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Según la forma de andar de cada cual, se puede ver si ha encontrado su camino.  
El hombre que se acerca a su objetivo ya no camina, baila. 
 
Friedrich Nietzsche, Así habló Zaratustra 
 
 

 

 

 

 

 

 

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 



 

 

 

 

 
 
The good life is one inspired by love and guided by knowledge. 
 
Bertrand Russell, Why I am not a Christian 
 
 
 
 
 
 
 
 
Science alone of all the subjects contains 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, I can also define 
science another way: Science is the belief in the ignorance of experts. 
 
Richard Feynman, The Pleasure of Finding Things Out: The Best Short Works of 
Richard Feynman 
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INTRODUCCIÓN  
 

 

 

1. Objetivo 
 

 

Una de las áreas más importantes a desarrollar dentro del marco de la Fusión 

termonuclear es la envoltura regeneradora (breeder blanket) responsable de la 

producción y extracción del tritio, componente fundamental del reactor. Dada su 

función múltiple como generador de tritio y envoltura protectora de los imanes, 

este componente tiene que trabajar bajo condiciones severas de irradiación y 

temperatura a la vez que conservar sus características físico-químicas para seguir 

produciendo tritio de forma eficiente a lo largo del tiempo. Se han desarrollado 

numerosos modelos, muy diferentes entre ellos, que serán testados en ITER, el 

primer reactor experimental de Fusión magnética. Entre ellos, el más antiguo y más 

estudiado es el modelo de breeder sólido compuesto por cerámicas de litio como 

generadoras de tritio y de berilio como multiplicador de neutrones. Este modelo a 

su vez puede contar con dos diferentes tipos de refrigeración: vía agua (Water 

Cooled Pebble Bed o WCPB) o vía helio (Helium Cooled Pebble Bed o HCPB). El modelo 

desarrollado por Europa es el HCPB, aunque los resultados encontrados en esta tesis 

se pueden trasladar también al WCPB, desarrollado principalmente por Japón.  

 

La cantidad de tritio existente en un reactor en un momento dado se conoce con 

el término inventario de tritio. Debido al riesgo radiológico asociado a su liberación, 

el inventario de tritio en un reactor debe ser mínimo, por lo tanto se debe controlar 

su cantidad y velocidad de producción así como su transporte o difusión en el 

sólido. Tanto la difusión como la solubilidad son dos fenómenos fuertemente 

dependientes de la temperatura y de los daños introducidos en la red cristalina por 

la radiación. 

 

La idea principal del presente trabajo es estudiar el comportamiento de 

diferentes cerámicas de litio en condiciones similares a la de operación, para 

entender el efecto de la radiación en las propiedades del sólido y el 

comportamiento del combustible del reactor de Fusión, el tritio , mediante la 

extrapolación de medidas indirectas.  
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Si se considera la función de blindaje de los imanes, es muy importante que la 

capacidad aislante de la envoltura regeneradora no varíe y, por lo tanto, sus 

propiedades eléctricas. Por otro lado es conocida la contribución iónica de los 

óxidos de litio. A partir de estas dos consideraciones, se propone la realización de 

una serie de medidas de impedancia compleja. La falta de información sobre el 

comportamiento eléctrico de estas cerámicas bajo irradiación ionizante se ha 

abordado experimentalmente analizando comparativamente el efecto sobre el 

carácter aislante y el daño electrónico en el sólido cristalino.  Mediante el estudio de 

la movilidad de los iones de litio en la estructura, se plantea un análisis indirecto del 

transporte de tritio  por un lado y del quemado del litio (burn-up) por otro.   

 

Contemporáneamente se ha llevado a cabo el estudio del comportamiento de 

iones ligeros, deuterio y helio, en diferentes cerámicas de litio. Dada la dificultad en 

el manejo del tritio, isotopo radiactivo del hidrógeno, se propone el seguimiento y 

análisis del deuterio y del helio-3 por ser los elementos de características físico-

químicas más próximas al tritio. Se trata de extrapolar la información obtenida a 

partir de sus dinámicas de difusión bajo diferentes condiciones experimentales. A lo 

anterior se añade el interés del estudio del helio-3 por ser el producto de 

decaimiento del T. Su comportamiento puede resultar de especial interés en el 

tratamiento de materiales cerámicos desgastados. Este trabajo experimental se ha 

llevado a cabo gracias a dos proyectos europeos (SPIRIT y EMIR) que han permitido 

efectuar las medidas experimentales aquí presentadas. 

 

2. Estructura de la memoria 
 

El trabajo escrito se ha dividido en dos partes: una primera de revisión teórica en 

la que se introducen los fundamentos del estudio presentado con el objetivo de 

explicar la necesidad de abordar aspectos muy concretos del comportamiento de 

materiales cerámicos para la envoltura regeneradora. Una segunda parte 

experimental en la que se presentarán los resultados obtenidos, desde la 

fabricación hasta la caracterización de materiales irradiados y/o implantados, para 

poder cumplir con los objetivos previamente expuestos.  

