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Segun la forma de andar de cada cual, se puede ver si ha encontrado su camino.
El hombre que se acercasu objetivo ya no camina, baila.

FriedrichNietzsche Asi hablé Zaratustra



The good life is one inspired by love and guided by knowledge.

Bertrand Russell, Why | am not a Christian

Science alone of all the subjectsontains within itself the lesson of the danger of
belief in the infallibility of the greatest teachers in the preceding generation ... Learn
from science that you must doubt the experts. As a matter of fact, | can also define
science another waySciences the belief in the ignorance of experts.

Richard FeynmanThePleasure of Finding Things OuThe Best Short Works of
RichardFeynman
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Introduccidn

INTRODUCCION

1. Objetivo

Una de las areas mas importantes a desarrolldentro del marco de la Fusion
termonuclear es la envoltura regeneradora lfreeder blanket) responsable de la
produccion y extraccion del tritio, componente fundamental daleactor. Dadasu
funcién mdltiple como generador de tritio y envoltura protectora delos imanes
este componente tiene que trabajar bajo condiciones sevas de irradacion y
temperatura a la vez queconservar sus caracteristicas fisiguimicas para seguir
produciendo tritio de forma eficientea lo largo dé tiempo. Se han desarrollado
numerosos modelos, muy diferentes entre ellos, que seran testados en ITER, el
primer reactor experimental de Fusibmagnética Entre ellos, el mas antiguo y mas
estudiado es el modelade breedersélido compuesto por ceramicas de liticomo
generadoras de tritio yde berilio como multiplicador de neutrones. Este modelo a
su vez puede cordr con dos diferentes tipos de refrigeracion:via agua Water
Moled PebbleBed o0 WCP)Bo viahelio (Helium Goled PebbleBed o HCPBEI modelo
desarrollado por Europa es ¢iCPBaunque los resultados encontrados en esta tesis
se pueden trasladatambién al WCPBdesarrollado principalmente por Japon.

La cantidad de tritio existente en un reactoen un momento dado se conoce con
el término inventario de tritio. Debido al riesgo radiol6gico asociadosa liberacion,
el inventario de tritio en un reactodebe ser minimo, por lo tantese debecontrolar
su cantidad y velocidad deproduccién asi comosu transporte o difusion en el
sélido. Tanto la difusibn como la solubilidad son dos fenémenos fuertemente
dependientes de la temperaturgy de los dafiosntroducidos en la red cristalina por
la radiacion.

La idea principal del presente trabajo es estudiar el comportamiento de
diferentes ceramicas de litio en condicionesimilares a la de operacionpara
entender el efecto de la radiacion re las propiedades del d@o y el
comportamiento del combustible del reactor de Fusiongl tritio, mediante la
extrapolacién de medidas indirectas
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Si se considera la funcién de blindaje de los imanes, es muy importante lque
capacidad aislantede la envoltura regeneradorano varie y, por lo tanto, sus
propiedades eléctricas. Por otro lado es conocida la contribucion iénida los
oxidos de litio. A partir de estas dos consideracionese proponela realizacion de
una serie demedidas de impedanciacompleja. La falta de informaién sobre el
comportamiento eléctrico de estas ceramicasbajo irradiacion ionizante se ha
abordado experimentalmente analizando comparativamente el efecto sobre el
caracter aislantey el dafioelectronico en el sélido dstalino. Mediante el estudio de
la movilidad de los iones de litio en la estructutase pganteaun analisigndirecto del
transporte detritio por un ladoy del quemado del litio burn-up) por otro.

Contemporaneamentese ha llevado a cabe@l estudio del comportamiento de
iones ligeros, @uterio y helio, en diferentes ceramicas de litio. Dada la dificultad en
el manejo del tritio, isotopo radiactivo del hidrégeno, se propone skguimiento y
analisisdel deuterio y del helia3 por ser loselementos de caracteristicas fisieo
quimicasmas proximas al tritio. Se trata deextrapolar la informacion obtenida a
partir de sus dindmicas de difusion bajo diferentes condiciones experimentakkdo
anterior se afiade el interés del estudialel helio3 por ser el producto de
decaimiento del T Su comportamiento puede resultar de especial interés en el
tratamiento de materialesceramims desgastados. Este trabajo experimental se ha
llevado a cabogracias a dos proyectos europed$SPIRIT y EMIR) que han permitido
efectuar las medidas experimentales aqui gsentadas.

2. Estructura dela memoria

El trabajoescrito se ha dividido erdos partes:una primerade revisidéntedrica en
la que seintroducen los fundamentosdel estudio presentado con el objetivo de
explicar la necesidad de abordar aspectosiuy concretosdel comportamiento de
materiales ceramicos para la envoltura regeneradoraUna segunda parte
experimental en la que se presentara los resultados obtenidos, desde la
fabricacion hasta la caracterizaciéde materiales irradiados y/o implantadogara
poder cumplir con los objetivos previamente expuestos.

Enel Capitulo 1 se introduce la fusicGzual una delas mas importantesfuentes
energéticas del futuro, acercandose de formaspecificaal componente del reactor
del que este estudiose ocupa la envoltuia regeneradora de tritio (o breeder
blanket). Se describen los modelos desarrollados a nivel internacional, enfocando la
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descripciona uno de losmodelos europeos: el modelo sélido, basad en cerdmicas
de litio para la produccion de tritio berilio para lamultiplicacion de neutronesy
helio para el enfriamiento del modulo.

En elCapitulo 2 se profundizaen el concepto deenvoltura regeneradorasoliday
se describen sus caracteristicas principales.raiz de las principales funciones que
tiene que cumplir,se describenos detalles de las redes cristalinas de los materiales
utilizados, lo que sera de gran utilidad para el entendimiento de algunos de los
experimentos propuestos.

En el Capitulo 3 se presenta un resumen teorico de los pardmetros principales
relacionados al tritio como combustible del reactor de fusion.A partir de una
revision bibliografica, seexplicaran los pasos fundamentales que esti®n tiene que
seguir desde su produccion hasta su extracciohsimismo se proponen una serie de
medidasindirectas paracomprender su comportamienta

En el Capitulo 4 sexponen brevemente los efectos de la radiaciorsobre las
propiedades delas ceramicas de litio utilizadas como envolturageneradora,que
se recogen en la bibliografia. Se revisan los prpales experimentos realizados con
el fin de definir los puntos en discusidbn queencuentran en este trabajo
experimental un nuevo aporte Se revisan ademasas principales fuentes de
radiacion para la produccion de defectosn solidosutilizadas a lo largo de esta
tesis.

En los capitulos siguientes se describen los experimentos llevados a calbo
largo deltrabajo y la discusion de los resultados derivados de elfmel Capitulo 5
se presentan no solo la descripcion de las principales técnicas experimeles
utilizadas para la caracterizaciémel material final, sino la busqueda del mejor
método de fabricacioncapaz de proporcionarceramicasen forma de esferas yon
un alto contenidoenlitio.

En el Capitulo 6 seconcreta el estudio del comportamiento eléctrico a través de
la técnica de espectroscopia de impedanci@ompleja. Se deducen asi las
modificaciones causadapor radiacion gammaen la conductividad eléctricabien en
diferentes estructuras ceramicaso bien al variar el contenido en litio. Larppuesta
gue se hace es que la diferente propcidén de litio sea comparable a squemado
(burn-up) a lo largo del funcionamiento del reactor. loresultados encontrados
proporcionan por lo tanto, una idea de la estabilidad de estos materiales en el
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tiempo, dato fundamental considerado el papel d& envoltura protectora. A la vez

se proponen medida de espectroscopia de aniquilacion de positronepara
distinguir la diferente configuracion de los defectos en los distintos materiales antes
y después de la iadiacion con rayos gamma. También se discutira el papel de la
temperatura en la regeneracion de defectos a través de estas medidas.

En el Capitulo 7 se presenta un detallado trabajo experimental sobre el
comportamiento de dos iones ligeros en las ceramag delitio: el deuterio y el helio
El estudio se basa en la medida del perfil en profundidad a travésuia técnica
precisay no destructivade haces de ionegara la deteccién de iones ligeros: el
andlisis por reaccion nuclear. Sersigue laobservecion del efecto en la difusion de
los iones ligerosen diferentes microestructuras al variar la temperaturaA
continuacion se propone un estudio magspecifico en una sola matrizariando las
condiciones de los tratamientos térmicos (tiempo y temperaturapara finalmente
observar el efecto de radiaciones ionizantesdel dafio estructuralen la difusion y
salida del ion. Este trabajo se completa con unas medidas fd®luminiscencia,
microscopia de trasmision y espectroscopia Ramaara destacar el efectode la
radiacidnen la superficie y en la zona de implantacigobservando su influencian
la dinamica de salida de los iones

Finalmente se presentaran las conclusioneebre el efecto de la radiacion en las
propiedades eléctricas asi como en el proceste difusion de iones ligeros Se
concluira sobre el rol de la estructura cristalina con la idea de poder identificar las
mejores prestaciones requeridas al candidato oficial como envoltura regeneradora
solida del reactor de Fusion.

La bibliografia asi @mo la lista de contribuciones cientificas (publicaciones y
congresos) generadas a lo largo de este trabajo, se encuentran al final del
documento juntas a los proyectos que han hecho posible la escritura de esta
memoria.
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1. Thermonuclear fusion energy

CHAPTER 1

THERMONUCLEAR FUSION ENERGY

In this chapter a brief description of Fusion reactor and of the international
projects for its achievement is presented. Starting from a generic description, a
focus on all the materals and subsequently on the ones used in this thesis is
developed. Finally a description of the breeder blanket module object of this study

is provided.

1. Motivation for FUSION research
1.1. Safety and environmental impact
1.2. Fusion as an energy source Fuels
1.3. Reactor designs

2. Achieving fusion energy: IFMI&cility, ITER and DEMO projects.

3. Fusion materials

3.1. Structural materials

3.2. Plasma facing materials
3.3. Functiond materials

3.4. Breeding Blanket materials

4. Description of HCPB Blanket
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1. Motivation for FUSION research

Future economic growth will have important implications for the energy
demand By 2050, the expected raise in global population from six billion to nine
billion and better living standards, could lead to a two to three fold increase in
energy consumption (Figure 1.1). No single technology will fulfil this demand. Each
has strengthsand weaknesses, and a mix of power sources will be needed to meet
the challenges of energy security, sustainable development and environmental
protection. Future energy supply options may comprise fossil fuels, nuclear fission,
fusion, renewable, energy ®rage and improved energy efficiencyl].

Primary energy demand, 2035 (Mtoe) Share of global growth
2012-2035

OECD

Europe Q
@ China
United e

4060 @13 pan
States Middle @ Middle
East s
B ?s Southeast East
ye | Asia

India

Nen-0QECD
Asia

Figure 1.1World energy consumption with estimated extrapolation. In the inset an
estimation of world population growth on which energy growth is based on
(Courtesy: IEA2]).

Fusion power is a potential may source of basdoad electricity with attractive

features:

1 no greenhouse gas emissiongthe only byproducts of fusion reactions are
small amounts of helium, which is an inert gas that will not add to
atmospheric pollution),

1 abundant and worldwide distributed sources of fuels (Deuterium can be
extracted from water and tritium is produced from lithium, which is found in
the earth's crust),

1 no long-lived radioactive waste(only plant components become radioactive
and these will be safe to recycle or dmwse of conventionally within 100
years),
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1 inherent safety features (The small amounts of fuel used in fusion devices
means that a largescale nuclear accident is not possible).

In a fusion reaction, the amount of energy released is about four million #has
high as the amount of energy released in an ordinary chemical reaction, like the
burning of coal. That enormous difference means that a fusion power plant only
needs a very small quantity of fuel. To power a fusion power plant b6W for one
year with 30% conversion efficiency from thermal to electrical energ®250 kg of
fusion fuel are needed. A codired power plant of the same size needs 2.7 million
tons of coal every year. The lithium from one laptop battery, combined with the
deuterium in 100 itres of water, can cover the electricity use of an average
European citizen for 30 years.

Worldwide identified reserves of lithium in 2011 were estimated by the US
Geological Survey as 13 million tonnes, deposits of lithium are found in the Andes
mountain chain and Chile is the leading lithium producer, followed by Argentina
however, half the world's known reserves are located in Bolivia's Uyuni Desert with
5.4 million tonnes of lithium[3].The last important source is the lithium extraction
from ocean s& [4], which give to the fusion energy the politically relevant aspect of
presenting a uniformly distributed fuel source in the worldwide.

It is estimated that a firstCAT AOAOEOR®I 80T RADAI x1 Ol A C.
electricity for 0.09°HT E7 E | O dohinatetl ky@ongirdction costs, whictare
checked by comparison with cost estimates for ITER components that have been
validated by industry) with a reduction for the firsgeneration of the most
advanced model to 0.08HkWh. These costs are based on sking technologies and
could be reduced significantly by new developmenis].

The production of fusion reactions can be accomplished, but nowadays such
experiments always require the input of far more energy thatine releasedby the
fusion reactions. Thechallenge is not to produce fusion reaction, but to turn fusion
into an energy source that generates more energy than it consumes. The big
guestion is how long will it take to develop and test the materials and technology
needed to make robust, reliablend economical fusion power stationg8]. It
represents one of the world's most ambitious research endeavors whose results
could change the world's energy landscape opening the way to a safeaceful,
affordable, inexhaustible and C© free source energy.
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1.1 .Safety and environmental impact

One of the fusion power plants milestone will be its inherently safety in the sense
that any perturbations of the conditions needed to sustain the reaction process lead
to immediate shutdown of the fusion reaction. Fu®n power plants have limited
stocks of energy capable of causing accidents. Although the plasma in a fusion
power plant will have a volume of 1000 fror more, the total amount of fusion fuel
in the vessel is very small: only few grams. If the fuel supyclosed, the reaction
stops without problems within seconds.

Fusion is not a chain reaction and can therefore not run out of hand: in the
normal situation, any deviation from the optimum plasma configuration leads to a
decrease in temperature or densitgnd thus to a decrease of energy production.

The intermediate fuel, tritium, is a radioactive substance with a small lifetime
(about 12.3 years), and fusion power plants are constructed in such a way that a safe
handling of the tritium is ensured, whichis subject to appropriate laws and
regulations. Techniques and expertise to handle tritium safely already exist. As
tritium is produced inside the plant in a closed circuit, the total amount of tritium
present can be kept as low as possible (a few kg), amaitside the plant no
transport of tritium is needed, except when a new fusion poer plant is
constructed [7]. Moreover the stable isotope®He produced when tritium decays has
many uses and is very expensive. Thus a Fusion economy would provide a
substantial new resource ofHe, used i medical medicine for the lungnd for slow
neutron detectors|[8].

Although the products of the fusion process (helium and neutrons) are not
radioactive, the structural materials of the vessel are activated by the neutror$
proper materials are used, the halffe of most radioisotopes contained in such
waste can be limited to about 10 years, meaning that after a period of e.g. 100 years
the radioactivity drops to a 10.000th of its initial value, and that most materialan
be largely recycled. The design of new, so calléow-activation materials is an
important and active part of the international fusion research. The three areas
strongly influenced by neutron activation of materials in a fusion reactor are: (1)
longterm management of activated reactor materials after removal from the
reactor; (2) handson or "contact” reactor maintenance; and (3) reactor safety. The
impact of induced radioactivity can be reduced by using materials which either have
lower levels of indwced activity or have very short decay hdifves (like austenitic
stainless or ferritic steels, ceramics such as SiC through restrictions on alloying
elements and impurities)9] .
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1.2 Fusion as an energy source Fuels

The formulation of a theory in fugn energy involved several important steps
regarding the history of the science. The realization that the energy radiated by the

301 AT A OOAOO EO AOA O1F 1 0AI AAO EOOGEITT cCi
AT T OAOOGAQGETT O 1 001 1 & étomiz mMmAsAas, et duantulh A OO OA |
i AAEATEAO O -AT AA1 AAOGEO DPAOEIT AEA OAAI Ah £
%AAET COT 180 AAAOAOETT O 1 11000EA AOOCETT 1T &£ (UA

Fusion is the process that heats the Sun and all the stars by the collision of
atomic nuclei and the release of energy. To obtain it two hydrogen isotopes have to
be brought very close together to distances comparable to their size, gaining the
electrostatic repulsion, to form a heavier atom of helium. The probability that a
fusion reaction will take place is given in the form of a cross section. The cross
sections for the three most probable fusion reactions are shown in big 1.2. As
evident the deuteriumtritium reaction presents a higher probability to lower
energy than DD and B°He reactions.
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Figure 1.2The crosssectionsfor three nuclearreactions are shown: deuterium plus
deuterium, deuterium plus tritium, and deuterium plus heliuf@. At lower energies the
probability for the D-T reaction is much higher than for the other two resions.

The only way to achieve it is heating the fuel containing these gases to about
17*10 °C. At these temperatures the fuel becomes a plasma extremely thin and
fragile being a million times less dense than air.
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One of the fundamental questions is taletermine the conditions required for a
net energy output from fusion. In the 1955 John Lawson, a physicist at the UK
Atomic Energy Establishment at Harwelkalculated the requirements for create
more energy than is put in, and came up with a dependenoa three quantities:
temperature (T), density (n)andcoEl AT AT O OEI A jzQ8 4EA | A@EI
is achieved fusing deuterium and tritum to produce helium and higpeed
neutrons, following the reaction:

D+ TY (*He + 3.5 MeV) + (n14.1MeV) (1.1).

The 17.6 MeV energy released by the ifus reaction is shared between the alpha
particle, with 20% of the total energy, and the neutron, with 80%. The neutron has
no electric charge and its energy will be converted into heat and then into
electricity. The alpha particle has a positive chargedais trapped by the magnetic
field, thus its energy can be used to heat the plasma. Initially an external source of
energy is needed to raise the plasma temperature, but when the fusion reaction
rate increases and the alpha particles provide more and mooé the required
heating power, the alpha heating is sufficient by itself and the fusion reaction
becomes selfsustaining. This point is callewnition .

The conditions for BT magneticconfinement fusion to reach ignition and run
continuously are calculatd by setting the alpha particle heating equal to the rate at
which energy is lost from the plasma and is commonrkyown as triple product or
Lawson's criterion

21 31
n4 z>3*10 keVms (1.2)
where
n: plasma density (number of fuel ion per cubic meter);
T: temperature;
z: confinement time measures the rate at which the energy is lost from the plasma.

1.3.Reactor designs

Two different options are been develped to reach theseextreme conditions:
the inertial and the magnetic confinement systepfollowing very different lines

In the inertial confinementa small pellet of frozen fusion fuel is flasiradiated by
a number of extremely intense laser beamsind heated so quickly that it reaches
the conditions for fusion and burns before it has time to escape. The inertia of the
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fuel keeps it from escaping. It uses the same principle of the hydrogen bomb but
with smaller fuel quantity (about few milligrams in agw millimetre capsules). A
large laser facility National Ignition Facility (NIF) at the Lawrence Livermore National
Laboratory in California is experimenting and testing inertial fusi¢hl]

In the magnetic confinementhe plasma is controlled by a stmg magnetic field.
The earliest magneticonfinement devices were developed in the UK in the late
1940s. These werdoroidal pincheswhich attempted to confine plasma with a
strong, purely poloidal magnetic field produced by toroidal plasma current bthis
arrangement resulted seriously unstable.

The second approach to toroidal confinement is thetellarator, invented at
Princeton in the early 1950s. This evolved as an attempt to confine fusion plasmas
by means of a strong toroidal magnetic field produck by an external toroidal
solenoid. It is necessary to twist the magnetic field as it passes around the torus so
that each field line is wrapped around the inside as well as the outside of the cross
section.

Figure 1.3Modular coilset and outer magnet flux surface for the W+X stellarator.

The advantage of the stllarator is that thanks to the complex shape of the coils,
no electrical current is required inside the plasma, implying a number of technical
advantages.Although stellarators are very praising as commercial reactors, the
research in this direction is still in an earlier phase due to its complex engineering.
Spain since 1997 with the T0machine,in Japanin the largest stellarator, the Large
Helical Devicesince 1998,and in GermanGreifswald in the under construction
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Wendelstein7X (see Figure 1.3), theplasma in heliotron configurationis being
studied.

The third and most successful, toroidal confinement scheme is thekamak,
developed in Moscow in the 1960 There are two main mgnetic fields. One of
these, known as the toroidal field, is produced by a copper coil wound in the shape
of a torus. The second magnetic field, the poloidal field, is generated by an electric
current that flows in the plasma. The two magnetic fields comie to create a
composite magnetic field that twists around the torus in a gentle helix (Figuret)l.
The big problem of this system is that plasma is inherently unstable and always tries
to escape from the magnetic field.The plasma extinguishes itself i@ sudden
manner, known as a disruption: the plasma current abruptly terminates and
confinement is lost.

Transformer winding
(primary circuit) Iron transformer
core

Toroidal
field coils

Toroidal
magnetic
Plasma current field
(secondary circuit) Resultant
helical field
(twist exaggerated)

Figure 14: A schematic view of a tokamak showing how the current is induced in the plasma
by a primary transformer winding. The magnetic fieldsud to the external coils and the
current flowing in the plasma, combine to produce a helical magnetic field.

Tokamak instabilities are a very complex subject, and very difficult to understand,
similar in many aspects to the instabilities in the weather ing both controlled by
the flow of fluids and a turbulent behaviour. Thereforetiis important in fusion
experiments to be able to diagnosing the plasma (measuring the properties like
temperature, density, impurity concentration, and also particle and ergr
confinement times). With this porpoise big projects counting with the participation
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of Ciemat have been developed since 1970: JET in the Culham Centre for Fusion
EnergyUK and J¥60 at the JAEA laboratories in Nakdapan.

Theignition conditions requred for the two fusion concepts are a bit different:
for inertial-confinement fusion, the time is shorter ity and z2) and for magnetic
confinement plasma density is quite highernZ and z9), thus a really different
plasma pressure versus time is required.

Great improvements have been made in the plasma profiles and magnetic
control that influence the confinement, but the largest improvement can be made
simply by building a bigger tokamak, thereby increasing the plasma volume relative
to its surface arealfke in ITERcase.

2. Achieving fusion energy: IFMIF facility, ITER and DEMO projects.

A commercial fusion power station will use the energy carried by the neutrons to
generate electricity. The neutrons will be slowed down by a blanket of denser
material aurrounding the machine, and the heat this provides will be converted into
steam to drive turbines and put power on to the grid. A fusion power station is
conceptually similar to an existing thermal power station but with a different
furnace and different el (Figure B).

Fusion is expected to become a major part of the energy mix during the second
half of this century. With adequate funding, the first fusion power plants could be
operating by 2040 as an electrical power station. To achieve this, a serds
development steps need to be taken.

IFMIF (International Fusion Materials Irradiation Facilityis a facility with the main
objective to provide a sufficiently intense neutron source for testingselecting and
licensingthe right materialsfor fusion reactors.

There is a fundamental need to build an intense high energy neutron source to
serve as a tool for calibrating and validating the data generated using fission
reactors and particle accelerators, and for qualifying materials up to about full
lifetime.

IFMIFconcept will work with two intense D' beams of 40 MeV, each carrying an
intensity of 125 mA, and a liquid window of lithium for the generation bigh-energy
neutrons that will be fired on testing materials identified as suitable for the
components of commercial fusion reactors.



1.16

1. Thermonuclear fusion energy

The irradiation conditions provided by IFMIF will be very close to the ones
expected to occur in DEM@ype reactor, at the level of the first wall, in terms of
damage rate and rates of production of helium and hydrogen.o@pletion of
IFMIF's design is now being taken forward as a joint European/Japanese project and
a site for the facility is being identified, with operations planned to start in 20[12]
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Figure 15: Schematic fusion power station, not to scale, ex@ihing how to generate electricity
starting from plasma.

ITER(International Thermonuclear Experimental Reactoiiy a milestone project in
the development of fusion energy. It is the next major international fusion
experiment and a crucial step towards samercial fusion energy. Its objective is to
prove the feasibility of electricity generation from fusion by releasing some 500
megawatts of fusion power (from a 50 megawatt input) for up to 500 seconds. It
will be the first fusion experiment to produce nepower 7 ten times more than the
amount required to heat the plasma.

A truly global project, the participants in ITER represent more than half the
world's population: China, the European Union, India, Japan, South Korea, Russia,
and the United States of Amaca. It is the world's largest international caperative
scientific research and development project, started in 1986 at the Geneva
Superpower Summit, where the former Soviet Union General Secretary Gorbachev
proposed to U.S. President Reagan the develo@nt of fusion energy for peaceful
purpose. Thus began a international collaborative project to demonstrate the
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potential of nuclear fusion as an energy sourcending on 2007 with the official

) 4%2 | OCAT EUAOQGET T A O OEA Jihdinos addahded i 1
International Thermonuclear experimental reactor that has been designed to
produce 10 times the input power.

The ITER site is next to an existing energy research site at Cadarache in southern
France. An international team is now constrtiog the machine, with the first
plasma expected in 2020. This will be followed by a-@€ar period of operation that
will test essential physics and technologies for the fusion power plants of the future
[13]

Once the scientific and engineering systes have been tested, the next stage will
be to build aDEMOnstration fusion power plant integrating the results. Designs are
already advanced for this prototype machine.

DEMO will produce two GW of electrical power to the grid, a similar output to a
standard electrical power plant, and could be online in the 2030s. If successful, it
will lead to the first generation of commercial fusion power stationg4].

Three important challenges will thus be achieved:

1. Heat a large volume of deuterium and tritium ptma to over 100 million °C
temperature ? 10 times hotter than the core of the Sumn needed in order
to allow the particles to fuse, form a heavier atom and release a
comparatively large amount of energy whichwill be transformed in
electricity. In ITER, gower-station-scale experimental device, steadstate
operation should be achieved.

2. Demonstrate that the candidate materials for the walls can endure for years
in the harsh conditions of the reactor, which combine bombardment by
energetic neutrons very higp thermal loads, and intense interactions with
deuterium and tritium. This will require tests in an acceleratdriven facility
known as the international fusion materials irradiation facility (IFMIF).

3. Ensure reliability of what will be very complex systes building the first
DEMOnstration fusion power plant.

3. Fusion materials

Fusion research is developing a big and novel research area related to the materials
which should present the following requirements:

|
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V good performance under stringent operational enditions (support high 14
MeV-neutron fluence, high heat fluxes, high operational temperatures &
temperature gradients and thermal stresses, etc.; avoid chemical reactions);

V low long-term activation (minimizing the production of waste);

V low shortterm activation;

V low decay heat (facilitating maintenance and cooling).

The highenergy fusion neutrons will produce atomic displacement cascades and
transmutation nuclear reactions within the irradiated materials. At the first wall of
ITER the primary displacenm dose rate will be of the order of 18 dpa/s and the
ionizing dose rate of the order of 10Gy/s[15] From the point of view of materials
science, atomic displacement cascades induce the formation of point defects (i.e.,
vacancies, interstitial ators, vacancy and interstitial clusters) and segregation of
alloying element.A second radiatioAnduced effect is the high rate formation of
CAOAT 0O OPAAEAOh E8A8 EAITEOI AU jThyQ
can form bubbles and blisters modifying physical and mechanical properties of first
wall materials.

