPD Workstation type 640100 manufactured by
Hiden Analytical, shown Figure3.7; the system is equipped with a Hiden Analytical HAL/3F RCG 1051

9 PIC quadrupole mass spectrometer (MS).

Ultra-high-vacuum analytical chamber Heated sample stage Quadrupole MS

Figure3.7: (Adapted from[191, 192]: (a) Photograph showing the layout of the TDS system utilised

in this work (Hiden Analytical Workstation type 640100). (b) Photograph of the Internal layout of

the UHV analytical chamber showing the positaf the MS relative to the heated sample stage;

inset shows an example of the configuration of the sample, stage and MS during operation.

In this TDS system, the main analytical chamber is under-hifjta vacuum (UHV) during data
collection. The samples heated from below by the ohmically heated sample stage, the temperature
of which is controlled by an embedded thermocouple. Gaseous species evolved from the sample
during the heating programme are recorded by a quadruple MS positioned directly abosentipde,
in line of sight of the sample surface. Upon entering the MS, the desorbed gaseous species are initially

positively ionised by electron bombardment, and subsequently extracted to the quadrupole mass

analyser by a set of electrostatic lenses whicbederate and focus the gas ions.

66



Detector

Selected m/z

\/\/\ Other m/z

Figure3.8: Schematic representation of a quadrupole mass analyser.

The quadrupole mass analyser itself (depictedrigure3.8) consists of four grallel rods where
opposite rods are electrically connected. A voltage of opposite polarity, consisting of both direct
current (DC) and radio frequency (RF) components, is applied to adjacent rods. The electric field
produced by the biased rods causes ibas to oscillate as they travel through the central region
between the rods, the amplitude of these oscillations is dependent on the mass to charge ratio of
the ion (m/z). If the oscillations become too large or unstable, the ion will strike the rodsemaine
neutralised, as such only ions within a very narrow range of m/z will traverse the rods and reach the
detector; hence the ions which enter the MS are separated according to the mass to charge ratio.
Incrementally scanning through the voltage appltedhe rods allows ions with sequentially larger

values of m/z to pass through the rods to the detector.

In this work, sintered pellets were individually loaded into the TDS system and manipulated onto the
sample stage in the main chamber. An aluminiutniae ceramic plate was placed between the

sample and the stage itself to prevent contamination/reaction with the stage.

Each sample was heated by the sample stage underhigfavacuum (1.8x10+ 0.5x1@ Torr when
heating was initiated) from room teperature to 900 °C using a heating rate of 5°C1én30 minute

dwell was incorporated into the heating programme at the maximum temperature. The vacuum
pump was running throughout each experiment, the maximum pressure reached within the main
chamber, wiich increases during the heating programme due to outgassing of gaseous species from
the sample, was ~ 5x®0rorr. The release profiles of desorbed gaseous species of masfesmu

were recorded by the MS as a function of the stage temperature.
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3.4 Potential bias in the measurement of grain, cavity and bubble size

Linebased measurements are commonly used to measure the size and distribution of
microstructural features such as grain size from two dimensional (2D) micrographs. Lineal intercept
methods, seh as those described in the ASTM E112 standard for metallic mafé83lshave been
devised to streamline the process of manually measuring average grain size based on linear
intercepts with line segments. In these methods, a line is superimposedao®Brmicrograph, and

the average grain size is calculated from the known length of the superimposed line and the number
of intercepts between the line and grain boundaries. However, it is recognised that measurements
take from 2D images are inherently beastowards underestimating the dimensions of 3D features
since the imaged surface is an indiscriminate csEgion through3D volume As such, the
probability of this crossection coinciding with the longest dimension of a randomly oriented three
dimensonal particle is small; thus the actual measurement often corresponds to a dimension which
is shorter than the longest dimension of the partidorrection factors such as those calculated by
Mendelson [194] (recently corrected by Gerlt[195], where grans are modelled as
tetrakaidecahedraln morphology with lognormal size distribution, and grain size is interpreted as
the mean perpendicular distance between two parallel tangent planes averaged over all orientations,
can be used to take account for shexperimental artefact. However, as pointed out by W{t96],

these corrections are based on a fully dense microstructure consisting of equiaxed grains. Hence, in
light of the significant degree of porosity exhibited by th&iGs ceramics studied irhis work, it was
concluded that the use of conventional lineal intercept methods for the measurement of grain size
would not be appropriate here. Instead, a variation of a lineal intercept method was used in which
well-defined, individual grains were manibaselected and linear measurements were taken along
the longest available dimension on the basis that grain morphology was not typically significantly
anisotropic. While this method had the potential to introduce bias due to the somewhat subjective
nature of defining the longest dimension and the precise position of grain boundaries, it allowed the
measurement of only wellefined grains while simultaneously counteracting the inherent bias of 2D

measurement to underestimate 3D grain size to some degree.

A similar method, as described in section 3.3.5, was used to measure cavity and bubble sizes in
electron irradiated and / or helium implanted.LiQ ceramics using the longest available linear
dimension of manually selected features. While this method thedpotential to introduce similar

biases as those discussed above with respect to grain size, as well as the potential to overestimate
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cavity and bubble sizes where larger, more anisotropic features were concerned, this method
allowed the measurement adnly wellresolved features; thereby reducing the uncertainty arising
from overlapping features or lack of resolution in regions of poor contrast which would otherwise

have been included if a conventional lineal intersect methodology had been adopted.

Measurement of each grain, cavity or bubble across multiple dimensions would have afforded a
greater degree of accuracy and reduced the extent of any overestimation of the size of anisotropic
features, but this was deemed overly labour intensive given the remabd samples / conditions
studied and the number agheasurements involved. It is recognised that the accuracy of the absolute
values quoted with respect to grain, cavity and bubble size in this work may not, quantitatively
speaking, be an exact represetitan of the features from which the measurements were obtained,
and are likely to be underestimates of the true values where approximately equiaxed features are
concerned, and potentially overestimates where anisotropic features are concerned. Nonetheless,
the methods employed for the measurement of grain, cavity and bubble size throughout this work
were deemed sufficiently consistent to make valid comparison between the results obtained from

the samples studied.
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Chapter 4- Pristine characterisation and microstriiare manipulation

In this chapter, the results of solid state synthesis experiments and the characterisatioiiGg Li
powder are presented. The effect of pesgnthesis sintering conditions on the microstructure of the

resulting ceramic pellets is disael.

4.1 Solid state synthesis andharacterisation ofLLTiO; powder

LpTiQ was synthesised fromAGQ and TiQ as detailed in sectioB.1.1according to the reaction:
LeCQ )+ TiQs) A LeTiQ s+ CQ(g)

In order to identify a suitable calciian temperature for the preparation otLbTiQ powder,
Thermogravimetric Analysi§ GA was carried out on the milled reagent powder mixture prepared
according to the procedure described in sect®i.2 The results of this study are shownHigure
4.1. It is noted that mass loss associated W@t evolution begins to occur at ~470 °C, well below
the decomposition temperature of pure lithium carbonate in the absence of contactingar@cles
(reported to commence at ~740 °@ Mandalet al. [82]). As proposed by Sonakal. [84], this may
indicate that the decomposition ofAGQ, and subsequent reaction of the resultingQwith TiQ to

form LeTiQ, may be catalysed at the surface of Aparticles.
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Figured.1: TGA data collected from milled@CQ/ TiG; reagent powder mixture under flowing air.
Data collected using a Perkin EImer TGA4000 thermogravimetric analyser over a temperature range
of 30¢ 855 °C; heating rate 10 tain.
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No further significant mass loss associated With evolution is observed above 730°C; as such it can
be concluded that the reaction is complete at this temperature. Hence a maximum temperature of
730°C was defined for batch reagent powder calomain order to minimise lithium vapourisation

and maintain small particle size in theTiQ product.

A powder Xay diffraction (PXRD) pattern obtained from the powder prepared according to the
procedue detailed in section 3.1.Qusing a maximum catation temperature of 730 °C according

to the TGA results) is shown fgure4.2. Phase analysis carried out using the ICDD database in
conjunction with Bruker Diffrac Eva 3.1 software showed that the pattern mdexell to the
monoclinici -LbTiG structure reported by Kataokat al. [61]. Only peaks consistent with this
structure were observed, confirming that the powder obtained was single phdseliG. Miller
indices were assigned according to the corresponding I@@é? Diffraction Hle (ICDD PDF n61-
077-8280).
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Figure4.2: Powder XRD pattern obtained frdmaTiQ powder prepared by solid state synthesis.
Data collected using a Bruker D2 Phaser diffractometer using adlitiory 10-80°H ‘ 0202° step,
0.2 s/ point. Indexed according to ICBDF no. 0077-8280[61]. *Some hkl labels omitted for
clarity.
Figure4.3 shows secondary electron SEM micrographs of the mlligtiG powder fromwhich
sintered pellets were fabricated in subsequent ceramic processing experiments. The rounded powder

particles generally exhibit relatively spherical (as opposed to angular) morphology and low aspect
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ratio; the powder agglomerates observed in SEM ngcaphs were found to be composed of
particles estimated to be in the range of @15 pum in size, with a typical particle size of

approximately 0.5 pm.

Figure4.3: Secondary Electron SEM micrographs, cagatwsing an FEI Inspect F50 electron
microscope operated at 20 kV, showing the particle size and morphology of iillé® ceramic
powder prepared by solid state synthesis.

The small crystallite size associated with-suiicron particle size is liketp be a contributing factor
to the relatively broad peak profiles observed in the PXRD pattern, which is in turn responsible for
the lack of resolution where peaks corresponding to crystal planes of savsfaacing are concerned.
As such, many of the pka observed in the diffraction pattern shown kigure4.2 represent a
convolution of the contributions of -¥ays diffracted at several different crystal planes of simdlar

spacing.

The LpTiQ powder described abee was used to form the green bodies for use in subsequent

sintering experiments, the results of which are discussed in the following section.

4.2 Densiication and microstructure nanipulation

Maximising the bulk density of ceramic breeder materials issw@red desirable as the overall
lithium atom density will be greater in a dense ceramic than a porous equivalent; hence the
probability of fusion neutrons interacting with lithium atoms in the breeder blanket will be increased
in a dense ceramic, which farn increases tritium breeding ratio (TBR). However, the reduction in
surface area and open porosity associated with densification may have a detrimental effect on tritium
transport and release characteristiqd97]. Furthermore, ceramic microstructureogld have

significant effectson radiation damage resistancand helium accommodation mechanisms of
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ceramic breeder materials. Hence, the effects of ceramic processing conditions on ceramic density
and grain size ibbTiQ were investigated and subsequéyntailored in order to produce two suites

of samples; of high and low porosity respectivetywhich exhibited different grain sizes in order to
independently identify the effects of ceramic density and grain size on material performance in
subsequent eletron irradiation and ioAmplantation experimentsThe results below show the
effects of sintering green bodies at different temperagar(between 750 and 1150 °foy different
durations (between 2 and 9 hours), carried out to determine appropriate sinte conditions to

produce the two suites of samples required for the implantation / irradiation experiments.

Figure 4.4 shows the measured density afTiQ ceramic pellets sintered for 6 hours under
atmosphericair at incrementally increasing temperature. Data points shown are the mean average
value of the absolute measured densities obtained from two pellets prepared under identical

conditions, error bars were calculated according to Egr8)as detailed in ection3.2.3
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Figure4.4: Measured density dfbTiQ ceramic pellets sintered under atmospheric air for 6 hours
duration at incrementally increasing temperature.
The densification behaviour bbTiG wasshown to be strongly dependent on sintering temperature.
A significant increase in densification efficiency was observed between 800 °C and 950 °C, clearly
indicating an increase in the rate of the thermally activated atomic diffusion processes responsibl

for densification in this temperature range. At temperatures in excess of 950 °C, the observed
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increase in density with temperature was markedly reduced; the density of pellets sintered between
1000 °C and 1150 °C became effectively constant within ther eassociated with density
measurement. Hence, sintering temperatures of 900 °C and QDO °C were subsequently
employed to produce suites oEpTiQ ceramics which exhibitedhighé and dowe porosity

respectively.

Secondary electron SEM micrograg®wing the microstructuref the polished surfaces afbTiG
ceramic pelletssintered at 900¢ 1100 °C for various durations in order to produce samples with
different grain sizesare shown irFigure4.5. In ageement with the results of the preceding sintering
temperature study, it was visually apparent from SEM micrographs that the porosity of samples
sintered at 1000 °C and above was markedly reduced compared to those sintered at 900 °C; thus

confirming the srong dependence of densification efficiency on temperature.
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Figured.5: Secondary Electron SEM micrographs showing the polished and thermally etched surfaces
of LpTiQ ceramic pellets sintered 901100°C for various durations @9 hours) captured using
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On the basis oWisual inspection, the effect of sintering duration on densification at constant
temperature appeared to be minimal, although a slight reduction in the porosity of samples sintered
at 1000 °C may be evident at longer sintering durations. Grain growthalsasshown to be more
strongly dependant on temperature than sintering duration under the conditions studied; significant
non-uniform grain growth was observed with increasing sintering temperature Esgeare4.5 (ii),

(vi) and (viii) for example). Grain morphology initially became more angular during densification and
grain growth, presumably due to the reduction in surface energy associated with reducing the
average surface curvature of the rounded powder paricd®d maximising the contacting surfaces

of adjacent particles. As densification and grain growth progressed, grain boundaries were found to
become less angulavhich is proposed to bdue to the reduction of interfacial energy associated
with grain boundaes of lower angle. While it is apparent that the effect of sintering duration on the
extent of grain growth was comparably lesser than that of temperaturgjlale increase in grain

size wagyenerallyobserved with increasing sintering duration at asgivemperature; thus a broad
range of grain sizes was produced across the two suites of samples. Thenifaimity of the
observed grain growth res@tin a concurrent widening of grain size distributions as shoviAigare

4.6, which shows the grain size distributions obtained from each sample shokigure4.5 based

on measurement of the longest dimension of 450 grains per sample observed in 2D secondary
electron SEM mrographs. Quoted errors associated with the mean average grain size are equal to

one ESD.
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Figure4.6: Grain size distributions dfpTiQ ceramic pellets sintered @00 ¢ 1100 °C for various

durations(2 ¢ 9 hours) Statisticshownare based on measurement of the longest dimension of 450

grains per sample observed in 2Bcondary electrofSEMmicrographs Quoted errors associated
76

with the mean average grain siage equal to oneESD The inset figure in)(ishows the grain size

distribution obtained from the sample as the main figure over a narrower range.