 

En el Capítulo 1 se introduce la fusión cual una de las más importantes fuentes 

energéticas del futuro, acercándose de forma específica al componente del reactor 

del que este estudio se ocupa: la envoltura regeneradora de tritio (o breeder 

blanket). Se describen los modelos desarrollados a nivel internacional, enfocando la 
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descripción a uno de los modelos europeos: el modelo sólido, basado en cerámicas 

de litio para la producción de tritio, berilio para la multiplicación de neutrones y 

helio para el enfriamiento del módulo. 

 

En el Capítulo 2 se profundiza en el concepto de envoltura regeneradora sólida y 

se describen sus características principales. A raíz de las principales funciones que 

tiene que cumplir, se describen los detalles de las redes cristalinas de los materiales 

utilizados, lo que será de gran utilidad para el entendimiento de algunos de los 

experimentos propuestos. 

 

En el Capítulo 3 se presenta un resumen teórico de los parámetros principales 

relacionados al tritio como combustible del reactor de fusión. A partir de una 

revisión bibliográfica, se explicarán los pasos fundamentales que este ion tiene que 

seguir desde su producción hasta su extracción. Asimismo se proponen una serie de 

medidas indirectas para comprender su comportamiento. 

  

En el Capítulo 4 se exponen brevemente los efectos de la radiación sobre las 

propiedades de las cerámicas de litio utilizadas como envoltura regeneradora, que 

se recogen en la bibliografía. Se revisan los principales experimentos realizados con 

el fin de definir los puntos en discusión que encuentran en este trabajo 

experimental un nuevo aporte.  Se revisan además las principales fuentes de 

radiación para la producción de defectos en sólidos utilizadas a lo largo de esta 

tesis.  

 

En los capítulos siguientes se describen los experimentos llevados a cabo a lo 

largo del trabajo y la discusión de los resultados derivados de ello. En el Capítulo 5 

se presentan no solo la descripción de las principales técnicas experimentales 

utilizadas para la caracterización del material final, sino la búsqueda del mejor 

método de fabricación capaz de proporcionar cerámicas en forma de esferas y con 

un alto contenido en litio. 

 

En el Capítulo 6 se concreta el estudio del comportamiento eléctrico a través de 

la técnica de espectroscopia de impedancia compleja. Se deducen así las 

modificaciones causadas por radiación gamma en la conductividad eléctrica, bien en 

diferentes estructuras cerámicas, o bien al variar el contenido en litio. La propuesta 

que se hace es que la diferente proporción de litio sea comparable a su quemado 

(burn-up) a lo largo del funcionamiento del reactor. Los resultados 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 de la envoltura protectora. A la vez 

se proponen medidas de espectroscopia de aniquilación de positrones para 

distinguir la diferente configuración de los defectos en los distintos materiales antes 

y después de la irradiación con rayos gamma. También se discutirá el papel de la 

temperatura en la regeneración de defectos  a través de estas medidas. 

 

En el Capítulo 7 se presenta un detallado trabajo experimental sobre el 

comportamiento de dos iones ligeros en las cerámicas de litio: el deuterio y el helio. 

El estudio se basa en la medida del perfil en profundidad a través de una técnica 

precisa y no destructiva de haces de iones para la detección de iones ligeros: el 

análisis por reacción nuclear. Se persigue la observación del efecto en la difusión de 

los iones ligeros en diferentes microestructuras al variar la temperatura. A 

continuación  se propone un estudio más específico en una sola matriz  variando las 

condiciones de los tratamientos térmicos (tiempo y temperatura), para finalmente 

observar el efecto de radiaciones ionizantes y del daño estructural en la difusión y 

salida del ion. Este trabajo se completa con unas medidas de fotoluminiscencia, 

microscopia de trasmisión y espectroscopía Raman para destacar el efecto de la 

radiación en la superficie y en la zona de implantación, observando su influencia en 

la dinámica de salida de los iones. 

  

Finalmente se presentarán las conclusiones sobre el efecto de la radiación en las 

propiedades eléctricas así como en el proceso de difusión de iones ligeros. Se 

concluirá 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 Fusión. 

  

La bibliografía así como la lista de contribuciones científicas (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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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 materials 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. 
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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 strengths and 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 storage and improved energy efficiency [1]. 

 

 
Figure 1.1: World energy consumption with estimated extrapolation. In the inset an 

estimation of world population growth on which energy growth is based on  

(Courtesy: IEA [2]). 