The micostructure evolution in a fusion reactor environment may bring to the
degradation of physical properties, such as a decrease of the thermal and electrical
conductivity, as well as degradation of the mechanical properties, leading to strong
hardening and/a embrittlement effects. Gas formation can cause a macroscopic
swelling of the material, leading to a loss of dimensional stability. These effects are
the main factors limiting the choice of candidate materials for fusion power reactors
[16]. In addition to a good resistance to radiation damage, materials must show high
performances, high thermal stress capacity, compatibility with coolant and other
materials, long lifetime, high reliability, adequate resources, easy fabrication with a
reasonable cost, god safety and environmental behaviour. The residual
radioactivity of a large amount of exposed material is an important concern and will
govern the handling methods, dictate the storage periods and the overall waste
management and recycling scenarios.

Cansidering all those requirements and the function of the materials for fusion
power reactors, it is possible to classify them in four main groupstructural
materials, plasma facing materials, functional materiaBreeding Blanket materials.
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3.1.Structural materials

Structural materialswill support the basic structure of the reactor. They will be
submitted to high temperatures and high levels of neutron irradiation, but also to
high mechanical and thermenechanical stresses. The challenge is to develo
structural materials which should maintain prolonged exposure to high thermal and
radiation flux. The materials R&D strategy that takes into account these
requirements has led to the development of the s Al 1 AA O1 1T x AAOEOA
OOAAOAAA /Jale@E[D7AI6 Eiénlatdsevéral studies on the effect of proton
irradiation on Reduced Activation Ferritic Martensitic materialdRAFM base alloys
[18], as the effect of helium implantation of mechanical properties of other
structural materials[19], have add important information to the behavior of these
material under environmental conditions.In addition they may need chemical
compatibility with coolants and be relatively easy to manufactureCandidate
structural materials, as well as candidatglasma facing materials, have a chemical
composition that is based on low activation chemical elements (Fe, Cr, V, Ti, W, Si,

C).

S

Figure 1.6 Fusion reactor scheme with the four maimaterialC OT OB6 O Al AOOEEEAAC
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3.2 Plasma facing materials

Plasma faaig materials will be directly exposed to the fusion plasma, which
means that will serve as armour for the underlying materials. They will be submitted
to a high heat flux of energetic particles (0-20 MW/nf), high temperatures (775
3475 K), electromagnet radiation, sputtering erosion, blistering and exfoliation,
high levels of neutronirradiation (3-30 dpal/year), and to offhormal events like
plasma disruptions and Edge Localized Mode (ELM) events. Key issues relate to
hydrogen trapping, erosion and higtheat loadsare studied in the Ciemat group
with different plasma gas discharges together with the use of Li as a plasfaaing
component [20]. Selection of plasma facing materials is mainly limited by their
capability for absorbing heat and minimizinglasma contamination.

3.3 Functional materials

Functional materials will have one or several specific function (optical,
transmission, windows, etc..). Their mechanical resistance under irradiation is
presently considered of no primary concern. However, maiat properties, like the
tritium release behaviour, the thermal conductivity or the entire structural integrity
after prolonged neutron irradiation, are important concerns. As compared to
structural materials orders of magnitude more hydrogen and heliumoi®pes will
be generated in functional materials, e.g., in beryllitgpe neutron multipliers and
lithium ceramictype tritium breeders. The irradiation resistance of other functional
materials, such as ceramic insulators, dielectric and optical windowstioal fibres
or complete sensor assemblies, asoan important concern.Important results have
been observed through optical measurements on the defects created in $lgy O,
Si and He irradiatiori21]

3.4 Breeding Blankematerials

In a fusion powerplant, the breeding blanketcomponent is charged of several
important functions which result essential for the reactor operation like fuel
production (breeding tritium), converting neutron energy into heat and evacuate it
for the energy production, removimg the first wall surface heat flux without
exceeding the stress limit and finally it shall contribute to radjarotect the magnet
and the vacuum vessel from radiation.
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Tritium, which is hardly present in natural resources, is obtained by the nuclear
readion of a Licontaining medium (breeder), with the fast neutrons (n) coming
from the Dz T plasma:

®Li+nY “He +’T + 4.8 MeV (1.3)

inside the blanket of the thermonuclear reactor. The Li of this reaction will be
proportionate from Li-based breeding blanket which represent, for this reason, a
key component of the fusion reactor.

. s Ll Electricity
- |
> A
- Fuel Plant Power .
He Generation
| System
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<

Figure 1.7Schematt of fusion reactor input/output. The two elements responsible of
energy production are evidenced in the reactor scheme: the blanket (where T is produced
end extracted) and the divertor (which exhaust alfa, D, T and impurities from the plasma).

Various clemical forms have been considered for the lithium in the blanket.
Possible lithium compounds are lithium/lead or lithium/tin alloys, which are liquid at
operating temperatures. Lithium and lithium/lead offer the highest breeding ratios
without the use of aneutron multiplier such as berylliumMetallic lithium can be
used in principle. The disadvantage in its liquid metallic form is that it is very
chemicallyreactive and it also is easily set on fire in the presence of air or water in
the case of an accidet. Finally here are some problems in pumping conducting
liquid metals at high rates across the magnetic field.
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The other breeder possibility is the solid concept in form of ceramics containing
lithium. It present the advantage of a little extrapolation btechnology, thus near
term characteristics for ITER testinglhis model will be largely described along the
work, being the subject of this thesis work

Combining the lithium chemical form in the blanket, the type of coolant system and
the neutron multiplier,the Breading Blanket (BB) concepthave beendeveloped
since 198(22]:

V TheWCLLWater Cooled Lithium Lead Blanket), with a-Bb-cooled divertor
acting as both Toreeder and neutron multiplierand EUROFERs structural
material. The coolant tenperatures areincluded between 330°C and550 °C.
Its advantages are thatvater is an exceptional coolantargely availablethe
PWR cooling technology is well proved and it contributes to neutron
shielding in the manifold region. Its disadvantages are thEUROFER
embrittlement, the water/PbLi reaction and corrosion effectaa part of
Tritium permeation and extraction with possible contamination of the
primary coolant (tritiated water)

V The HCLL(Heliumcooled LithiumLead) blanket concept uses liquid b
eutectic melt acting as both Treeder and neutron multiplier and EUROFER
and Walloys as structural materials. The coolant temperatures are between
320°C and 550 °C. The compatibility ofallbys under irradiation is being
studied. Special attention on magrial integrity and tritium release properties
is devoted.

V TheDCLLDual Coolant Lithium Lead Blanket) concept utilize helium only to
cool a ferritic steel structure (including the first wall) and slowly flowing PbLi
acts as selcooled breeder in the imer channels. The insulating channels
allow reaching outlet temperatures up to 700°C. For an application on an
early DEMO a version atbout 500°C could be taken into accounDue to the
high outlet temperature and the MHD problems, the use of SISIC iseeded
as thermal and electrical insulation.

V The WCPB(Water Cooled Pebble Bed) concept developed mainly by Japan,
consider solid breeding materials of Li ceramics, Be multipliers and F82H as
structural material. The coolant temperature is required to babout 300 °C
as to avoid corrosion. The use of supercritical water can allow heat removal
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with a smaller amount of water because of wide operating temperature
range, but with serious corrosion problems.

V TheHCPBHelium Moled Pebble Bed) blanket, cooledby helium, uses solid
Li-ceramics in pebble bed form as-fireeders, beryllium in pebble bed form
as neutron multiplier and EUROFER as structural materials. The coolant
temperatures are included between 320°C and 550 °C.

ITER might be the only opportunityto verify and test breeding blankets by test
Al ATEAO 1T TAQI AO 4" -Omo OFIA® *%-i/1h ARAGE GIiAAA
allow and validate the measurement relevarfor a future powerproducing reactor.

Port Cell

Port
Interspace

- From L.V. Boccaccini , SOFT-2010

Figure 1.8The TBM systems extend from VacouVessel to Port Cell and buildings in ITER.

Six TBMs relevant to their respective reactor breeding concepts will be tested in
three equatorial ports of ITER. Europe is currently developing two reference
breeder blankets concepts for DEMO to be tested ITER under the form of Test
Blanket Modules (TBMs) Systems: HCLL and HJP8®. Both blankets use the
pressurized Heechnology for the power conversion cycle (8 MPa, inlet/outlet
temperature 300 °C/500 °C) where the coolant primary circuit exchanges thea
through a heliumwater steam generator to a Rankine circuit and the 9% CrWVTa
Reduced Activation Ferritic Martensitic (RAFM) steel as structural material, the
EUROFER. The main difference between the two concepts is the mechanism of T
extraction: in the HCPB a low pressure helium purge flow extracts tritium from the
ceramic pebble beds; in the HCLL the PbLidieculates slowly (~10 PbLi inventories
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pro-day) for a tritium extraction outside the vacuum vessel (see Figuter). The Test
Blanket Modules aredeveloped by several European partners (CIEMAT, CEA, ENEA,
KIT, NRI and RMKI) joint together into a Consortium Agreement (TEM), a
strategic and organizational cooperation to implement, develop, produce, qualify
and install the EU TBM systems in ITER.

In this thesiswork the HCPBblanket concept will be analysed in terms of pebble
bed breeding unit. Interest in using solid lithiurbased materials as tritium breeders
has grown since 197 Ceramic lithium compounds present more favourable
physical characteistics for the severe operating conditions of high temperatures
and intense neutron fluxes.

4. Description of HCPB Blanket

The Helium Cooled Pebble Bed (HCPB) blanket of the European Blanket
Programme to be tested during the dferent ITER experimentaphaseshas been
developed in Karlsruhe Institute of Technology (KIT3tarting from 199Q [24], [25]
and is basedon a ceramicbreeder (lithium orthosilicate mainly and beryllium
neutron multiplier in form of pebble beds, which are inserted into the blanket
iTAO1I AO AO A OAOEAO 1 £ OAOAAAAO OIT-E000
toroidal and radialpoloidal stiffening plates. The Vacuum Vessel is covered by
blanket modules.

The blanke thermal power, around 3000 MWMDEMO 2003), is extracted by the
He primary coolant flowing at high pressure (8 MPa) through the first wall and
blanket cooling plates made in RAFM BROFER 97 steel, derived from the
conventional modified 9CflMo steel eliminating the high activation elements (Mo,
Nb, Ni, Cu and N). The inlet and outlet temperatures of the primary coolant are 300
and 500 °C.

In the HCPB system a low pressure purge fldide loop at few bars pressure with
a H addition at 0.1%) is pumped into the pebble beds and the outlet flow containing
tritium is sent directly to a dedicate equipment that providethe removal of T from
the He carrier, the tritium accountancy and finallghe hydrogen isotopes (and
impurities) transfer to the ITER Fuel Cycle. Thiabket has the role of optimize the
process in which neutrons coming from the plasma and multiplied be-Bwltiplier
can be absorbed in thd.i-medium. This requirement together wh that of avoiding
inelastic scattering and absorption in iron, imply a small amount of steel structure,
thus a thin first wall structure[26].
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4EA AOAAAET ¢ OTEO A& O OEA (#0" ATT1OEOOO

as indicated in Figre 19. Thecanisters are filled with lithium ceramic in form of
pebbles with a typical diameter of 0.& 1 mm, used as the breeding material. The
space between the canister outside surface and the stiffening grid is filled with
beryllium/beryllide in pebble form witha diameter in the range of 1 mm, used as the
neutron multiplier material. The canisters are cooled with internal channels in the
i EAAT A Pl AOA 1T £ OEA 056 OAAEAI O1 OEA
lower portion and returns in the outer WAT AEA O 1[2H. To&dhnis@rs are
closed at the sides so that contact between beryllium and ceramics is excluded.

7
10mp,
First wall

plasma side
1660mm

Purge gas pipe
(red part)

cooling channels
BU backplate

Figure 19: HCPB test blanket module (TBM) using lithium ceramics as breeding material. In the lower
part, the U-shaped coolihg plates (CPs) extracting the heat. The He at 80 bar (green arrow) cools the
TBM box components and the BUs CPs, while the He at 4 bar (yellow arrow) purges the breeder

zone from tritium.

For tritium removal a purge gas circuit is integrated into the éeding unit. The
purge gas is lead in tubes to the plasma side of the breeder unit (BU) and
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distributed there in toroidal direction both in the beryllium and in the ceramics. The
purge gas leaves the beds via holes in the back plate of the BU.

The advantge of this reference design is its robustness; eveh a sudden
pressure load with the full operational pressure of ~ 8 MPa in the box could be
withstood without a break of the box. This pressure of helium is used to cool the
pebble beds indirectly by stekstructures. The primary advantage of helium is that it
can be operated at high temperature without the need for very high pressure, the
second advantage is its chemical inertness; its disadvantage is its low volumetric
heat capacity[28].
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Figure 110:Reference Scheme for Tritium Transport in HCPB Blanket.

The extraction of the tritium from the breeder materials iperformed by an
independent low pressure (0.2 0.2 MPa)of Helium purge flow. A simplified flow
diagram of the main tritium transport systemfor this blanket concept is shown in
Figure 11Q Its first task is to extract trittum from the lithium ceramic and Be
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multiplier beds by a low pressure heliurplus hydrogen gas stream, removing the
tritium in two main chemical forms, HT and HTOhus an efficient CPS (Coolant
Purification System) must be designed in order to carry out the primary function of
tritium removal from He coolant, one of the most important parts in terms of
tritium inventory. After getting into the purge gas, tritium is eixracted in the Tritium
Extraction System (TES) with certain removal efficiency. The analysis demonstrate
that tritium assessments for fusion reactors breeding blankets are affected by many
uncertainties which are either parametric (e.g. tritium transport noperties in
materials) and related to models (e.g. surface vs. diffusidimited permeation
models). Despite these problems, the HCPB blanket seems to be quite robust in
terms of tritium radiological risk.

The HeliumCooled PebbleBed (HCPB) blanketfeaturing lithiated ceramic
pebbles (LiSiQ, or LLTiOs) asthe breeder and beryllium pebbles ashe neutron
multiplier, one of the EU TBM concefto be tested in ITERis selectedas object of
the present work. In the following chapters adetailed characteization of the BB
ceramic compositionswill be presented together with a detailed analysis on the
effect of radiation and light iors behaviour in the material under different
conditions.
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CHAPTER 2

THE SOLID BREEDER BLANKET CONCEPT

A brief introduction to the main role of this component of the reactor is here
presented. Secondly the most important characteristics of both the ceramic
material and the pebble bed system are reviewed. The crystaik structure of each
ceramic compound is here revised as an important support for the late discussion
on the characteristics of the materials obtained along the experimental work.

1. The role of the solid Breeder Bh&et in a fusion reactor
2.Main characteristics of lithiundbased ceramics

3.Phase diagram and structure of the studied ceramics
31. LipTio
3.2. Silicabased ceramics
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1. The role of the solid Breeder Blanket in a fusion reactor

The breeding blanket isone of the most important components in a fusion
reactor. Among the different designs, ceramic pebble bed is a very promising
concept, favoured by both the EU and Japaorganizations The role of ths
component is the generation of tritium by the®, E j Tahd’,JBEQ j41 Mmuclgar T q 4
reactions. The °Li reaction is most probable with a slow neutron; it is exothermic,
releasing 4.8 MeV of energy. Th&.i reaction is an endothermic reaction, only
occurring with a fast neutron and absorbing 2.5 MeV ehergy. Natural lithium is
composed 92.6% ofLi and 6.4% ofLi thus an enrichment of the chosen breeder
material isalwaysrequired. Considering thafLi reaction works with the high energy
neutrons coming from the plasmathe decelerated neutron can sii make a tritium
atom by the °Li reaction thus creating two tritium atomsfrom one neutron (in the
next chapter a more complete explication)

Lithium-containing ceramics possess a series of advantages over liquid lithium
and lithiumHead alloys. They hae a sufficient lithium atom density (up to 540 kg*m
%), high thermostability (up to 1300 K), do not create ecological danger in the case
of blanket dehermetization. Furthermore, being a nomobile breeder, the selection
of a coolant that avoids problemsregarding safety or Magneto Hydro Dynamics
(MHD) is possible, and the corrosion is limited only to punctual contacts with the
structure of the TBM[29].

Of course there are also disadvantages related to this breeder, like the low
thermal conductivity o ceramics which, together with the allowable operating
temperature window, results in limits on achievable tritium breeding ratio (TBR, see
Chapter 3)

Considering that he temperature in the blanket zone will be included in a range
between 300 °C to 900C, the radiatiorrate will be approximately10®neutrons (nm
’s?) and the intensity of magnetic field up to 0 T[30], therefore the material is
required to present several important characteristics, as shown in the Table 2.1.
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Table 2.1Main Solid Breeder Blanket functions and key controlling requirements.

Main functions
High tritium breeding properties

Optimum temperature maintenance of

BB materials
Maintenance of soundness

Safety

Implementation potential

Materials properties requirements

High Lithium content for a high T production
High tritium release rate to limit the inventory
High thermal conductivity

Good radiation damage resistance

High mechanical strength and durability

High chemical and composition stability

Good compatibility with structural material

Low induced radioactivity

Low reaction with coolant

Low cost, mass production, easy handling
recycling process, Hilepletion.

All those important functions are related to the position the breeder blanket
occupies in the reactor As can be observed in the Figure 2.1 it is located among the
first wall and the magnets, thus a high radiation flux from one side and a magnetic
effect from the other side will act on the material. The requirements listed in the
Table 2.1 could be satisfl even after longterm operation (the estimated lifetime

for TMB is of 45 years).

m Breeding zone

Figure 2.1Schematic of tritium breeding blanket configuration: the breeding zone is
between the first wall and the neutron shield, acting as a heat exchanger, bragglzone of
tritium and as shield.

Several ceramics such as,Di, LySiQ, and Li;TiG; with different properties have
been considered as candidates for tritium breeders of fusion reactdfl], [32](see
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Table 2.2). Lithium densityin these ceramics is different butit can be be
compensated by a differenfLi-enrichment. t is important to mention that although
LibO is the only ceramic that may achieve the desired TBR without a neutron
multiplier thanks to its high Licontent, it isa highly hygroscopic and corrosivexide
and it presents swelling under radiation. This is thereason why it has not been
considered as ETBM test modules.

Table 2.2Main items of the BB ceramic materials. The candidate materials are presented
considering their lithium content

LiO | Li,SiQy | LipTiOs
Li density (g/cn?) 0.94 0.51 0.43
Thermal @wnductivity 4.70 2.40 2.40
(500 °C)*(W/(m*Q)
Thermal expansion 1.25 1.15 0.80
(500 °C)*6-L/L, %)
Crush Load (N) - ~10 24-33
Min-Max Temp. for Tritiumrelease (°C) 397-795 | 325925 600-950
Swelling (3V/\p%0) 7.0 1.7 -
Melting point (°C) 1430 1250 1550

The ortosilicate-Li,SiQ and metatitanate-LibTiO; ceramicsare considered as the
best options for solid breeder material. After about 30 years of investigations some
important characteristicshave been detected and compared among all the possible
lithium based candidates. L5IQ, is the selected EU candidatg33] and LpTiO; the
Japan one[33], [34]. In the last years a new composition is under study in KIT
laboratories with the aim of unify the two materials and take advantage of the best
quality of each[35].

The spherical shape of more or less than 1 mm in diameter has been ehde
minimize thermal cracking and volumetric swelling, due to neutron irradiation
damage and thermal stress. This configuration, with small pebble size (to avoid
i AAEAT EAAT DOT Al AT 6q CAO Oi Al Ipebbl& Bedi Al
configuration. Its mechanical degradation is strongly reduced as compared to an
equivalent geometric pile of pellets; furthermore small spheres are easy movable
and handled in remote plants. Additionally to ensure a facile and homogeneous
filling of complicated blanket gometries, a binary packing method by packing
microspheres with different sizes has been proposed@he thermal conductivity ad
the thermal expansion in table 2.2 are thus calculated considering the pebble bed

COA
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concept, while the crush load and the swellingre measured on a single pebble
sphere.

2. Main characteristics of lithiumbased ceramics

Several properties of breeder materials are considered of primary relevance for
the reactor right functioning, either in view of the application(thermal and
mechanial performances, electrical behaviourpr as a characterisation means
during the material development stage(basic structure characteristics) Some
properties are more or less fixed while others may be influenced by specific
treatments and enable materialoptimisation. The development of a high quality
properties data base is essential for good design and material selection. The
interest resides inkeeping any chemical and mechanical interaction witbthers
materials within tolerable limits, establisling the operating temperature regime,
testing any relevant change in the physaechemical properties caused by radiation
damage and finally calculatingtritium inventory [32]. A distinction between the
properties of the single ceramic pebblend the properties of the whole pebble bed
is proposed, considering thatpebble beds can be described as an intermediate
phase between solid and liquid, with properties depending on the fraction of voids
present in the bed volume

Onastructural leve] ceramicsare chaacterised by features like grains and pes,
phase composition, presence of impurities and homogeneity. An important
parameter investigated is thecrystallisationdegree along the fabrication process,
which could be followed bythermo-analysisand X-Ray dffraction as well as the
microstructure could be observed byelectron microscopy. This study allows an
optimisation of the heat treatment to obtain material cracks and pores free,
improving the mechanical properties of théreeder[36].

The fracture grength of a single pebbleand of the pebble bed isan important
parameter to check,as well asthe thermal shock The fragmentation of pebbles
should strongly affect the breeder blanket performancesThis characterization is
done both in an experimental way [37] and by numerical simulation modelg38].
Compression tess on single spheresprovide the mechanicalinformation of the
materials [39], having found that the confining pressure is a very important
parameter for the determination of the pebblebed mechanical properties. In
another study[40] it is evidenced thatthe pebble bedeffective Young's Modulus is
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100 times less than that of the individual pebble due to point contacts and uneven
stress distribution throughout the pebbles A smaller sze (with a diameter included
between 0.1 and 1 mmnd a spherical shape enable a higher bed packing factor
and an optimal configuration for the stress and irradiation effects.

The thermal performanceof lithium ceramic pebble bedn the TBM plays a key
role for the fusion blanket. In order to study the heat transfer, the effective thermal
conductivity of the lithium ceramics pebbles ha to be measured and
characterized, being influenced by many parameters such as thermal conductivity
and filling gas, ga pressure, bed deformation and bed packing fractiof#1]. In
order to establish a reliable design of the blanket system, it is necessary to analyse
the heat transfertogether with deformation of the pebble bed, which will result in
the deviation of its effective thermal conductivity. Results show that the thermal
conductivity is affected by the density as well as by the microstructure of the
ceramic sampled44?2]. Therefore, variations in the manufacturing procedure have a
clear impact on the previouparameters.

Piazza et al.[43], [44] studied microstructure, mechanical properties ath L
lossesin LiySiQ, and Li, TiO; ceramicsin the case oflong-term annealingtreatments,
simulating the maximum breeder temperature and the lifetime of the HCPB blanket
(excluding irradiation effects). After 96 dayof annealing experiments, the
microstructural changes caused an increase in the roughness of hgSiQ, pebble
surface. Concerning the mechanical and creep behaviour, only theliGy resulted
to be influenced by aging, showing grain sizeincreaseof a factor of 10and a
consequent decreasef the mechanical stability of pebbles.

Thermoemechanical propertiesare also studied for theinteraction of ceramic
breeder with structural materials[45]. The experimental results indicate that high
thermal stresses and deformations are present durirthe first set of thermal cycles,
successively accommodatedhanks to a combination of pebble rearrangement
within the bed and creep induced deformatiof46].

The magnetic effectis also an important parameter @nsidering the position
occupied in thereactor by the breeder blanket. Tiliks et al.[29] have studied the
effect of external magnetic field on ceramic pebblesobserving that various
physicochemical processes can take placElectrical propertiesmay also reflect
certain characteristics ofthe physicalchemical processes [47] occurring during
reactor operation, as will be discussed in Chapter. #hese processesan cause
compositional and structural changeswhich have to be considered a priori to
prevent the shielding role of the breedeblanket that may be affected
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Finally there is the importaneffect of radiationwhich may alter the structure and
microstructure of ceramics. To verify the mechanical stability of the pebbles by
thermo/mechanical stress, ITER testingave been developd to study the effect of
neutron irradiation, like inpile pebble bed assembly (PBAHELICA tests andhe
EXOTI@xperiments[48] in the high flux reactor (HFR}49]. Due to the relevance of
a radiation environment on ceramic behaviour, Chapter 4 whbke dedicated to
deepening in its theory.

3. Phase diagram and structure of the studied ceramics

The micro- and macrostructural properties of solid breeder blanket are really
important for the improvement of their performances. The phase stability and the
structure are relevant aspect for better understand their behaviour. dfe below a
summary of the phase diagrams and the crystalline structures is presentétese
information will be relevant in the fabrication and characterization process
described in Chpter 5, as well as in the study adefects creation and light ions
behaviourin the Chapter 6and 7of this work.

3.1LLTIO;

The phasediagram given by Kleycamp et g50] represented in Figure 2.2r®ws
the phase equilibrium of the LD-TiO, system The LiTiG; intermediate compound
AOUOOAIT 1 EUAOG ET OE®mBA 4 Bpiaid Dejastable with a AT A
i7T1T7 001 PEA OOAT O&I Oi AGETT OI rphaskUs aEAAOET C
monoclinic stable phase with space groug?2/cand crystallizes in the L5nQ-type
structure. At1D0= # O E Aphagetrdddformation is reported [51], [52]. This last
present a high temperature cubic phase and crystallize in the N&@le structure.

The temperature of orderdisorder transition is found to be of about 950 °C.

It is worth mentioning that exists another intermediate compound L(i;TO01)
with a 72 wt. % of TK)showing a wide coexistence compositional range and a very
similar XRD patterng51]with the monoclinic LyTiO; compound.
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Figure 2.2Phase diagram of the Oz TiO, sygdem; broken lines: from Izquierdo et
al[51]and from Mikkelsen[53]; solid lines from Kleycamb0].
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Figure 2.3Crystal structure of a unit cell o0€2/di,TiO; compound where the pure Li layer
and the LTi layer can be appreciated.
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Regardng the crystal structure, it has been observed that Li and Ti are randomly
distributed in the cation sites. It is proposed that in 4iO; two types of layer
structure exist: one composed by lithium occupyg octhaedra and the other
composed of lithium andtitanium occupying octahedra ina 1:2 ratio[54]. As it can
be observed from the crystal structure in the Figure 2the C2/cspace group is
formed by a distorted rocksalt structure with alternating Li and 4Tii planes (111).