Grain size distribution was found to be relatively narrow in samples sintered at low temperature (900
°C;Figure4.6 (i)-(iii)). The sample sintered at low temperature for the shortest duration (900°C, 3h)
exhibited a grain size range of less than 1.5 pm, which broadens to 2.5 um after extended sintering
duration. In each case the population deviated slightlyrfra normal distribution of grain sizes, the
modal value was found to be slightly skewed towards a value slightly smaller than the mean average
grain size. Consistent with namiform grain growth, this deviation from a normal distribution was
showntoincBl &S Ay &l YLX S&a aAYyGiSNBR Fd KAIKSNI GSYLX
sizes becomes increasingly skewed towards values smaller than the mean with increasing sintering
duration / temperature. While the modal size of the grains measuredagasistently between 1 um

and 2.5 pm, the range of grain sizes was found to increase significantly with increasing sintering
duration at higher temperatures, rising from ~4 um (1000 °C, 2h) to ~9 um after 8 h of sintering at
1000 °C; further increasing tel6 um after 6 h at the maximum sintering temperature of 1100°C,
where grain sizes appear to have approached a bimodal distribution. The observed increase in the
range of grain sizes is accompanied by a general increase in mean grain size, suggeséng that
relatively small number of large grains are growing at the expense of smaller ones, consistent with
an Ostwald Ripening type grain growth mechanism. However, in contrast to the statistics obtained
here, it is noted that this grain growth mechanism wothéoretically result in a skew of the grain

size distribution towarddarger grain sizes during the intermediate stages of grain growth, as
described by the Lifshit@lyozowVagner (LSW) modgl98, 199] where an extended tail is expected

at the smallend of the particle diameter range. It is proposed that the high proportion of smaller
grains observed in 2D SEM micrographs, which are responsible for the aforementioned skewing of
grain size distribution to sizes smaller than the mean, is due (at leaattintp the method by which

grain size measurements were obtained. Measurements taken from aRWoY Sy a A 2 y I f (
represented in an SEM micrograph obtained from a sample surface are inherently biased towards
underestimating grain size since the imagenface is an indiscriminate cresgction through the
grains. As such, the probability of this cr@estion coinciding with the longest dimension of a
randomly oriented threedimensional particle is small; thus the actual measurement often
corresponds ta dimension which is shorter than the longest dimension of the particle. This effect is
SEFOSNbBIFGSR Ay GKS OFrasS 27F &l YLSn8lgramsA (i2k0 afSINND!
between larger grains in SEM micrographs are in fact likely to represasgsections through short
dimensions of much larger grains, the longer dimensions of which are obscured by surrounding

particles in twedimensional images. This experimental artefact may explain the consistently small
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modal grain size measured acroskad the LeTiQ ceramics processed under the various sintering
conditions, and the increasingly skewed grain size distributions observed with increasing mean grain
size. It is also noted that the corresponding values of mean grain size calculatedif@aeagle are

likely to be an underestimate of their true value as a consequence.

The mean average grain size and corresponding density of all afbffi€ ceramics produced are
detailed inTable4.1; the corresponding graphicaépresentation is shown iRigure4.7. Density data

points shown are the mean average value of the absolute measured densities obtained from two
pellets prepared under identical conditions, density error bars weleuated according to Eqn..3

as detailed in section 3.2.3. Grain size data points were calculated from the mean average value of
the longest measured dimension of 450 grains analysed per sample, grain size error bars are equal
to + one estimated standd deviation (ESD). Values of density and mean grain sideassociated

errors, quoted inTable4.1 are rounded to the nearest % TD and 0.1 pum respectively.

Table4.1: Measured desity and mean average grain size data (determined by SEM image analysis
and manual density measurements respectively) ofiG; pellets sintered at 90 1100 °C for

various durations (2 9 hours). Used to construct the graphical representation showsigore4.7.

Assigned suite Sntering Density (%TD] Mean grain size, Sample ID for
al AIK t 2N conditions (um) from SEM TEM
af 26 12N analysis experiments
(where applicable)
HP 900 °C, 3 hours 65 +4 0.7+0.3 A
HP 900 °C, 6 hours 67 +3 1.0+04 B
HP 900 °C, Jours 72+ 4 09+0.4 _
LP 1000 °C, 2 82+2 1.6+0.8 C
hours
LP 1000°°C, 4 84+1 22+1.0
hours
LP 1000 °C, 6 84 +2 23+1.2
hours
LP 1000 °C3 87+1 23%+15
hours
LP 1100°C, 6 84 +2 34+26 D
hours
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Figure4.7: Top panelMeasured density ofbTiQ pelletssintered at 90G; 1100 °Gas a function of

sintering duration(in hour9. Bottom panel: Mean average graizeimeasured from the longest
dimension of 450 grains per sample observed in 2D secondary electron SEM micro§eappkes

(A¢ D) selected for use in TEM studies are marked with adjacent letféate the log scale, used

to highlight differencen grainsizes of the high porosity suite sintered at 900 °C.

Concurrent with the microstructure observations made from visual inspection of SEM micrographs,
the effect of sintering duration at constant temperature on densificatiwsas shown to be
significantly les pronounced than that of sintering temperature itself under the conditions studied
(Figured.7, top panel) These results suggest that the majority of densification occurred during the
first 2-3 hours of sintering.The absolute measured density of samples sintered at constant
temperaturewasfoundto vary by ~ 7 % and ~ 5 % of theoretical density (TD) at 900 °C and 1000 °C
respectively; whereas the difference in density between the two suites of sar(gitgsred at900

°C andd1000 °C respectively in the region of 1520 % TD. The density of the sample sintered at

1100 °C for 6lwasfoundto be comparable to those sintered at 1000 TGus a significant difference
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in density, and hence porosity by associatiSnE A 8 1a 0SS0 6SSy G(KS aKAIK L
dnn c/ 0 FyR GKS af 25 0 LIxN@samplestinsidedbit réspedtiersyité S NE

exhibited relatively comparable density.

In conjunction with the grain size distributions shownFigure4.6, mean average grain size data
(Figure4.7, bottom panel) confirms that sintering temperature also had a more significant effect on
grain growth than sintering durain. In the case of samples sintered at 900 °C, mean grain size
initially increased from 0.7 pum + 0.3 um to 1.0 pm £ 0.4 um at 3 hours and 6 hours sintering duration
respectively; however, no further grain growth was observed at 9 hours sintering dursiiticating

that the thermalenergy provided is insufficient to prom®turther grain growth at this temperature.

It is also noted that the rate of grain growth appeared to slow at sintering durations longer than 4
hours in samples sintered at 1000 °C. Carafively, samples sintered for 6 hours at incrementally
increasing temperature showed a significant increase in mean grain size (1.0 um = 0.4 ym, 2.3 um %

1.2 um, and 3.4 um = 2.6 um at 900 °C, 1000 °C and 1100 °C respectively).

Two samples from each saitwo high porosityA and Band two low porosityC and D], marked by
adjacent letters irFigure4.7) were selected for subsequeEM studeson the basis of exhibiting
the most comparable densityithin their respective suitein conjunction withthe largest available
difference ingrain size This allowedhe effects of ceramic density and grain size on material
performanceto be investigatedn subsequent electron irradiatiomd ionimplantation experiments

detailed in the chapters which follow (Chapters®.

A summary of the properties of the samples selected for TEM studies, including a brief discussion of
the crystallographic differences between samples processed under different conditions (identified
from XRD patterns), and the actual grain size of specific grains observed during TEM experiments is
given as part of the following results chapter (Chapter 5), which is presented in the format of a

manuscript prepared for publication.
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4.3 Conclusions of stine dharacterisation and microstructure manipulation>g@eriments

The microstructural properties ofLbTiQ ceramics prepared using solid state synthesis and
conventional sintering methods were shown to be strongly dependant on-pgaghetic processing
conditions. The densification behaviour @bTiQ@ was found to be strongly dependant on
temperature, and relatively independent of sintering duration within the limits of the conditions
studied. The extent of grain growth during sintering was shown toalfected by both the
temperature and duration; hence, by adjusting the conditions employed, the microstructure of
LbTiQ ceramics can be tuned in such a way that the contributions of porosity and grain size to the
YFEGSNREFf Qa LIS NF 2 NormgrdsScaniby inveskightEdehjiesatiire degegtant]
crystallographic disorder, attributed to the presence of stacking faults and cation disorder has been
identified ini - Li2TiO3 ceramics prepared by conventional solid state sintering; an inverse
relationship between sintering temperature and the degree of deviation from the ideal structure was
found to exist, suggesting that the concentration of intrinsic defectse$ylido be greater in samples

sintered at lower temperatures.
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Chapter 5- Room temperature electron beam inducedaeity formation in LpTiOs

ceramics

Chapter 5 details work carried out in order to observe the effects of electron beam irradiation on
polycrystallineLpTiQs ceramics at room temperature using-$itu transmission electron microscopy
(in-situ TEM). Details of the synthesis and characterisation of the bulk samples (which were selected
from those described in Chapter 4) from which the thim TEM specimns used in this work were
prepared prior to irsitu TEM experiments are included. This work is presented in the form of a

manuscript which has been prepared for publication.

For ease of reference, the labels corresponding to figures and tables have ti@gted in keeping
with the format of this thesis. A separate reference list, which relates only to this chapter and the

manuscript therein, is included at the end of this chapter.
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Abstract

Polycrystallineithium metatitanate (bTiQ) is an attractive material for eange of applications,

including battery materials and microwave dielectritshas also attracted a great deal of attention
as proposed tritium breeder material for use in nuclear fusion reactors. During the continued
development of LG, and similar kcontaining ceramics, for these advanced applications,

transmission electtn microscopy (TEM) is likely to be employed to study the rsinature of these

materials and, in the case of nuclear fusion applications, their response to radiation induced damage.

In this work, we have shown that electron irradiation in a conventid@i&¥ results in the formation
of nanometre sized vacandype defects at room temperature, and that the size and number density
of the vacancytype defects are linked to ceramic microstructure and crystallographic disorder.

Electron beam induced vacantype defect formation is discussed in terms of electron beam

heating, electron beam induced radiolysis and electron beam induced displacement damage; the

displacement of Li and O lattice atoms is proposed to be primarily responsible for the observed

damage.Results suggest that the formation and growth of vacaype defects is a twatage
processes, initially driven by the supersaturation of vacancies due to the preferential loss of
interstitials to the surfaces of thin filMEM specimens, followed by coséence of larger vacancy
type defects, which leads to cavity growth. Furthermore, results frerayXdiffraction suggest that

growth is facilitated by the presence of £®@roduced by the decomposition of &CQ surface
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reaction layer under the electrobeam. These results highlight that care must be taken when

interpreting TEM data and undertaking the associated analysis, especialyontaining oxides.

Introduction

Lithium mettitanate, LiTiQ, has been the subject of research for a multitudeapiplications
including electrode materials for use in lithium ion batterj@s7], microwave dielectricg8-10], and
supercapattery applicationgll1]. LpTiQk has attracted particular interest in the field of tritium
breeder materials research for nucleusion, and is currently considered to be one of the leading
candidate ceramic breeder materials for use with various breeder blanket concept designs proposed

by several international research grougd-14].

The latest generation of ceramic breeder maaés being developed for use with the EU DEMO
concept design, known as the helium cooled pebble bed (H{ABB)are composed primarily of

lithium orthosilicate (LSiQ) incorporating LiTiQ as a secondary phad&6]; addition of lithium

titanate to the EU reference formulation, composed of hyperstoichiometrgSiQ with minor
inclusions of L5IQ [17], was shown to enhance the mechanical stability of the ceramic pebbles.

2 KAES GKS O2YLI GAO0AfAGE 2F GKSAS WioRkRatelfiBRQ O
the pebbles are reported to show excellent thermal stabjlif§], adequate thermal conductivif20],

appropriate tritium release characteristif®l], and reasonable tolerance to radiati¢2®].

During operation, ceramic breeder matdsgawill be subjected to high levels of radiation, primarily

from high energy (14.1 MeV) neutrons, which will induce high levels of displacement damage.
Radiation induced displacement events introduce defects in the form of vacancies and interstitial
atoms (known as Frenkel pairs); the correlation between defect annihilation and tritium release
behaviour suggests that these defects may act as trapping sites for trjf@@R5], and as such

impede tritium release and recovery, which is detrimental to the mikel f Qa LIS NJF 2 |
Furthermore, aggregation of vacancy and/or interstitial defects can result in the formation of

extended defects such as voids, cavities and dislocédimps[26-30].

Microstructural properties such as grain size are known to affect ittaiation behaviour of
materials. Enhanced radiation tolerance, attributed to increased interfacial area associated with

grain boundaries which act as efficient defect sinks, has been reported in numerous nanocrystalline
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materials[31-35]. Aggregation bdefects in larger grained analogues, leading to the formation of
defect clusters, has previously been attributed to the longer diffusion path to sinks at grain
boundarie$31, 36] Conversely, other materials exhibit higher radiation tolerance when they a
composed of larger grains; for example, JOhQ and CeQare all reported to exhibit a greater
degree of volumetric swelling as a result of heavy ion implantation in nanocrystalline format than
their analogous microcrystalline counterpaifd7]. Whilethe increased availability of defect sinks
associated with the increased grain boundary area of smaller grained materials may improve their
radiation damage tolerance, competing effects such as the enhanced driving force for structural
modifications assaated with higher surface energy, and the increased localisation of energy
deposition due to inefficient dissipation of energy as a result of phonon scattering at grain boundaries

[37, 38]potentially reduces the radiation damage resistance of smallengcamaterials.

Transmission Electron Microscopy (TEM) is routinely used to examine the effects of externally
induced radiation damage, including void and cavity formation, in irradiated andriplanted
materials[28, 39, 40] Irrespective of the appliten, TEM is likely to be used to examing & (and

similar lithiumcontaining ceramics) on the nasszale; particularly since a number of its proposed
applications utilise materials with suhicron or nanoscale microstructural propertids 4, 68, 11].

hyS FILOG2N GKIFdG A& 2FGSy 20SNIaeySROMA2HKEO0ES
GKdza ySOSaalNAfte& FO0OO02YLI yASR 0 gP.A MYDBac,RMEI;dzND |
which, in this context, refers to the effects tife TEM electron beam itself on the specimen being
examined. Electron beam induced damage can occur as a result of scattering interactions of incident
(beam) electrons with the electrons or nuclei of the specimen material. Where elastic scattering
interadions with nuclei can induce knodn displacement of lattice atomslirectly, inelastic
interactions with atomic electrons can indirectly induce displacement damage via radiolytic
mechanismg42]. TEM electron beam damage has been reported in many inargaaierials,

notably alkali halide$43-46], alkaline earth fluoride$47, 48] silicates[49, 50] zeolites[51], and

maximum valency transition metal oxidgs2-56].

Given that electron irradiation in a TEM has the potential to introduce defects whéekianilar in
nature (i.e. atomic displacement) to those induced by neutron irradiation and ion implantakioth
of which are commonly used to study / emulate radiation effects in materidlss important to
determine how examination ofbTiQ using TEM techniques will affect the nasstructure of the

ceramic in order to avoid the erroneous interpretation of results. Such investigations allow the effects
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of the electron beam to be taken into account in any future experiments which utilise TEM to
invegigate the effects of radiation damage in ceramic breeder materials contalifigy, and may

assist in the explanation of unexpected phenomena observed during TEM examination of analogous
materials developed for wider applications; thus avoiding theeptial for erroneous findings being

made and reported.

In this work, insitu transmission electron microscopy was used to observe the effects of electron
beam irradiation on polycrystallinepTiG at room temperature. The effects of electron irradiation
time and the microstructure of the ceramic in its@&pared state are identified, and the possible

mechanisms responsible for the observed behaviour under electron irradiation are discussed.

Methods

Lithium metatitanate (pTiQ) powders were synthesisevia the solid state reaction method.
Commercially available reagertsCQ (Acros OrganicsCQ 99+ % ACS Reagent) and,{AMrich

Titanium (IV) oxide, ~325 mesh, >99% trace metals basis) were dried (180 °C and 900 °C respectively)
for a minimum of12 h prior to synthesis. The dried reagent powders were mixed together in
stoichiometric ratios and ball milled for 24 h under isopropanol with 10 mm ystadilised zirconia

(YSZ) media. The resulting slurry was dried overnight (80 °C) to removeptmpesaol, sieved using

a mesh size of 250 um, and calcined under atmospheric air in a box furnace usingstadgeo
calcination program (from RT to 700 °C, heating rate of 5 °C, @hih dwell; and from 700 to 730 °C,

5 °C mirt heating rate, 4 h dwell)The calcined product was ball milled for 24 h under isopropanol

with 10 mm YSZ media, dried overnight at 80 °C, an@diasing a mesh size of 250 um.

Portions of the resulting powder (~ 0.3 g) were uniaxially pressed into 10 mm pellets, (100 MPa, 1
mnf RO G2 F2N¥ a3INBSY 02RASaE yR aAAYyIiSNBR dzy
the relationship between ceramic grain size and electron beam induced damage was investigated. To
investigate this, four pellets were sintered at different timmand temperatures to produce a range

of grain sizes and open volume porosity. Specifically, two high porosity samples were produced by
sintering at 900 °C for 3 h or 900fo€6 h; and two low porosity samples were produced by sintering

at 1000°C for 2h or 1100 °C for 6 h.
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Due to the relativey high degree of operporosity exhibited bythe pellets, and the propensity for
LTI and other lithium ceramicto reactwith air and watef{57-62], density measurements using

the Archimedes principle were naippropriate in this case. Therefore, the density of each sintered
pellet was calculated from its respective mass, diameter and depth, modelling each pellet as a
cylinder. The values of density reported here were calculated from the mean average valbes of t

densities obtained from two pellets prepad under identical conditions.

One face of all sintered ceramic pellets was polished to a 1 um finish usirggueous diamond
suspension and thermally etched at 90% of the sintering temperature for 30 mim fwio
characterisation. Xay diffraction (XRD) was used to confirm the identity and phase purity of the

sintered ceramic pellets. XRD data were collected at room temperature in Bragg Brentano geometry

using Cu Kradiation (I mM®pnmy ) 0 dza A y3Powder tiffrdctbnieteri Rh@de

identification was achieved by comparison of observed diffraction patterns to entries in the ICDD
PDF4+ databasg63].

Scanning Electron Microscopy (SEM) was used tormb@te grain size grain morphology and the
nature of porosity in the sintered pelletsThe pellets were mounted onto aluminium stubs using
adhesive carbon discs and the polished surfaces were sputter coatedold Secondary electron
SEMimages were cdtected usingan Inspect F50EM equipped with a field emission gun (FEG)
electron source operated at 20 k\Grain size statistics were calculated based on measurement of
the longest dimension of 450 grains per sample observed in 2D SEM imasgesured ging ImageJ
[64].

Transmission Electron Microscopy (TEM) was used to characterise the microstructure of the pristine
specimens on the nanscale, and to investigate the formation and growth of cavities due to
exposure to the electron beam. To produce thiim specimens for use in TEM experiments, sintered
pellets were sectioned into cubes (-2 Frasing a slow saw equipped with a diamond cutting disk.
The resultingceramic cubes were mechanically thinned to a thickness of 60 um = 10 um and polished
to a 1um finish using nofaqueous diamond suspension. A Gatan 656 dimple grinder was utilised to
achieve a final thickness of ~20 um in a hemispherical region (polished to a 0.25 pm finish) at the
centre of each sample. Each sample was mounted to molybdenumgfii8/using Gatan G1 epoxy
(cured at 80 °C for 1 h). Electron transparent regions were produced using a Precision lon Polishing

System (Gatan PIPS dlual beam modulation, automatic gas flow rate). During the milling process,
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the Ar ion energy was gradily reduced from 5 keV at a milling angle of 6°, to 1 keV at a milling
angle of 4° in order to minimise surface damage and contamination, and to produce a greater area
of electron transparency. All TEM experimentsre carried outusingthe MIAMHI systan [65], at

the University of Huddersfield using a modified HitacF®390 TEM equipped with a lanthanum
hexaboride (Lad} electron gunpperated in bright field (BF) TEM mode at 300 kV g@saand videos

were captured by Gatan OneView CMOS camera witbotation of 16 MPx. In order to investigate

the formation and growth of cavities ibpTiQ under the electron beam, the beam exposure time
(defined as the time elapsed while an area of specimen was exposed to the TEM electron beam) was
recorded throughoutCondenser lens settings were altered according to the optimal conditions for
imaging each individual specimen, as such we were unable to consistently monitor electron fluence;
this has been taken into consideration when discussing the effects of eleb&am exposure on
LbTiG. Where possible, liveideo was captured durin-situ experiments, and bright field TEM
micrographswere taken at 10 minute interval§resnel contrast analysis was used to identify
vacancytype defects in the samples. In thischnique, BF TEM micrographsreélefocussed by +

500¢ 1000 nm in order to observe the appearance and change in intensity distribution of Fresnel
fringes which form around vacantype defects such as small voids, cavities, vacancy clusters or gas
bubbles In underfocus images, vacandype defects appear bright with a dark fringe, while in ever
focus images they appear dark with a bright fringe. Small (< Yasgncytype defects are invisible
when the TEM image is in focufus the observation of a chge in Fresnel contrast when the
objective lens is defocussedso allows a distinction to be made between vacatype defects and
secondary phase precipitates as the contrast associated with precipitates does not vary in this way,
and often remains the ame irrespective of focus. In this work, bright field throtfgbatseries
micrographs (x 500 nm objective lens defocus) were taken at 10 minute intervals of beam exposure
to monitor the formation and evolution of TEM resolvable vacatype defects. Afteracquisition

image processing was performeding he image editing software Imadg4]. Abandpass filter (3

50 pixels) was applied to eadK imaged K2 NA T 2y G | £ NB & supptesddayure§of n ny n
low spatial resolutionand the contrast adjusted to enhance features of interest. Processed under
and overfocus images were subsequently aligned and stackadity number density was calated

by taking the mean average of the number of resolvable defects observed in three 25 x 25 nm areas.
Greyscale intensity profiles of linescans across cavities were obtained usitigpéhatensity profil€
anddmulti ploté tools in ImageJ. The diste@ between fringes was extracted from intensity profiles

in a semiautomated fashion using a purpo$eiilt Excel spreadsheet which yields: (i) individual cavity
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diameters (taken as the average distance between fringes of the same cavity measured ireagjuival
under- and overfocus images), (ii) the mean average cavity diameter (calculated from the extracted
diameter of 50 cavitiesgnd (iii) a population distribution of the measured cavities according to size.
Examples of the graphical outputs obtainednfrdghe purposebuilt Excel spreadsheet are shown in

Figureb.1.

d Intensity / % Maximum ‘
-

greyscale value

2
:
A

Normalised Intensity / % Maximum §=8

1.000 2.000 3.00
Linescan Distance / nm

00 06 12 18 24 30
Defect size (/nm)

Figure5.1: Example of sermhutomated measurement of defects a) over- and (b) under-focus
micrographs, and the spective graphical outputs (c and d) obtained from Excel defect size
measurement spreadsheet (superimposed over corresponding BF TEM micrographs). Example
histogram of defect size distribution (e) constructed using output generated from Excet defe
measurement spreadshesiifted distribution curve added using OriginPro.

The spreadsheet is designed such that the only input required from the user is to paste the data (in
the default .csv format from ImageJ) into a master sheet, and select an appephegshold
intensity (indicated by the white dashed line ligure5.1). Al outputs are automated. A copy of this

spreadshet along with a user guide can be foumdSupplementary file 1a
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Results and discussion
Microstructure and phase analysis

Oneof the aims of this work was to investigate tHank between ceramic grain size apdrosity, and
electron beam induced damage. In order to separately investigate the effectanf gize and
porosity, two suitesof samples were pragced, each with different densities; the sampleghin

each suiteexhibitedsimilar ceramic densés but different grain sizes.

SEM and manual density measurements were used to determinendangrain size and dengiof
ceramicpellets. Figure5.2 shows secondary electron SEM image&iofiQ samples sintered at A)
900 °C foB3 hours, B) 900 °C for 6 hours, C) 1000 °C for 2 hours, and D) 1100 °C for, &ritbtire
corresponding lowmagnification bright field EM micrographs showing the specific grains examined

during TEM electron irradiation.

(A) 900°C, 3h (SEM)

-

Figure5.2: Upperrow: Secondary electron SEM images shovéingverview of thanicrostructure
of four LeTiQ samplesA-D, sinteredfor different durationsat different temperatures in order to
produce the suite of samplassed in this studylL.ower row: Corresponding lemagnification bright
field TEM micrographs showing the specific grains examined during TEM elecation.
Tableb.1 details the mean average grain size and denggtermined by SEM image analysis and
manual density measurements respectively) of each of the samples shawigure5.2. Individual

grain sizes were measured using the longest available dimension, the mean average grain size was
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subsequently calculated from the longest measured dimension of 450 grains analysed per sample.

Erors quotedfor mean grain sizare equal to one estimated standard deviation (ESD)

It is noted that, while there is a general increase in mean grain size from sample A to sample D, each
sample exhibits a range of grain sizes. As indicated by the increase in the ESD associatechwith grai
size distributions, the breadth of this range is shown to increase as mean grain size increases,
consistent with a discontinuous (namiform) grain growth mechanism. Hence, in order to avoid
ambiguity, the grain size of the specific grains investigatddEM experiments was measured directly

from TEM micrographs. The actual grain sizes used in TEM experiments, stated as the mean value of
four measurements taken across each grain, are ligtdthble5.1; errors qioted are half the range

of the four measurements taken across each grain.

The densiy valueggivenin Table5.1 were calculated from the mean average values of the densities
obtained from two pellets prepared undedentical conditions ¢ KS | 6 a2f dziS RSy aa
cylindrical pellet was calculated from its mass, and the mean average values of diameter (D) and
RSLWIIK 6RO 20ilFAYSR TNRY &AE YSIadiNBYSyiao ¢KS

were calculated according to Eq. (1):

TMom G — — (1)

GKSNBE 15 FYR {tR FN’ GKS | 0a2ftdziS SNNBENR aazo
half of the range of six measurements, plus the instrumentadrgr Tte final errors quoted imTable
5.1 are the sum of the errors calculated for each individual pellet propagated though to the mean,

and half of the range of the absolute density values obtained (Eq. (2)):

1 — @
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Table5.1: Mean average density and grain size (determined by SEM image analysis and manual
density measurements respectivelyf)the LbTiGG samples showm Figure5.2, and the actual size
of the specifiggrainsexamined duringelectron beam irradiatiorideterminedfrom TEM
micrographs)Errors quoted were calculated according to Eqg. (2) for densB5D for mean grain
size, and half of the range of four measurements across each grain for actual grain size used in TEM
experiments

SamplelD and sintering Density | Meangrain size (um)| Actual gain size
conditions (%TD) from SEM analysis used in TEM

experiments (um)

A) 900 °C, 3 hours 65+ 4 0.7+0.3 0.58+0.11
B) 900 °C, 6 hours 67+3 1.0£0.4 0.75+0.12
C) 1000 °C, 2 hours 82+2 1.6£0.8 0.93+0.12
D) 1100 °C, 6 hours 84+ 2 3.4+2.6 X MKDO8Y

*Longest dimension of grain was largéan the field of view in the lowest available magnification
image of this area; hence the figure quoted corresponds to the minimum possible grain size and is

likely to be an underestimate of the actual grain size.