3.2 Silicabased ceramics

The LbO-SiQ system is considered for the fabrication of ceramics with different
Li,O content. Stable L-65O phases can be formed by reaction of,0 and SiQ as
shown in the followingreaction:

xLi,O + ySIQ{ LizXSl/Ox+2y (21)

The phase diagram in Figure £.shows diferent phases of lithium silicates
(LisSIQ,, LpSIG and LpSpOs) for 33.3 mol%, 50 mol% and 66.67 mol%; SiO
respectively. Li,SiQ, decomposes before its melting point, reached at 1255 &86d
33.3 mol % SyJb5]. LESiG is a metastable phase with 25 mol % Siile LgSiQ; is
stable at really low temperatures (<1100 K).
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Regarding the crystal struaire, the LpSpOs (lithium disilicate) structure is
monoclinic with a space group ofCcwith a strong orthorhombic pseudosymmetry
Ccc2The lattice parameters are a=5.82 A b=14.66 A and ¢=4.79 A and the unit cell is
composed of a total of 36 atoms with fouformula units[57].

Thelithium metasilicate (LiSiG;) determined byHesse[58], has a space group of
Cmc2and lattice parametersa=9.392 Ab=5.397 A and=4.660 A. The structure is a
corner sharing LiQ and SiQ tetrahedra forming parallel chais with lithium ions
between the chains (Figure 3).

Figure 2.5Crystal structure of a unit cell o€Emc2Li,SiO..

The XRD patterns of the L$iQ, indicated by Baur[59] identify the monoclinic
structure of space groupP21/mand crystal parametersa =5.140 Ap = 6.094 A;c =
X8TYY B AT A |t ¢ YPI 8 y O Al O Atdduirel AO
surrounded by different Li atoms, presenting one type of Si atom, three types of O
atoms and six types of Li atoms (Fige 26). There are differences between the
structures measured by some author$60], [61] given by the occupancy of Li atoms,
that in some @ses are fixed with full occupancy, whereas in others are half
occupied.

Oi
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Figure 2.6 A model of the LiSiQ, crystalstructure where the small red balls of Oxygen,
together with the big blue Si ones forms the tetrahedral anion structure while the greém
ones are floating around them. The purple plane represents the 111 direction.

The tetragonal L§SiQ; crystal structure present a metastable phase with a space
group P421mand crystal parameters a7.67A, b=7.67A, and c=4.79 A respectively.
This phag have poor heat resistance owing to its decompositions below 1020°C
[55].

The L§SiQy ceramic has a hexagonal structure with space grolfcmand lattice
parameters a=5.458 A and ¢ = 10.710 A as found Byfmann et al.[62], who
confirmed that LgSOgs is isotypic with LiCoQ.

Dubey et al.[63] stated that the crystal structure of LiSiQ, is closely related to
the one of LkGeQ at room temperature with the only difference that in the first
case lithium sites, which are 4, 5 and €oordinate, are only partially occupied while
in the second case there is only one lithium coordination and the sites are fully
occupied. The lattice parameters values at low temperature (below 700 °C) are in
agreement to that of Véllenkle et al [64]8 4 EA @OHODAEDOH O1 1 OAA
by Tranqui et al [60] contained 14 formula units, seven times larger than the earlier
reported. The Li atoms are ordered and occupy 19 of 42 sites in the sevenfold
supercell. The LiQ LiG and LiQ polyhedra are linked by ede- and cornersharing.

It also had monoclinic structure but the unit cell wera = 11.546 A& = 6.09A,c =
16.645A andr = 90.5° and space groug?21/m The differences in the unit cell
parameters may be due to the superposition of crystals.
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CHAPTER 3

TRITIUM

An overview on Tritium as thefuel of a fusion reactor is preseted. The
importance of some parameters(TBR, inventory..)is explained and the steps of
production andrelease inside a breeder blanket aranalyzed. Finally the
connection between the measurements carried ot in this thesis work and the
understanding of tritium behavior is shortly explained.

1. Tritium inventory

2. Tritium production

3. Tritium release

4. Modelling tritium behaviour

5. Indirect measurements of tritium diffusion and state of the art
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1. Tritium inventory

A key issue based on economic and safety consideration in a fusion reactor is
tritium production and release. The anount of tritium presents in a reactor at a
given time is known by the terntritium inventory. If the breeder traps too much of
the tritium produced, or the cracking/fragmentation of pebbles blocks the purge
gas flow line, breeder temperature control may & lost, causing thetritium
inventory in the blanket to become a threat to safety, which may require an early
removal of the blanketmodule.

Tritium inventoryis given by

| =HK{GR) dt  8.1)

where tritium generation rate (G) and its recovery rat€dR) must satisfy seH
breeding and startz up, being both parameters controlled by the TBR factor.
The tritium breeding ratio (TBR),

Y'Y ——  (32)

A N £ oA s o~ s

must have TBR >15[65], for a selfsustained fusion economy.
This factor can mathematically be defined as:

YO6Y p —— (33)

which means that to have the least demanding requiremesit is necessary to use
the longest possible doubling timeg, the largest tritium burn fractionfy, the largest
injection efficiencys and the smaller recycling time,.

To meet these challenges the breeder should satisfy the following
characteristics:high Li contentand alow residence time of tritium.The first onecan
be achievedduring fabrication process, while for the latter feature is essential to
understand thetritium releasedynamics In a lithium oxide crystalit is a complex
process made upof several steps, any ofwhich could be rate controlling:
intragranular/intergranular  diffusion, boundary grain diffusion, surface
adsorption/desorption, pore diffusion, irradiation effect on tritium mobility, purge
flow convection [66],[67]. Moreover lithium ceramicsare irradiated with thermal or
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mixed neutron spectra [68], [69]. The accumulation of radiation defectsand
radiolysis products interactng with tritium species can change the dynamics
occurring duringtritium diffusion. This knowledge can promote the minimization of
the inventory while maximizing the amount of tritium released. Finally tritium is
recovered from the surface of the material by a purge gas composed by He + 0.1 %
H,, sweeping the purge gas in a temperature window between 300 and 950 °C.
Addition of 0.1% Hn the He purge gas enhances tritium release from thereeics,

thus helping to reduce inventory and residence tim&he understanding of purge
gas role covers another important area of interest for the optimization of Toutgas.

The studies carried on till now in this field are really interesting (better dissesl
in section 5 of this chapter)quite all referred to the releaserate study, considering
different conditions of temperature and radiation. One relevant area with scarce
bibliographic data is the one relative to the microscopic effect occurring wheneh
ion bred inside a grain, heito overcome several energetic barriers to find a diffusion
path till the surface, where it can desorb anthe carried away by the purge gas.
Being a radioactive element, it is not possible handling tritium in any type of
experiment. An alternative is represented by the use of light ions with similarities
features, for extrapolating characteristics of its behaviour inside the ceramic
structure. With this aim deuterium and $ielium ion implantations are proposed as a
tool for tritium behaviour understanding.

Radioactive tritium spontaneously decays inttHe, an electron &and an electron
AT OET A § oith & haitlifewof 12.3 years in the process of betecay described
as:

TY 3He + €'C . +18.6 keV 3(4).

The stabk isotope *He, produced by tritium decayequation 3.4) represents a
secondary interesting aspect of fusion power plantd his inert decay product stays
within the material if it is not desorbed earlier into the purge gas flowNaturally
occurring *He is mare, so that all the demand is met by the radioactive decay of
tritium (from nuclear US weapons or fission reactors). A fusion economy would
provide a new peaceful and clear resource oHe, and would encourage new
applications [8]. The knowledge of its lehaviour may cover a special interest in
wasted ceramics breeder, considering the problems in the efficiency of tritium total
extraction, the formation of cluster of bubbles and the fractureoccurring in this
solid breeder blanketmaterial.
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2. Tritium production

The main natural source foproducing the radioactive hydrogen isotope is the
interaction of cosmic radiation with nitrogen and oxygen nuclei in the atmosphere.
It is assumed that the transfer of tritium to the oceans by the hydrological system is
equal to the total tritium production rate estimated to be of 0.4 kg/yeaj70].

Most of the industrially produced tritium is obtained by fission generation
through various neutron reactions such as ternary fission of heavy nuclei or by
neutron reaction with light elements.

The last possibility is given by tritium breeder materials, based on lithiulhe
engineering data of tritium breeders under neutron irradiation are indispensable to
design the fusion blanketLithium, composed of two stable isotopegwith isotopic
composition °Li 7.4%and 'Li 92.6%)presents a low nuclear binding energy per
nucleon. Tritium is thus produced as a result of the following nuclear reactions:

°Li +n A °T +*He + 4.08 eV 3.5), (
‘Li+n A °T +*He +néz 2.5 MeV 3.6

The product neutroni &f (3.6) has a smaller energy than the incident neutram
The exothermic reaction 8.5) has a very large cross section, for neutrons with a
velocity of 2200 m/s. It represents a sulesttial contribution to the thermal power
output of the fusion reactor since the energy release per reactioB,8 MeV, is 27% of
the 17.6 MeV energy release of the primary fusion reaction (equatibd Chapter 1L
The cross section of the second, endothernim reaction, @.6) is heavily suppressed
because of the Coulomb barrier for charged product particles at energies just above
the 2.5 MeV thresholds, but it can be readily driven by the 14 MeV neutrons from the
primary fusion reaction,allowing a single netron to make two or more tritons.
Because thermal neutrons easily penetrate breeder blanket ceramic crystalline
grains, tritum is uniformly generated in these grains under thermal neutron
irradiation. A manner to get relatively large tritium breeding atios is includng a
neutron multiplier like the beryllium (Be) +°Be + 3Me\3 T | T &1 )din the case
of the HCPR:oncept.

The residence time of this gas is defined as:
T - (37

where lis the current tritium inventory andGits generation rate.
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Li +n = 3T+4He T+T 2T,
| T+H 2 TH

Figure 3.1:Schematic behaviour of tritiunproduction andrelease from a ceramic pebble.
Bred in the lithium based cerami it diffusestill the surfacewhere it recombines with
purge gas.

3. Tritium release

Tritium release from the surface can be described as a first order chemical
reaction according to the clemical decomposition reaction mechanismThe
physical processes taking placafter tritium bred, are its diffusion along the grain
inside the bulk and the recombination with the hydrogen at the grain boundaries,
then through the grain boundaries and the terconnected pores, finally reaching
the surface where several interactions take place till the desorption and the
molecular diffusion in the purge flow convection[71k[73]. This last surface
phenomena step such as adsorptiofrom the pore and from the bulk that can be
schematized as the desorption to the pore and eventually the dissolution into the
bulk, can play an important role in the overall tritium release kinetics, strongly
affecting the total amount of gas that reside a the surfaceof the pebble [74].
Considering a grain as a sphere of radias the nonstationary equation on the
volume of tritium concentration Cas a function of time (t) and radial coordinate (r)
is:

o1 Mgpmlis (39
TENEITES T

where S is the tritium source and D(T) the diffusion coefficient given by:

oo

a E
D(T)=D, expie ™

¢ KT= (3.9),
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with E, being the migration energy.
The baundary conditions for equation 3 commonly assumed are:

C(r,00=0
C(at)=0 (3.10),
éEC(a,t) g: 0

¢ W

where ais the sphere radius.

Interconnected
Porosity

Figure 3.2: Mechanism of tritium transport irside a ceramic breeder blankef72], where 5
major steps can be identified: 1) integranular diffusion, 2) grain boundary diffsion, 3)
surface adsorption/desorption, 4) pore diffusion, 5) purge flow convection.

A diffusiortype model is unable to explain and interpret the results obtained at
high temperature, where the light ion is not released by a diffusiarontrolled
process. It appears to be bond to discrete sites in the solid (maybe defects), or
trapped near the surface acting as a barrier, each site beingte constant and
characterized by a different binding energy. Thus it is evident that a model with a
single mechanismdr tritium release, may be limitedo really few and unreal cases
Macroscopically the whole mechanisms of tritium transport can be divided intioe
following steps (see Figure3.2): intragranular diffusion; grain boundary diffusion;
surface adsorption/de®rption; pore diffusion; purge flow convection.

The release kinetic result than very complex and the ragdetermining sep may
be strongly dependent fromthe ceramic microstructure, the temperature, the
purge gas composition and the irradiation historyTritium transport can be
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described as a series aflynamics moving from a regime dominated by only one
mechanism (grain boundaries diffusion) to a regime with another mechanism (like
diffusion along pores) or to a regime with several contemporary mechanisnirhe
complex microstructure of polycrystal morphologies like these lithium ceramics, the
intricate pore/bulk and surface/bulk interfaces, result in a multiple step tritium
release pathways that make difficult the checking and separation of each individua
mechanism[75]. This difficult is exacerbated by the presence of so many factors
continuously varying the system during its operation (temperature, radiation, the
presence and the movement of impurities)The effect of eachof this variable
cannot bestudied during inpile experiments, neither the detailed effect they play in
the microstructure, nor the influence in the transport dynamics of the gasThis is
the reason why a deeply study and owudf pile experiments are necessary for the
determination of fundamental properties to be controlled during the expensive and
complex in-pile experiments. The behaviour of implanted light ions is one of the
possibilities for recreate similar conditions to the trittum producedvia
transmutations inside the grais. Their characterization by depth profiling has been
identified as a powerful tool for understanding the processes occurringside the
matter.

4. Modelling tritium behaviour

Modelling should be an important help during the experimental design stage as
for the interpretation of unexpected results during the experiments. In turn the
experiments are necessary to determine the best parameters for the formulation of
a simplified modelling theory.

The formulation of a model on tritium behaviour is a complex taskhe typical
steps toits development are summarized in the Figure 3.3. The starting point is the
basic theory on tritium behaviour, from which is possible to plan a series of
experiments for studying single effects, the effect of radiation and the multipl
effect of different radiation sources, tritium production, diffusion and release all
together. At the same time, starting from the relevant processes detected from the
basic theory, it is possible to formulate a model, which can finally be compared to
the experiments. From these parallel processes, the design and development of a
unique code including experiments results and a theoretical model, should
represent an important goal.
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Basic knowledge

Relevant
processes

Formulation of
a THEORY/
MODELING

Series of

Model
Buildup
- Radiation effect Comparison

- Multiple interactions

Design and developement of a code

experiments

- Single effect

Figure 3.3 Schematization of the main steps to develop a model orittum transport.

The tritium generated during neutron reaction is assumed to l@émost uniformly
distributed inside the bulk of the Inm pebble. This implies that the main processes
controlling tritium release willbe the slower: the surface desorption.Thus there are
models[76] considering grain as the relevant bulk structure starting from which the
diffusion is controlled. TMAP {Tritium Migration & Analysis Programis one of the
first codes improved for understanding the processes involved in atomatsport
inside fusion materials. Even being a first approximation to this kind of problems,
after 7 codeversions it is not still able to work with all the parameters these
systemsneed to consider By the way it is a first approximation for the validatioof
the experiments on light ions diffusion, trapping and relead&7]z[79].

The olderMISTRALmodel (Model for Investigative Studies of Tritium Release in
Lithium Ceramics)ried to compare experimental results on how the effects of the
irradiation temperature, the sweep gas flow rate andhe hydrogen content in
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purge gascould affect tritium release[71] It represents a first approximation to
modelling, but quite far from a coddormulation on tritium transport.

In the Fusion reactor the generation/release of tritium inside the breeder blanket
represents only a part of the problem. Actually as only a small fraction of the
deuterium-ritium fuel is burnt, all the unburnt part has to be removed from the
torus to be reusedfor fuelling. All this part represents the fusion fuel cycle and its
understanding is one of the most important requirements for the reactor
functioning. With the aim of solve some of these problems, the development and
validation of computational tools fa describing the H isotopes transport in the
breeding zone is being carried on by Ciemat group with the support of Impresarios
Agrupados through a new system modelling and simulation software: the
Ecosimpro® simulation too[80], [81].

5. Indirect measurements of tritium diffusion and state of the art

An important issue to comprehend ishte measurement and the study othe
release dynamics followed by tritium from its productionin the ceramic pebble
grain until its incorporation into the purge gas.Solid BBspresent a slow tritium
release which results in a large tritium inventory, unacceptable from both economic
and safety viewpoints. In order to improve it, a precise physical understanding of
the relevant mechanisms involveth this critical processs necessary.

Along the yearsseveralin-pile and outof-pile experiments have been performed
focused on determining tle tritium extraction parameters.In order to assess the
tritium diffusion and extraction rate in molecular form, one needs to know which
steps are determining and which operational parameters could be the most
relevant for facilitating its release. The wayfor studying it are with outof pile and
inpile experiments or through indirect measurements. In owdf-pile experiments,
tritium is produced by neutron irradiation and its thermal evolution is followed by
out-of-pile trittum desorption. In the case ofin-pile experiments, it is possible to
have a steadystate tritium production and observe the release conditions changing
temperature and purge gas parameters. These experiments are limited, at present,
in terms of fast neutron damage dose.

During n-reacor experiments likebreeder exchange matrix seriesBEATRIXthe
combined the effect of neutrons, temperature and purge gas chemistry was
investigated. The experimenswere an IEAsponsored effortinvolving the exchange
of solid breeder materials and shad irradiation testing among research groupef
several countries. Thepellet materials were tested in both closed capsules (to
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evaluate material lifetime) and opened capsules (to evaluate purfjew tritium
recovery) [82]. The results showed interestig data on purge gas composition and
on the chemical form of tritium released. The surface role was studied varying the

HLDOAOOOOA A&OIT i Al OAgOAOI Ai 6 DPIiET O T £ OEAXx

tritium was observed but not explained.

One of the most important series of experiments on tritium behaviouris
represent by the EXOTIC (Extraction of Tritium in CeramidslJprogramme, where
an extensive number of Li ceramics form of pellets before and as pebbles after,
have been impile and outpile analysed after neutron irradiation inthe High Flux
Reactor (HFR) Petten installation.Several serieqfor a total of 9) of this kind of
experiment were performed along the years with some important results on tritium
inventory as on the role of the surfacén tritium release[48], [83]. They represent
the only database with irpile results available nowadays, really pgnsive and time
consuming. The data obtained permitted a comparison of tritium release in
ceramics with different porosity and diameterfor the selection of the best
candidate compounds[84]. Also in this case the studies were not able to
understand the dynamics occurring inside the material during the release, although
some hypothesis were proposed@3].

The last set of measurements, not yet fully analysed is thiggh neutron fluence
Irradiation of pebble staCks for fUsior{HICU) project, whosekey objective is to
investigate the impact of neutron spectrum and the influence of constraint
conditions on the thermomechanical behaviour and integrity of ceramic breeder
pebble-beds[85].

Finally Munakata et al.[86] investigated techniques that cou accelerate the
recovery of bred tritium particularly at moderate temperatures. The benefits effects
of catalytically active metal additives, such as platinum and palladiuwere
examined [87]. Experimental results indicate that almost all tritium was released
as triated water vapour, that slow tritium release bok place also at higher
temperatures andthat a considerably larger amount of tritiunmwas releasel as the
molecular form (HT) from the ceramic deposited with palladium at lower
temperatures. Onceagain this type of studies on the phenomenology of processes
occurring once the tritium reaches the pebble surfacejdinot provide information
on how and what is occurring inside the ceramic sphere.
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Summarizing it can be suggested that there are six glentary processes from
tritium generation to its release: 1) tritium generation by lithium transmutation, 2)
thermalization of energetic tritium, 3) tritium trapping at trapping sites, 4) tritium
detrapping, 5) tritium diffusion in the bulk, 6) tritium retase by recombination or
isotope exchange reaction on the surface. The first and the last process have been
studied by inzpile reactor experiments. The others have little been investigated so
far.

The necessity of deeply understanding the processes ocdng inside the
ceramic material,the microstructural features influencing the movement of tritium
(defects induced by radiation, material imperfections, impurities, grain size,
bl OA6sq AT A OEA O1 OGOA EO EAO Ol Aikilx AAZA
points to study in order to improve tritium release efficiencgnd the onesthat are
going to be discussed in this thesis work.
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CHAPTER 4

EFFECTS oF RADIATION IN CERAMICS FOR
FUSION BREEDER BLANKET

A short review on the effects of radiation in ceramicmaterials with a
distinction amongtype of defects andradiation sources, is presented. At the
end the state of the art on irradiation effects in breeder blankets ceramic
materials is reviewed.

1. Radiation effects in materials

2.Radiation defects in breeder blanket ceramics
a) Electronic Defects
b) lonicdefects

2.1.Basic effects of radiation in lithiurbbased ceramics: state of the art

3. Review of the radiation sources for defects production
a) High energy phions
b) lons
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1. Radiation effects in materials

When a particle passes through a material, it changes the matter in a number of
ways. These alterations typically cause significamtodifications in the physical and
mechanical properties of the irradiated materia]88]. A charged projectile knock
out atomic electrons, causing ionization, which may be followed by a-drcitation
as a delayed photon emissiof89]; it may collide directly with the atom, causing it
to recoil and displacg90]. Furthermore, an energetic neutron or proton may cause
a nuclear reaction ejecting other nuclear particlef®1]. Finally it is possible to
distinguish theradiation effects which include the study of the effects of a partie
on the target material, and theradiation transport studying the matter affecting
the particle by scattering, slowing down, or absorbing it. Both aspects of the
process hold a great interest in the characterization of materials.

A wide range of defecs cluster morphologies can be created by particle
irradiation [92]. It is possible to define some categories of imperfections or defects
in a crystal, as a function of their dimensional extenpoint defects (vacancies,
interstitials and antisite defecs), line defects (dislocation lines), planar defects
(dislocation loops),volume defects(voids, bubbles). Those associated to radiation
damage are thepoint defects, as vacancies and interstitials or clusters of these
defects in the crystal lattice [93]. The category of point defects includes
imperfections localized over a few atomic sites that can be considered as a
modification in the stoichiometry of the material. They are stable at room
conditions and may be mobile at higher temperatures.

*e”

o

Figure 4.1:A microstructural deepeningfrom the grain boundary b the lattice structure of
the lattice changein a material after the creation of a point defect.
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It is important to keep in mind that a defect will exert an elastic strain field on the
lattice bonds, affecting the mechanical properties of the lattice. In the case of
insulators, electrical neutrality is required and the formation of a simple vacancy
may result in a variation of the electronic configuratiorf94]. Therefore the
mechanical and elecical properties of ceramics araffected by defects and their
interactions are very important for understanding the behaviour under the mixed
effect of irradiation sources [95].

It is important to distinguish achargedand aneutral particle passing though the
matter. The cross sectiorof a chargedparticle (electron, proton, or heavier ion) to
ET OAOAAO xEOE Al AP, whéreas tat fradeutrhlnd A O 4
(photon, neutron) is only of the order 1¢ cm? to 10°° cm? Thus, in matter of
number density N~1& cm®, the mean free path beth AT AT 1 1 EQOET T Oh ZC.
few Angstroms for a charged particleand microns to centimeters for a neutral one
[96]. As a result, a neutral particle interacts infrequently with target atoms, and at
each collisionit is either absorbed or scattered ot of the original beam[97].

The parameter commonly used to correlate the structural damage produced by
different irradiation environments is the total number ofdisplacements per atom
(dpa), which combines the probability for the production of primg knockon
atoms (PKA) and the number of defects createat the end of the cascade process
integrated over the irradiation particle flux spectrum.lt is than a correlation
between irradiation and resulting material damagelhe displacement cross section
is a measure of the displacement probability in the material as a function of the
incident neutron energy.Kinchin and Peasd98] were the first to attempt the
determination of the number of displacements occurring during irradiation. A
modified versionof their model, known as the Norgett, Robinson, Torrens (NRT)
model [99], is generally accepted as the international standard for quantifying the
number of atomic displacements in irradiated materialdntegration of the NRT
damage function over the reoil spectrum and the time gives the atom
concentration of displacements known as the NRT displacements per atom (dpa):

dT(ds(E<T)
= n(T) (4.1)

dpa=/ §.t=/t

xEAOA wj4q EO OEA 101 AAO T £ &OAm&dmof PAEOO
energy E It providesa measurement of the defects using the damage energy and
the threshold energy.
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The other important physical parameter for describing radiation damage is the
threshold displacement energyvhich is the minimum amount of transferred kinetic
energy to a latice atom. Depending on the specific displacement energies and ion
masses, it may be possible to induce displacements by one or a step
displacement sequencgl00]. Even electrons, at energies in the range 0z32.0 MeV
should possess a sufficient nmaentum to displace lattice atoms but not for multiple
damage events. Energetic electrons have relativistic mass and their energy is:

E, =(m- my)c* (4.2)

with m = m (17 v¥?) Y2andv the electron velocity.
The maximum energyg, transferred to an atom of masdv,is:

" M,c?

E (4.3).

In order to determine whether an atom will be displaced or not, it is necessary to
calculate thetheresold energyfor displacement &) and consequently the cross
section for displacement, obtained by integration frong,to Ey:

e'(l- b*)aE, .0
s=PCe"7) bmoc %D 1§ (4.4

O

The crosssection increases rapidly with electron energy and then becomes
constant [94]. These damage conceps$ are used as the base theory for SRIM
calculations but the displacement energy, a crucial parameter for calculating the
number of dpa produced, is difficult tameasurein the case of polyatomic materials
being strictly related to the mass and nuclear charge of the target nucleuBo
overcome this deficiey a binary collision approximation model (BCA) has been
developed and implemented using MRLOWEcode [101] It is used to simulate the
sequence of atomic displacement generatedy a parameterization on a range of
ab-initio calculation, and used to prdict the long term evolution of point defects
and clusters[102] In the present work the parameter used for SRIM calculation was
the one reported by Leichtlen lithium based ceramic§l101]
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2. Radiation defects in breeder blanket ceramics

The canponents of an operating fusion blanket will tolerate high levels of
radiation exposuresuch ashighAT AOCU 1 A Gidxed, penekdtiny tillr the
blanket zone.In the breeding blanket lithium ceramics most of the displacement
damage arises from fast neutron reactions such as elastic and inelastic scattering
rather than from the lithium transmutaion. Although these conditions and lithium
volatility, a solid breeder blanket can achieve significant buup level and survive
the rigors o the radiation environment The physicalproperties modification of
ceramic components becomes therefore of greamportance regarding the control
of some permanent degradation (like electrical properties). The irradiation flux for
ITERmaterialswill change as a function of their position in the reactor. In the case
of ceramic breeders it is estimated to be of about10’ dpa/s and<1C Gy/s for of
structural and ionizing radiation, respectively103].

Ceramics are crystalline solids with a highly complex atomic structure. In
crystallography they are described as structures with a welkfined planes, but in
the practice many are the imperfections present in a lattig&04]. Ceramic radiation
responses are similar to those of other wedlitudied solids, i.e. metals, for both of
which the principal considerations are quite the same: point and aggregate defects
production and structural, mechanical and physsechemical properties alterations.
The principal distinctions in ceramics lie in the higher bonding energy, the possibility
of electrical charge at point defects, and the directionality of bonding in covalken
structures[105] Thus the effects of ionizationin insulators are quite marked due to
the excitation of electrons from the valence to the conduction band, giving rise to
charge transfermechanisms

The concentration of radiation defects depend®n blanket material preparation
conditions, irradiation parameters and impurity content. All these factors can
significantly influence tritium localization and releasé&ehaviours [106]. Another
important phenomenon to consider is the diffusion of hostatoms in ceramic
materials, a process enabled by defects and controlled by their concentration.
Owing to the existence of separate sublattices, cations and anions can diffuse
separately with the possible ion movement in one sublattice more pronounced than
in the other, an activated process occurring when the ion overcome an energy
barrier [107] As a consequence it is necessary to understand their structure,
concentration and interactions. An important rolecan beplayed by a doping agent
in a crystallattice, which can have a significant effect on the defect concentration
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within the material. If it has a different valence state from the host, then a number
of alternative strategies are used to accommodate it into the lattice.