Figureb.3illustrates the variation in densities and grain sinéthe four samples studied. Samples A
and B were determined to have comparable densities (65% ottt and67 % of TD: 3%,
respectively), but different grain sizes (£ 0.3 um and 10 um= 0.4 um, respectively). Similarly,
samples C and D were determined to have comparable densities (82%xd1%@nd84 % of Tkx
2%, respectively), but different grain sizes (@6+ 0.8 um and 3.4 unx 2.6 um, respectively). Owing
to the differencein densitiesand hence the degree of porosity by associateamples A and B are

NB ¥ S NNEB Rhighporodity diAKIS ¢ | YR & YLI Sa low pdrogith dgh (iNSSEFAS
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Figure5.3: Top pael: Measured density of £TiiQy pellets (A), (B), (C) and (D) as a function of
sintering duration, in hours. Bottom panel: Mean average grain size measured from the longest
dimension of 450 grains per sample observed in 2D secondary electron SEM micsoghigie

the log scale, used to highlight difference in grain size of 900 °C suite, samples (A) and (B).
Figure5.4 shows normalised XRD patterns obtained from the polished and thermally etched surfaces

of the sinered pellets. Phase analysis carried out using the ICDBHPD&tabase showed thahe

structure indexed well to thenonoclinic -LeTiG structurereported by Kataokat al.[66] ICDD PDF

no. 0:077-8280. Only peaks consistent with this structure weteservedn the diffraction patterns

of all sampleshence, diffraction patterns were indexed according to this structure using space group
C2/cand lattice parametersa = 5.0623(5) Ay = 8.7876(9) A;= 9.7533(15) Agndi = 100.212(11)°

as reported byKataokaet al.. It is noted thatsome peaks arentirely absent or unresolvable in the
diffraction patterns of samples sintered at 990(specifically (021) (023) (112) arid ?) peak}y, and
some variationin relative peak intensitiegi.e. inversion of(020) and (110) peaks and loss of
resolution of (111), ¥11) and (022) peaksgxists between samples sintered at different
temperatures Deviation from the ideal structure is apparently reduced with increased sintering
temperature. Very similar pak broalening, loss of resolution and inversion of relative peak
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intensities ha been reported by Boulineaet al. in the crystalographicallyanalogous material
LeMnOz[67]; they ascribe these observations to cation disorder and the presence of stacking faults
Hence weproposethat cation disorder (Li/Ti exchange) and the presence of stacking faulkely

to be largely responsible for the deviation ofTi( from the structure reported by Kataoket al.
particularly in the case of samplsmtered at lowetemperature where the thermal energy supplied

may be insufficient to form the ideal, fully ordered structure.
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Figure5.4: Bottom: XRD patterns of LG pellets sintered under different conditions. Indexed
according to ICDD PDF no-@a7-8280 [63, 66]. Lowermost pattern (shown in black) simulated from

[66] (generated using CrystalDiftt® [68]), tick marks correspond to indexed peaks, some hkl labels
omitted for clarity. Top: Expandedviewof-89%¢ ¢ H‘ NI} y3IS aK2gAy3a Ay GOSN
intensity and loss of low angle peak resolution in samgietered at lower temperate.
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Electron beam induced damageeffect of exposure time

High porosity sample A (smallest graissitered at 900°C for 3 hours), was used to investigate the
effect of electron beam exposure time on polycrystalling iG. Figure5.5 shows the formation and

growth of defects irLbTiG under a 300 kV TEM electron beam at ambient temperature as a function

2F SELRA&AAINBE (AYSP 28 RHHRHDGYFS bdinktd&kendradNdregidbrof thet A Y
sample which had only been exposed to the electron beam for the time it took to set the eucentric
height and take the througfocatseries. In order to achieve this, the standard TEM calibration
process was carried out on aféifent region of the sample. Vacantype defects were identified by
analysis of brighfield throughfocalseriesmicrographs according to the observation of ttleange

in contrast of Fresnel fringes upon defocussing the objective lens. Inspection divéhgideo
[Supplementary file 2]taken in undeffocus condition during electron beam exposure, revealed the
appearance of very small (~1 nm) bright features after approximately 6 to 7 minutes of exposure to
G§KS St SOGNRY 06SI Yo | #rétidadistnctohdngedatioSrasof heFredfel S E LIZ
fringes around these features wabserved in througHocalseriesmicrographs(shown inset in

Figureb.5), indicative of vacancyype defects.

96



(A) Pristine (A) 30 mins e-exposure

Figureb.5: Underfocused bright field TEM micrographs ofTi@ (sample A) taken at 10 minute
intervals, with the corresponding througfocalseries inset. The contrast change observed in the
underfocused (U), ifiocus (F) and ovefocused (O) micrographs is characteristic of vacanpg
defects.
Asshownin Figure5.5, the vacancytype defects appear to nucleatelatively uniformliythroughout
the region observed, aniohcreasein size with increasing electron beam exposure tifiee defects
exhibited irregular, norspherical morphology, with rounded (as opposed to angular) edges in most
cases. Nosspherical cavities attributed to the effects of ion irradiation have been oleseto form
in other oxide ceramics; for example in the work of Zimtlal.[69], irregularly shaped cavities were

found to form in the vicinity of dislocation loops iri ifhplanted A:Oz, and in Himplanted MgAIO,

where no distinct relationship betweecavity morphology and the crystallographic orientation of the

matrix material was identified

Individual defect sizes were measured across the longest available dimension with well resolved

fringes on opposing edgesigure5.6 shows the mean average defect sfzalculated from 50 defects
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per imagg observed inLeTiQ@ measured at 10 minute intervals of beam exposure, and the
corresponding mean average number density observed in three 25 x 25 nm (62%ureas Error

bars represent the standard error of the mean in the case of defect size, and the range over three
areas in the case of number density. The mean average defect size was found to increase from ~1.4
nm after 10 minutes of beam exposure time, to ~28 after 120 minutes of beam exposure time.

The most significant defect growth occurred in the first 40 minutes of electron beam exposure, where

a nearlinear increase in defect size was observed. Beyond 40 minutes of beam exposure the rate of
defect growthwas observed to decreasmean average defect sizgasshown to stabilise after ~60
minutes, after which time the defect size was found to remain constant up to 120 minutes of beam

exposure within the errnassociated with measurements.
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Figure5.6: Mean average defect size and defect number density observedTiy (sample A) as a
function of electron beam exposure time

A concurrent decrease in defect number density was observed with defect gramtpproximately

inverse relationship existgharacteristicof a coarsening process. During the first 40 minutes of

exposure to the electron beam, where the highest rate of defect growth was observed, defect

number density was shown to decrease rapidly froh®6-defects to ~60 defects per 625 harea

confirming that defect growth was accompanied by coarsening.

No TEM resolvable vacantype defectswere observed regions of the sample far removed from the
areathat had been under irradiatiorSince no vacanetype defects were resolvable in the pristine

specimen, nor in areas of the specimen which had not been previexgbsed to the electron beam,
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we conclude thathese defects form as a direct result of exposure to the TEM electron bidanrt.
we will describe andliscuss potential damage mechanisms that gave rise to the observed defect

formation.

Electron beam damage can be broadly split into three categories, namely radiolysis (ionisation

effects), knockon damage(atomicdisplacementue to ballistic collisionsgnd beam heating.

Beam heating

Beam heating may occur due to inelastic interactions of beam electrons with the atomic electrons of
the specimen. Due to the similar mass of the particles (electrons) involved in such interactions, a
significant amount of eergy can be transferred to atomic electrons; this energy may be dissipated

in the form of heat, resulting in a localised increase in specimen tempergtOie

Building on the work of Fischffl]> ~ W#tyld7R]developed an equation (Eq. (3) below) designed
G2 S&GAYIGS GKS YFEAYdzY NA&S Ay 201t aLISOAYS:

9

vy — L ae— @
Wherel is the primary beam current, is the thermal conductivity of the specimen materials the
charge on an electromy is the radius of the heat sink (1.5 mm for a TEM specimen 3mm in diameter)
andr, is the radius of the primary beam (estimated to be between 1.5 um and 2.5um in this work).
n 9s the total energy loss for a single electron over a distah¢gample thickness). According to
WS yét alg72], and later Edmondsoet. al. [73], assuming the beam energy loss is constant
throughout the sample, and negligibly small compared toiti@dent beam energy, thp 9 keRn
in equation (3) can be substituted for the rate of energy lbogdeam electrons-E / d¥ due to
interactions with atomic electrons. This can be calculated using the B&ltheh formula, which, for
electrons (includig corrections for relativistic effects) is shown in Eq. Nte that the expression
given byWS yeb &l [F2] requires that the density ( of the specimen material is input in atoms®m
to yield the correct result if all other input values are in 8its) here,Na and A terms have been

added to Eq. (4) such that if all input values are in Sl units, the equation yields an output[i2]:m

. G¢——— p I ¢ p T p T ag
-0 —— — 4)



HereYz 2 and A are respectively the average atomic number, density (in K, mnd molar mass (in
kg mot!) of the specimen materiaNa is the Avogadro castant, me is the rest mass of an electron,
FYR A A& GKS eB th&dhargeRn/an iéitfos, 8 thé vackium permittivityEis the
primary beam energyg is the speed of light in a vacuuin, T , andk 8 the average excitation
energy fa electrons in the specimen material.can be calculated according to equation [B4]
whereVis the accelerating voltage. A close approximationdoan be calculated from the weighted
sum of the electron excitation of the elements from which specinmeaterial is composed using
NI 33Q& NIA7Y(ER ®):F RRAUGA QDA (&

wp —— )

o) (oYY — - (6)

Where, in Eq. (6)i is the numbe of atoms of element per formula unit in the specimen material,

Z is the atomic number of elememtandlei is the mean excitation energy for electrons in elemient

As a brief aside, it is noted that there appears to be a printing error with respebe BetheBloch
formula detailed in the paper by Edmondsenal. [74], where the exponent of thée? Kk ~ g)*term
appears to be missing. It is also noted that, in the same pape¥ythem is described as the dielectric
constant as opposed to the vacuum permittivity; indeed, values of the dielectric constants of the
materials with which the paper ioncerned are listed in the corresponding table. Permittivity has
units of Fm? (*or C £ kg! m3), which are required for Eq. (4) to yield an output in terms of energy
per unit distance (J rin Sl); sxcethe dielectric constant is a unitless ratiotbe permittivity of a
material relative to that of a vacuum, its use in place of the vacuum permittivity in Eq. (4) is not
appropriate. While the use of thpermittivity of the specimen material in place of the vacuum
permittivity would yield an output inerms of energy per unit distance, the valuecofe/dxobtained

for the materials concerned would differ significantly from the values quoted (more than an order of
magnitude at 200 keV). It is also noted that, for silicon at 200 keV, the valaEddx calculatel
dzaAy 3 91 d o6n0 O6F2N O2YLI NR&A2Y LldzN1Ll2asSa 2eff o
al., but the values quoted by Edmondsenal. could not be obtained (differing by approximately a

factor of two).
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The thermal conductivity of a polycrgdline material is known to vary with porosity and grain size.
Small grain size may reduce thermal conductivity due to increased phonon scattering at grain
boundaries in cases where the mean free path of phonon scattering is less than the gr@itkize
The effect of porosity on the thermal conductivity ofTi®y has been reported by Saigd al.[76] and
GierszewsKi77]; both of whom provide equations, derived from experimental data, which allow the
thermal conductivity of LTiQ of a known porosity @ be estimated. In this work, since the
temperature rise induced by electron beam heating is inversely proportional to thermal conductivity,
the equation given by Gierszew$kv] (Eq. (7)) was used, simply because it yielded the lesser of the

two values dtained.

I p O 8udULU T&YpPpMY cPX PpMIY 7)

2 KSNBE ¢ A& (0KS GKSNXYIf O2yRdzOOAQGAGES t A& GUKS

density (1¢ [measured density / theoretical density]), and T is the sample temperature.

In order to determine whether beam heating was likely to have contributed to the observed cavity
formation and growth in kTiQ under the TEM electron beam, the maximum local temperature
increase due to beam heating was calculated fgFik} using equéon (3). The primary beam current

was recorded as 55 nA at the specimen position, the minimum beam radius was estimated to be 1.5
pm. The thermal conductivity of the highest porosity specimen at 300 K (~27 °C) was estimated using
Sljdzr GA2Yy 0 hstithtedtdlBRdx,avhiéh was dalculated using equation (4). With respect

to equation (4), the input value of Was calculated according to equation (6) using the elemental
electron excitation energies reported by Selte¢rl.[75], and the theoretichdensity of LiTiQ; [78]

gl a dzaSR a GKS AyLldzi @It dzS Fcaaux, whidh i turn ieldad & A S
GKS YFEAYdzY @I tdz§ 2F peod LG Aa | faz JIgEMdR G2
aAy OS NI 3IA 2 ihathig film TEMIBaMBIeiake effeétively empty space, as such no energy
is deposited in the pores; whereas the sample grains themselves (where energy is deposited by the
beam) are likely to exhibit densities close to the theoretical maximum. The resalsuammarised

in Table5.2.
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Table5.2: Energy loss of primary beam electrord/dx) and the corresponding maximum
GSYLISNI GdzNBE NR &S 06 pn ¢ nheaiing effkots dzidTicd Ke$ paiadetes ised (i N2
in calculations are included.

Material | Z " (*Theoretical) | E le -dE/dx ]I P ¢ ne
/g cnr® /keV |/eV |/eVnm! |/nA /WmtK? /K
LiTis | 8d|3.43 300 |132 |0.115 55 |0.35 1.2 11.6

The results of bearheating calculations show that the maximum local temperature rise>iiQi
attributable to possible beam heating effects under the conditions employed here was approximately
12 °C. Hence it is concluded that the effects of beam heating on defect aggregatl subsequent
cavity formation in LG under electron irradiation were negligible under the conditions employed
here, since the maximum temperature rise induced by the TEM electron beam was insignificant in

terms of the possible enhancement of detamobility.

Radiolysis

Displacement damageowever,often manifests itself in the form of vacancy clustgt8]; as such, it
is probable that displacement damage is responsible for the formation of vad¢gpeydefects

observed irLpTiQ under electroniradiation in a TEM.

Displacement damage can occur directly, as a result of elastic collisions of incident electrons with
atomic nuclei, or indirectly as a result of radiolysis due to inelastic interactions with atomic electrons.
In the case of the latterelectronic excitations and/or complete ionisation can lead to the production
of exciton states and subsequent bond cleav@®@ 81} examples of inorganic materials which
exhibit radiolyticdisplacement damage mechanisnmlude alkali halide$43-45], alkaline earth
fluorides[47, 48]and silicate$49, 50] For displacement to occur via radiolysis, a sufficiently localised
excitation of energy greater than the threshold displacement energy did sufficient excitation
lifetime (>1 ps) must be inducednd a mechanism for the conversion of excitation energy to
momentum must exisf42]. One such mechanism was proposed by Knotek and FiebdBghto
explain the phenomenon of electron stimulated destion of oxygen form maximumalency ionic
compounds \here the cation is ionised to its maximum oxidation state such that its outer electron

shell is nominally empty). According to this mechanism, externally induced electronic excitation (i.e.
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by an electron beam) resulting in ionisation of a core electriothe cation results in an inteatomic

Auger process whereby the core electron hole on the cation is filled by a valence electron from a
neighbouring oxygen anion. The energy released in this decay process is transferred to other
electrons in the oxygenrgon, resulting in Auger emission of one or two Auger electrons; thus, Auger
decays can remove sufficient electrons from oxygen anions to render therivebscharged. The
resulting @ulombic repulsion between positively charged oxygen ions and surrogmdétal cations

subsequently leads to displacement (or desorption if located at the surface) of the oxygen ion.

It is not clear from the current literature whether such a mechanism exisk$ TG to efficiently
convert the energy released as a resuft the decay of electronic excitations into sufficient
momentum to induce displacement. However, owing to its relatively low electronic conductivity (~10
6S cmt [83, 84) and the wide band gap responsible for its dielectric properties (reported as 3.49 eV
by Wanet al. [85]) LeTiQ may satisfy all of the other criteria for radiolytic displacement; as such

radiolysis cannot be ruled out as a possible cause of displacement damage in this case.

Knockon damage

Forknockon displacemento occur, the kinetieenergy transferred to the lattice atom by incident
electrons must be sufficient to exceed the displacement energy iltus, if the maximum possible
kinetic energy transfer to lattice atoms exceeds Rttice atoms carbe permanently displaced.
Several dferent models exist which describe the maximum kinetic energy transfer from electrons to
lattice atoms; commonly used models include an equation given by H8Bb&Eq. 8)), the Sonder

and Sibley equatiof86] (Eq. 9)), theexpression given by Lehmaif®7] (Eq. (0)) and the binary
collision model (EqLl). It is noted that, while the Hobbsind Sonder and Sibley equations were
derived experimentally, the binary collision model is based orsmi interactions using a hard
sphere approximation and asich is not strictly valid for interactions involving relativistic particles
such as electrons. Nonetheless the binary collision model is still occasionally utilised with respect to

electronsolid interactiong88].

y . @
"y 8 8 (9)
0% - (10)
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Y  O—— (11)

Where Taxis the maximum energy transferred (in eV) to a lattice atom of relative atomic Aass
massM (in amu), by a electron of mass (in amu). ¢ is the speed of light in a vacuum (inynand
E is the primary beam energy (in MeV for equatidd)safid @), and eV for equations () and (@1)).
With respect to equations1Q) and (1), in order to account for relatistic effects due to electron

velocities in excess of 0.5c, the electron msissuld be adjusted according to the equatigi3]:
a 0d p oW o (12

where my is the rest mass of the electron (in kg), V is the accelerating voltage (in V)asidhie

Avogadro constant, to yield the relativistic mass of the electroiin amu).

The maximum kinetic energyansferred to lattice atoms ihbTiQ by 300 keV electrons, calculated

from each model, are given rable5.3.

Table5.3: Maximum kinetic energy transfer to latti@@oms (Li, Ti and O) inTiQ by 300 keV
electrons. Calculated according to equations-(@)1).

Maximum Kinetic Energy Transfer / eV

Displacement

Lattice Hobbs' Sonder and Sibley Lehmann | Binary collision| Energy (&)/eV

atom (Eq.8) (Eq.9) (Eq.10) (Eq.11) (Fischeeet al. [71])
@] 73.75 52.43 65.31 65.30 23
Li 170.00 120.86 150.54 150.51 45
Ti 24.65 17.53 21.83 21.83 76

By comparingthe calculated maximum kinetic energy transfer tioe displacement threshold
energiesfor each atom (Li, O andi), asreported by Fischeet al. [71], it can be concluded that,
regardless of the model employed, sufficient energy is transferred to lattice atorhgTii: by
incident electrons to displace both lithium and oxygen atoms from their respective lattezat an
operating voltage of 300 kV. Conversely, insufficient energy is transferred to titanium lattice atoms
to induce displacement. Henage propose that the vacanetype defects observed ihpTIQ after
electron irradiation in @EM arise as a relsof irradiation damage associated with the displacement

of lithium and oxygen atoms.
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Using the maximum kinetic energy transfer given by the above equations, the displacement cross
section (i.e. the probability of a displacement event) for a direct atgon between incident
electrons and lattice atoms can be estimatggingthe McKinleyFeshbach approximatiof89] to the

Mott expression90]. A detailed explanation of how Ed.4] is attained from the integral shown in

Eq. @3) using this approximatiooan be found in the review by Rey&asgaet al. [91].

., . 0 Y, "YoQyw (13)

oo T p I T % — p ae¢— T at— (19

¢KS RAALI I OSYSYUADNRPAGlI APORAGY SAYGEISAINI GAYyT (K
for energy transfer T for an electron of energy E), and the probability of a displacementoenetut

the energy transferred,HT), overall possible values as per Eq. (13). For direct interaction only (i.e.

not including cascade effects) the maximum and minimum limits of Eq. (13) becamentd &
respectively, and th@ (T)term has the conditions: (Ba(TE 0 if T <&and (i)Pa(TF LifRE<T <

Tmax ~ (T, E)s given by the McKinlelyreshbach approximation to the Mott expression to yield Eq.

(14), where Z is the atomic number of the displaced nucleyis the corresponding displacement
energy,ao is the Bohr radius, ki KS weé R6o SNH SWkSWETEX OFAWR WO X[ ha KO
@St 20A08 2F AYOARSYy(d StSOGNRyaod A OFy o6S OFf O

The displacement cross sections for direct interactimtween incident 300 keV electrons and
constituent lattice atoms in LTiQ, calculated using the maximum Kinetic energy transfer
corresponding to each of the previously detailed modatle shown inTable5.4. Note that while

values for the direct interaction cross section of titanium have beemdsd for completeness, the

value stated corresponds to the cross section for energy trarmiras opposed to displacement

since insufficient energy is transferred to titanium lattice atoms to induce displaceféfP ¥ A (i Q
lattice site;as such the disptement cross section for titanium is in fact zero as t{@)Rerm in Eq.

(13)is always equal to zero.
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Table5.4: Displacement cross sections for Li, Ti andt@ice atomsin LeTiQ calculated using
different models for Faxusing Eq. (14¥Note that in the case of Ti, the value stated corresponds to
the cross section for emgy transfer only as insufficient energy is transferred to induce

displacement.

Displacement cross section for direct interactioff Barns
Lattice d d d d
atom (TmaxHoObb9 (TmaxSonder and Sibley) | (TmaxLehmann) (Tmax Binary collision)
h d) 27.25 14.13 21.90 21.90
[ A o 4.92 2.71 4.02 4.02
F ¢ Ag 14.12 37.27 21.70 21.71

Regardless of which model oinktic energy transfer is used, the estimated displacement cross
section for oxygen is consistently larger than that of lithium dutheorelationship between atomic
number, Z, and displacement cross section. This indicates that osygerdisplacementsre likely

to occur more frequently than those of lithium atoms when exposed to the TEM electron beam under
the conditions employed herddowever, it is also noted that these approximations provide only an
indication of the probability of displacement, arate not necessarily indicative of the defect
concentration per incident electron since they do not account for recombination. Since there are
three oxygen sites for every two lithium siteslipTiQ, a greater proportion of oxygen sitese
available forecombination of oxygen Frenkel defects than those of lithium; thus the probability of
oxygen defect recombination is greater than that of lithium defemtombination As such, it not
necessarily the case that the contribution of lithium defects to theserved vacanetype defect

formation and growth is lesser than that of oxygen defects.

Radiation induced cavity growth

Regarding the mechanisms of radiation induced cavity growth, one-dtargling theory is that,
following initial displacement and the saciated formation of a Frenkel pair, interstitial defects are
preferentially absorbed at dislocations due to the high elastic strains associated withtsedtitial
atoms[29]. This results in vacancy supersaturation, and a net vacancy flow to vadasieys, which
are relatively unstrained. Indeed, an atomic scale HRTEM experimentdtyaK{26] unequivocally
showed the nucleation and growth of voids in the vicinity of-gekrstitial atom (SIA) loops in Mg

under electron irradiation. Void nuaéon in this case was attributed to vacancy supersaturation
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adjacent to SIA loops which acted as biased sinks for interstitial atoms. Howevensneselvable
dislocations were observed any of the LiTiQ samplesstudied here and cavity growth washown
to occur across the entire area illuminated by the electron beam, an alternative mechanism is likely

to be dominant.

Thethermalmigration energy of interstitials is generally significantly lower than that of vacancies in
oxide ceramic§92]. Hence mobile interstitial atoms migrate to the free surface of the TEM foil more
readily than vacancies:ree surfaces act as efficient sinks for defects. Additionatige surface
atoms are not fully coordinated, and need only be supplied with sufficieergnto break the
remaining bonds in order to be displacedhereas bulk atoms must additionally receive sufficient
energy to (i) break all bonds, and (ii) form a stable Frenke[@3]irthe displacement energy of atoms

at the surface is significantlyve@r than that of bulk lattice atomsAs suchsurface interstitials are
readily lost due to sputteringlo compound this effect, lithium is known to be volatile and as such
may be lost to surface evaporation under the influence of the electron beam. Téfisrential loss

of interstitial defects at the sample surface leaves behind an excess vacancy concentration
SQubsequent migration of single vacancasdsmallvacancyclustersby a combination of thermal and
ballistically induced processessults ina net vacancy flux to larger, less mobile clusters, leading to

cavity growth

As part ofa computational modelling studgesigned to investigate point defect processes and
lithium diffusion Kuganatharet al. [94] evaluated the formation energies of intriesdefects in
LpTiQ by comparing a defective crystal to an ideal, ramfective, crystal (the defect formation
parameters of which are interconnected by thermodynamic relations) using atomistic simulations.
They reportedhat the defect formation energyof intrinsic Li Frenkel defects is significantly lower
than that of oxygen Frenkel defectsLiaTiQ underthermalequilibrium conditions. The presence of
lithium vacancies is also believed to facilitate lithium diffudi@®y]; hence lithium diffusion ikely

to be enhanced under electron irradiation due to the increased vacancy concentration resulting from
electron beam induced displacement damage. While comparatively few studies have been carried
out on oxygen diffusion, it is likely that oxygen ions l@ss mobile than lithium ions due to the larger
ionic radius of oxygen anions. Oyaid#ual. [96] investigated the annihilation of radiation induced
defects during isothermal annealing of neutron irradiatediQ usingElectron Spin ResonandeSR
spectroscopy They repored that defect annihilation consisted primarily of two processes; a fast

process associated with lithium ion diffusion, and a slow process associated with the annihilation of
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oxygen vacancies, with the slower kinetics of the lapeocess being attributed to low oxygen
diffusivity. In light of these factors, it is likely that the diffusion and subsequent loss of lithium
interstitials at the free surface of the TEM foil (resulting in the increased excess vacancy
concentration responble for cavity growth) is greater than the loss of oxygen interstitials due to the

faster diffusion kinetics of Li.

Therefore, wepropose that, despite possessingmallerdisplacement cross section than oxygen,
the contribution of vacancy defects origiting from the electron beam induced displacement of
lithium lattice atoms to the nucleation and growth of cavitied¥TiQ; is likely to be greater than

those originating from oxygen displacement.

Following initial nucleatiorhased on the defect siz&nd number density data presented kigure

5.6, growth of existingdefined here as TENesolvable) defectsvasfoundto be favoured over the
nucleation of additional defect aggregations at new sii2gring the edy stages of defect growth, it

is proposed thabngoingdisplacement events induced by constant electron irradiation provide a net
positive flux of vacancies to the walls of existing defects by Brownian motion. Subsequently,
continued growth in conjunctio with the close proximity of defects results in coalescence and the
formation of larger cavitiedNote that since the resolvable cavities were found to be largely immobile,
coalescence events are believed to occur primarily as a result of impingemehte oivdlls of
neighbouring cavities on one another during growth, their close proximity negating the need for
significant migrationThis phenomenon was most apparent during the first 30 minutes of exposure
to the electron beam, concurrent with the fastesite of coarseningBeyond 40 minutes of beam
exposure, both number density and mean defect size began to stabilise as the occurrence of further
coalescence events became less frequdhtis is likely to be due to thiurther reduced nobility of
larger, moe stable cavities at ambient temperatyreombined with the relatively large number of
additional vacanciesvhich would berequired to inducea sufficient volume increase for further
coalescence dargercontiguous cavities to occwvithout significant mgration. Thus, in the absence

of coalescence, further defect growth is abated as the process becomes predominantly reliant on
diffusion of newly created vacancies to existing cavitfesavity growth mechanism dominated by
coalescence (as opposed to anvad Ripening type mechanism) mag@bccount for the irregular
morphology of larger cavitiesccording to Muntiferingt al. [32] cavity growth by coalescence was
reportedly responsible for the neapherical morphology of larger cavities in nanocrystalNi which

had been implanted with helium and seétins. Their findings, corroborated by a video recorded
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duringin-situ (TEM) annealing experiments, showed that only one side of some cavities expanded to

combine with a neighbouring cavity, resultingre formation of a larger, nospherical cavity.

Given that small vacancy clusters readily collapse into dislocation tmogtscking fault tetrahedra
[97-100], the homogeneous nucleation of voids by random coalescence of mobile vacancies is
generally casidered unlikely101]; as such it has long been theorised that the presence of gas atoms

is essentiafor void / cavity nucleation and subsequent grow&9]. Hence, the fact thaelectron

beam induced vacandype defects inLbTiQ are observed to nuehte extensively and evolve into
larger cavities (as opposed to collapsing or being absorbed by neutral defect sinks such as grain
boundaries) may indicate the presence of a gaseous species which sufficiently stabilises the internal
free surfaces of smatlusters to facilitate growth. Formation ofLaCQ surface layer ohpTiQ due

to exposure to atmospheric air under ambient conditions has been reported previ@glybased

on the behaviour of other lithium cerami¢S8-62] surface reaction at ambig¢riemperature likely

occurs via an LIOH intermediate (resulting from initial reactiohidiG with atmospheric water)

which subsequently reacts witBQ to form LbCQ. Figure5.7 shows an Xay diffraction patten
obtained from an LTiQG pellet thathad been exposed to ambient air fopariod of several months.

In addition to the peaks corresponding to the expectedilk phase peaks corresponding tbbCQ

are present This indicateshe presenceof a LbCQ, the formation of which is attributed to the

surface reaction ofpTiQ with atmosphericCQ.

1000 Sample exposed to ambient
1400, atmosphere
1200 ] Li,CO, PDF 00-022-1141

Intensity / Cc_uy nts
g 8

g 8

Figure5.7: XRD pattern obtained from aatmospherically exposeldpTi pellet showingadditional
peaks caoresponding to the presence €bCQ in green. Indexed according to ICDD PDROh@87-
0728[63].
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Since the surfacarea of TEM specimens is very high, it is feasible that this reaction occurs to a
significant extent during specimen preparation. kinal. [102] reported that the LeCQ surface
reaction layer found on lithiated NiO nanosheets rapidly decomposed under the TEM electron beam
during the acquisition oElectron Energy Loss Spect&E [} The decomposition dfeCQ is likely to

evolveCQ according to the following reaction:
LbCQ s A LbO(5)+ CQ (g)

Hence it is speculated th&Q, evolved as a result of the decomposition dfiCQ surface reaction
layer under electron irradiationmay be responsible for the stabilisation of vacatygye defects
induced by the electron beam, thus facilitating the nucleation and growth of the observed cavities in
LeTiGs.