These ceramics are mostlpnic crystals and present their own set of rules when
speaking about radiation. Among them there is the effect of electronic excitation,
the polyatomicity and the charge state of point defectsThe interaction of charged
particles with matter is based orboth Coulomb interaction and elastic collision. The
distinguishing feature about a neutron is that it carries no charge; therefore it
suffers no energy loss by Coulomb interaction with the electrons. On the other hand
the effect of ionizing radiation canbe particularly strong for electron or light ion
beam irradiations in oxide ceramics, since the amount of ionization per unit
displacement damage is high for these irradiation species, while the ionizing effect
per dpa is less pronounced for heavy ion owdl ion beam irradiatiof108]. It leads
directly on to the problem of surface degradation. For the insulating components,
surface degradation is just®serious as volume degradatiorit can strongly change
if it occurs in vacuumin air orin helium atmosphere[109], playing a crucial role in
tritium release.
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Figure 42: On the basis of emitted particles, radioactive decay can be different types:
alpha, beta, positron decaynd gamma. Thdirst three are charged particles while gamma
rays ae neutral in nature. Beta particles and positrons are similar in all properties except
their charges.

Thus when subjected to radiation, ceramics suffer numerous changes in their
structure and properties which can be classified as: 1) electronic defectsthwa
consequent change in valence state, 2) ionic defects, consisting of a displaced
lattice ion, 3) gross imperfections such as dislocations and voids.
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2.1 Electronic Defects

Electronic defects are formed when an electron is excited from its ground state
configuration into a higher energy state, thus it always involves changes in the
valence state. When the excited electron located in a single atomic site is
transferred to another center then there is a change in the ionization state of the
atom. Thecreated electronic defect (hole or electron) can then migrate inside the
lattice through an activated hopping processlt involves a valence electrorand a
change in the electrical conductivity depending on the hole or electramoving
inside the lattice[94].

These defects can be generated by a thermal input, ion beam damagerer
radiation.

2.2 lonicdefects

lonic defects can be distinguished asacanciegthe lattice site d a missing lattice
ion or atom), vacancies aggregatesand interstitials, given by a lattice atom or ion
occupying an abnormal positiorf110] This imples an ionic process type, in which
the mobile ions can diffuse because of the presence of intrinsic point defects.

Conduction and diffusion are described in terms of the phenomenological law of
steadystate diffusion and the theory of random walk by the AE3 O OAAT T A 1 Ax
diffusion:

— QU0 ®@Q (4.5),

where C is the concentration of diffusing particles, D the diffusing coefficient.
Thediffusion in ceramic systemsan be distinguished irthree main mechanisms
In the interstitial case, ions migrate by jumping between interstitial equivalent
positions. This mechanism mostly occurs if the interstitial species are small. The
vacancy mechanism is important for the diffusion of substitutional impurities and
requires the presence o lattice vacancies whose concentration will influence the
kinetics [111] Finally in the case of interstitialcy mechanism, an interstitial atom
displaces an atom from its normal substitutional site, interchanging sitgsl2] The
collective partcipation of all the presented mechanisms involves the simultaneous
transport of a number of atoms. Of course, there are potential energy barriers
hindering the motions of atoms in the lattice, which can be overcome by providing
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thermal energy to the systt 8 4 EA EOI b toAGkdi@ Ahis Adirierdis
given by:

W:nemge DC_;I_”‘ 8 (4.6),

C k

x E A OA is thé free energy barrier which an ion must exceed in order to pass to
OEA AAEAAAT O PITET O AAEAAO AT A wuthebadd nOE A
the initial state [94].

3. Basic effects of radiation in lithiumbased ceramics: state of the art

Numerous neutron irradiation experiments have been conducteth fission
reactors to observe the effect of damage on tritium release kineticdeichtle et al.
[113] made a sophisticated damage calculation using an extended version of
Marlowe to evaluate the damage correlation parameters in fusion and fission
reactor systems. The conclusion is that a thermal fission reactor with a tailored
neutron spectrum can provide the best simulation of fusion conditions with regards
of the possible dpa accumulation.

From the calculation of damage parameters in solid breeders irradiated in the
Fusion Breeder Reactor exgriment (FUBR) and in breeder exchaegmatrix series
(BEATRIX), it was observed that most of the displacement damage arises from fast
neutron reactions rather than from lithium transmutatiorf114]

It has been suggested115]that oxygen vacancies or Fcenters, produced by
structural damage, would play an important role on the tritium trappindgviorales et
al. [116]characterize lithium silicates by ¥ay diffraction (XRD), observing that after
neutron and gamma radiation, there arg@hase transformatiors in the amounts of
different silicates probably due to the radiolysis of silicates.Similar effect have
been observed whenirradiated with the triple ion beam and with single ion beams
of H, He" and ;' [90]. The experiment shows that the mechanical properties are
changed not only because of the structural damage but also beause of
accumulation of helium ad hydrogenin the structure. Alternative measurements
like ion implantation are also proposed in the present workith the aim of observe
the effect of structural damage onight ion release.

Finally there are the radiation effect caused by photons and electrons. Feldbach
[117] demonstrated that low-temperature luminescent methods, based on the

A EA



4. Effects of radiation in ceramics for Fusion Breeder Blanket

investigation of tunnel phosphorescence, TSL and PSL in lithium orthosiksatare
promising for the investigation of eh processes, identifying the important
participation of defects that serve as traps for tritiumThe dependence of gamma
ray dose on the formation and annihilation behaviour of irradiation defects is
followed by Osuo et al.[118] by means of the electron spin resonance (ESR),
observing the evolution of Grelated defects. The creation of Fand F defects by
gamma ray irradiation is related to the irradiation doses, with an increase in7b6
kGy and a decreasat total dose till 240 Gy.

For the study of radiation effect, several breeder irradiation experiments have
been performed in fast or mixed spectrum fission reactors to relatively high levels
of thermal and/or fast neutron fluence. The advantagef some of these inpile
testings was the study of tritium release as a function of neutron damage and
lithium burnup (see EXOTIC series described in Chapter 3). Regarding the combined
effect of neutrons and ionization damage, scarce information is present in
literature.

4. Review of the radiation sources for defects production

The displacement per atom (dpa) is an estimation of the total energy available
for creating displacements in a compound, but is not a direct measurement of the
real damage effectdue to the high probability ofdefects recombination. Starting
from this assumption, m the present work gamma irradiation and ion implantation
are selectedfor studyingthe combined effect ofradiations. In this way it is possible
to test both the ionizing and the structural damage on the ceramicsogether and
for separate Results and discussioonn their effect will be presented in chapters 6
and 7. Here below a brief presentation of the tweadiation sources used, Wwh a
special focus on theéon beamimplantation, usedfor creating astructural damage,
an interesting tool for neutron damage comprehension

3.1 High energy photons

Gamma radiation is made upfdight or high-energy photons whichhave an
extremely small wavelength no electric charge and no rest nsa There are three
mechanisms that can be identifieth their interaction with matter: the photoelectric
radiation, where an electron is emitted from an atom (ionization process) with
energy equal the gammaay one, so thatthe gamma ray disappears; th€mpton
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scatterindh ET1  x E4BjAiiera@<Ewhth an electron, causing an increase in its
energy and the emission of a new gamma ray, which can escape from the matter or
be adsorbed through the photoelectric effect; thepair production where high
energygamma rays are absorbed and two particlese created.

The photoelectric effectcan be considered as the interaction of the incident
photon with the electrical cloud of the atom, where it is absorbed and emits an
electron (the photoelectron). Its kinetic energy corresponds to the difference
between the photon energy and the bond energy of the electrical orbital from
which it wasmoved off. This effect is strongly dependent from the atomic number,
considering that its attenuation coefficient is proportionato 2°.

The Compton scatteringcan be considered as an inelastic collision between the
incident photon and an atomic electron. The result is the emission of a new photon
with lower energy together with an electron with kinetic energy given by the
difference between the incident and the emitted photons. It is typical for photons
with energy included between 0.5 and 10 MeVherefore, although gamma photons
cannot themselves displace atoms, the energetic electrons resulting from Compton
scattering may be al# to do so.

Thepair productiontakes place when the incident photon has energy higher than
1.022 MeV. Thus when passing near a nucleus, the energy disappears and an
electron and a positron appear. Both particles are charged, bwhile the electron
interacts with matter, the positron loses its energy through ionization, annihilates
and generates two photons moving in opposite directions

The cross sections for displacement under gamma irradiation have been
determined for a number of polyatomic ceramic§l19] Small cross sectiomalues
AOA AEET Ah E-rrddiatdrAcarEpodgly cOrfiriBuie torthe ion displacement
damage and that high energy photons mainly induce electronic excitations in a
spatially uniform manner throughout the solidslt should be noted that a beam of
gamma photons will transfer energy to electrons in a forward direction thereby
leading to charge separation and the buitdp of electric fields within an insulator.

In the case of the present work, the gamnay emitter is represented for 2°Co
source. Thigis a synthetic radioactive isotope of the cobalt, with a hdife of 5.27
years which decay by beta decay to the stable isoto3&\i. The activated nickel
nucleus emits two gamma rays with energies of 1.17 and 1.33 MeV. The use of this
kind of radiation urce can be justified as long as the influence of this type of
radiation on some physical parameter such as the radiation induced electrical
conductivity and ionization effects
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Figure 43: Interaction of ionizing radiationwith matter. Gamma rays areepresented by
wavy lines, charged particles and neutrons by straight lines. The small circles show where
ionization occurs.

3.2lons

When an energetic ion is impinging onto a solid target, there is a rapidly transfer
of energy causingseveral effects: disordering of the original lattice structure
(radiation damage), atoms leaving the surface (sputteringland the structure
modification because theimplanted ions stop buried at the end of their damage
track occupying a crystal site(doping) [120] The main difference between ions
effect and the ionizing radiation lays in the particle energy spectrum. By virtue of
their electrically neutrality, electrons can penetrate very large distances producing
bulk flat damage profile over a long depth of the materialn the case of ions the
energy transfer occurs via several mechanisms with the dominant processes being
the excitation of electronic states and the nuclear collision between incident and
target ions [121] These mechanisms had shown energy dependenbss section
which varies with the masses. The damage or sputtering will depend on the energy.
Along the path of the incident ions, the energy ratio causing displacements and
electronic excitation varies. This ratio is reported to be very important for dymac
processes of irradiation damage in cerami¢$22]

The literature onthe use ofion implantation effects in insulatorgd122]reports of
experiments with light ions used at few MeV where nuclear collision induced
damage is almost buried at the d of the ion range, sputtering is negligible and
displacements are almost entirely related to the electronic excitation (séggure
4.4).
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Figure 44: A process of emission of gamma rays from excited nuclei. Induced gamma
emission is just like fluoresence process in which there is an emission of a photon instead
of gamma rays by an excited electron in atom.

In the 196Q and 197Qthe use of heavy ions for simulating neutron damage in
support of the fast breeder reactor program started[123] Thefirst problem in
determining the equivalence between the measurement of radiation with charged
particles and with neutrons is the use of a common dose unit. The basic particle
dose for neutrons is the fluence unit (n/cA), while in the case of charged pé#cles it
is important to consider the charge in unit of Q/cfn Both measurements can be
converted to dose asdpa and dose rate aglpa/s taking into account the matte
main features (density, atomiciumber..).

There is a significant iierest in using ionirradiation to emulate neutron damage
as this technique provides lowost measurements with a rapid means for
elucidating mechanisms of the most importantprocesses, compellig a first
important screening ofthe candidate materials[124] Furthermore ion irradiations
rarely require more than several tens of hours to reach damage levels in th&0D
dpa range, producing litte or no residual radioactivity thereforeallowing the
handling of samples without the needof special precautions.

Damage state and microstructural variation resulting from irradiation depend
upon the particle type and the damage rate[125] As ionirradiation can be
conducted at a weldefined energy, doseate and temperature, it resultsin avery
well controlled experiment,which should be difficult to match in dissionreactor.

lon irradiation and simutaneous Heimplantation areused to simulate the effect
of 14 MeV neutron damage antithium transmutation effect, saving the residual
radioactivity and allowing the handhg of the sample without any special need.
Thus the challenge is to verify the equivalency between neutron and ion irradiation
in term of effect on the microstructure and the properties of the materialThe
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absence of collision cascades effects suggestsathin a first approximation, neutron
and ion irradiation produce different damage rate and a different ratio of
displacement and ionization, but similardamage states. Some fundamental
differences are the depth penetrationbecause of the mean free pathand the
particle energy spectrum that arise because of the different way in which the
particles are produced. Furthenore the crosssection of an ioratom interaction is
greater than for neutronnuclear, giving rise to a higher damage rate per unit of
particle fluence.

The number of displacements per unit volumeer unit time Ry in front of the

s x oA s o~

atom number density Nandth®@ AOOEAT A &£ 0@ ' h AEAT CA & O 1

-  0» (47)7

- (4.8),

where the first is for neutronz nuclear interaction (EiOEA T AOOOT T AT AOCU
OAOCAO | Aweelait gcattefing crossection), described by the hard
sphere model and the second is relative to ietom interaction, described by
Rutherford scattering (with M; the mass of the ion, Mthe mass of thetarget and

Z; > their atomic numbers). When comparing the damage produced by different
atoms and the neutrons for comparable energies, it is possible to observerfothe
literature (see Figure 4.bthat the damage caused by a 1.3 MeV proton beam is
about 100 times more than 1 MeV neutrons per unit fluence, with the big difference
that the damage depth is orders of magnitude smaller than that for neutron
irradiation. By a simply comparison among the dose rates it is not possible to assess
the impact of the two irradiations. The effective dpa correlation between ion and
neutron still need to be defined and agreeflL25]
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CHAPTER 5

FABRICATION and CHEMICAL
CHARACTERIZATION of LITHIUM CERAMICS
with DIFFERENT Li -CONTENT

Three different methods followed for the fabrication of spherical ceramics are
exposed,showing the results obtained for two compositionswith higher lithium
content. Subsequently he basic characterization on dense bodies is presented for

all the materialswith different matrix and Li-proportion used along the thesis

work.

1. State of the art
2. Important features for the optimization of BB ceramics

3. Powder characterization methods
3.1 Thermal analysis
3.2. X-Ray Diffraction
3.3. Infrared Spectroscopy (IR)
3.4. Secondary iormass spectrometry
3.5. Density and porosimetry
3.6. Electron Microscopy

4. Synthesis processes of-&i powders
. Solidstate method (SS)
Il.  Suspension dried in a Rotary Evaporator (RV)
Ill.  Spray Drying Technique (SD)

5. Characterization of LBiQ and LiSiQ ceramics
5.1. Differential thermal analysis + Thermo gravimetry
5.2. Study of crystalline phases:Réay Diffraction
5.3. Attenuated Total Reflectancdnfra Red Spectroscgp
5.4. Microstructure of powders by SEM
5.5. Primary conclusions
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6. Sintering of Liceramics: the effect of k¢ontent in dense bodies
a) X-Ray Diffraction
b) Secondary ion mass spectrometry
c) Density and pore distribution
d) Scanning Electron Microscopy

7. Discussion

8. Conclusions
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1. State of the art

When the ceramic breeder research startemround 1970, there were really scarce
or irrelevant data for lithiumbased ceramics within the kind of application. The
initial selection was based on the properties measured for #imadiated materials
During a large time the development of breeder fabrication technology was only
devoted to the manufacturing process based on the achievement dfi¢ spherical
shape[127]and a good thermemechanical behaviouf128]

The pebble configurationwas selected as the best option because of its potential
advantages in assembly of blankets with complex geometry and in anticipated relief
of thermal stress and irradiation cracking3]. Several methods and@eramicswere
investigated to produce pebbles with the desired quiies, but only few of these
could simultaneously achieve current requirement for basic characteristic§129]
Fabricationprocesses that have been or are being explored and developed include:
solid z state reaction [130}[133] sokgel type process[134], [135] precipitation
synthesis[136], combustion method[137],[138], wet process[139], melting spraying
[36] and finally agglomeration/sintering and extrusion/spheronizatiomethod [140]
for the achievement of the desired spherical shape.

Though a spherical pebble shape is desired, there is no experitaércritical
evidence in a slight deiation from the spherical form, improving thermal,
mechanical and irradiation behaviour. Thpebble bed porosity can be adjusted
varying the number of pebble sizes and size ratios. In general a smaller size and a
spherical shape, enables a higher bed packing factor which represents, together

s oA N~ s oA N =

inside the TBM141]

The fabrication of these materials needs to take into account thecycling
process, not only to recover the expensivélLi-enrichment for effective resource
use, but also for removing radioactive isotope8ecause of the cost involved in the
®Li enrichment, the recovery ofritium from wasted blanket is an importantissue
that could add interesting economic advantages to the selection of ceramics as
breeder best option.

The fraction of lithium6 burned in the reactor is estimated to be 14.6% after 2.3
years of operation at full power[10]. Hence it is possible to recovea substantial
portion of lithium from those ceramics removed from the reactor, which should be
used for the preparation of Li carbonate powder as new reprocessed raw material.
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The principal methods used for recycling are: humid rouftg42] wet chemstry [143]
and re-melting with an addition of lithium hydroxide hydrate[144]. It was observed
that the re-melting process dd not deteriorate the properties of the pebbles and
that an 83% overall efficiencwas achieved for the recovery of lithiom carbonate
even though itwasnot possible to remove the activated impuritie§144].

It can be statal that the research of thefabrication routes for the achievement
of the best shape and mechanical properties have largely been gedl and
improved [133], [145¢[147] The next step regards the optimization of solid breeder
blankets, taking into account other really important parameterdike the effect of
radiation and the light ions behavioufor the improvement of its qualities as tritium
breeder.

The objective of this part of the work is the fabrication of the material necessary
for the radiation effect and the light ions transport. Contemporary a brief study on
the achievement of ceramics with higher lithium content and a spherical shape is
carried out.

2. Important features for the optimization of BB ceramics

The mechanical and tlermal stabilitiescover a special interest considering that
pebbles are subjected to neutron flux, thermal shocks, pressure and irradiation that
may induce cracking. Their fragmentationmay result into the degradation of the
heat transfer parameter or a catamination of the purge gas, changing the tritium
generation and the release perfanances but also affecting theshielding roleof the
breeder blanket module.

The diffusion and the release of tritium, among the major concerns within the
reactor operation, are strongly controlled by structural and microstructural features
of the breeder blanket materials, being determined by the fabrication routd&ritium
production is almost proportional to the lithium atomic density148]. The interest in
increasing tritium inventory makes the fabrication of the over-stoichiometric
compounds with higher lithium contens, a very interesting issue. Theynthesisof
these ceramicswas shortly investigated in the past with scarce result$149],
prioritizing the optimization of density, mechanical strength, shape and thermal
conductivity. The compounds in the E$+O system withdifferent lithium content are
proposed in the present workas a toolfor the comprehension of lithium effect on
some important properties.
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Considering its high lithium richness and good physibemical stability[145], the
Orthosilicate (LySiQ, OSior Li4) is selected as the European solid breeder
candidate. The lithium metatitanate (LiTiOs) is the candidate materiabelected by
Japaneg as the ITERBM candidateconsideringits really good thermoemechanical
behaviour[39], [150], [151]JEUKIT group is now working on a new phassompound
[35] which combine the advatages of a phaserich in Liceramig as the LiSiQ,
with the optimal thermal and mechanical stability of £Ti0s.

The effect of irradiation and light ionstransport in these breeder blanket
candidates (LiTiO; and LiSiQ,) is compared and discussedalg all this thesis work
with the aim of provide a complete compaative study on the best BB candidates.
The fabrication of LiSiQ (orthosilicate, OSi)is explored in this chapter through
different synthesis methods with the idea of achiamg a quasispherical shape while
searching for a higher Li:Si proportion. At the same time the, TiO; (metatitanate,
MTi), was characterized but not synthetized in our laboratories. Pellets with a
starting commercial powdernwere fabricated andsintered.

3. Powder charackrization methods

Throughout this thesis work several characterization techniques are used. Here
the description of the basic theory below each method.

3.1.Thermal analysis

When a ceramic is heated or cooled, its crystalline structure and its chemical
composition can be affected by changes that can be studied measuring the
variation of some properties as a function of the temperature.

Thermal analysis is formed by a group of techniques studying the properties of
materials (like enthalpy, thermal capagt mass changes..) changing with
temperature. They include different methods, distinguished from one another by
the property which is measured: thermayravimetric analysis (TGA) detects changes
in the mass, differential thermal analysis (DTA) studies thenperature differences,
differential scanning calorimetry (DSC) is on heat difference, thermo mechanical
analysis (TMA) on deformations and dimension, dilatometry (DIL) looks for volume
changes and evolved gas analysis (EGA) studies gaseous decompositiodugats.
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Figure 51 Furnace components for thermal analysis.

The methods used for the thermal evolution study on the ceramics fabricated in
the present work, are TGA and DTAhermo Gravimetric analysis (TGg&\pasically an
analytical technique in vkich the mass change of a substance is measured as a
function of temperature whilst the substance is subjected to a controlled
temperature program. Mass loss is only seen if a process occurs when a volatile
component is lost. There are, of course, reactisrthat may take place with no mass
loss. As materials are heated, they lose weight due to drying, or from chemical
reactions that liberate gases. Some materials can gain weight by reacting with the
atmosphere in the testing environment.

During Differentid Thermal Analysis (DTA)e thermal difference between the
sample under investigation and an inert reference material is measured as a
function of the temperature. Both samples are treated with the same temperature
program and the same heating and coolingates. During the heating step, the
sample receives energy; as a consequence either a phase transition or an internal
energy change can occufzrom the thermal analysis, peaks are obtained. The peak
area (A), which is related to enthalpy changes in thestesample, is that enclosed
between the peak and the interpolated baseline and it is given by

0 — (5.9,

where m is the sample massg the enthalpy change per unit massy a measured
shape factor andK the thermal conductivity of the sample. The calibration of the
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apparatus is made on standard samples (at least two different), avepecified
temperature ranges[152]

Often different properties may be measured at the same time, as in the case of
TGDTA analysis as afterwards presented in this work, for the comprehension of
ceramics thermal behaviour. In this work only the twoeskcribed thermal analysis
techniques are performed in theO# AT OOT A Af CRERIATI IdbdratodiesA
thermo-gravimetric analyser appending differential thermal analysis (DTA/TG),
NETZSCH Instrumentsyas employed. The study has been performed in air fro
room temperature to 800 °C with a heating rate of 5 °C/min. For eliminating the
error, a baselinewas measured at the same experimental catitions prior to the
analysis.

3.2 X-Ray Diffraction

About the 95% of all the solid materials can be described astaljine. When X
rays interact with a crystalline substance a diffraction pattern is obtained,
representing like a fingerprint of the material. The powder diffraction method is
ideally suited for the characterization and identification of polycrystallinehpses
[153]

Figure 52: A wave diffraction from a set of planes. In the inset the scattering vector K &k
k; as the difference between the wave vector Jof the scattered wave, and the wave vector
k; of the incident Xray.

When an Xray beam lits an atom, the electrons around it starts to oscillate with
the same frequency as the incoming beam. In almost all directions there will be a
destructive interference, that is, the combining waves are out of phase and there is
no resultant energy leavingthe solid sample. If the waves are in phase and well
defined Xray beams leave the sample in various directions, the diffracted beam, a
beam composed of a large number of scattered rays mutually reinforcing one
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another, will be detected. The conditions fo constructive interference are easily
derived from the simple geometrical picture of the scattering of an-dy beam by
planes of atoms in a crystal, as shown in Figure 5.1. It is possible to talk abeay X
reflections from a series of parallel planesside the crystal. The orientation and the
interplanar spacing of these planes are defined by the three integdnsk, Icalled
indices. A given set of planes with indicds k , Icut the aaxis of the unit cell inh
sections, the b axis ik sections andthe c axis inl sections. A zero indicates that the
planes are parallel to the corresponding axis.

Constructive interferenceis observed for the Xrays reflected from the lattice
planes at the specular angle, if the path length difference betweenrXysscattered
from different hkl-planes is an integer time the wavelength number. This condition
IS summarized in the Bragg law:

T EFawOET 2.

Diffraction (i.e. constructive interference of the scattered Xays) will occur if the
Bragg condiion (equation 5.1) is fulfilled and the scattering vector K is parallel to
the normal of the hkl-planes[154]

The XRD measurements of this thesis woskkere OAAT EUAA ET OEA 051
- EAOI OAT BpA U 'TUIEOEO AA 30pdasmenldE Ao | A&
analysis the samples suspended in ethanelere deposited as a uniform film on a
glass sample holder. In the case of sintered peleamples, therewas no need for a
DOAOET OO DPOAPAOAOGEIT T8 4EA 1 AfdudedonAithd OO OAA
1 Cz8XMpRefedAAOOEAA 1T 060 AO oP 1! AT A X E6 EI
to 90°.

3.3.Infrared Spectroscopy (IR)

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques
used. Its main goal is the structural elucidation and tle®mpound identification. At
temperatures above absolute zero, all the atoms in molecules are in continuous
vibration with respect to each other. When the frequency of a specific vibration is
equal to the frequency of the IR radiation directed on the molete, the molecule
absorbs the radiation. The major types of molecular vibrations are stretching and
bending. Infrared radiation is absorbed and the associated energy converted into
different type of motions.
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When radiation propagates from an optically dems medium (refractive index g
toward an optically rarer medium (refractive index fn m > rp), a total internal
reflection will occur at the interface of the two media. If the radiation angle of
ET AEAAT AA j 1 q EO AgANthahiis GefinbEad a BrotHOE A A
the refractive indices of two media:

g, =sin'gl

2

(5.3).

0:?@8 o
-GDO

At each reflection, an evanescent field is extending into the adjacent optically rarer
medium. If the optically rarer medium is absorbing IR radiaticime attenuated total
reflection (ATR) results at characteristic wavelengths corresponding to the
vibrational resonant frequency.

IR spectra are obtained by detecting changes in transmittance (or absorption)
intensity as a function of frequency. The samplis normally placed in close contact
with a more-dense, highrefractive-index crystal. The IR beam is directed onto the
bevelled edge of the ATR crystal and internally reflected through the crystal with a
single or multiple reflections. Both numbers of féection and the penetration depth
decrease wit increasing angle of incidencgl55]

BT
D AVAVAVAS &

Sample

Figure 5.3 Schematic representation of multiple internal reflection effect in Attenuated
Total Reflectance (ATR).