Electron beam induced damageeffect of ceramic microstructure

The effect of ceramic microstructure on electron irradiation indudetect formation and evolution
was studied using the four pelletsrocessed undedifferent conditionsas described in the
Microstructure and Phase Analysiction. These processing conditions resulted in the production of
ceramic samples which exhibitelifferent grain sizes and densities, as describedable5.1 and
variations in the extent of intrinsic crystallographic disorder attributed to stacking fault
concentrations, as indicated iRigure5.4. To investigate the effect of grain size and porosity on
electron beam induced damage, thin film TEM specimens with the following grain sizes were
examined, sintering conditions are detailed in brackets: High Porosity Sanf@t®O2C 3 h) 0.58 +
0.11 nm; High Porosity Sample B (9@P6 h) 0.75 + 0.12 nm; Low Porosity Sample C (1G@®h),
0.93 £ 0.12 nm; and Low Porosity Sample D (2006 h), 1.09 + 0.08 nm. Bright field throufgicat
series were taken at 10 minutatervals during the electron beam irradiation, up to a maximum of
on YAydziSaQ o SFigare8ksHa@siuddsiBcussed wrighbfieldEM micrographsf

the samples before and afte80 minutes & exposure ¢ the electron beam, the corresponding
through-focalseries micrographs are insdt is visually apparent thdhe specimens sintered at 900
°C(A and B)exhibit a higher concentration afavitiesthan the analogous specimens sintered at
higher temperatues (C and D)ndicating that amplessintered at higher temperaturenay beless

susceptible to electron beam induced cavity formation.
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Pristine 30 mins e beam exposure

(A) Pristine

(B) Pristine

Figure5.8: Underfocussed bright field EMmicrographsshowing the dference in thesize and
number densityof cavities observed ibpTiQ ceramics prepared under different conditigrizefore
(pristine) andafter 30minutesof exposure to a 300kV electron beahroom temperature.
Correspondinghrough-focal-seriesinsetshowing change in contrast imder-focused (U), ifocus
(F) and ovefocused (O) micrographsharacteristic of vacandype defects.
The size and number density of TEM resolvable vaeapey defects were determined using the
method described previouglFigure5.9 shows the mean defect size and number density of electron
beam induced cavities observedliaTiQ specimens sintered under different conditions during the

first 30 minutes of electron beam exposuta.each case;avity growth and a concurremecrease
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in number ceknsity approximately commensurate with the degree of growth, was observed with
increased electron beam exposure time. This suggests that the coarsening mecharaposed in

the previous seton are likely to be consistent fall ofthe samplesexamined in this study.
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Figure5.9: Mean average sizend number densitpbserved irLpTiQ ceramics prepared under
different conditions(sinteringconditions: (A): 900 °C, 3 hours; (B): 900 °C, 6 hours; (C): 1000 °C, 2
hours; (D): 1100 °C, 6 houedjer 30 minutes oexposure to a 300 keV electron beam at room
temperature
It is noted that the high porositgample (B¥intered for the longer of théwo durations (900 °C, 6h)
exhibited abnormally large cavities at significantly lower number density after only a short period of
exposure to the electron beam when compared to other specimens. It is suspected that this is due
to a difference in electrondamintensity between this experiment and those of the other specimens.
As condenser lens settings were not explicitly monitored, the beam intensity may have inadvertently

been greater in this case, resulting in accelerated cavity growth and stabtisatioumber density

over a shorter time period.

Comparison of the mean size and corresponding number density of cavities observed in the high
porosity sample (Awith the smallest grain size (sintered at 900 °C, 3h), with those observed in the
low porosityspecimens with larger grain@X)sintered at 1000 °C an({®) sintered afL100 °C) reveals

that sample Aexhibited cavities that were both larger, and greater in number density gzamples
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C and D Comparingthe low porosity specimengC and D) mean caity size was shown to be
comparable,but the samplewith the larger of the two grain size$D)) sintered at 1100 °C, 6h)
exhibited lower cavity number density. Hence, it is arguable thatmicrostructural properties of
low porosity and large grain sizeduce the susceptibility obpTiQ to electron beam induced

damage.

The influence of grain size on radiation induced damage accumulation and recovery has been
investigated for numerous materials; the contrasting results of selected studies which hawe bee

conducted on oxide ceramics are briefly discussed forthwith.

A number of materials have been reported to have superior radiation stability in nanocrystalline form
compared to their larger grained analogues, this effect was first highlighted byeRakd31] who
reported a linear correlation between grain size and defect number density in nanocrystalline ZrO
in the grain size range 18-70nm, saturation of defect number density was apparently observed in
grains 70g 100 nm in size. They proposed thaince no resolvable defects were observed in grains
smaller that 15nm, all point defects were absorbed at grain boundaries, which act efficient defect
sinks. Agglomeration of defects in larger grains, leading to cluster formation, was attributed to the
increased diffusion path length to grain boundaries. Enhanced radiation stability in the context of
defect accumulation and amorphisation has also been reported for nanocrystalline Xag{34],

which was reported to remain crystalline at"fluences apprgimately a factor of eight higher than

the onset of amorphisation in large grained (~10 um) polycrystalline counterparts; adeGd35],

where a lesser proportion of samples consisting of 55 nm grains was reported to have amorphised
than those consistig of 221 nm grains under Heradiation. Deyet al[36] reported that larger
grained (220 nm) samples of yttria stabilised zirconia exhibited a higher number density of defects
than those with smaller grains (2538 nm) under Krirradiation; adding thaboth vacancy and
interstitial clusters were observed in larger grained samples, where only vatgreyefect clusters

were observed in smaller grained samples. They attribute this observation to the preferential
migration of interstitial defects to deft sinks at grain boundaries during the cascade. However,
aside from the increased availability of defect sinks associated with the increased grain boundary
area of smaller grained materials, their irradiation response can also be affected by compitatg ef
which are detrimental to radiation damage tolerance. High surface energy associated with increased
interfacial area enhances the driving force for structural modifications which reduce the free energy

of the system, such as grain growth and phasegfarmations, which can reduce radiation stability

113



[38]. The highly localised energy deposition resulting from the increased confinement of excited
phonons and electrons in small grains, where the dissipation of energy is impeded due to scattering
at grainboundaries, can result in thermal spikes. In conjunction with the excess free energy of grain
interfaces, these two factors reduce the energy difference between amorpdissrdered) and
crystalline (ordered) states, lowering radiation damage resistame@roposed by Let al.to explain

the amorphisation of nanocrystalline monoclinic Zt@der U irradiation[103]when bulk Zr@with

~ 0.2 pm grains could not be amorphised under similar irradiation conditidiy. Other materials
where larger grainsize has been reported to improve radiation tolerance include>ZAQO
composite ceramic$l05], where larger grained samples exhibited increased resistance to phase
transitions under Xeirradiation; and U@ ThQ and Ce® [37], all of which showed incread
volumetric swelling of unit cell parameters in nanocrystalline form (~20 nm grain size) as a result of

Au'irradiation compared to microcrystalline analogues (~2 um grain size).

Here, we propose thahe shorter diffusion path length tgrain boundarie and free surfacesyhich
act as sinks for defects, in tlemaller grained specimens of higher porogity and B)results in
greater losses of mobile interitils produced as a result of electron beam induced displacement
damage; thus lowering the probdity of the annihilation of Frenkel defects by recombination. This

in turn leads to a greater excess vacancy concentration within grisasitatingcavity growth.

Preferential cavity formation at the grain boundary, where lattice atoms are less extdamd the
concentration of intrinsic defects is greater, is also apparent in the low porosity specimen with the
largest graingseeFigure5.8D,marked with an arrow)This may indicate that cavity nucleation occur

preferentially at existing intrinsic defect sites.

XRD patterns obtained from the ceramic pellets from which the thin film TEM specimens were
prepared (detailed previousl¥igure5.4) imply that the ideal, fullprderedLbTiG structure was not
completely formed at the lower end of the sintering temperatures employed. As such the degree of
disorder, and consequently the concentration of intrinsic defect sites, is likely to be greater in
specimens which had beesintered at lower temperatures. Hence, the greater number of sites
available to facilitate cavity nucleation results in increased cavity number density in specimens
sintered at lower temperature. It is therefore proposed that the apparently lesser subdéptof

LbTiQ specimens with lower porosity and larger grains to electron beam induced cavity formation
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relative to analogous small grained specimens of high porosity, is due to a combination of

crystallographic and microstructural contributions:

(i) The greater degree of crystallographic order present in specimens sintered at higher temperature
results in fewer intrinsic defect sites to facilitate cavity nucleation, and thus reduced cavity number

density.

(i) The longer diffusion path to the surfaoé specimens with larger grains reduces the extent of
interstitial defect losses due to sputtering and evaporation, thereby reducing the excess vacancy

concentration responsible for cavity growth.

The combination of these two factors is believed to be cesible for the observation that electron
beam induced cavities sampleswvhich had been sintered at higher temperature, with larger grains
and lower porosity, exhibit fewer cavities of smaller size ttfeose observed in ismalker grained,

high porositysamplessintered at lover temperature.

Conclusions

We have shown that 4TiQ is susceptible to beam damage under a conventional 300 keV TEM
electron beam at room temperature. The damage induced by electron irradiation manifests itself as
cavity formation which is believed to be due to the aggregation of vacappg defects introduced

as a result of displacement damage. While radiolytic displacement mechanisms may contribute to
the induced damage, our calculations show that sufficient kinetic energgrisferred from 300 keV
electrons to Li and O lattice atoms iaTi( via elastic interactions to induce their displacement from
equilibrium positions; hence knoakh damage is proposed to be the primary damage mechanism.
The effects of electron beam heat) were found to be negligibly small. Cavity nucleation and growth

is proposed to occur as a result of the preferential loss of interstitial defects, introduced as a result
of electron beam induced displacements, from the surface of thin film specimevisg@o the lesser
thermalmigration energy of interstitial defects compared to that of vacancies, it is theorised that the
preferential loss of mobile interstitial defects at the specimen surface leaves behind an excess
vacancy concentration which ultimgly leads tovacancysupersaturationand the formation of
vacancy clusterd-ollowing the extensive nucleation in the first few minutes of electron irradiation
subsequent growth of nucleated clusters into TEM resolvable cavities is attributed to continued

introduction of excess vacancy defects as a result of electron beam induced displacement and
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preferential interstitial losses, resulting in a net influx of vacancies to the walls of vacancy clusters
and small cavities. The initial stages of cavity groarthassumed to occur due to the net positive

flux of excess vacancies, induced by ongoing displacement events and sustained loss of interstitial
defects at the specimen surface under electron irradiation, to the walls of existing cavities by
Brownian motim. The coalescence of contiguous cavities in close proximity as a result of
impingement of the walls of neighbouring cavities on one another is proposed to be the dominant
growth mechanism during subsequent stages of relatively rapid growth and conceoargening,

the rate of which was shown to slow or cease entirely afte690ninutes of electron beam exposure

as the supply of vacancies required to facilitate further growth of lgrgemobile cavities became

increasingly reliant on Brownian motion méwly created Frenkel defects.

Despite possessing a lesser displacement cross section, the contribution of vacancies originating from
lithium displacement to the total excess vacancy concentration responsible for cavity growth is
speculated to be greatehfain that of oxygen. This is considered likely due to the combination of the
faster diffusion kinetics of lithium, resulting in a greater extent of lithium interstitial loss at the

surface, and the lesser proportion of available sites for defect recombimati

Cavity nucleation and growth ireLiG under electron irradiation may be facilitated by the stabilising
effect of gaseous CG@roduced as a result of the decomposition of a#CI(} surface reaction layer

under the electron beam.

Secimenssintered athigher temperaturs, which exhibiéd low porosity andarger grairsizeappear

to be less susceptible to electron beam induced cavity formatian analogous high porosity
specimens with smaller grains which had been sintered at lower temperatliteés $ attributed to

the former possessing lesser number of intrinsic defects which may act as cavity nucleation sites,
in conjunction with the lesser degree of interstitial losses from the specimen surface due to the
longer diffusion path to the free surfade specimens with larger grains. These observations suggest
that the properties of low porosity, large grain size and low intrinsic defect concentration may
enhance the resistance dbTiQ to electronirradiationdamage and associatedwty formationand

growth,

Cavities induced as a result of electron beam damage could easily be misinterpreted as damage and
/ or gas bubble formation induced by external radiation sources during the inspection thereof using

TEM techniques; as such, caution is advisednheerpreting the results of such experimental work
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where LiTiQ or similar materials are concerned in order to avoid the unintentional reporting of
erroneous findings. Given the proposed mechanism of cavity growth, the effects of electron
irradiation onLpTiQs described in this work are likely to be exacerbated in thin film TEM specimens
due to surface effects (i.e. very high surface area to volume ratio); it is also noted that the
mechanisms of neutron damage differ significantly from that which isided by electrons due to

the significantly greater mass and neutral charge of the former particle. Nonetheless, in light of the
high flux of high energy neutrons to which lithium titanate would be subjected in the breeder blanket
of a working fusion react if the cavity formation and growth observed in this study is indeed
primarily due to a similar mechanism of knewk displacement damage, further nanoscale
investigation of the radiation tolerance of,Li& and other candidate ceramic breeder materials
should be undertaken such that the composition and microstructural properties thereof can be
tailored in such a way as to mitigate these effects as far as reasonably possible. The accompanying
second part of this publication investigates the effect of parature on the formation and growth

of electron beam induced cavities inLi and the interaction of implanted helium therewith.
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Chapter 6- Thermalevolution of dectron beam induced avities inLpTiO; ceramics

Lithium metatitanate has previously been shown to be susceptible to electron beam induced
damage, resulting in the formation of cavities at room temperature (see Chapter 5). The formation
and growth of such cavities is believed toches to the aggregation of vacancies produced as a result

of displacement damage induced by the TEM electron beam. The mobility of vacancy and interstitial
defects produced as a result of irradiation induced displacement events is known to be enhanced at
elevated temperature; as such, the dynamics of cavity growth under irradiation can be strongly
affected by temperature. In this chapter, the effects of elevated temperature and electron beam
exposure time on cavity growth in,LiG ceramics with differentnicrostructural properties (using

samples with analogous microstructures to those discussed in the previous chapter) are discussed.

6.1 Effect of elevated temperature on electron beam induced cavity growth

An overview of the microstructures of the specipecimens examined in the first half of this
chapter, which is concerned with the growth dynamics of electron beam induced cavitie¥i(® Li

as a function of temperature, is shown Kigure6.1. The actual grains examined dugim-situ

thermal annealing experiments in their pristine state, along with the corresponding grain sizes
measured from TEM micrographs are detailed. Grain size measurements and associated errors were

calculated according to the method described previously
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A: High porosity (900 °C, 3h) A’: High porosity (900 °C, 3h) | B: High porosity (900 °C, 6h)
Constant beam exposure Minimised beam exposure Minimised beam exposure

Actual size of examined grain: | Actual size of examined grain:
0.9 um £ 0.4 um 1.2 um 0.4 um

Actual size of examined grain:
0.4 um £ 0.1 um

C: Low porosity (1000 °C, 2h) | D: Low porosity (1100 °C, 6h)
Minimised beam exposure Minimised beam exposure

Actual size of examined grain: | Actual size of examined grain:
22um+ 1.2 um 6.5 um £ 2.6 um

Figure6.1: Lowmagnification (overview) bright field TEM micrographs showing the specific grains

examined in specimens[B during insitu annealing experiments. The corresponding grain sizes,

measured fom TEM micrographs, are listed below the respective image. Sintering conditions are
shown in brackets.

Figure6.2 shows the thermal evolution of electron beam induced cavities in specimen A (high

porosity, smallesgrain size) during #situ thermal annealing under constant electron irradiation by
a 300 keV TEM electron beam.
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Figure6.2: Bright field TEM micrographs showing the thermal evolution of electron beancéadu

cavities during irsitu annealing of Specimen A (high porosity, smallest grain size; sintered at 900 °C,
3h) under constant irradiation by a 300 keV electron beam.

After a short period of exposure to the electron beam (< 5 mins) at room temperaturesotvable
vacancytype defects were observed in bright field through focal series micrographs of the pristine
specimen in either undeor overfocus condition. Upon increasing the specimen temperature, small
(<2 nm) bright features became clearly vigibl underfocus condition after ~ 20 seconds at 100 °C
(~ 34 mins total electron beam exposure time). Initially forming close to the edge of the specimen,
these features were found to nucleate extensively across the bulk of grains in the area illuminated
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by the electron beam over a period of2minutes. These features were identified as cavities by
inspection of the change in Fresnel contrast (from bright features with dark fringes in-towes
condition, to dark features with bright fringes in oviecus condition) observed in through focal

series micrographs.

After 10 minutes at 100 °C the mean size of 50 measured cavities wa$ .1 hm remaining stable

within the error associated with measurement at 200 °C. Slow growth was observed-4080C,

where mean cavity size increased by approximately 0.1 nm at each temperature increment. At 500
°C, mean cavity size increased by ~0.3 nm fronxD.9 nm to 2.2 nnx 0.1nm, possibly indicating

the onset of accelerated growth rate. Above 500 °C significamity growth occurred, with mean
cavity size increasing sharply to 3.9 + 0.2 nm and 4.3 + 0.2 nm at 600 °C and 700 °C respectively. At
such temperatures, many of the observed cavities had adopted a more faceted morphology due to
the bounds imposed by th lattice planes of the crystalline matrix between which the cavities are
accommodated. Such faceted morphology supposedly minimises the interfacial energy associated
with voids and cavities more effectively than spherical fof@@0]. Above 700 °C cavigrowth was

further enhanced, with growth rate increasing at each incremental temperature. The largest increase
in cavity size was observed between 900 °C and the maximum temperature of 1000 °C, indicating
that the fastest rate of cavity growth occurs atetlhighest temperature, where defect mobility is

highest.

While large cavities up to ~36 nm in size were observed at the maximum temperature in areas of the
specimen which had been exposed to the electron beam, no resolvable cavities were observed at
equivalent temperature in areas of the specimen which had not been illuminated by the electron
beam. This unequivocally shows that the observed cavity formation and growth of cavities in thin
film specimens of bTiQ occurs as a direct result of electron beamduced damage, and cannot be

attributed to any peculiarity native to the properties of the material itself.
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Figure6.3: Mean average cavity size observed in Specimen A under constant irradiation by a 300

keV electron beam: (i) At room temperature (black), and (ii) Durisifunannealing (blue). Anneal
temperature profile is shown in red, dashed blue line represents exponential fit of defect size
during insitu annealing at temperatures > 300 °C.

Figure6.3 shows a graphical representation of the mean cavity size of 50 measured cavities as a
function of electron beam exposure time under constant electron irradiation durisgurannealing
compared to those measudeat room temperature. During the first 60 minutes of electron beam
exposure, although the dynamics of cavity growth vary somewhat, the mean size of cavities observed
during thermal annealing up to temperatures of 500 °C was found to be similar to thesevel at
room temperature. In both cases cavity growth was observed to be slow during the first 60 minutes
of electron irradiation; as such mean cavity size remains relatively small (< 2.5 nm) regardless of
temperature. However, where at room temperatutiee majority of cavity growth occurred in the
early stages of exposure to the electron beam (stabilising after ~40 minutes) and mean cavity size
reached a maximum of only 2.3 nm over the entire 120 minutes of electron irradiation; extensive
growth occurredn the later stages of thermal annealing under constant electron irradiation. Mean
cavity size reached 1121.1 nm at 1000 °C, almost five times larger than those observed at room
temperature at comparable electron beam exposure time. Closer inspeofidhe cavity growth
profile revealed that, at temperatures greater than 400 °C, mean cavity size under constant electron
irradiation was shown to increase pseudrponentially with temperature (sed-igure 6.3
exporential fit, note log y scale). This indicates that the growth of electron beam induced cavities in

LpTiQ is enhanced at temperatures in excess of 400 °C under constant electron irradiation, and that
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the rate of cavity growth is increasingly acceleratethwincreasing temperature above this
threshold.

As proposed in the previous chapter, the nucleation and growth of electron beam induced cavities in
LbTiQ is believed to occur due to the preferential loss of interstitial defects, introduced as a result
of displacement damage, at the specimen surface due to the higher mobility of interstitials compared
to that of vacancies. The preferential loss of interstitials leaves behind an excess vacancy
concentration, which ultimately leads to vacancy supersataratiesulting in cavity formation and

growth.

Enhanced cavity growth at elevated temperature is primarily attributed to the associated increase in
defect mobility, which results in a faster rate of interstitial loss, and therefore increased excess
vacancy oncentration. In conjunction with this, the mobility of the corresponding vacancy defects is
also increased, resulting in a higher flux of excess vacancies to the walls of existing cavities; thus

exacerbating cavity growth.
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6.2 Effect of reducing beam eosure during annealing on cavity growth

Figure6.4 shows the thermal evolution of electron beam induced cavities 4hi@j during insitu

thermal annealing under minimised exposure to the electron beam.

(A’) Room Temperature [ILIEEEEA | (A’) 100 °C [ (A’) 200

s ol [(~) 700 °C

*Unilluminated area

(A7) 900 °C [§ S e o mpetie (A’) 1000 °C

Figure6.4: Bright field TEM micrographs showing the thermal evolution of electron beam induced

cavitiesduringim@ A i dz I yYySFfAy3 2F {LSOAYSY ! Q 6KAIK LIk

°C, 3h) under a IkeV electron beam where electron beam exposure time was minimised (beam
switched off during isothermal dwell time at each incremental temperature).
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The extent of cavity growth was found to be significantly reduced by switching off the TEM electron
beam diring the isothermal dwell time at each incremental temperature, thereby reducing the
duration for which the specimen was exposed to the electron beam and thus reducing electron
fluence. It is visually apparent that cavities were consistently smaller girout the annealing
process than those observed at equivalent temperature under constant electron irradiation. This is
particularly noticeable at intermediate temperatures (50600 °C); growth rate remained slow and
cavities remained relatively small uedminimised electron beam exposure, where under constant
electron irradiation cavity growth had significantly accelerated at such temperatures. The onset of
enhanced cavity growth appears delayed under minimised electron beam exposure, where rapid
growth was not observed below 700 °C; at which temperature considerable growth was observed.
Beyond 700 °C cavities continued to increase in size with increasing temperature up to the maximum
of 1000 °C.
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Figure6.5: Mean average defect size observed at incrementally increasing temperatures during in
situ annealing. a) Under constant exposure to a 300 keV electron beam (Specimen A), and b) under
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Figure6.5 shows a graphical representation of the mean cavity size of 50 measured cavities as a
function of temperature during ksitu annealing under constant electron irradiation compared to
those measuredvhen electron lgam exposuravas minimised. Concurrent with visual examination

of TEM micrographs, inspection of mean cavity size statistics shows that cavities were found to be
consistently smaller at equivalent temperature throughout the thermal annealing process under

minimised electron beam exposure; showing a clear dependence of cavity size on electron fluence.
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This is proposed to be primarily due to the reduction in vacancy defect production and thus lowered
excess vacancy concentration associated with reduced eledtuence. Hence the lesser supply of
vacancies results in a reduced flux of vacancies to cavity walls, and cavity growth occurs to a lesser

extent.

The cavity growth profile under minimised electron beam exposure deviates significantly from that
observal under constant electron irradiation. While the measured cavity sizes are similar at
temperatures up to 400 °C, the thermal evolution behaviour of cavities subjected to different doses

of electron irradiation is dramatically different above this temperatuWhere cavity growth was
approximately exponential with temperature above 400 °C under constant electron irradiation, when
exposure to the electron beam was minimised the onset of accelerated cavity growth during thermal
annealing was delayed until thepecimen reached 700 °C. In this case significant cavity growth
occurred only between 700 °C and 900 °C. The fastest rate of growth was observed at 800 °C, above

which the growth rate slowed at both 900 °C and 1000 °C respectively.

This behaviour can bexplained by variations in the factors affecting cavity growth. Two key
temperature dependent factors are the vacancy diffusion coefficient and the equilibrium vacancy
concentration[155]. At low temperature, cavity growth is limited by low defect mobilitgnce the

flux of vacancy defects to existing cavities is low, and growth is relatively slow. Additionally, since the
migration energy of vacancies is generally greater than that of interstitials in oxide cefd®irds
vacancies are less mobile thanangtitials. As such, at low temperatures where vacancies remain
relatively immobile, mutual recombination with mobile interstitials may be favoured over the

vacancy aggregation processes, further limiting cavity growth.

The equilibrium vacancy concentraii, 0 , in a material varies proportionally with temperature, T,

according to the approximate relationsHip01]:
6 ® Agp— (6.1)

WhereO is the vacancy defect formation energy afis the Boltzmann constanAs temperature
increases, the magnitude of the negative exponent decreases, and consequently equilibrium vacancy
concentration increases with temperature. Thus, at high temperature the degree of vacancy
supersaturation is lessened as the thermal eguilim vacancy concentratiompproaches the

concentration of electron beam induced (vacancy) defects. Such diminution of supersaturation
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results in a lesser supply of excess vacancies to facilitate cavity growth. Hence, it is proposed that
under minimized Ectron beam exposure conditions, the introduction of extrinsic defects was
sufficiently lessened for the thermal equilibrium vacancy concentration to become significant,
resulting in retarded cavity growth at high temperature. Emission of vacancies ligsanay also
increase at high temperature, contributing to reduced growth rate by partially counteracting the net
vacancy influx. Hence, the most efficient cavity growth under minimised electron beam exposure was
observed at intermediate temperature (this case 70@ 900 °C); where vacancies were sufficiently
mobile to allow rapid diffusion to the walls of existing cavies, and the equilibrium vacancy

concentration was sufficiently low to maintain adequate supersaturation to facilitate growth.

The obseration that the onset of accelerated cavity growth during thermal annealing was delayed
until the specimen reached 700 °C when exposure to the electron beam was minimised (e.f. 400
500 °C under constant electron irradiation) indicates that a thresholén@c concentration for
efficient cavity growth exists. However, it is noted that this corresponds to a beam exposure time of
~20 minutes at 700 °C; significantly less than the exposure time at which accelerated growth rate was
observed under constant elaan irradiationat lower temperature (4860 minutes). Hence, since a
lesser electron fluence was required to promote efficient cavity growth at higher temperature, it is
concluded that the aforementioned threshold vacancy concentration is temperaturerdigpe. As

such, it is clear that both electron fluence (and thus vacancy defect concentration) and specimen
temperature (defect mobility) contribute to cavity growth dynamics, and the contributions of these

two factors are interdependent.

The observatiorthat cavities were consistently smaller under minimised electron beam exposure
than those observed under constant electron irradiation at equivalent temperature shows that
reducing electron fluence suppresses cavity growth to some extent regardless amspec
temperature. However, at low temperatures, it is proposed that cavity growth is primarily diffusion
limited, as cavity size was similar up to 400 °C regardless of electron beam exposure time; cavities
also remained significantly smaller at higherdos v n YAy dziSaQ St SOGNRY 0S|
constant electron irradiation at low temperature than those observed at higher temperature and
equivalent dose under minimised electron beam exposure. Accordingly, larger cavities were
observed at equival® doses at higher temperature; indicating that, beyond a threshold vacancy
concentration required for efficient cavity growth, defect mobility has a greater influence than dose

on cavity growth dynamics. Nonetheless, it was shown that the mean cavityesizbed at the
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maximum temperature is dramatically reduced from ~11.2 nm under constant electron irradiation to
~5.4 nm when beam exposure time was reduced; hence it is proposed that, at high temperature
where defect mobility is high, cavity growth isrpdrily limited by the supply of electron beam
induced vacancy defects (dose limited). Radiation enhanced diffusion of lattice atoms (and
consequently enhanced diffusion the vacancy defects by which atomic diffusion is facilitated) due to
increased point diect concentration[157, 202] and / or ionisation enhanced diffusierby which

the thermal activation energy input required for diffusion is potentially lowered due to the lower
migration energy of ionised point defed03]- may also contribute to thearlier onset of enhanced

cavity growth occurring at lower temperatures under constant electron irradiation.

6.3 Effect of ceramic microstructure on the thermal evolution of electron beam induced

cavities during thermal annealing

Figure6.6, Figure6.7 andFigure6.8 show the thermal evolution of electron beam induced cavities in
LbTiQ specimens with different microstructural progess (grain size and porosity) under minimised

electron beam exposure.
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Figure6.6: Bright field TEM micrographs showing the thermal evolution of electron beam induced
cavities during irsitu annealing of S3zimen B (high porosity, intermediate grain size [*Grain size:
' Qf . f/ F58T aAYGSNBR G dnn c/ X cKO dzyRSNJ I on
time was minimised (beam switched off during isothermal dwell time at each incremental
temperature)
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Figure6.7: Bright field TEM micrographs showing the thermal evolution of electron beam induced
cavities during irsitu annealing of Specimen C (low porosity, intermediate grain size [*Grain size:
I Qf .Dj; sintered at 1000 °C, 2h) under a 300 keV electron beam where electron beam exposure
time was minimised (beam switched off during isothermal dwell time at each incremental
temperature).
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Figure6.8: Brigh field TEM micrographs showing the thermal evolution of electron beam induced
cavities during irsitu annealing of Specimen D (low porosity, largest grain size; sintered at 1100 °C,
6h) under a 300 keV electron beam where electron beam exposure time wasised (beam
switched off during isothermal dwell time at each incremental temperature).
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The primary purpose of these experiments was to determine the extent of electron beam damage
leading to cavity formation and growth in microstructurally differgpecimens, such that the effects

of the interactions of the electron beam with microstructurally analogous specimens could be taken
into account in subsequenb-situ helium implantation and thermal annealing experiments, which

will be discussed in Chapteér

Figure6.6 corresponds to Specimen B, which was of similar porosity but larger grain size than that of

{ LISOA YSY | Ryurésd)KHemafter, khgse will be referdeto ashigh porosityspecimens
Figure6.7 andFigure6.8 correspond to Specimens C and D respectively, hereafter referredidavas
porosityspecimens, which were of lowgorosity and larger grain size than that of Specimens A and

B. Note also that the grain size of Specimen D was significantly larger than that of Specimen C; thus

a significant difference in grain size existed within each suite of samples of comparaldéyporo

The density, mean average grain size, and actual size of the grains examined daiinghermal
annealing experiments (determined by manual density measurements, SEM image analysis, and
analysis of TEM micrographs respectively) are summaniseahle6.1. Values and associated errors
were calculated according to the methods described in the previous chapter. Further details of

specimen characteristics were presented irCinapter 4.