The characterization carried outin this work employed a Nicolet 5700 IR
spectrometer in the range of 4008400 cni’, coupled with a smart performer single
reflection ATR (attenuated total reflectance) accessory that operates by measuring
the changes occurring in a totally internally reflected infrareldleam when the beam
comes in contact with a sample, thus compelling the determination of bond
structures and the identification of reaction components.

3.4.Secondary ion mass spectrometry
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Secondary ion mass spectrometry (SIMS) can be used to detect atoroiasi or
ionized molecules which have been sputtered from the sample usirgprimary
beam of either positive (e.g. Cs) or negative (e.g. O) ions. The interaction of the
primary ion beam with the sample (under vacuum) provides sufficient energy to
ionize manyelements. If the primary beam is composed of positively charged ions,
the resultant ionization favours production of negative ions; primary beams of
negative ions favour generation of positive ions. Although most atoms and
molecules removed from the samg@ by the interaction of the primary beam and the
sample surface (referred to as sputtering) are neutral, a percentage of these are
ionized. These ions are then accelerated, focused and analysed by a mass
spectrometer.

Mass Analysis

Figure 5.4:Principles of SIMS techique: an ion beam ionizes the elements of a sample,
further detected by mas spectroscopy.

This technique uses an ion beam accelerated to energies between 0.5 and 15 keV
for the sputtering of the specimen, detecting the secondary ions emitted. The
detected ions come from the upper monolayers of the sample. The mass/charge
ratios of these secondary ions are measured with a mass spectrometer to
determine the elemental, isotopic, or molecular composition of the surface to a
depth of 1 to 2 nm. This techniqupermits the detection of quite all the elements,
including hydrogen. Profile concentrations depending on depth,can also be
obtained. Due to the large variation in ionization probabilities among different
materials, SIMS is generally considered to be aaijtative technique, although
guantitation is possible with the use of standards. It is considered as the most rapid
and sensitive surface analysis technique, with elemental detection limits ranging
from parts per million to parts per billion. It is capablto furnish information on the
impurities with really low concentration in the material.Moreover, the specific
character of the massspectrometric method entails theoptimal mass resolution
and sensitivity[156]
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The SIMS HIDEN Workstation of theNECiemat laboratories worksin the
dynamic modewith a 6 kV, 800 nA O/Aron gun as the primary ion sourcer a 5kV,
150 nA Cs primary ion beanThe chamber vacuum pressure is better tharf1®’
mbars and it isprovided with a quadrupole mass spectrometerThus static SIMS
(SSIMS)wvas usedfor our measurements with the aim of obtain sufficient signafor
a compositional analysis of the surface, without removing a significant fraction of a
monolayer. A very low ion fluxvas used to ensure that each ionvas statically-ikely
to impact upon the undamaged surface and that the sputtered secondary ions
could berepresentative of the original surface

3.5.Density and porosimetry

4EA AAT OEOGU m EO AT Al Ai A1 OAOU DPEWBOEAAI b
of matter within a substancedefined as the ratio of its massn to its volumeV:

L (5.4).

The density can assume different values depending on the method used to
measure the volume of the particle. It is possible to distinguishmong three
different possibilities: the true density the pycnometric densityand the granular
density. Thetrue densityis the average mass per unit volume, excluded all voids. The
true density of a perfect crystal can be determined from the size and cposition of
the unit cell (theoretical density). Thgopycnometric densityuses a gas pycnometer
and the volume occupieds determined by measuring the volume of gas displaced.
It is quite equal to the true density unless if the material contains impenetrabl
voids or pores, inaccessible to the gas.

It is possible to distinguish a density value related to the open and closed
porosity. A common measurement is mercury porosimetry, where the limiting pore
size depends upon the maximum intrusion pressurdt is a useful technique
providing a wide range of information as the pore size distribution, the total pore
volume, the apparent density and the specific surface area of the samfi&7] Its
limitation consists in the fact that it measures the largest ergnce towards a pore
but not the inner size of a pore, a part of not being able to analyse closed pores (see
Figure 5.4) since mercury has no way of enteringor the measurement of pore
shape the Washburn equation is used:
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op=ght+ 18-2000% g

Ch I+ pore

It relates the pressure difference across the curved mercury interface &nd r

describe the curvature of that interface), to the corresponding pore sizeygre) using

OEA OOOZAAA OATOETT 1T &£ I AOAOOU jrqgq AT A OEA
OEA 1 AOAOOU jfQq8 4EA DPAOAI AOGAO i100 AEEAAD
be the contact angle[158] The pore diameter thus varies along the path of the

pore, and consequently the pressure. It presents a maximum value at the most

constricted pat, thus the size of the smallest pore is limited by the maximum

pressure. Blind pores, crosmited pores and through pores (see Figure 5.5) can be

measured.

Blind pores Cross-linked pores

|
Closed pores Through pores

Figure 5.5Schematic representation of the different kind of pores.

Ceramics are generallporous materials with several degrees of porosity. Along
this thesis work the open porosity will refer to the network of pores that is open to
the surface and into which a liquid can penetrate if the part is submerged in it; the
closed porosity will referto those pores that have become sealed with the grain
structure. The measurementavere carried out in the ICMCSIC centre in Madrid with
a Quantachrome poremaster 5.10, being the Hg surface tension 480 erd/and the
Hg contact angle of 140°.

3.6.Electron Mcroscopy
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Electrical microscopy is a techniquahich providesOl T AAT 6 ET &£l OI
studied material. The resolution scale depends on the microscopy aride
technique used

In SEM (Scanning Electron Microscopygource of electrons is focused inta fine
probe that is rastered over the surface of the specimen. As the electrostsikes the
surface, a number of interactions occur that can result in the emission of electrons
or photons from the surface. A reasonable fraction of the electrons emitteare
collected by appropriate detectors[159] New SEM microscopeas a field emission
gun (FEGSEM) works using as electron source, electron beams with high and low
energy better focused. This permits a better spatial resolution, a charge
minimization on the sample and thus less damage on the surface achieving a final
better image.

I Sample surface
secondary electrons
back scattered
electrons

primary X-ray
excitation

- 0.5-5um
continuum radiation cathodeluminescence
(Bremsstrahlung)

Figure 5.6:Scheme of the interactions among the electron beam and the mattevherethe
different scattered particles are evidenced.

Primary electrons enter through the grface with an energy of 0.5 30 kV and
generate many low energy secondary electrons. An image of the sample surface can
thus be constructed byregistering secondary electron intensity as a function of the
position of the scanning primary electron beam.nl addition to low energy
secondary electrons, backscattered electrons andr&ys are generated by primary
electron bombardment. The intensity of backscattered electrons can be correlated
to the atomic number of the element within the sampling volume. Hengcesome
gualitative elemental information can be obtained. The analysis of characteristic X
rays (EDX or EDS analysis) emitted from the sample gives more quantitative
elemental information.

The Zeiss Auriga Compact focused ion beatwanning electron microsope (FIB
SEM) present in LNEEIEMAT laboratory offers very high resolution of up to 2.5 nm
also at low acceleration voltage of 1 kV andias successfully used tamage and
analyse the composition of samples studied along this work.

A

0

E
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In a transmission eleecbn microscope (TEM)the sample is illuminated by an
electron beam, produced by a thermionic or field emission gun. When the electrons
are emitted from the filament they are accelerated by an electrical potentiallhe
electrons arethen focused by electostatic and electromagnetic lenses onto the
sample and the transmitted beanis used to form an imagg160].

TEM specimen preparation can be a complex procedure. Samples are required to
have a thickness almost comparable to the mean free path of theeelrons that
travel through the samples, which may be only a few tens of nanometejs61]
Mechanical polishingis used to prepare samples, even if additional fine methods
such as ion etching may be required to perform final stage thinning. Polishireeds
to be done with high quality, to ensure constant sample thickness across the region
of interest. More recently, focused ion beam (FIB) has been used to prepare thin
samples. Unlike inert gas ion sputtering, FIB makes use of significantly more

energetic gallium ions and may alter the composition or structure of the material
through gallium implantation[162]

Cross section TEM specimerdf lithium based ceramicswere prepared after
thermal evaporating a W thin layer (about 6 nm) to protect the imphted alumina
surface grains from a severe and quick ion thinning. Then thecdated implanted
surfaces were facdo-face glued, sectioned perpendicular to the irradiation surface

and thinned by means of mechanical dimpling and cooled ion milling (Ar+ i058°

milling angle). Preparations were finished until perforation occurred at the -W
interface [163](see Figure 5.7)

Implantation d|rect|on
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Figure 57: Cross section preparation of specimens for TEM characterizatidine
implantation surface was protected beforedn beam milling.
Specimens were examined using a TEM (Philips TECNAI 20T) operating at 200 kV
and equipped with a xay energy dispersive spectrometer (EDE1 @Enko O
Nacional de Microscopia Electroniéa | /A-M&d#d-

4. Synthesis processes of t$i povders
The main line of ceramic breeder materials research and development is based
on the production of quasispheroid pebbles with small diameter (d < 1 mii)64],

[165], synthesized by different method$31]

The attainment of lithium silicates is given by the reaction between silica and
lithium oxide in the correct molar rato to obtain:

XSiG + XLbO A LiSiOx (5.6)

where in the case of increasing temperatures (up to 800 °C) or in presence of
impurities, the compounds can decompose into:

LisSIQ A LibSiQ + LO 5.
LicSiQs A LisSiQ + LO gp.
LisSiQ A LisSiQ + 2LiQ (5.9)

and their mixture, hindering the achievement of a unique pha§&66].

Along the thesis work, three different routes are experimented for the
achievement d spherical shapes. The final characterization and results are shown
only for the two compositions with high Licontent: LySiQ, and LESIiQ.

|. Solidstate method (SS)

The conventional soliestate method is the dominating way for ceramic synthesis
according to the literature, due to its simplicity (there are no special needs for
experimental conditions)[132] Varying the lithium carbonate molar content (x):

XLi,CQ+ XSiQ A LinSiQ, (5.1),



5. Fabrication and chemical characterization

with x = 1 for the LiSiG; compostion, x = 2 for the LiSiQ, composition, x = 3 for the
LisSiG; composition, x = 4 for the Igl5iQ composition, the different phases are than
obtained.

The raw materials, Bca (Davisd Scharlau 10200 mesh, > 99%) anti,CQ
(Aldrich > 99%jvere manually mixed in an agatha mortar during 30 minutes. The
mixture was put in a Akrucible and heated in an Aatmosphere oven during 24 h
(Figure 58, Flux diagram I).The calcination temperature varied between 650 and
950 °C depending othe compostion.

SOLID STATE METHOD (SS)

sio, T r Li,CO,

Mixed in agatha mortar

|

Heating, milling and seaving

|

Final calcination
Figure 58: Flux diagram of solid state (SS) method.

[I.  Suspension dried in a Rotary Evaporator (RV)

The compoundswere prepared starting from amorphous silica gel (suspension of
Ludox TMA colloidal silica 34%) and a water solution lifiium citrate (Aldrich
hydrated LsGsHsO7, 99%) (Figure 9, Flux diagram llyeacting as:

XLGHsO; +xSiQ+ xQ A4 xLikSixQ + xHO + xCO (5.1).

After mixing the rawmaterial during 15 minutes, it waired in an open oven at 250
°C during 12h for the organic residue elimination. The ceramias then smashed
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manually in an agatha mortar and subsequently milled in alcoholic media through a
ball milling during 1 h. The fine powder obtained in ethanol mediegs dried during

30 minutesin a rotary evaporator using a 50 °C water bath and a pressure of 102
mbar, at a constant rotary velocity. The powder obtainedas heated at 750 °C
during 10 h in air, thus smashed, milled and dried again till a final thermal treatment
at 950 °C during 18 in air.

EVAPORATOR (RV)

sio, Li;C¢H:O;

Mixed and calcined
during 2 h at different

-~
{SUSPENSION DRIED IN A ROTARY

Tem peratures

[ Milled in ethanol media

[ Dried in a water bath at 50 °C ]

|

{ Final calcination }

Figure 59: Flux diagram for rotary evaporator method (left) andotary evaporator
instrumentation (right).

[ll.  Spray Drying Technique (SD)

The spraydrying technique is a solvent vaporization method widely used in the
ceramic indusry for converting a sol in spherical dry powders.

Silicon tetracetate was suspended in water and mixed with a magnetic stirrer,
while a stoichiometric amount of lithium acetate powdewas slowly added to the
suspension inducing the following chemical reéions (Figure 51Q Flux diagram IlI):

XGHOsSi + x@HO.Li + XQ A4 LixSiO, + XCO+ XHO (5.12.
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After a rather extensive stirring (about B h), the uniform milky suspensiomwas
connected to the Mini spraydrier Buchi B290 andthe parametersadjusted, like the
molar concentration of the suspension (0.4 Mol) and the outer temperature of the
vapour steam (170 °CY¥or obtaining of roundedshaped final product4167]

SPRAY DRYING TECHNIQUE (SD) ﬂo o
rying Gas

. Heater

CgH1204Si C,H,0,Li : Spf
o
oo |_- Droplets

& °° [*] ]
Mixed with a magnetic stirrerin a Cﬁ?’;”t‘;‘er H5OL
deionized 0,4Mol water suspension ,
I'Q
l P _ Product
Spray dried at 170 °C Collecting
with a 0.7 mm nozzle 0'0‘8‘12 Filter

|

Final calcination

LRV
[HRRRRR

== _:)

Grounded eleclrode

Figure 510 Flux diagramof spray drying (®) technique (left) and a schematic
representation of the Spray drier machine.

The suspensiorwas sprayed through a nozzle of 2 mm diameter (for the control
of the droplet size) into a hot vapour stream and separated into solid droplets and
vapour [168]. The solidwas collected in a cycloneAll the processwas able to
provide about 0.45 gr of material in 3 h.

The material obtainedvas calcined at temperatures varying from 600 to 800 °C.

5. Characterization of LiSiQ, and LESiQ;ceramics

All the powdered compositions obtained from the described methodsvere
processed as pellet discand sintered
Powderswere sievedthrough A PP 1 [ AOE AT A ET OAOOAA
cylinder, avoiding air bubbles. Once closed, the cylindeas pressed in an isostatic
press at 250 MPa during 15 minutes. Témmpacted rodobtained was cut into 2mm
discs, using acetone as medium for coolingnd minimizing secondary effects
caused by friction.
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The discs obtained, dried in air during 10 minutegere thus ready for sintering.
In order to increase the density of the ceramic compounda study on the heating
cooling ramp and the maximum sintging temperature was required for the pellets
obtained from each fabricated powder.

Finally the best sintering temperature for the achievement of a crystalline
compound with the highest densitywas researched, working in an air atmosphere
with heating andcooling ramps of 5 °€min and an annealing time of 2 hours.

A comparison of the analytical characterization results in ceramics synthesized by
different fabrication routes described in the preceding section is presented’he
objective is the evaluatiorand the selection of the best manufacturing process, able
to provide a quasispherical shape preserving the physahemical stability and
besidesthe possibility of achieve a material with higher lithium densit}169]. For
practical reasors only the results obtained n two materials are presented: the BB
candidate composition (Li;SiQ;)) and the silicsbased @mpound with the highest
Li:Si proportion (L§SiQ) (see the phase diagram of Figure 2.4 in the Chapter 2). The
interest in a ceramic with higher kgontent, strictly related to the TBR factor
improvement, was one of theobjectivesto be pursued when this work started

Therefore, several characterization techniques have been applied. The results on
the two selected compositions will be discussed herein.

5.1 Differential thermal analysis- Thermo gravimetry

Hgures 5.1a, b, ¢, show the DTA diagramegistered in the powders obtained in
the final step of synthesis process in the case of alethods used.

Endothermic peaks at quite low temperatures (around 100 °Gye observed
They areassociated to the loss of organic material given by some volatideecursor.
The peaks appear in correspondence of weight losses detected by thermo
gravimetric (TG) analysis.

In solid state synthesis (figure 518) the first endothermic peak at 65 °C can be
assigned to the ethanol evaporation used during mechanical homogenization.
Subsequently two exothermic peaks very close in temperature (425 and 465 °C), are
associated to a weight increase in the TG curves. They are ascribetthéochemical
reactions between SiQ and LpyCQ. The small endothermic peak observed above
700 °C could be related to the volatilization of lithium or lithiuroxides.
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The thermal characterization of powders produced by RV and SD synthesis
(Figures 5.1b and c) highlights the combustion process of the organic species, after
water loss, at low temperatures (Figure 51b, RV method).

In the case ofthe RV process, the formation of an intermediate compound
around 300 °C and its sudden combustion at about®BEC corresponding to a weight
loss of the 20%or the LigSiQ or the 30%in the case ofLi,SiQ, is observed Afinal
nucleation at about 450 °C without any weight loss observed in theLigSiQ; curve.

Solid State (a) Rotary Evaporator (b)

100 F — T T T "_ L T T] 80 100 ‘.‘, T T T T T T T T T 100
™ ] —DTALI SO, i
e 160 o0t . 1

95 L ,-"“"H.. \ ] \ DTA L|85|O6
____________________ ] "-\._h“_u‘ . 40 80 | S o 40
90 b TG Li SIO T TG LI,SI0,
S . 16 Li SiO Woo4200 WY RN TG Li sio 150
o 85 b Issloe L 70+ &,
1 4 e
- E -.\ . o | @ T 4 -100
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Figure 5.1 DTA (lines) and TG (dots) diagrams tbfe routes: a) Solid State, b) Rotary
Evaporator, c) Spray Dryer, d) Reflux, for the ortosilicate {&iQ, red lines) and oxosilicate
(LigSiQy blue dot-lines) ceramic powders, obtained in the final step of the synthesis
processes.
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Above this temperature the peaks indicates the completion of the reaction and
the final formation of the compounds The situation is similar for the SD (Figure 5.1
c) route with the exception that the acetates combustion occurs in one single step,
in the temperature range between 370 °C and 400 °C and a weight variation of
about 40 %s registered as expected by the chemical reaction.

Finally it is interesting to note that the thermaldiagrams of the materials are
similar within each synthesis method, with a pronounced weighdss in the case of
the lower lithium-content ceramic.

5.2.Study of crystalline phases:-Kay Diffraction

The Figures 52a, b, ¢, and d show the XRD patterns of;&iQ, sample obtained
after the lastcalcinationprocess in the three fabrication methods ére studied.
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Figure 5.2: XRD patterns found in the LEiQ, calcinedpowder obtained following the three
fabrication routes. a) Solid State, b) Rotary Evaporator, c) Spray Dig4SiQ, peaks (+) and
Li,SiG; peaks (x))

The SD and RV methods providesiangle and highly crystalline orthosilicate phase
(figure 5.2 b and c), while the SS route lead to the synthesis of a highly crystalline
material always associato the metasilicate phase (LBIG).

The figures 5.3 a, b, ¢, show the XRD patterns obiaed in the case of the SS, RV
and SD methods respectively for the 43iQ; sample after thecalcinationtreatment
at 650 °C / 2 hours.
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Figure 5.8: XRD patterndor the LgSiQ calcined powdersobtained following the three
methods: a) Solid State, biRotary Evaporator and c¢) Spray Dry€éi,SiQ, (+), LpSiG; (X),
LigSiQ (%), LiCQ (#)).

As reported in literature[149] the achievement of this phase is quite complex
except for the solid state reaction (SS, figure 8h), able to provide the compand
together with orthosilicate and other minority phases. With the spray dryer (SD)
process (figures 53 c), a small amount of this phase is detected while with the
rotary drying route (RV, figure 53.c) it is completely norexistent. Nonetheless
these results n ceramics with high lithium content are interesting for fusion
objectives considering that the interest lies in the achievement of a material with
good crystallinity and high Lproportion, relevant features for breeder blanket
application.

5.3 Attenuated Total Reflectancelnfra Red Spectroscopy

In the figures 5.4 a, b and c the results of AR spectroscopy for the midR
region applied to calcined powders obtained by using the three different fabrication
routes, are presented.

The first interse bands appear in the range of 14@A000 cni for the materials
prepared by RV and SD methodseing almost absent in the ceramic synthesized by
mixing oxides (SS)The 143@1460 cml peaks are probably caused by the,CQy
present as raw material, consiring the results reported in previous studies on the
CQ vibrational modes[90], [170].

Several studies[171], [172}eport that the isolated SiQ structure presents a
strong absorption band @ound 100 cni* caused by the SO asymmetric stretching
vibration, while the absorption band near 800 crhis due to the SO holosymmetric
stretching vibration. The vibration due to the SiQstructure is a triple degenerative
splitting in three vibrations in the case of the LBiIQ, structure. Bands at 1080, 740
and 847 cntare attributed to the SiO stretching bond in the silica tetrahedra, while
the bands at 600 and 580 cihare related to the bending vibrationsThe band at
475 cnitis attributed to the deformation mode of S§0OzSi. Likewise in the LiSiQ
structure, the band at 565 crilis associated to the stretching vibration of the $)-Li
bond, and the absorption bands in the range between 465 and 395 tare due to
symmetric and asymmetric stretcimg vibrations of the LiO bonds in the LiQ
tetrahedra [173]
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The identification of those bands corresponding to the Si@etrahedral structure

is clear in all the materials. In the case of th&SiQ ceramics the bands overlap
appearing wider and hifted to lower wavenumbers. When different types of

compounds (such as b5iG; and LiSiQy) coexist, the IRspectra are complex to

interpret and the bands corresponding to the different phases tend to overlap
being close in wavelength. In th&isSiQ caseit is especially evident: the single chain
structure of the LpSiGy has three strong absorption bands in the region of 850100

cm™ coexisting with the isolated SiQ tetrahedral structure of the orthosilicate

which exhibits strong bands between 800 andd#0 cri*
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Figure 5.2 IR spectra of the final phases found in the/SiQ, (line) and L;SiQ (dot-ine)
materials for the methods: a) Solid State, b) Rotary Evaporator, c) Spray Dryer.
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5.4 Microstructure of powdersby SEM

Figure 5.5 (a to c) showsthe morphology characterization of thetwo selected
powders fabricated by thethree synthesis methods. The SEM images evidence that
only the SBmethod is able to provide perfectly spherical powders (Figures 54).
The sizedistribution of particles varies between 1 and 12 microns without signs of
coalescenceThe ceramics specimens obtained by the SS reaction are large rounded
aggregates formed by the coalescence of very small primary particles of few
nanometers (Figure 535.%6 a). The RV methodorovides particles with rounded
appearance and small homogeneous size of about one micron agglomerated after
sintering (Figure 5.8:5.56 b).

D SECYR TREn, B EaE

Solid State (a) Rotary Evapo
F) PG

ﬁg‘ 5

Rotary Evaporator (b) andSpray Dryer (c) synthesis route.
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a7 M

| Spray Dryer (c)

Figure 5.6: SEM captures of the particles dfigSiQ material obtained by Solid State (a),
Rotary Evaporator (b) and Spray Dryer (c) synthesis route.
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5.5Primary conclusions

The achievement of the spherical form by &y drier method is really slow0.45
gr/180 min) thus considering the quantity of material necessary for all the others
experiments, the ceramics used in the thesis are obtained by rotary evaporator
method, which results to be a good compromise among théaree methods. The
synthesis with other fabrication routes has not been applied to all the compositions
not being the fabrication of breeder blanket ceramics the principal focus of this
work.

6. Sintering of Liceramics: the effect of Licontent in dense bodies

Once selected the methodseveral compositions in the LO-SIQ system have
been synthesized following the intermediate rotary evaporator route till the
sintering of compressed powders listed in Table 5The pellet form is selected as
the best one for the studies d volume electrical behaviour, irradiation effect and
light ion transport.

Table 5.1Bestsintering temperatures for all the ceramic compositions studied.

Compositions LbSpOs LibSIG  LiySiQy  LigSIQ  LigSIQy  LipTIOs

Li:Si

proportion 1:2 1:1 2:1 31 4:1

Sintering 950°C/ 1000 950°C 1000 650°C 1150 °C
conditions 2h °C/2h /2h °C /2h /2h / 2h

In the last column, the metatitanate material, sintered from commercial powders
is added. It is largely used along the thesis aitdl main characteristics are presented
afterwards.

a) X-Ray Diffraction

In the Table 5.2 a list of the phases obtained for ceramics and the Li:Si
proportion, variable from 1:2 to 4:1, used.

In the last column, the titaniumbased naterial is added. This ntarial is sintered
from a commercial powder (99.9 % Alfa Ae3ar
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Table 5.2Phases identified by XRD for eachiased ceramics prepared in CIEMANF
laboratory.

Compositions | LiSpOs | LiSIQy | LisSiQy | LisSIQ; | LigSIQy | LibTiOs

New ) ) Li4

nomenclature Lil Li2 (0Si) Li6 Li8 (MTI)
Crystalline | LibSkOs | LiSiQy LL'fSC"g LiSIQy | LiSIQy ||, i
Phases SiIQ® | LibSkOs LijSiQ LibSIQ | LbCQ | 7

b) Secondary ion mass spectrometry

SIMS technique is here used as elemental analyses with the aim of identify all the
impurities presentin each compound In this form the following information (see
Figure 5.7) about all the elements presenin the surface, is obtained.

Sample handling and its storage are the responsible of some of the impurities
find (K, P, Na, ClI).

Main of them are derived from the raw material used (Aldrich hydrated
LisGsHsO7, 99%), both because a part has not react (as in the case of C element), and
because some metal in trace quantity is present (Al, Fe).

The possibility to lave a detailed knowlelge of the trace impurities in these
ceramics is important when studies related to the electrical propertiesare
preformed, consideringthat the presence of defects in an insulating material can
lead to the creation of intermediate levels in the engy gapfacilitating the process
of conduction of the electric charge
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Figure 5.Z: Static SIMS spectra for the elemental analysis of the ceramics fabricated

c) Density and pore distribution

Pore size distribution data generated by mercury porosimetrgover a great
interest in the comparative studies of these materials.Actually all the
characterizations carried on in this work (both electrical conductivity and light ion
diffusion), are affected by material porosity.

4AAT A AESY PATAOEBOBEAFAAOAOEOOEAO &A1 O Al OEA A
Compositions Lil Li2 Li4 Li6 Li8 MTi
Density, (gricm®) 2.48 2.33 2.22 2.17 2.13 3.43
Densityexp(gr/cm?) 1.225 195 164 141 0.84 2.7

-AAT DT OA 2353 1.557 2z0.6 0.1;0.025 5.850E+01 3.5
Open porosity (%) 245% 42% 348% 53% 17.1 % 16.3 %

From the analysis of the Table 5.3 many interesting differences can be obsé
among the different silicak-compositions first and the MTi after. The materials with
higher lithium content result tobe the ones with lower opened porosity percentage
(Li6 and Li8). At the same time.i8 composition isthe one with the bigger mean
pore diameter, meaning that it only have big pores.
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d) Scanning Electron Microscopy

Microscopy is used to check the formationf rounded particles,to measure the
size of grains and to observe the presence of amorphous phase

00ET O O 3%- 1 AOAOOAAGHKbeddeddrEalreSiAdndldt drpDAAET A
during 12 hours; the itis polished usingsandpaperand finally a diamond mediumof
different grain (from 220 to1t | @chieving a mirror like polished surface. Finally it
isOEAOI AT1T U AOAEAA AOOEI ¢ YP I ET AO OAI PAOA
ITA O OAOGAAT OBBReinC@AIEDT AN OA TARMOEREOAED EIT O
OOOEAAAO AOA -ARDROADEABA ABRAABATT 1 AUAOh xEI
i ACAOKE@AITAEAOCAAS

CIEMAT “7pm  CIEMAT R " CIEMAT .
MIAG: 300D 2 MAG: 3000 x - " MAG: 3000 x

CIEMAT H 7 pm CIEMAT H
MAG: 3000 x MAG: 3000 x L|6

Figure 5.8: SEM images of theolished surface obtained after the last sintering
pellets process for the following compositions: MTi(A), Li1(B), Li2(C), Li4(D), Li6(E),
Li8(F).