Table6.1: Mean average density and grain size (determined by SEM image analysis and manual
density measurements respectivetyf)the Lb TiG samples showin Figure6.4, Figure6.6, Figureb6.7,
andFigure6.8, andthe actual size of the specifgrainsexamined duringelectron beam irradiation
(determined from TEM micrographs) Errors quoted wee calculated according to Eq. (B.Br

density, 1 ESD for mean grain size, and half of the range of four measurements across each grain for
actual grain size used in TEM experiments

Corresponding SamplelD and Density Meangrain size | Actual gain size
figure sintering conditions | (%TD) (um) from SEM used in TEM
analysis experiments (um)
Figure6.4 ACI900 °C, 3 hou)s | 65+4 0.7+0.3 0.9+0.4
Figure6.6 B(900 °C, 6 houjs | 673 1.0+£04 12+0.4
Figure6.7 C(1000 °C, 2 houjys| 82%2 1.6+08 2.2+1.2
Figure6.8 D(1100 °C, 6 houjs| 84+2 3.4+2.6 6.5+2.6




Figure6.9 shows a graphical repres&tion of the mean cavity size of 50 cavities measured from
micrographs of each specimen as a function of temperature durisgurannealing under minimised
electron beam exposure conditions. For ease of comparison, the data shoWwigune 6.5b is

duplicated inFigure6.9a.
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Figure6.9: Mean average defect size and defect number density observed at incrementally
increasingemperatures during irsitu annealing under minimised electron beam exposure. a)
{ LIS OA YI8gyf porosity, smallest grain size; b) SpecimemiBh porosity, intermediate grain
size; ¢) Specimen-Tow porosity, intermediate grain size; d) Specimenl@v porosity, largest
grain size.
Comparing the size of cavities exhibited in high porosity specimens, prepared #f@ teramic
samples sintered at 900 °C for 3h and Bly(re6.9a and brespectively), caties were consistently
larger in the larger grained specimen sintered for 6h despite lesser electron beam exposure time. The

electron beam induced cavity growth behaviour exhibited by this specimen type was also shown to
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be somewhat anomalous at room temggure (see Chapter 4). The reason for this remains

unknown.

Although no resolvable cavities were observed at 100°C, the mean size and growth profile of cavities
in the low porosity specimen with the smaller of the two grain sizes, prepared fromTa@lderamic

sample sintered at 1000 °C for Zhidure6.9c), was remarkably similar to that of the high porosity
specimen with the smallest grains (sintered at 900 °C foFRjure6.9a) at amealing temperatures

of 200 °G 600°C. In this temperature range cavity growth was relatively slow and cavities remained
small, mean cavity size increased by only ~0.5 nm (from ~1.7 nm to ~2.2 nm). Although cavity growth
was enhanced between 700 °C and9C, which is proposed to be due mainly to enhanced defect
mobility at such temperatures, the extent of growth was found to be less than that of the high
porosity specimen with the smallest grains. It is probable that this is due to the slightly reduced
electron beam exposure time in this temperature interval, in conjunction with the longer diffusion
path required for interstitial defects to escape the specimen surface in the case of the low porosity
specimen with larger grains, resulting in a reductiothmexcess vacancy concentration responsible

for cavity growth. Interestingly, the rate of cavity growth did not slow between 900 °C and 1000 °C
in the low porosity specimen sintered at 1000 °C for 2h as it did in the high porosity specimen sintered
at 900 °C for 3h; as a result, the mean cavity sizes at 1000 °C were similar (5.6 nm and 5.4 nm
respectively) despite the former exhibiting slower growth at intermediate temperatures. This could
be attributed to the lesser degree of vacancy defect loss to waniasinks at grain boundaries in
specimens with larger grains; the result being that a higher vacancy excess, and thus a greater net
influx of vacancies to existing cavities, is maintained despite increased equilibrium vacancy

concentration at higher tempmatures.

In contrast, the cavity growth dynamics of the low porosity specimen with the largest grain size,
prepared from an kTiQ ceramic sample sintered at 1100 °C for 6h, differ significantly from those
exhibited by the other specimens investigatedsudl inspection of TEM micrograpsgure6.8) in
conjunction with mean cavity size statisticBigure 6.9c) reveals that some resolvable cavity
formation was apparent at 1°Cg 200 °C, and measurable growth was observed at 300 °C (from 1.2
nm to 1.8 nm). A concurrent decrease in cavity number density was observed with cavity growth up
to 300 °C, indicative of a coarsening process similar to that observed in other speckiosveyver,
despite being subjected to the longest duration of electron beam exposure experienced by any of

the specimens (at equivalent temperatures), mean cavity size reached a maximum at 300 °C, above
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which cavity shrinkage occurred in the 400¢ 600 Ttemperature range. The observed shrinkage
was accompanied by the continued reduction of cavity number density, indicating that some cavities
had annealed out entirely. This was particularly apparent at 5006@ °C, at which temperature
damage recover processes resulting in the shrinkage and annihilation of cavities appear to outweigh
further cavity nucleation and growth. Void shrinkage can be attributed to (i) a net absorption of
interstitials by voids, (i) the emission of vacancies by voids, on®ination of these two factors

[204]. In this case, it is proposed that the longer diffusion path for interstitials to reach sinks at grain
boundaries or escape from the surface of the specimen with the largest grains also results in a
reduction of the etent of the preferential loss of interstitials, which in turn increases the probability

of vacancyinterstitial recombination and thus reduces the excess vacancy concentration responsible
for cavity formation and growth. The influence of the increaseduditin path length to surfaces /
grain boundaries on excess vacancy concentration may be more significant at elevated temperature

where defect mobility is enhanced.

The rate ofthermal vacancy emissiori() from voids or cavities increases with teerature (T),

and can be described §H¥55]:

Y —p Qoi— Eq. (6.2)

WhereO and6 are vacancy diffusivity and thermal equilibrium concentration respectively, R is the
cavity radiusm is abbmic volume and is the free surface energylence it is suggested that cavity

shrinkage at temperatures above 300 °C is due to a combination of two factors:

0] The thermal equilibrium vacancy concentration (see eq. (6.1)) is sufficiently high to
suppress drther cavity growth in this specimen as the processes responsible for excess
vacancy production are likely to be less efficient in specimens with large grains.

(i) Increased thermal emission of vacancies from existing cavities and their subsequent
diffusion avay from the cavity where they may be accommodated in the bulk due to

increased equilibrium vacancy concentration at elevated temperature.

Note from Eg. (6.2) that the rate of thermal emission of vacancies from voids or cavities is greater for
cavities ofsmaller radius. Given the proposed reduction in excess vacancy concentration in the bulk

of larger grained specimens due to the increased probability of defect recombination, it is feasible
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that the rate of vacancy emission from existing small cavitiedeatated temperature outweighs the

influx of excess vacancies to cavity walls; resulting in the shrinkage and dissolution of cavities.

The observation of damage recovery in the form of cavity shrinkage in the 4@0 8D0°C
temperature range, in conjunan with the relatively low number density of smaller cavities
exhibited by the largest grained, low porosity specimen at 600 °C, indicates that this specimen is the

most resistant to electron beam induced cavity formation, particularly at intermediate ésatpres.

Unfortunately, mechanical failure of the thin film specimen at 700 °C forced the examination of an
area which had not previously been illuminated by the electron beam at temperatures of 700 °C and
above. No resolvable defects were observed at 7D@&nd 800 °C (3 minutes and 4 minutes electron
beam exposure time respectively). Sparingly resolvable defects were observed at 900 °C after ~6
minutes of electron beam exposure. Where significantly enhanced growth was observed in the other
specimen typestudied at such temperatures, minimal cavity growth of only 0.3 nm (from 1.3 nm to
1.6 nm) was observed in this specimen on increasing the temperature to 1000 °C and exposure time
to 8 minutes. This is likely to be due to the reduced electron fluencesjdogperienced by this area

of the specimen owing to the earlier mechanical failure; as such, the excess vacancy concentration
responsible for cavity growth had not been previously allowed to build up at lower temperature, and
hence the supply of vacancigscavity walls was insufficient for efficient growth to occur despite the
high temperatures. Notably however, the number density of resolvable defects observed at §00 °C
1000 °C was approximately half that of defects observed at low temperature ab@ppately
equivalent electron exposure time. This suggests thdi@Qj exhibits a greater resistance to electron
beam induced damage when the associated electron irradiation is carried out at high temperature.
The apparently lesser susceptibility ofTlDs to electron beam induced cavity formation when
irradiated at high temperature is proposed to be due to the higher recombination rate of electron
beam induced Frenkel pairs at elevated temperature due to increased defect mobility; hence the
excess vacanaoncentration responsible for cavity growth builds up to a lesser extent and the extent

of cavity formation and growth is reduced.

6.4 Possible influence of G@elease on cavity growth

It has long been established that the presence of gas atoms isdesadi essential for void/cavity
nucleation and growtlil8, 21, 22] The presence of gas atoms reduces the surface energy associated

with vacancy clusters, voids and caviti@€l5]; thereby stabilising the internal surfaces, in turn
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preventing the collapsef small voids into dislocation loops and facilitating growth. Void number
density has been reported to increase with gas concentration in irradiated metals, indicating that the
gas acts as an efficient nucleating ag¢i6]. In addition to aiding nucleain, void embryos
containing a sufficient quantity of gas have been reported to experience preferential growth, where
void number density was significantly reduced or entirely absent in degassed specimens of the same
material[145]. Once nucleated, growtbf existing voids and cavities is generally believed to occur by
the absorption of vacancies and gas atojh8, 23} the extent of (volumetric) growth is primarily
dictated by the supply of vacancies, the net absorption of which may be driven by theahtern
pressure of the stabilising gg$47]. The pressure exerted by gases contained within cavities may
also serve to reduce the thermal emission of vacardié8], which would otherwise counter the net

influx of vacancies responsible for cavity growth tgreater extent.

LbTiQ is known to absorb atmospheric water and £& room temperature, resulting in the
formation of a LACQ surface layef205]. Evidence of ¥CQ formation due to the reaction of the

LbTiQ pellets used in this work with atmospherCQ was shown previously in the XRD pattern
obtained from a pellet which had been deliberately exposed to atmospheric air for a long fez®d
Figure5.7, Chapter 5). While all specimens used in TEM expersnamnid the pellets from which

they were prepared, were stored under inert (dry argon) atmosphere in order to minimise
atmospheric exposure as far as reasonably possible, some degree of surface reaction during sample
preparation was inevitable. The result thermal desorption spectroscopy (TDS) experiments
designed to identify the gaseous species evolved from the pristii@s.samples used in this work

as a function of temperature are shownkhigue 6.10.
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Figue 6.10: TDS spectra showing®, OH and CONBEf S aS LINRPFAf S& 20Q - Ay S
pellets sintered under different conditions as a function of temperature (using a constant heating
rate of 10 °Gnin-1). Data shown has been background subtracted and normalised according to the
mass of each sample. Main figures are plotted on an appropriate linear y scale to highlight key

features in the gas desorption profiles of each sample; insets show idetiitzaplotted on
equivalent logarithmic y scales to enable the comparison of the desorption rates observed in the
data obtained from different samples.

The TDS spectra obtained from pristingl'lG pellets were dominated by signals corresponding to
HO,OH and CQ species, indicating that significant quantities of water and k& been absorbed

in all cases. Peak positions and desorption profiles 0f &hd OH species were found to be very
similar, with the latter scaling approximately to the former; hertagas concluded that both of these
signals could be attributed to water desorption. The signal corresponding to OH is potentially due to

fragmentation of HO as a result of the ionisation process associated with mass spectrometry.

All samples exhibitenhitial water and OH desorption events at low temperature (~40 °C), which was
attributed to the desorption of weakly physisorbed surface water. Significant desorption of water
from all samples was observed between ~50 °C and ~350 °C, which appearsrtim actumostage
process. Increased water release at slightly elevated temperaturesq~460 °C), which appears

most clearly as a shoulder in the TDS spectra corresponding to samples A and C, was attributed to
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desorption of weakly chemisorbed water dtet sample surfaces; peak water desorption, which
occurred at temperatures between 200 °C and 300 °C in each case, was attributed to the thermally
activated desorption of chemisorbed water originating from further beneath the sample surfaces. It
is noted trat the magnitude of the main water desorption peak is significantly greater in the case of
the high porosity sample$igue 6.10, A and B) than those of the low porosity samplegfe 6.10,

C and D), indicating that the latter two samples absorbed less water during sample preparation and
interim storage; this is proposed to be due to the lower accessible surface area of the low porosity

samples resulting in lesser surfaceadable for absorption of atmospheric moisture.

Minor CQ desorption peaks were also observed between ~50 °C and ~350 °C, concurrent with peak
water release. This was attributed to the desorption of physisorbed and/or weakly chemisorhed CO
the release bwhich appears to have been assisted by the desorption of water, which may be acting
as a carrier gas which assists the desorption of weakly bouafr@®the sample surface. The main

CQ desorption events occur above 500 °C, with peak @@ase obserd between ~640 °C and
~740 °C in each case. This temperature range coincides with the thermal decomposition temperature
of LbCQ (~740 °C under ambient conditiori8p], the decomposition of which may occur at lower
temperature when in contact with a callysing surfacg84], or may be slightly reduced under
vacuum. Hence the major G@esorption event is ascribed to the thermal decomposition 6€Q,

formed as a result of surface reaction of i with atmospheric C&during sample preparation.
Similaly to water desorption, C&desorption from low porosity samples was significantly less than
that of high porosity samples; peak £d&sorption from the sample of lowest porosityigue 6.10

D) was found to be appximately three orders of magnitude less than the maximum desorption
observed from high porosity samples. Again this is attributed to the lower accessible surface area of
low porosity samples, resulting in less surface availability for reaction with gtimeoe CQ, thus

LpCQ formation occurs to a lesser extent in low porosity specimens.

According to Mayeet al. [146], any gas is capable of stabilising voids and cavities. While diffusion
processes associated with water desorption appear to have nelgligifects on cavity growth in
LpTiQ, a distinct correlation exists between £@esorption and the rate of cavity growth during
thermal annealing under electron irradiation. Neglecting the cavity growth statistics for specimen D
due to its mechanical faure, the fastest rate of cavity growth was observed at 7008@ °C in thin

film specimens A C during thermal annealing under electron irradiation; this correlates well to the

peak CQ desorption temperatures observed in TDS data collected from ahalogous pellet
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