After sintering (see Figure 58), the microstructural differences among the
polished surfaces of thecompositions iaoricated following the rciary evaporator
route is shown.
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The MTi sample preseista rather compact surface, data confirmed by the really
low open porosity. In the case of samplekiland Li2, an amorphous phasacting as
grain compact can be detected. The Li4 and Li8 surfaces show a lot of cavities and
quite small grains, being the Li8 the onevOE OEA Of Al | Astttdde UA §j ET
compositions (Li4, Li6 and Li® all multiphasic, present several sized grains. Ineth
case of Li6 (E) the bimodal microstructuris marked by astrong difference between
OEA AECCAO jw tiq AT A OEA Oi Al 1 AO COAET | P8

¥ OEA AAOADDABEAR- 3O00AU OAOGAAT O OEA EE
AOUOOAI T ETA T OEAT OAOET 1T Xx®G8EAI A OEOI OCE DI C

-1 1 >
S >

EHT= 5OOKV FIBEHT = 000KV E EHT= 500kv FIBEHT= 000KV  Signal A = InLens Date :29 Apr 2013
Mog= 3200KX  WD= 49mm  FIB Lock Mags = No Mag= 8242KX  WD= 49mm  FIB Lock Mags = No

CSECR&A%- EIi ACA T &£ OEA -4E DPi OADBENl OBRAEEAHAOOO
OEA OAI Pl A8

7. Discussion

Different experimental techniques hae been investigated for the fabrication of
two lithium-based silica ceramics: the orthosilicate @iand the oxosilicate (18) as
possible candidats with high Likcontent for fusion breeder blanket application.

The synthesis of orthosilicates easy tofollow regardless the method used. The
crystalline lithium orthosilicate is built upfrom isolated SiQ tetrahedrons
connected by LiGpolyhedra. The SiQtetrahedron is very irregular and sdithium
ions can be coordinated by 4, 5, or even 6 oxygdons [174], [175] The IR
spectroscopy is very sensitive to the morphological and strucalrchanges of the
matrix originated by the variations in the sample compositioji 76] This is the case
of the typical transverse optical modes for glassy silica at 1085'@nd the shoulder
around 1200 cr perfectly identified in the LiSiQ. composition obtained by the
solid state syithesis, probably displaced tdower wavelengths inthe case of the
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other two fabrication processes (RV and Sbgcause of the different crystallization
degree.

The oxosilicatephase is obtained only by solid state sgmesis in small
proportions, the other processes giving rise to intermediate stages probably
because lithium volatilization or a not fully reaction of the raw materials. The®iCQ
lattice structure is isotopic to the LigCoQy or LigGeQ crystals [62]: near the SiQ
tetrahedrons the Liatoms can be positioned at the vertices of LiOpyramids,
creating trigonal bipyramids, or in the centre of Si tetrahedrons in a tetrahedral
coordination. As stated by the theory of cluster selforganization for crystalforming
systems[177] the nanoclusters are sélassembly of primary chainsThus the shift to
a lower wavenumber of the SO-Si stretching vibration found in IR spectra is related
to the degree of polymerization and the connection of Li atomfl78], considering
that impurities and secondary phases are preserithis complex structure gives rise
to an overlapping of the vibrational bands in the range of 7850 cni'resulting in
the spectra shown in Figure 541

In the second part of the work, the fabcation of several LiSi compositions with
different Li:Si proportion is presented.The achievement of the spherical form by
Spray drier method is really slo0.15 gr in1 hou), thus considering the quantity of
material necessary for all the others expenents, the ceramics used in the thesis
are obtained by rotary evaporator method, which results to be a good compromise
among the three methods.The synthesis with the other fabrication routes has been
applied only to some of the compositions not being thke fabrication of breeder
blanket ceramics the principal focus of this work.

The difficulty of working with over-stoichiometric materials for achieving the
desired phase is confirmed by the weight loss in the DTA/TG analysis as well as by
the literature [146] and justified by the high lithium volatility56]. The loss of lithium
would avoid the evolution of the reaction, so for an assured achievement of the
overdithium phases, working with an excess of lithium is recommendablk. is
worthwhile to mention that the low carbonate melting point, strongly reduce the
sintering temperature of the material with the highest lithium content (Li8)The
LiO-SiQ diagram (Chapter 2Figure 2.4) shows a narrow range of thermal stability
for over-stoichiometric ceramics. The interest in manufacturing ceramics with so
many different Li:Si proportions reside in the possibility of study the effect of
lithium content in some properties (like the electrical) For this reason the
achievement of single phased materialsag not improved.Other authors havetried
out the synthesis of these phases, with no good resul$49].
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Finally the observed doublghase structure in some of the manufactured
ceramics, together with the bi-modality of grain size foundfor some fabrication
route represents an interesting morphological characteristic. It is worthwhile
mentioning that the presence of two coexisting phases is the basic idea for the
development of a new solid BB concefB5] with improved features.

8. Conclusions

The principal objective of this part is themanufacturing of a roundedshaped
powder with good crystallinity. Gnly the Spray Dryer routgrovides homogeneous
in phaseparticles, satisfying the requirement foa soft, spherical powder butwith a
really slow fabrication rate (0.15 grh). At the same time he rotary evaporator
method offered rounded polycrystalline aggregatesand a faster rate production.
Thus this methodwas the one selected for the fabrication of the ceramicased for
next experiments

The falrication of a highLi-content ceramic has been attemptedThe results
show that the synthesis of LiSiQ, is easy to achieve regardless the method used,
while the LgSiQ; is obtained by solid stateand spray drierroute, in small proportion.
This last compaition presents a really low sintering point (650 °C), which makes it
not suitable in many experimental conditions

Several ceramics with varyintithium content were fabricated The achievement
of a unique phase was quite difficult, all the silidzased ceramics presenting more
than one phase.Working with ceramicspresenting adifferent Li-content, plays a
special interest in relation to theLithium burnup factor regardless the purityin-
phase

Starting from all these considerationshe electrical propA O O E A GrayAla&E@de O
is presented in Chapter 6 for all the presented compoundsith the aim of observe
the role of Licontent, ceramic matrix and microstructure. On the other hanthe
experiments on light ion behaviour presented in Chapterwere performed only on
the two main candidates (MTi and.i4), plus a third composition with higher lithium
content (Li6). This last compositiorwas selected because of its peculiabimodal
grain microstructure, really low open porosity, for its high lithium contert and
because of itsbetter thermal qualities.
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CHAPTER 6

ELECTRICAL MEASUREMENTS AND
r - RADIATION EFFECT

The electrical measurements in insulators materials provide important
information on the creation of defects. Varyingthe lithium content and the
gamma irradiation dose, a study on the electricathanges in lveeder ceramics is
here proposed. The results are used as an indirect measurement for getting
information on tritium mobility and ceramic behaviour during Liburn up.

1. The effect of radiation on electrical propert®
2.Electronic structure of breeder blanket ceramics
3. Fundamentals of Impedance Spectroscopy

4. Experimental procedure

5. Licontent variation versus electrical conductivity

6. The electrical behaviour of tarthosilicate
6.1. Results
6.2. Discussion

7. The electrical behaviour of Lmetatitanate
7.1. Results
7.2. Discussion

8. Positron annihilation spectroscopy on gamma irradiated ceramics
9. Indirect measurements: T mobility and-burn up effect

10. Conclusions



6.103

48 %l AAOOEAAI iraliatiorcetehti AT OO AT A

1. The effect of radiation on electrical properties

The breeder blanket materials will be exposed to several types afadiations:
000T T O xEOE AT A GgyE Aidns OfE2.7 G1éV aaddnelidm of 216 h
MeV produced by lithium transmutationFor insulators in general, radiation fields
deposit far more energy in the materials through electronic excitation pross than
through an atomic displacement process. Hence if radiolysis takes place efficiently,
permanent structural changes will proceed far more quick[§79]

Among the variations created by the radiation, the one@ the electrical
properties are extremely important: i the blanket zone forms a close circuit
because ofchanges in the electrical configuration then also the magnetic field of
the near magnetsmay be affected [180]. At the same time theseproperties reflect
important features of the stwucture, providing information on the creation of
defects, the presence of impurities or the ion movement in the lattidé4].

Severaltypes of electrical degradationdue to radiation have beenrecognized
and investigated among themit is noteworthy the Radiation Induced Conductivity
(RIC)effect and the Radiation Induced Electrical Degradation (RIEQ81]

The radiationinduced electrical conductivity (RIC causes the excitation of
electrons from the valence to the conduction bandinducing a large electrical
conductivity and the degradation of the electrical insulating ability182] Among the
degradation mechanisms observed during the study of radiation effects in nuclear
ceramics this is undoubtedly one of the most importan{183]

The phenomenon of radiation induced electrical degradation (RIED), which
implies a permanent increase in electrical conductivity, is potentially one of the
most crucial problemsfor insulating ceramicsot only from the point of increasing

the electrical coh OAOEOEOU OEOI OC K (cohduckviyg Dt AIB0OE T 1

becauseit has beenstill not fully understood

Among the different ionization sources responsible of changes in electrical
properties, the present work focuses on the gammaradiation effect in breeder
blanket ceramis. Gammaradiation presents three modes of physical interaction
with the matter: (a) photoelectric effectz from 0.01 to about 0.5 MeV, (b) Compton
scattering z from about 0.3 MeV to 8 MeV, and (c) pair formation
(electron/positron), 5 MeV to 100 MeY184]. lonization is a secondary effect which
results to be quite important in the case of insulators: when ceramics are subjected
to gammarays, the electronic defects created involve changes in valence statés
the whole crystal This irradiation suppresses the polarization properties of
ceramics, helps the migration of defects and changes the mobility of domain walls

[

A
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and Curie temperaturg185] Thus its effect on the electrical properties of insulating
materials may provideinteresting results on material durability(see Chapter 4,
section 4 for more information)

The measurement of electrical resistivity versus thermal annealing treatments is
one of the most used techniques to studyionic defects and their transport
properties in a material. ie Electrochemical Impedance Spectroscopy (EEjalysis
IS a nondestructive tool which canelucidate transfer mechanisms and dynamics of
the principal charge carrienlong the entire volume of the materia]151], [186]

As a support and with the aim of identifyng the nature of the defects created by
gamma irradidion, Positron Annihilation Spectroscopyechnique (PAS) is used in
this thesis. The measurements in the @separed conditions are compared with the
ones after irradiation and after thermal treatments, identifying the nature of some
defects.

The aim of hese experiments is not only the study of radiation effeston the
electrical configuration of the solid breeder blanket During reactor operation
lithium is burned up through neutrons to create tritium and helium, thus its quantity
inside the breeder deceases.t is estimated that the®Li burnedup after 10 years of
operation is the 7989 %[187] Thiscould imply a decrease in the TBR factor, and
probably the variationof other parameters (such as the electrical properties). The
present study on theelectrical behaviour in ceramics with different tdgontent may
be considered as a first approximation for the understanding of lithium butp
effects. At the same timeit has been reported that irradiation defects could affect
tritium recovery process[188], [189]through degrading mechanicaland electrical
properties of tritium blanket material (TBM)190],[191] Moreover ionic conductivity
studies suggesd that the mechanism of tritium diffusion is intimately associatedt
the Liion one[117], [192]The places occupied byritium in the crystal network are
supposed to berelated to those left empty by the transmutation of lithium, and
from those created by theirradiation defects. Therefore one can theorize that the
mobility of tritium will be strongly related to the places that lithium occupies in the
crystal structures ando its mobility through the lattice [193].

Electrical measurements are used as a tool for understanding theneral effect
| /AE-radiation in ceramic breeders and contemporary to comprehend the ion
mobility dynamics,in relation with ionizing damage
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2. Electronic structure of breeder blanket ceramics

The knowledge of the electrical structure of the studied materials is very
important for being able to detect all the possible changes caused by radiation.

The electron state of LiSiQ, crystal has beenexamined in the literature by ab-
initio calculaton with CRYSTAL98 prograrfil94]. The crystal structure of LiSIQ
contains 126 atoms (14 Si, 56 O and 56 Li) per unit,ce@tmed by isolated SiQ
tetrahedra with Li atoms floating around them. Using abgzinitio calculation with
Density Functional Theory (DF various atomic fractional coordinatiorof Li,SiQ,
are found [195] The electronic band energy calculations show that,8iQ; and
Li,SiQ, are insulators with a band gap of about 5.36 and 5.53 eV respeely. Their
valence band properties are mainly determined by the oxyg@porbital electron.

Li;TiO; material presents an indirect bangjap of 3.49 e\[196], indicating its non
metallic nature.PadillaCampod197]studied two octahedral sitesfor tritium atoms
and two possible substitutional sites in the positions occupied by lithium, usial-
initio HartreeFock method. Potentiatbased molecular dynamics (MD) has been
used for lithium-metatitanate characterization finding that in the pure Lilayer
lithium diffusion is equally probable[198]. The model foresees that lithium can
occupy a tetrahedral site when two or more vacancies are in the vicinity. Wan et al.
[196] deeply investigates the electronic and dynamical properties of thisnaterial,
suggesing that interactions between Ti and O are mainly covalent, while between
Li and TiQare mostly of ionictype.

The characterization of the electronic structure and the nature of the chemical
bonds, can lead to a better understanding o$tructuresproperties relationships,
mainly determined by the stability of chemical bonds that can be characterized by
the degree of ionicity.In ceramics, which are generally insulators and have very few
free electrons, ionic conduction can be a signifioh component in the total
conductivity.

3. Fundamentals of Impedance Spectroscopy

Impedance spectroscopy is a powerful technique for studying both the transport
properties of charge in the volumeand the electrochemical reactions at interfaces.
Typically AC impedance experiments are carried out over a wide range of
frequencies (several millhertz to several megahertz), and the interpretation of the
resulting spectra is aided by analogy to equivalent circuits involving simple
components such as resistorand capacitors. In general, such equivalent circuits are
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not unique; indeed there exists an infinite set of circuits that can represent any

given impedance.

As shown in Figure6.1, the fundamental approach of the impedance
spectroscopy isthe applicationof a small amplitude sinusoidal current excitation to

the system under the steadystate andthe measurement ofthe voltage response.

Va

I

Ai(r)
Figure6.1:The application of a sinusoidal current, measuring the voltage response.

The excitation signal, expressedsaa function of time, has the form:

E, = E,sin(ut) (6.1),

[

where E is the potential at timet, OEA Al DI EOOAA 1T £ OEA OECIT A

frequency, whose relationship with the frequency f (in hertz) is:
w= 2k (6.2).
In a linear system the response signgB O OEE £AZO0AA ET DPEAQGA
|, =l,sinmt+f) (6.3).

The ratio between the perturbation and the answer is a frequenclependent
complex number, called impedance. Thealue of the impedance is equal to:

2:5: E95|nm -7, .smwt (6.4),
I, sin(ut +£) sin(ut + 1)

where the impedance is expressed in terms of amplitudg 21 A PEAOA OEE £0

i

q

&
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Using Euler relation:
Exp(jf) =cosf + jsinf (6.5),

It is possible to express the impedances a complexvariable in function of the
AT cO1 AO AEOANOAT AU 54

ZW)=Z,exp(jf) =Z,(cosf + jsinf) (6.6).

AEA PITO T £ 11T AOI OO0 Y vsjftequency brA=BEAOA AT CI
called the BodeBode plot. 4 EA A@GPOAOOETT A O :j50n EO AT
imaginary part. If the real part is plotted on the Xaxis and the imaginary part is
plotted on the Y-axis of a chart, we get @Nyquist Plot" (see Figure 6.2)In this case,
the frequency is implicit. It is worth mentioning that the ploof Im(5> @ O@g 2 A
sometimes in the literature iscalled the ColeCole plot. Unless specified, both the
Nyquist plot and BodeBode plot are called impedance specir

Figure 6.2: Nyquist plotindicating theimpedance vector(Z) and the main variables
associated to it

Notice that inFigure6.2,the Y-axis is negative and that each point on the Nyquist
Plot isthe impedance at one frequencyat low frequency data are orthe right side
of the plot and at higher frequencies are on the leftOn the Nyquist Plot the
impedance can be represented as a vector (arrow) of length |Z|. The angle between
thisvectorandthe XA@EOh AT T 1T 11 U AAT T AA OBEpqudDEAOA
Plots have one major shortcomingvhen you look at any data point on the plot, you
cannot tell whatfrequencyhas beenused to record that point.
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One of the most attracive aspects of impedance spectroscopy is the direct
connection between the behaviar of a real system and that of an idealized model
circuit consisting of discrete electrical components. This circuit is called the
equivalent circuibf the impedance functon.

The Nyquist Plotof Figure 6.2results from the electrical circuit of Figures.3,
considering that the semicircle is characteristic of aingle "time constant".
Electrochemical Impedance plotssually contain several semicircles boften only a
portion of a semicircle is seen.

C
|

Figure 6.3: Equivalent circuit with one capacitor and one resistor element. EIS plots can
contain several elements in series or in parallel configuration.

The analysis of impedance data is the most challenging part of the €k$hnique.
The KramersKronig (KK) relations can be used to evaluate data qualjtelating the
imaginary pat of the impedance, 4., at a single frequency with the complete set of
real values of impedance, g, and vice versa. It individuates and elimites the non
linear, instable and stochastieffects from the set of measured impedance datdf
measured real andmaginary spectral data to not comply with the K relations, the
data must violate one of these conditionsln practice, KK analysis is pedrmed by
fitting a generalized model to spectral dataAgarwal et al.[199] proposed the use
of a model consisting ofm series connectedby Voigt elements:-R{RC),-. A Voigt
element is a resistor andh capacitor connected in paralle(like in Figure6.3). The
parameter m is generally equal to the number of complex plane dafaoints in the
spectrum. This model is by definition-K compliant

The EIS method is here used to observe in an indirect way the volume
conductivity variations. Impedance spectrghape and evolution with temperature
are mainly determined by grain boundary (GB) contributions to ionic conductivity. It
has to be pointed out that, particularly when dealing with materials with a
densification level at boundaries, between fully openednd partially closed pores, a
small density variation might mean a significant change in the electrical
conductivity.



6.109

a8 %l AAOOEAAI irdlidtiorcedekti AT OO AT A

In general itis possible to distinguish two main contributions: one related to the
movement of the charge carriers along the grain, thetlver relative to its movement
along the grain boundary By the way it is important to consider the influence of
OEi DbAOEAAOOG AT 1 OAAOOh AARAAAOOA T &£ 1T ATIT BT OA;
presence of an amorphous phase. These imperfections give rise to lowgtiency
semicircles in the complex impedance plaf200].

grain boundary ‘

Ret Rg Rab C

Cel Cao Cab

in
i Electrode grain gra
grain boundary boundary

Electrode

Figure 6.4: Simplified model of a material where grain and grain boundaries play an
important role in ionic conduction. Electrode contribution is also added in the equivalent
circuit, consdering the polarization resistance of the electrodeample interface.

In the majority of electroceramics the grain boundaries represents a really
important contribution, presenting a different behaviour than the interior of the
grain and being stronglynvolved in the total charge transport. The model known as
brick layeris frequently used to explain the polycrystalline ceramics behaviour,
including ionic and electronic conductiolisee Figure 6.4)

According to Bauerle[201] the intercepts of the semicircle with the real axis
correspond to the grain interior resistance and the bulk resistance respectively and
the low frequency spikerepresents the polarization resistance of the sample
electrode interfaces (see Figure 6.5)In the image 6.5 it haseen represented an
ideal and a real case of the equivalent circuit corresponding to the brick layer
model, where R and Ry represent the bulk and grain boundary resistance.
Generally the arc with mayor frequency is assigned to the grain interior
conductivity, while the one at low frequency corresponds to the processes
happening on the grain boundaries. The signals at lower frequencies are generated
by processes on the electrodes, which are normally neglected.
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1.
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Figure6.5: Semicircles ideal (a) and re@b) of the equivalent circuit schematically
representing (c) the brick layer model.

The value of A.C. impedance spectroscopy derives from the effectiveness of the

technique in isolating individual reaction/migration stepsf a multistep process.

That &, because each reaction or migration step has, ideally, a unique time constant
associated with it, these steps can be separated in the frequency domain. In recent
years, impedance spectroscopy has found widespread applications in the field of

characterizdion of materials. It is routinely used in the characterization of coatings,
batteries, fuel cells, etc[202], [203].

In a polycrystalline crystal, where grains have a chaotic orientation, the electrical

process can be treated in the following way. Firstly Ohm ley has to be respected:

& OY 0 % (6. 8)

Then, considering the movement of ion vacancies, conductivity is given by:

” ‘8 _r’]l‘) (6' 9)!

where n, is the fraction of vacancies, N the number of positions per unit volunmz,
the charge and y the velocity of the charge carriers. Knowing that mobility is
defined as:

6 — (6. 10),

then the conductivity equation is:

(
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., &0 (6. 11).

If diffusion D and its rehtion with mobility are considered, the relation:

_q - DG,
Uy D,e 6. 12),
KT ng T o 612

is obtained.

In the case of the conductivity, when searching for the same relation, the following
equation is obtained:

DG, @
D,e 6.13
T XIO(@;aek—o (6.13).

Consideing O E A QC 3 544 33 and that-3 (n

= E (representing the activation
energy of the conduction process)and defining:

- AN qu exp 8 (6.14),
k ¢ k =+
ionic conductivity will be governed by the relation:
A &4 E,
s, =—¢€ L 6.15),
07T Xpéﬂéﬁo ( )

which, in logarithm form, and transforming théninlog is:

ogs,T = .8 Ea 81000
0230KT2 T

(6.16).

Its representation corresponds to arrhenius plot, wherethe slope of the curve

represents the activation energy of the studied processE{), k the Boltzman

constant, T the temperature in Kelvilh & preexponential factor and X, the
electricalconductivity.
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4. Experimental procedure

The samples used for the electrical characterization are the ones characterized in
Chapter 5, section 6 and present a pellet shape. After the sintering process, ceramic
discs wereroughly polishedfor the achievement of good planeparallel faces and its
dimensionswere measured(10 mmdiameter and 2 mmthickness approximately)

The sampleswere thus wrapped in aluminium paper and located in a cylindrical
sample holder with dry nitrogen. The samplaolder was immersed in theNayade
pool irradiation facility (see Figure 6.6)and r-rradiated by a®Co source in the
CIEMATIinstallation (Madrid, Spain) The gamma radiation source was contained in
small cylinders of stainless steel, introduced in a sheath stainless steel and the
irradiation doserate was of 6 Gy/sec.

R
Before — After

Figure 6.6: Nayade installation poal In the inset arexample of all the pellet compositions
analysed by EIS beforddft) and after fight) gamma irradiation.

The irradiation treatmentswere performed in nitrogen atmosphere (2PC + 2
°C) or, only in one case, &50 °C using a thermocouple controlled ovelhen the
desired irradiation dose was reached, the samples were removed. The colour of the
samples was slightly changed after irradiation (see the inset in Figure 6.6),
becoming darker,probably due to the creaton of defectsor the material reduction
[204].

After this step, electrodeswere provided onto both faces painting the surface
with a high conductivity silver paste chosen as the best option for porous and rough
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materials. Samplesvere dried in air at130 °C during 15 min for eliminating all the
paste organiccomponents. The R value of the deposited film was revised with a
digital testerAT A x A0 Al xAUO .1 1T xAO AAl T x P8I m

The conductivity behaviour was examined by EIS (Electrical Impedance
Spectroscopy) analysis. Impedance measurementavere performed using a
Solartron model 1255B Frequency Response Analyser with platinum as blocking
electrodes (see the sample holder in the Figu7 right), all inserted in a tubular
oven varying the temperature between26 °C and 800 °@r the bulk conductivity
measurement, over a frequency range from 40 Hz to@™Hz. All experimentsvere
performed in dry air.

Figure 6.7: Experimental setup for EIS measurements. From left to right: the whole sap,
the sample hdder, a magnification of the sample holder where the pellet is inserted
between the electrodes.

Electrical Impedance Spectroscopy methorkgistered the overall impedance of
the sampleas a function of temperature and frequency, usually combination of
the ionic and the electronic contribution. The spectravere acquired using the

e s N o~ o~ oA N e

O%15)6#2406 | %NOE OAI [RA5]Dsoftivar® npelHabcewnlOds gs@A | 1 A
function of temperature were obtained in the Nyquist diagramsThe software

required the knowledge of the sample geometnyfor the precise calculaton of the
resistance. Starting fromthe parameters relativeto the geometry of the material

(surface area (A) and thickness (g)andcalculatedthe resistance value (Rirom EIS
measurements it was possible to calculatethe electricalconductivity as

e
A*R

s(M)= (6.17.
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Finally from the equation 6.16 previously reported, the Arrhenius péaib study
the thermal induced electrical behaviour of the ceramic breeder candidatesrg
obtained.

5. Hectrical conductivity versusLi-content variation

The study of changing physical properties with lithiumontent covers a special
interest, representing an indirect measurement of faurn up. Considering the phase
transformation of lithium silicates under irradiationreported in literature [204], and
the burning up of lithium via nuclear reaction a change of the compound phase,
contemporary to a lithiumcontent decrease, is expectedinside solid breeder
candidates With this aimseveral Libased ceramicswvere fabricated in our labfor
observing the effect ofr radiationin relation with the content of lithium.

Table6.1 Li-based ceramics prepared in CIEMANF laboratory

Compositions

(new Li1 Li2 Li4 (OSi) Li6 Lig
nomenclature)
LS 1:2 1:1 2:1 3:1 4:1
proportion

Li,SiQu(43 %) | Li,SiQy(62 %)
Li,SIO(47 %) = Li,SiO(36 %)
Li,CO(8%) SION(2 %)

SiON2 %)

Li,SkOs(98 | Li,SiQ(77 %)
%) Li,ShOs(23
SION2 %) %)

Li,SiQy(70 %)
Li,CO(18 %)
Li,SiO(12 %)

Crystalline
Phases

In Table 6.1are listed all the compounds used in the next experimental study,
obtained bythe rotary evaporator methodas described in Chapter)5with different
Li:Si proportion. The phases present in our compounds argdiQ), LpSiGQ and
Li,SpOs plus other deriving from aw materials (like Si@and LyCQ), varying their
percentagein relation with lithium proportion.

In some of them agood fit between experimental data (symbols) and the fitting
line (dot arcs)is found, confirming the suitability of the equivalent circui proposed
in the section 5(see Figure6.8). In generalsome difficultiesin the analysisare found
when modelling with brick layer model. The exahation is extensively and very
clearly provided by Fleig[200], who finds in the imperfect contact between grains,
the presence of porosity, the agglomerate of small grains or a bimodal grain
distribution, the reason ofconsiderable errors.Grain boundary arcs deviating from
ideal semicircles are foundwith a distortion of the real activation energy value
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-55000

L Li4SiO4
Estimated R(chms): 67476
Estimated C{farads) 7,5712E-11
—O— LidSI04_200°C
-7 Li4S04_0.5MGy_200°C

_ Li4SiO4_ 0.5 MGy
I::O[I)O Estimated R(chms): 43121
N Estimated C(farads): 1,4418E-10

-5000

Figure 6.8: Complex impedance plot (plotted by ZView prograf206]) of an asprepared
and irradiatedpellet measured at 200 °C. The estimatadsistive termscorresponds to the
total resistance.

Here belowthe electrical conductivityvalues forall the compoundslisted in Table
6.1(seeFigure 6.9, after a 5 MGytotal irradiation dose.Pure silica measurements
are included as reference. At the left of Figure 6.9 the Arrhenius trend of
conductivity is represented while in the right part the electtal conductivity at 500
°C in agprepared and damaged conditionsas afunction of Li:Si proportion is
plotted.

From the Arrhenius plot in Figure 6.9 (left)it is possible to appreciatdhe rise of
conductivity with increasing LiSi proportion. Focusingon the electrical conductivity
at 500 °C as function of the Licontent (see Figure 6.9 right)aquite similarvalueis
observedfor the Li4, L6 and Li8 ceramics as in the AP addmages caseThis result
is especially interesting considering that 500C° is in the range of working
temperatures selected fora solid BB, thusa goodstability inthe electrical behaviour
of burned ceramics can be stateth the first life-time of pebble bed.

[
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Figure 6.9: Arrhenius plot ofLiHbased ceramics with Silica mak and different Licontent
irradiated till 5 MGy by -irradiation. The black line marks the values at 500 ¥€the right a
comparison among the onductivity valuesvaryingLi:Siproportion.

Thestudy is repeated with different doses ofjamma irradiation. Considering the
high quantity of Arrhenius graphs to represent, the analysis is limited to a
comparison among the activation energies of each composition at different
radiation doses. The activation energyariation is represented in Figure 6, where
the different compoundsare indicated as a function of the Li:Si proportion

1,4 -
élil @ Lil @ Li2 @ Lid Li6 Li8
1,2 4
3 104 @12 2 §1:1
a ] gl:l
= §1.2
c 0,8 9
"'CJ Qu1 ?
§e] 92-1 N3 (* ) O :
T o6d O3F1 @31 221 241
= D31
3] . 3:1
< _ 41
0,4 4
41 “4:1
0,2 +1—

r~—r~rr~r -~ 11 rrr-T1rr-rrrrTrTTr T T
10 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17
Gamma doses (MGy)

Figure 6.D: Comparison of the activation enengsfound for silicabased materials with
varyinglithium content, at the irradiation doses selected for this study.
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It is interesting to observe that the gamma dos@loesnot have the same effecin
all the samples As expected the energy necessary for the activation of electrical
conduction in compounds with less L{and in some caseO, depending on the
stoichiometry) ions, is hgher. The creation of defects facilitates the conduction
process in the materials with low kgontent, being the major contribution to charge
movement. On the contrary he low activation erergy value found in the case of
higher lithium content ceramics, ao after different radiation treatments, reveals
the important contribution of Li and O atoms asharge carriersto the activation of
the electrical conduction process

The trend of electrical conductivity between materials with different Li content is
primarily ionic as confirmedby literature [207]. Lithium ions are responsible of
impedancevariation: the material with the highest Li content (4:1) is the one with
the lowest activation energy value.

All these considerations will be especially relentain the discussion on the
hypothetical similarities with Liburn-up effect. In general it is possible to state that
the electrical characterization shows a quite stable behaviour of tiégh Licontent
compounds after different irradiation treatmentsand major charge mobility after
irradiation in the low Licontent materials On the other hand when varying lithium
content a different behaviour is observed for ceramics with low-roportion which
notably increase the charge movement and thus the electalcconductivity in the
volume.

IngeneralA OOAAIT A -Gyréddiation vartatdE lost only when the Li to Si
proportion is really low (1:1)is observed Finally the convergence of activation
energy value to the same interval (between 0.5 and 0.8 eV) at high total radiation
dose, is stilla confirmation for the good stability of this material in operational
reactor conditions.

6. The electrical behaviour of Lorthosilicate

The orthosilicate is a really eclectic material with multiple and powerful
applications preserting an interesting literature on electrical properties [202],
[203]. Its electrical behaviour is here studied and discussed in ceranpellets
fabricated in the Ciemataboratory (the Li4 composition of Table 6.1). Treamples
were gamma irradiated by £°Co source in the Nayadfacility at different doses,
following the experimental procedure described in sectiod of this Chapter Seeral
studies with slight variations in the experimental parameters werealizedand here
presented.
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6.1 Results

The samples irradiated at different doses between 5 an8 MGy are subjected to
a thermal ramp between 26 and 800 °C with stepof 50 °Cfor each measurement.
Lithium Orthosilicate specimens irradiated at different doses are then compared
xEOE ADADAOA A dheQyyiidplos (not shown for simplicity), present
depressed arcs with several contributions given by a complex microstructusgh
different grain sizes, opened and closed porosity, impurities due to fabrication
process.

In Figure 611the calculated electrical conductivity obtained from impedance
measurements, isgraphed in an Arrhenius plot.The highest increase in electrical
conductivity is obtained after a 5 MGyradiation dose with a maximum valuesqual
to 1.17*18 S/cm at 550 °CFor increasing gamma doses a recombination process
seems to occur, with a decrease in conductivity till values lower than those found
for the un-rradiated sample.For the activation energy calculation, a linear fit taking
into account the error in the measurements, is proposed.

16 T T T ! 7]
[TRLE" ‘

24 P izi & Li4 ]
- 56 f ]
64 = 5MGy e,
72| e 15MGy T
-8 -_ ) | X R R L . . . I L L L 1 L l‘ -

12 16 2 24 28

1/T *1000 (K™

Figure 6.1 Comparison between the Arrhenius plots obtained for the 4SiQ, samples
previouslyirradiated to different doses: Agprepared (red rumble), SMGy (purple square), 10
MGy (green triangle) and 15 MGy (blue circle), irradiated By &o source.

The conductivity rises with temperature, as expected when phonon lattice
movements together with point defects are conglered [208]. It is interesting to
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observe that the curves are perfectly parallels among them, meaning the same
activation energy value, as yet observed from the data of Figure 6.10.
Figure 6.12 summarizes the results of theelectrical conductivity varigion as a
function of the total radiation dose, at RT, 500 and 700 °CTrhe conductivity
presents amax at 5 MGy, after which a decrease follows. A similar trend is observed
at 500 °C. Only at 700 °C higher irradiation dose causes a new slight increasesin t
AT AAOOEAAT Al 1T AOAOET T 8 4rByOradiafiods pee@ousdtd OOE AT A
electrical measurements can cause in the volume of Li4 ceramic a change in its
electrical properties, with a higher charge movement, but not in the causing agents

(meaning stable activation energy).

£ ——RT

s T - 500 °C 1
- --700 °C

f=

o

-l

0 2 4 6 8 10 12 14 16
Total dose (MGy)
Figure 6.12: Comparison between theconductivity under different irradiation doses in
correspondence of some temperatures: room temperature (red rhombus), 500 °C (purple
square) and 700 °C (green triangle).

In Figure6.13 a comparison of the electrical conductivity behaviounf SiG and
L,SIQEO DPOAOAT OAA8 4EA T AACOOARPAIOBABO ADAOAXI OI
damaged samples under the usual temperature ramp variatiohhe SiQ pellets are
fabricated in our laboratory from starting colloidal silica (Ludox TMA 34% wt.),
following the same rotary evaporatorroute described inChapter 5 with a final
sintering treatment at 1600 °C during 2 hourdhe presence of two different
processes is observed before and after thelectrical measurement at 200 °C,
confirming the charge role of O ionsThe ectivation energy of SiQ(0.89 eV) is twice
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the one of LiSiQ, (0.48 eV)confirming the charge carrier role of Li(and possibly
Li*) ions in BB ceramic compoundslt is interesting to observe the different
behavior on the total conductivity for the two materials under the same gamma
irradiation dose: if in L4SiQ, it causesa soft increasein the electrical corductivity, in
the SiQ case itcauses a pronounced decreas@his may be provoked by thgreat
number of starting defects present in the Li4 mateal, whose effect is enhanced by

radiation.

-1,6

2.4

-3,2

48
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6,4
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Figure 6.13: Arrhenius plot of the bulk conductivity for a Si€asprepared sample (pink
rhombus) and 5 MGy irradiated SiQgreen triangle), compared to LiSiQ, as prepared (red
circles) and irradiated up to MGy (blue squared) at 22 °C.

With the aim of extrapolate truthful results under reactor conditionssamples
are then irradiated at 250 °C (temperature selected for experimental limitations), to
a total dose of 5 MGy. Figure &lhows the evolution of ©nductivity as a function
of temperature, compared to the room temperature irradiated specimenThe
results showthe same trend for measurements, wittshifted lower values for the
irradiation performed at 250 °C, confirming the recombinatiorole of temperature
for defects, which can help charge carriermmovement among equivalent charged

defects positions
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Figure 6.14: Arrhenius plot of the bulk conductivity for a LBIQ, sample irradiated up to 5
MGy at 26 °C (red circles) and at 250 °C (blue squared).

A plateau in the temperaturerange between 600 and 800 °C is observed both
case8 ) O OAPOAOGAT OO A OOAOOOAOGEITT 1 AOGAIT &6 M
electrical conductivity becomes stable. It is worthwhile mentioning the insulating
character of these ceramics, which must be conserved under operational
conditions.

Finally, to corroborate the effectiveness and accuracy of the experimental data
collected, a comparison between the electrical behaviour of a sampleadiated
continuously up to 15 Nby and one irradiated in two different steps(firstly to 10
MGy andthen to 5 MGy, is proposed.As shown in Figure6.15, no difference
between the two electrical conduction behaviours is found. good reliability of the
measurements and the permanent effet of ionization defects on insulating
materialsafter their irradiation are thus demonstrated.
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Figure 6.15: Electrical conduction behaviour for a $iQ, sample irradiated up to 15 MGy
continuously (blue squares) and in two different steps: till 10 M@yd then adding other 5
MGydoses of gammarradiation (red dots).

Scanning electron microscopy is here presented for observing the microstructure
and the grain boundaries structure.

EHT=1013kV WD = 76 mm Signal A = NTS BSD
Mog= 100K X

Figure6.36: SEM images of LL5iQ;: surface (left) and fresh fracturd (right) of the sintered
ceramic.
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The main grain sizas capturedon the polished surface (Figure 6.5 left) and
along the fresh fractured (Fig6.16 right) of a Li;SiQ, pellet ceramic The
microstructure shows a material formed by differently sized grans, with a mean
grain size of 58 um, the surface lookng quite porous and rough.In the case of the
fresh fracture image (Figure 6.16 right), it can be observed that cracking occurs
mainly intragranularly and that closed porosity is presenfThese resuls will be
helpful in the discussion part here below.

6.2 Discussion

Electrical conductivity is a thermally activated process and follows the Arrhenius
law. In a polycrystalline material it depend®n structural factors asordering,
microstructural factors lke porosity, grain size, grain boundary anextrinsic factors
like impurities.
The diffusion pathways of Li in the bulk and the occupancy of the ion in the
lattice, as well as the influence of the defects are critically important for
understanding the eletrical behaviour of LijSiQ, ceramics.Duan et al.[61] found
that the band structure of both monoclinic and triclinic phases of 43iQ, have
mainly two valence bands, presenting the first a direct and the second an indirect
and smaller band gap. Munakatet al.[194] found that in a LiSiQ, crystal studied by
ab-initio calculation, more electrons are concentrated in thespshell of the oxygen,
the outer shell, andthat NET T O BT AU AT EI bT OOAT O OAOEACAZC
of the electrical chage in lithium basedceramics.Lithium orthosilicate ceramic is a
compound with tetrahedric anion (SiG)™ structures (as described in section 3.2 of
Chapter 2). iET 1 Oh CcOl OPAA ET OADPAOAOA DI AT AOh Ac
AEAT 1 Adll@vin@ Mott predictions [209] it is possible to propose a model in
which Li* charge is transported by the thermally assisted hopping betweerapping
centers randomly distributed, created by the introduction of impurities during
fabrication process ad by ionizing radiation.

In the microcrystalline regime, the electrical behaviour of grain boundary
controlled electroceramics can be descride A U O H AA UORAAOD BRAEAFf&IY 6
and Maier [211]have predicted that some microstructural features might ett
additional effects on the impedance spectra, causing deviations from the model.
Some examples of such deviations are given by a bimodal distribution of small and
large grains, or by an imperfect contact between grains. The effect is that a
complex microstructure, the current path might make detours acrosdarger grains
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to minimise the number of boundaries effectively crossed, leading to a depression
in the semicircle of the grain boundary. This is the case of thgSiQ), presented in
this work whosemicrostructure (showed in Figure 6.16presentsmicropores along
the grain boundaries asvell asan inhomogeneous spatial distribution of grain size
confirmed in EIS anlgsis by highly depressed arcall this can lead to a kinetic of
the overall procesanainly determined by the transport bong grain boundarieg[212]
andto the anisotropy ofthe total electrical conductivity.

Regarding the slight decreasng in the conductivity with high gamma dose, it
could be attributed to the release of trappedcharges and a subsequent quenching
of the conductivity throughits recombination. The effect of irradiation is attenuated
by the recombination effect of temperature, as observed when irradiating at 250 °C.
This result is of special interest in the BBs fielActually the defects created by
radiation can act as traps for the tritium bred in those ceramibsndering its quickly
release.

The effect of the gamma irradiation on the electrical conductivity for lithium
glasses has been studied to assess the accuntigla of radiation [213] Gamma rays
interact with the electronic structure of the material, generating electroimole pairs
that can recombine or be trapped at specific defect siteJhis implieghe creation
of charge compensation in the electrical ate of the crystal. This is the direct cause
of the distortion of the tetrahedral LiQ, coordination with a consequent total
conductivity value modified by the Liions movement.

The comments here presented on the importance of thermaleatments more
than the radiation dose in the electricaproperties of LySiQ, ceramic (see Figure
6.14), found aconfirmation in other studies reported inthe literature [214]

7. The electrical behaviour of Limetatitanate

Several studies[198], [215]show empirical models for the generation of a
complete database on the relevantelectrical properties of lithium-metatitanate
ceramics An experimental study of these properties is here presentedn this part
of the work pellet samples prepared and sintered in our laboratory fromprepared
commercial powdes (Alfa Aesar 99.9 % puri}yas described in Chapter 5, are used.
The pelles were gamma irradiated by a°Co source in the Nayadacility at
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different total radiation doses, varying their residence time in the po@ee section
4 of this Chapter)

7.1 Results

Lithium-metatitanate (MTi) ceramics wereirradiated at different total gamma
radiation doses at room temperature, and analysed by EIS spectroscopy with
thermal ramps of 50 °C between RT and 800 °Eigure 6.17 evidences the
logarithmic trend of the electrical conduction versus the inverse of Temperature.
The metatinate curve is characterized by two well separate trends (marked by a
black line) changing at 300 °CThe same change in slope has been observed in
literature [49] and attributed to a first-order phase transition associated probably
with order-disorder effects.
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Figure 6.17: Comparison between the Arrhenius plots obtained for thBITisamples
irradiated with different O T O-adiatian doses: Asprepared (red circle), 5SMGy (blue
square), 1MGy (green rhombus) and GGy (purple tiangle).

It is interesting to notice that the variation of the electrical conductivity with
irradiation does not suffer relevant changesgonfirming the very good electrical
stability of this material4 EA OAOEAOQOET 1T ET Al AADAESAAT AT 1T A
different compared to sili@-ceramics trend. In the MTi ceramialmost no increase is

found in electrical conductivity after irradiationup to 15 MGybeing in general its
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behaviour rather similar to the noe irradiated material. At the same timethe
activation energy changdollow s a constant increase with the total radiatiorlose.

Since only slight increase is found as a function of the radiation total dose, it
could be concluded that the electrical charge motion is mainly due to intrinsic
defects, defects already presented in # asreceived condition. Radiation may
induce or modify the defects structure, but without contributing significantly to the
electrical conduction process.

Considering that charge transport is presumed to be caused by ibns, one can
guess that (comparing to silicates) the lower Li content provokes this sort of
homogeneity in the MTi behaviour even under gamma irradiation. Thus a
comparative with metasilicate(Li2, LbSiQ) ceramic is proposed for understanding
the role played by the matrix.In Figure6.18 the difference between Metasilicate
(Li2 LpSiGy) and Metatitanate (MTi, LiTiOs;) ceramics with 1 to 1 Li:Si proportios
shown. The study is carried on gzepared andup to 5 MGygammairradiated
materials.
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Figure 6.18: Comparison ofthe electrical conductivity trend between two materials with the
same Li content but different matrix (MTi andLi2) in the case ofanas prepared (AP) an@n
irradiated sample upo atotal dose of 5 MGy.

The Arrhenius plotof Figure 6.18ndicates a slight differene between the two
materials the higher MTi conductivity indicates the existence of a high number of
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defects or charge equivalent positions where charge carriers can movidhe main
difference can be found in the activation energy value (see table26.Whie in the

MTi case it presents a quite constant value in the AP and damaged case, in the Li2
ceramic the electrical conduction process after irradiation requires a higher energy
value for its activation.

Table 62: Activation energyvaluesfor the condudion process in two different BB ceramics
with the same Li content.

Activation Energy
As prepared 5 MGy
Li2 0.81 0.04 eV 1.1 0.05eV
MTi  0.57 0.02eV  0.51 0.02eV

The main differences between these two selected ceramicgan befound in their
crystallographic structure (Figure 6.19 and in the chemical bondng, which may
strongly affect the charge movement.

sio, —>

Pure Li layer > tetrahedral

LiTi, layer >

Q
o¢
'.

.. @t i
Figure 619 Crystal structure of the two ceramic compounds compared in the studit the
left the Li;TiO; crystal structure, at the rightthe LLSiG; orthorhombic structure.

Li;TiO; ceramic present a monoclinic structure with space group2/dormed by
an ordered rocksalt superstructure with cationic (111) planes alternately occupied
by pure Li and Ligilayers[196]. LbSiQy ceramic has an orthorhombic structure(a
space group of Cmg) with 4 formula units comprised of 24 atoms per unit cell. is
considered as anetwork of corner-sharing [LiQ] and [SiQ] tetrahedrals. In general
in silicates, the SD bonds are considered to be fohalf covalent and half ionic
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character[216] while in MTi case 0 isaionic bond. Even though both structures
present ionic character, lhe presence of a pure Hayerwith Li-O bondlength in MTi
structure may explain the easiest activation foelectrical conduction (lower kK
values). This theory is confirmed by the nature of the chemical bonds. In theCsi
case, it is half covalent and half ionic with a bond length of 141in the THO case it
is mostly ionic with a chemical bond length of 96 A, the LiO is mainly ionic with a
bond length of 2.1 A, which means a weaker borf&4].

7.2 Discussion

Starting from the theory an LipTiGs electronic structure, it is important to
remember the nonmetallic nature of this material, presenting a bandap value of
3.49 eV. When the density of states is studi¢ti96], someimportant considerations
can be made Although TiQ is generally considered as an ionic compound, there is
Ti components in the @&p band, which is an evidence of covalent interagh
between the Ti and (J217] The interaction between Li and Tigis mostly ionic;the
interaction between Li and LiTkilayers is meh weaker than the one betweerO and
Ti atoms in Likilayers

Thus starting from these considerations, it is posséto suggest that the charge
carriers responsible of the electrical conduction are’lions.

Following Fehr suggestiong151]Li" migration is thought to occur firstly in (001)
planes, associated to the presence ofattice defects. On the other ham the
octahedrally coordinated LibT OEOQOET T O ET H,Ti&é 4l Aceupiedl AOOE A
thus Li vacancieswill be transferred easily by adjacent sites or caused by some
deficiency during sample preparation.

Taking into account the metatitanate structure described in Chapter 2, it is
possible to suppose that in the presence of defects created by gamma irradiation,
two directions for lithium diffusion are possible: one among lithium sites in the pure
Li layer, the other considering lithium jumps between the pure Li and Lidyers.

8. Pasitron annihilation spectroscopy on gamma irradiated ceramics

Positron annihilation spectroscopy (PASyvas used in some of the studied
ceramics with the aim of identifying the nature of the defects present in these
crystal structures and those created afir gammaradiation. It is a noAdestructive
method based on the interaction of positron, emitted from radieuclide sources
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(*Na, ®*Cu, etc.) with matter. The interaction of the positron with the trapped
electron, bring to its annihilation as a photon. Ehtime delay between the injection
of positrons and the detection of photon provides a time distribution, from which
one can deduce the decay rate of positrofi218] The injected positrons are
annihilated in the medium in various possible ways: wifree electrons, at point
defects or capturing an electron to form a positronium (a hydrogenic two body e
eOUOOAI g8 &1 O EITEA OI1EAO CATAOAIT I, OEOAA
OEA | AAE®@nd thé 1bnderzz

Positron interacts with more than one electron in different energy states in many
particle systems, providing information on the electno density and on the
distribution of electrons in momentum space. Thus different measurements can be
performed such asa study on positron decay spectrum (its lifetime is obtainea@nd
a Doppler shift of the norzero momentum of the electrorpositron pair.

It is important to consider that this technique in nometals is more complex and
the life time of the first two components can be influenced by particle size. PAS
measurements can help the understanding of the dynamic occurring after the
damage, when iradiation defects are annihilated. The sensitivity of positrons
towards micro-defects domains makes it an attractive @ for many material
science problems.

The interest of the technique in this thesis work is related to the nature of the
materials used.Being polycrystalline complex structuresreally scarce information
on the nature of their defects is present in the bibliography. The measurements are
performed on the two different matrixes, MTi and Li4 before and after a gamnmay
radiation at5 MGy, with the aim of elucidatingthe defects nature and variation.

The positron decay specta of the three lifetime componentsare presentedin
Figure 6.20 The measurements of samples after different experimental treatments
are shownin the first three graphic, in the x axis are representedl)the as
DOAPAOAA OAIi PI AOGh TqQq AAOAI EA @ay adaicdF3) OOI U A
samples previously damaged and heated at 400 °C during 30 minuteg@nma
irradiated and thermal treated samples at 600 °C60 minutes. The last graph
represents an averge behaviour of positron lifetime in MTi and Li4 ceramics.

The MTi material presents a first component with high intensity, with about the
sameintensity in all the cases. Only for the gamrmiaradiated samplevariations are
found: afirst component decrea®, a second component with low intensity and a
third component with really high intensity. It means a high purity of the gsepared
material, with a consequent annihilation of positronsvith free electrons in thethird
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lifetime component range. After gamna-radiation the small second component
indicate the appearance of defects and the large third component indicates the
interaction among positrors and ionizing tramps associated to vacancies. The
thermal treatments after irradiation are able to restore thestarting configuration,
which means that the defects induced by gamma radiation do not produce any
irreversible change in the material structure.
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Figure 6.2: Representation of the threePAScomponents calculated forLi4 (filled dots)
and MTi (empty dots) ceramic pellets. The graphs represent the Intensity (red circles) and
the meanife (black square) of the three components measured in samples (1paspared
i T Qradiated (3) irradiated and then heated for 30 minutes at 400 °C, (4) irradiated and
then heated at 600 °C during 30 min. The last graph (bottom right) represents an average

of the meantife for the two ceramics.

Considering the lifetime of the third component in the gamma irradiated sample,
it is possible to suppose that F(Oxygen with 1 trapped electron) defects are
present. In the Doppler analysis a really small variation in the energy ra(@e keV)
relative to the positron annihilation with the electrons of O or lis observed. Thus it

(
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may confirm the creation of Fdefects, restored by chargemovementin the lattice
after thermal treatments.

The Li4 agprepared material presents a first high component and second and
third components with really low intensity. It can be explained by a higher quantity
of structural defects deriving fom the fabrication process. After irradiation only
one component appears, indicatingaturation in the trapping centres for positrons.

4 E Aradiation enhances the presence of defects with small lifetime, in agreement
with the ionic conductivity measuremats, where an appreciable change in
electrical conductivity is found. Thermal treatments do not totally restore the
starting situation and a slightly higher third component appears. Doppler analysis
does not provide any interesting information.

Finally conparing the average mean life in the two materials, it is possible to
state that gammaradiation act in an inverse manner in the two materials: while in
the MTi material it facilitates the creation of defectsresponsible of positron
annihilation as positrmium, in the Li4 case the trapping as free electrons is favoured
and the positron average meattife drops. The thermal treatments after irradiation
help restoring the starting configuration in the case of MTi ceramic but not same
happens in the case of Li4

The difference in starting purity of the two materials (one sintered starting from
commercial powders, the other totally fabricated in our laboratories), may explain
the differences found in the defect configuration.

When relating PAS study on defect adhtification with the electrical
measurements, it is possible to confirm the hypothesis made for charge transport
carriers in the two different materials. In the case of MTi, a bettelectrical stability
with radiation-dose is observed: the impedance viation is quite stable after
gammaradiation and the thermal treatmens help restoring the starting electrical
configuration.

In the case of Li4, ssuming that the material has some impurities (like the ones
find by SIMS analysis in ChaptersBction 6b), a major density level of defects in the
asprepared conditionis found by PAS. This causes a difficulty in the recovery of the
damaged samples after their heating and a different nature of defects as indicated
by the three positron components.

Assumingthat the radiation can cause electron defects, changes in the valence
state are expected. Such charged induced defedse related tothe defects present
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in the material after its fabrication (Li4 case) or induced hyirradiation. It has been
demonstrate that the impurities introduced during manufacturing or a different
ceramic matrix could cause morgariationsin the electrical conductivitybehaviour
rather thanthe r-ray ionizing radiation.

9. Indirect measurements: T mobility and Lburn up effect

Consdering the difficulty in handling Tritium, several indirect methods to
understand its behaviourare searched. Among others,ab-nitio simulation by
density functional theory (DFT)[195] or the study of some microstructural
properties have been propose [219] Starting from them, ionic conductivity studies
[220] suggest that the mechanism of tritium diffusion is intimately associated to the
Li*-ion movement.

It is assumed that the places occupied byitium in the crystal network are
related to those left free by the transmutation of Lithium, and from thoseaelated to
the defects created by irradiatior(see Figure 6.21)Therefore, one can theorize that
the mobility of tritium will be strongly related to the mobilityof lithium through the
lattice. The rate of occurrence of such vacancies determines the diffusion of the
already formed tritium.

Figure 6.2 Scheme representing tritium atom occupying Li site in a lithivonthosilicate
crystal structure.

Blanket materialsare exposed to diffeent kind of radiation (neutron, heavy ions,
r-ray..) creating defects in the crystal structure (vacancy, interstitial, small clusters)
which affect the microstructure of lithium ceramics and tritium release
performance. Tritium release is associated tdhe presence of oxygen vacancies
Tritium ion is in the valence state of Tand is assumed to be bounded with the
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oxygen ions thus its migration is assumed to occur by hopping from oxygen to
oxygen ion inthe lattice. In such migration the tritium must overcome the barrier of
electrostatic repulsion due to lithium ions. Since the lithium ion is consi@erto
migrate through vacancy mechanismand its transmutation createsvacanciesthe
repulsive force decreases and tritium can easdiffuse.

Li-ion inter-grain transport, similarly totritium movement, is a thermally activated
process, starting from 400 °C and hopping among randomly distributed electrical
states, allowing the diffusion process inside the material. Its movement is favoured
by the presence of defects, but notactivated by them (as confirmed by the
activation energy constant valuéhere find in some lithiumceramics after different
total irradiation doses).The idea that Lions are the charge carriers, provide an
interesting reflection on the tritium produced inside their sucture. The observed
increment of electrical conductivity with temperature implies that during lithium
transmutation, when tritium is produced together with 4.8 Me\6f energy, an easier
movement of tritium amonglithium vacangescan be supposed.

On theother hand it is important to observe that in this set of experiments only
OEA A AANiAton id pfesented, which can drastically change if combined to
other factors (like structural damage..).

Another important aspect to consider is thatithium atoms in a breeding blanket
are burned up through neutron transforming into helium and tritium atoms The
effects of lithium burning on the tritium breeding ratio (TBR)variation with time
and on tritium behavior are not easy to calculate. The tritiuproduction is almost
proportional to the atomic density of lithium; consequently it mighthangelithium
burn-up factor as well aghe effect of damage due to irradiatior{187] Some studies
have been performed to model the lithium burrup versus TBRelation, taking into
account the operationyears and the position of the ceramic pebble bed, but not
other factors like the material degradation or the kihovement changed by
irradiation defects[113] Therefore more irradiation experiments to invesigate the
behaviour of these materials under irradiation focused on buup values are
required.

The experiments here performed are only a hypothetical approximation to the
real effect that burning lithium will have in a ceramic pebble during reactor
functioning. The proposal is based onthe possibility of obsenng the effect of
gammaradiation in the electrical properties, when lithium content is varying. The
use of ceramics alfabricated following the same route, in which only the Li to Si
content is modified, makes the results obtainedcomparable These show that
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electrical conduction at the working temperature of a breeder (around 500 °®ill
decreasefew order of magnitude ifLi:Siisin a 1 to 1 proportior{Figure 6.9 right)
Contemporary the erergy necessary for the activation of the conduction process is
quite similar in all the materials, after different irradiationtreatments. Theresult
obtained coversa special interestfor these ceramics,which have an importan
shielding role in the reaabr. At the same time the behavior during ionizing
radiation and the quite low activation energy value, mean a facility in ionic
movement which is not lost neither when lithium content decrease nor when
radiation total dose increase. This represents an @mesting resultas anindirect
measure fortritium behavior understanding.

In literature it has been observed that lithium burn up will not drastically reduce
TBR factor with the decrease in lithium conterf21] From the presented resultst
is possible to suggestis that the lithium burnup processtogether with ionizing
radiation will not affect the electricalstability of breeder blanket ceramics.

10.Conclusions

Lithium zMTi and zLi4 are rather durable materiab under different doses of
gammeadirradiation. It has not been observed any drastic change their electrical
properties, confirmingthe good electrical stability and durability as breeder blanket
candidatesfor future ITER reactor.

The conductivity of sintered bodies isslightly promoted A U -ray. During
irradiation process defects associated to charge transfer af@voured, encouraging
Li" ion mobility and conductivity process in the Breeder Blanket candidate material.
A model based on ionic conductivitypy hopping process is proposed, here the
charge is transported via pointdefects through ion migration between vacancies or
interstitial states, mainly distributed along grain boundarieszrom the results on
electrical measurements, it is possible to state that these are affected by the
microstructure, the impurities introduced during manufacturing process and the
lithium content, more than by the ionizing radiation. At the same time the ionic
contribution to the electrical conductions, has to be taken into account when
observing the chenical bonds of the crystalline structures.

YT OAOI O T £ 4 |11 AdditiérOdduldEhép thie AoArhoGemedE A O
between vacant sitesor electrical states the ones created by Li transmutation and
the defect sites created byradiation.
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The study onsilicabased ceramics with different lithium content permits an
analogy with lithium burnup effect. The results show good electrical stability when
lithium content and the total doserate are changed.Considering the similarity
found among tritium and lihium mobility, it is possible to state that tritium
breeding ratio will not be affected by lithium burning.The formulation of a
mathematical model relating the content of lithium, the ion movemenand the
burn-up factor could be an interesting tool to wok in the future.
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CHAPTER 7

LIGHT IONS TRANSPORT

The study of light ionstransport in materials for solid breeder blankets covers a
special interestconsidering the transmutation products of lithium (tritium and
helium). The study of their diffusion behaviour with temperature and in damaged
materials represents a novel study that will be here present and discussed with the
support of several techniques. From the results obtained on D arféie behaviour it
will be possible to deduce information ontritium transport in different
experimental conditions.

1. A big deal: understanding tritium behaviour

2.Light ion detection

2.1. lon implantation
2.2. lon Beam Analysis (IBA)
2.3. Nuclear Reaction Analysis
3. D-depth profiling experiments in ceramic breedeandidates
3.1. Experimental details
3.2. Results and discussion

3.2.1. Microstructural features

3.2.2. Deuterium analytical determination by NRA
3.2.1.1. D-behaviour in damaged ceramics
3.2.2.2. Structural characterization after experiments

4.°He thermal behaviour in LiTiO; ceramics
4.1. Experimental part: the DIADDHEM device
4.2. Results and discussion
4.1.1. Sample characterization
41.2. °He analytical determination
4.1.3. °He behavior in damaged ceramics
4.3. Microstructural and structural characterization after experiments

5. Comparison and discussion of light ions behawi

6. Conclusions
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1. A big deal: understanding tritium behaviour
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2. Light ion detection

The analytical study of ight elements is challenging for several reasons.
Hydrogen and its isotopes are very volatile, which can easily distort measurements.
Hydrogen is usually the main component for the residual gas in vacuum chambers
Furthermore nost of the detectors used in extended techniques for the chemical
analysis are blid to low Z elements (lower than B or Be). Added to this, the
quantitative analysis of H, the main impurity in fusion materialequires ultrahigh
vacuum and high sensitive analytical techniques to avoid the noise signéls a
consequence of its very lowonization potential, He determination is restrictive to a
couple of techniques. The result is that there are few compositional
characterization techniquesfor light ions detection which can be divided irfour
main groups:

1. mass spectrometrpased tedniques (SIMS, TDS, EELS, ...),

2. resonance based methods (NMR, absorption spectroscopy, ...),
3. acceleratorz based methods(ERDA, (RBS, NRA),

4. indirect methods (neutron attering, smaltangle Xray..).

The number of these techniques is reded when considering those able to
perform in-depth compositional profiles. The lon Beam Analysis (IBA), Secondary
lon Mass Spectrometry (SIMS) and Glow Discharge Emission Spectrometry (GDOES)
are considered the best techniques for theurface anddepth andysis of light ions in
fusion materials[233].

This work is focused on the detection and the profile examination of light ions
accumulated in solid BB, especially deuterium and helium, focusing on their
retention and migration. e objective is to tudy the dependence with
temperature and radiation of light ion diffusion taking into account the physic-
chemical characteristics of thénost ceramics. With this aim the results of different
ion implantation experiments are here discussed through dep{irofiling studies
and conclusions on tritium transport in the breeder structurevill be proposed
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2.1lon implantation

The first basic tool for the development of experimentsn light ion transportis
the ionic implantation. Through this method it is podsie to introduce any kind of
foreign element irside the lattice, controlling its amount and depth penetration
[121] The depth implantation provides a method to understand the kinetics and
dynamics of the ion before its release from the surfac&heimplantation technique
is based on the acceleration of ions which, impactimga target surfacecan enterto
a determined depth, remaining there trapped meanwhile a number of physical
phenomena happens in the interaction witithe crystal lattice. This is espcially
important when simulating tritium behaviour, considering that it is formed inside
the grain.

HV power supply Electric field Vacuum chamber

L =+

Figure 71 Schematic representation of an ion source system including the principal
elements necessary for the implantation.

One of the importantaspects of ionic implantation is that it is doping method
isotopically pure. It means that thamplanter can discard the ions different to the
one object of the study, through the application of a calibrated magnetic fie[dee
Figure 71).

The basic phgical principles can be summarized as:

F, =q@v: B+E) (7.0,
Fo=mS2 172,
dz
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magnetic dipole moment andd the eledric dipole moment, i, Rypand Fpare the

forces modifying the direction and the velocity of theprojectile charge. In ths way,

ions with a different mass fronthe one of the selected elementvill describe curves

with different angles and will end up hting the walls of the chamber. It is thus

possible to calculate the kinetic energy change for ions as:

nC.c 2C.C
gV = @r=qpgQ@r (74).

In general to implant charge particles, the acceleration by an electric field is
necessary.The ion beam emerging 'm the accelerator contains a range of
energies and species that have to be selected. This is done by magnets that filter
the ions by momentum per unit charge. Then, by placing a series of viewers along
the beam, it is possible to propagate an image of theperture from which the ion
source emits the beam. The final size of the beam on the target can be modified by
alens system. The quantity ofon beam on the target is carefully measured by the
electrical current.

2.2lon Beam Analysis (IBA)

IBA provides sveral different techniques (see Figure 2). useful for the analysis
of fusion materials[234], [235] allowing thestudy of materialsbasic properties,the
plasmamaterial interactions, the retention/release/permeation of hydrogen, the
isotope exchange and the speciespsttering. The techniques, based on the
interaction among a chargedarticle and the atoms of the matrix to study, are able
to characterize the materials in a compositional way, determining the elemental
composition with depth resolution, and in a structural way, determining the
elements inside the lattice and the heterdsuctural stresses.

When an ion froman accelerator interacts with atoms of a solid matrix, energy is
transferred to the solid causing a slowing down of the incoming bearin its way
through matter, the ion interacts with the atomic electrons and/or nuel. The first
interaction is purely Coulomb and will result ithe ionization if the electron is
ejected from its atomic orbit or anatom excitationif the electron is raised to an
outer orbit [236]. An electron ejected is called a secondary electrom.may further
ionize or excite another atom, resulting in the emission of morerays/photons. A
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secondary electron may also be decelerated by theéoulomb field of a nucleus,
losing part or all its energy in form of bremsstrahlung (braking radiation).

In the case of an ion interacting with an atomic nucleus, it can result iG@lomb
elastic scattering (with change of the direction and reduction in energy),Gaulomb
inelastic collision (deceleratingthe particle lost part or all of its energy in the fion
of bremsstrahlung), aCoulomb excitation (with a subsequent change of direction
and reduction of energy), a nuclear inelastic scattering (as f@oulomb excitation)
or a nuclear transformation (where the particle is transmuted or absorbedhn
excited nucleus will eventually return to its ground state accompanied by the
emission ofradiation. For ions with incident energy of few MeV, radiations emitted
from nuclear reactions are usuallyrptons, neutronsh -particlesA T A F+hy®[237].

The energy tansferred via electronic excitations is quantified by the electronic
stopping power that describes the energy loss per unit path length. The energy loss
by interaction with the nuclei of the solid ishen referred to as nuclear stopping and
dominates at lov velocities. For the fast ions used in ion beam analysis the
electronic stopping power is dominant and can be seen as a friction force, gradually
slowing down the particle. If the incoming ion and a nucleus of the sample collide,
information about the sanple can be obtained by analysing the mass and energy
spectra of the resulting particles.

The importance of the various interaction processes depesdn the ion velocity
and on the charges of the ion and the target atoms. When the velocity of the ior (
is significantly lower than the Bohr velocity of the atomic electrons/), the ion
tends to be neutralized bythe target electron capture, thus elast collisions with
target nuclei dominates. When the ion velocity increases, the nuclear energy loss
diminishes and the electronic energy loss becomes the main interaction. Being
surrounded by an electron cloud, the nuclear stopping power is usually much
smaller than the electronic stopping power, and can be ignored. The stopping
power of a material depends orwhat charged particle is travelling through it, and
the energy of that particle. Usually two major simplifications in stopping theory are
made: (1) the ion is moving much faster than the target electrons and is fully
stripped of its electrons; (2) the ions much heavier tnthe target electrons.

The total energy loss is the sum of nuclear and electronic contributions. At
velocities v >> v0, the energy loss is proportional to the square of ion charge and is
given by the BetheBloch formula:
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— 0 OQ "Q— (76),

with f(E/M7 being a function depending on the target, £the particle atomic
number, 2% the target atomic number, N the density of target atoms per unit
volume, and e the electron charge. It describes the energy loss per distance
travelled of particles traversing the matter and, as evident, it is Z depend¢288].

The main IBA techniques can be distinguished for the particle or radiation
measured: Nuclear Reaction Analysis (NRA) meeess prompt product particles, the
Particle Induced Gamma Emission (PIGE) captures prompt gamays, Particle
Induced XRay Emission (PIXE) detects the characteristicga¥s, Elastic Recoil
Detection (ERDA) recoils target nuclei and Rutherford Backscattey Scattering
(RBS) the elastically scattered ions in backward anglese Figure 7.2)Often two or
more of these techniques can be used simultaneously in order to obtain
complementary information. The development ofnew detectors, their position and
their properties, represent one of the most important parts of the analysis system.

MeV Ions Back-

® @ scattering
\ .
Sec. @ RBS
lon

I ) ‘

@

Sample

Surface

y-radiation X- rays% @ Recoil
PIXE ERDA

keV-lons

SIMS

Figure 72: Interaction of ion beams with matter. IBA techniques are indicated and related
to the kind of particle impinging and the one to be detected.

The advantage ofion beam analytical methods is the nedestructiveness the
straightforward and the quantitative interpretation of the experimental results. The
high accuracy of the techniques is mainly due to the precision with which cross
sections of the involved atont and nuclear processes are knowrlhe Nuclear
Reaction Analysis (NRA) is the most effective method in the field of light ion
detection compared with other representative nondestructive analysis with ion
beams, such as RBS (Rutherford backscattering) andiet elastic recoil method
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(ERDA).Several authors[237], [239], [240]emphasized the sensitivity of Nuclear
Reaction Analysis (NRA) for its depth resolution: a very sensitive, quantitative and
non-destructive method in the field oflight elements detection. The sensitivity of
this analysis is due to the large nuclear reaction cross sections for lower energies
than light elements posse$241]

2.3 Nuclear Reaction Analysis

Remembering the challenges in measuriniight ions profiles in materias, one
method which overcome these difficulties is the Nuclear Reaction Analysis (NRA), a
specific and sensitive method with ayood analysis depth resolution.When the
target nuclear structure is reachedwith high-energy ions, the interation may
become inelastic (changes in mass in the reaction) and nuclear reactiores/ occur.
This is theprinciple for nuclear reaction analysis.

NRA is an analytical method that investigates products collected by a detector as
a result of a nuclear reactin within the incoming ion and the target nucle{see
Figure 7.3) This means that different nuclear reactions have to be used depending
on the elements investigated. The yield of the peaks in the spectrum can be used to
determine the density of distinctparticles within the target sample. The width of
the peaksprovides information onthe depth of the target sample.

Fiiys :}es}dual
s nuclei from Energy detector
lightions @ nuclear gy @

0.5-10 MeV reaction Projectile

p-

LIS

—

E 2
s ‘ Stopper foil

/ Eonduc!

~~~~
N %
-

Target

Figure 7.3Nuclear reactionoccurring betweenlight ions andmatter. The emission of
r-rays and residual nuclei is indicated. On the right the principal sketch of a NRA
measurement.
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Although the cross sections of nuclear reactions vary rather irregularly when
light ion beams of only few MeV are used, nuclear reaction crossctions are
consideredbetter enough for the analysis of lowand mediumZ elements.

There are two ways for NR analysis: prompt radiation and delayed analysis. When
using the prompt radiation analysis method, the radiation given off instantaneously
from each reaction is measured. The detected particles in this method are the
smaller products of nuclear reaction, usually protons or alpha particles. With the
delayed analysis, the detectoregisters themeasurementafter a delayed time from
irradiation. It measures the particles emitted from the decay of nuclei that the
impinging ion beam made unstable. These are beta particles or gamma rays.
Another important difference resides in the geometry in NRA, which can be
backward or forward and the filtering of thedetector. In the present work theso-
calledabsorber foil technique and the coincidence technique are used.

The incident particles strike the materiab be studied and loseheir energy while
penetrating. This stopping process is mainly due tbe interaction of the beam with
the atomic electron shells (electronic stopping power). In a certain depth, the
incoming particle can undergo a nuclear reaction with target atoms leading to
products with different kinetic energies. If the kinetic energies of thegearticles are
sufficiently high, they will be recoiled out of the sample with different energies
depending on the depth from which theywere emitted. The energy of the reaction
product isa function of the energy of the incoming ions. By simple detectioof the
particles emitted from nuclear reaction,t is possible toobtain concentration vs.
depth distributions for certain target chemical elements in a solid thin film.

It is worth mentioning that nuclear reactions can generate fair amount of
neutrons. Deuteron-nduced nuclear reactionsin Libased materials are more
hazardous than those by usual H or He beam and the number of generated
neutrons increase exponentially with the deuteron energy. Therefore thresence
of really strict legal procedure essetial for this kind of measurements, has
impeded the experimental analysis by NRA of lithium based ceramiosa Spanish
facility. Thanks to the support of two different projects, the experimentavere
performed in different European facilities (KULeuven aad CEMTHODrleans), which
fulfil all the radiation safety requirements. The Deerium-profiling experiments
were performed in the frame of a SPIRI¥project, representing an Integrated
Infrastructure Initiative (I3) funded by the European Commission whoseam goal is
to grant public and industrial researchers from Europf®r free access to leading
European ion beam facilities. In the case Ofle experiments, CNRS and CEA, in
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agreement with the French Ministry of Higher Education and Research, have set up
a national network (EMIR) of accelerators dedicated to material irradiation,
providing a free access to their irradiation facilities.

3. D-depth profiling experiments in ceramic breeder candidates

In an attempt to better understand tritium transport in fusionbreeding blankets
during operation, this part of the work has studied the hydrogenic ion (D)thermal
behaviour.

Deuterium is implanted in the selected ceramics and its depth profile
characterized by NRA before, during and after thermal annealing treatrmen! O A O
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The reaction of°He ion with deuterium(see equation 7.7) gives rise ta proton
and a“He particle. The total cross sectionf this interaction (in Figure 7.4shows a
broad resonancewith a maximum around 0.64MleV.By using higher beam enerigs
the deuterium content can be probed athigher depths, thus the incident®He
energies close to the maximum of the reaction crosssectionand up to 1.5 MeV are
used to probe depth up to several mians. At *He energies bedw 1 MeV the
differential crosssection is almost angle independent in the centraf-mass system,

while at higher energies the angle dependence has to be taken into acco{£#2].
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This resonance structure can be applied to measure deuterium depth profiles to
larger depths by means of the resonance method, in which the proton yield is
determined as a function of the incident energy244], [245]. The total number of
detected protons Y+ (Ey) generated by the nuclear reaction, is given by:

V(B =2, (0SB w79,

coSa ' i

Where Bis the incident’( A A1 A @ Qagifhaitfferential cross section at a
AAOAOI ET Adnd>Mé epdrgd, Gfx) the deuterium concentration in depth X,
QueOEA AT Al UOGET ¢ AAAI AT OA i1 OEA OAOCAON
beam and theO & O £A A A | &b #olid gngle of the detector. Increasing the
incident beam energy, the maximum of the differential crossection curve is shifted
to larger depths according to the energy loss of thiHe ions in the material.

When discussing deuterion-implantation data, is important to consider that the
error in the determination of the D concentration at different depths depends on
the shape of the profile, considering that there always will be a contribution of
protons originating from the deuteriumpresent close to the surface.
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3.1 Experimental details
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Table 7.1Sintering conditionand main phases for th studied samples.

Compositions MTi Li4 Li6
Sintering
temperature/dwell time 1150/2 950/2 1000/2
(°C/h)
(100%) (47.8%) LEIG | (59.4%) LBIQ,
CrystallinePhases LiTi O: (23.4%) LBIQ, | (38.8%) LBIG
2 (3%) SiO (1.8%) SiO
Experimental density 78 73 945
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3.2 Results and discussion

3.2.1Microstructural features

oT ET OET ¢ OEAEO E&EIT Al APDPi EAAOQEIT 1 AO &EO6O
AT TAEOGET T O OOAA A O OEABDAAARGRAGAEXOEAROAITE .,
Pl O 660 AAOAI EAO xEOE OOAAI A AOUOOAITET A OO
AAT OEOEAOR 1T PAT bDi O OEQUOAATEAA ORI OORA AGH U AR AA EEC
DOl PAOI U AEOADOOO $ OOAT OPT OO POT AAOOAOS

1 O AAOGAOI EATAAI AQE G 2iahMAE ORBAD OO @F A O AOADE (
AOT ENOA DEADHEQ jx-E4AOFE] EECE AOUOOAI hFEHBZOUS8 &I

i -3EQ LABMA/ 3EEQ AOUOOAIT 1 T COADPEE AA @O AOE GO AA



7.151

7. Light ions transport

i EGOOOAAT A# RBEAO | ODMORGEIBOI )0I0 OEA AAOA 1 £
AAOAT BEMRT ABEBEAOAO AOR MBOAEOABOGBAAAEA #EA
AEeAAO T £ ,E AGAAOO OAAI O O1 AA OEA Awgbi Al
I OOEIl OEIl EAAOA PEAOA E1T EECEAO DPOI Bl OOEIT O8

g 3 —— Li4
—Li6

1400 4 4000 o
4 0]
1200 4 3500
- 1 M o -
3000 O, Li,Sio,
10004 o
- ] M, Li_SiO
S — 2500 4 ER
o 800 =] E
P © 2000 4
S 600 _ » |
- 2
= = 2 S 1500 o
“m4 3 1ais
= w
g« . g H 1000
200 4 [ b |
500 43Lisi
; 15
| 0
T T T T 1 T
0 30 40 50 60 18

Position (2:)

SECOOAQB AEAAOAAOQEIT DAOOAOT O A#1 O OEA OEOAT AO
i OECEOGTIOAOA®G AAOAI EAAQADLRABI DAs b)Y ROOBEA3IDRBED
i AET PEAOAO AOA EAAT OEZEAA AO / /1 OOET OEI I
4EA PT OA OEUA AEOOOEAOOEI % ABED OE IOABADEDB AL O
OEA 1 AOAOOU ET OBAOOBAOPDODRABERA AEARAOTI DOOOAODC
&ECOIBA 368 AA OEA AOI E OAIPIA OI1O6Ii A EO Al
Pl Ol OEi AOODAGE IOEIROAI AAT OEOU AT A DI O1 OEOGU 04
EECE AAAOOAAU4EDART QAGE AU OBH@BAE AODEOET RODH
APDPAOAT O OEUA 1T &£ OEA AAAAOCOAA [m83AD O1 AAC
Al T PAOAA Ed &ECOOA Q8

0.16 VA
/ \ E—— :
014 : ] Li4
/ V] Li6
: ! oo MTi
0,12 i 1
] \
‘E 0,1 , \
= 008 ! !
g ! \
=
Z o006 . ! \
': M I \
N A - .
004 < ! \ ! ! A
i Y ! \ \ i
i [ \ . ey s L}
e :E "r s \ ,', \'/'/'s f‘“:{"‘ N ,.' \__
S N I BN
o i
0,0 0,1 1 10 100
Pore diameter (micron)

Figure 78: Comparative pore distribution curves experimentally obtained for the three
studied lithium ceramics by using Hg inclusion porosimetry.
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After this first approach to the deuterium behavior under thermal treatments, a
second set of expeiments was carried out. The objectivewas to assess the
temperature and time dependence othe ion diffusionin a solid breeder blanketin
order to obtain reliable activation energesof the diffusion process.Considering the
time consuming measurementsonly one materialwas selected.Due tothe highest
D-concentration observed at room temperature, the high cstallinity of its unique
phase and the less complex microstructure, MTi cerami@s chosen.To check the
temperature role, this set of measurementsvas effectuated at room temperature
after each heating process, which generally presented a raising time ef ginutes,
an annealing time of approximately 20 minutes and a cooling time of 2 hours.

The sampleswere implanted at 16" D/cm? with a 70 keV leam (the projected
range of the implanted D ions was calculated by the SRIM code to be around 750
nm) at room temperature.To study the temperature and the time dependence of D
behavior, sampleswvere annealed in vacuum up to 200°%@side the NRA chamber
with annealing times varying from 15 to 60 minutes. In #lle cases, NRA spectra
were registered after the indicated annealing treatmentat Room Temperature.

The study of the Deuterium release under time variation of annealing treatments
at 100 °C is psented in Figure 7.12. In the three first cases (thermal treatments at
room temperature, after a 100 °C during 15 min and after a 100 °C during 30
minutes), the depth profile curves show quite the same trend. After the annealing
at 100°C during 60 minuteshe NR analysis evidences the lower D concentration (in
at.%) to a 500 nm depth, with a quite constant gas diffusion of the gas at higher
depths. Considering the time consuming experiments and the similarity in results
found for the first two annealing times, the following measurements were
performed after thermal treatments at 1%r 30 minutes of annealing tims (Figure
7.1 andFigure 7.4 respectively)
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Figure 7.12Deuterium concentration (in at. %) aftehermal treatments at 100 °Qluring
different annealing times.

In Figure 7.2 the deuterium concentration after annealing treatments of 15
minutes at different temperatures are presented.The effect of the surface as a
barrier for D outgas in the first 200 nm, as observed in the previous experiment
and in the literature[76], [253]is observedafter all the heating temperatures of the
next set of measurementsand related to the modification of the surface by O and Li
preferential sputtering. At 125 °C it is possibto find the activation of different
processes in the release of deuterium from the surface to 600 nm and from 700 to
1500 nmThe slope of D concentration (at. %) chargafter 100 °C, when the release
process became faster. The confirmation of an almosbmplete release at 200 °C is
found [253]. In Figure 7.14the calculation of the activation energy from the
Arrhenius plot of the ionconcentration as afunction of temperature is shown A
small difference between the activatiorprocessesfor deuterium release between
the surface and the implanted zone (about90 nm), is found. The smaller activation
energyvalue obtained near the surface (200 nm)indicates an easieprocess forthe
interchange of the gas with a consequent higher diffusion rate.









































































































































































