 

Fusion power is a potential major source of base-load electricity with attractive 

features:  

¶ no greenhouse gas emissions (the only by-products of fusion reactions are 

small amounts of helium, which is an inert gas that will not add to 

atmospheric pollution),  

¶ abundant and world-wide distributed sources of fuels (Deuterium can be 

extracted from water and tritium is produced from lithium, which is found in 

the earth's crust), 

¶  no long-lived radioactive waste (only plant components become radioactive 

and these will be safe to recycle or dispose of conventionally within 100 

years), 
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¶  inherent safety features (The small amounts of fuel used in fusion devices 

means that a large-scale nuclear accident is not possible). 

 

In a fusion reaction, the amount of energy released is about four million times as 

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 of 1 GW for one 

year with 30% conversion efficiency from thermal to electrical energy, 250 kg of 

fusion fuel are needed. A coal-fired 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 litres 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 sea [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 first-ÇÅÎÅÒÁÔÉÏÎȟ ȬÎÅÁÒ-ÔÅÒÍȭ ÍÏÄÅÌ ×ÏÕÌÄ ÇÅÎÅÒÁÔÅ 

electricity for  0.09 ΉȾË7È ɉÔÈÅ ÃÏÓÔ ÉÓ dominated by construction costs, which are 

checked by comparison with cost estimates for ITER components that have been 

validated by industry) with a reduction for the first-generation of the most 

advanced model to 0.05 Ή/kWh. These costs are based on existing technologies and 

could be reduced significantly by new developments [5]. 

 

The production of fusion reactions can be accomplished, but nowadays such 

experiments always require the input of far more energy than the released by the 

fusion reactions. The challenge is not to produce fusion reaction, but to turn fusion 

into an energy source that generates more energy than it consumes. The big 

question is: how long will it take to develop and test the materials and technology 

needed to make robust, reliable and economical fusion power stations? [6] . 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 safe, peaceful, 

affordable, inexhaustible and CO2 - 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 shut-down of the fusion reaction. Fusion 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 m3 or more, the total amount of fusion fuel 

in the vessel is very small: only few grams. If the fuel supply is closed, 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 density and 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, which is 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), and outside the plant no 

transport of tritium is needed, except when a new fusion power plant is 

constructed [7]. Moreover the stable isotope 3He produced when tritium decays has 

many uses and is very expensive. Thus a Fusion economy would provide a 

substantial new resource of 3He, used in medical medicine for the lung and 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 neutrons. If 

proper materials are used, the half-life 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 materials can 

be largely recycled. The design of new, so called low-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) 

long-term management of activated reactor materials after removal from the 

reactor; (2) hands-on 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 induced activity or have very short decay half-lives (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 fusion energy involved several important steps 

regarding the history of the science. The realization that the energy radiated by the 

3ÕÎ ÁÎÄ ÓÔÁÒÓ ÉÓ ÄÕÅ ÔÏ ÎÕÃÌÅÁÒ ÆÕÓÉÏÎ ÇÏÅÓ ÆÒÏÍ %ÉÎÓÔÅÉÎȭÓ ÔÈÅÏÒÙ ÏÎ ÅÎÅÒÇÙ 

ÃÏÎÓÅÒÖÁÔÉÏÎ ÔÏ !ÓÔÏÎȭÓ ÐÒÅÃÉÓÉÏÎ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ atomic masses, from quantum 

ÍÅÃÈÁÎÉÃÓ ÔÏ -ÅÎÄÅÌÅÅÖȭÓ ÐÅÒÉÏÄÉÃ ÔÁÂÌÅȟ ÆÒÏÍ #ÈÁÄ×ÉÃËȭÓ ÄÉÓÃÏÖÅÒ ÏÆ ÎÅÕÔÒÏÎ ÔÏ 

%ÄÄÉÎÇÔÏÎȭÓ ÄÅÄÕÃÔÉÏÎÓ ÏÎ ÔÈÅ ÆÕÓÉÏÎ ÏÆ (ÙÄÒÏÇÅÎ ÁÔÏÍÓ [10].  

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 Figure 1.2. As 

evident the deuterium-tritium reaction presents a higher probability to lower 

energy than D-D and D-3He reactions. 

 
Figure 1.2: The cross-sections for three nuclear reactions are shown: deuterium plus 

deuterium, deuterium plus tritium, and deuterium plus helium-3. At lower energies the 

probability for the D-T reaction is much higher than for the other two reactions. 

 

The only way to achieve it is heating the fuel containing these gases to about 

17*107 ºC. 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 to determine the conditions required for a 

net energy output from fusion. In the 1955 John Lawson, a physicist at the UK 

Atomic Energy Establishment at Harwell, calculated the requirements for create 

more energy than is put in, and came up with a dependence on three quantities: 

temperature (T),  density (n) and confÉÎÅÍÅÎÔ ÔÉÍÅ ɉʐɊȢ 4ÈÅ ÍÁØÉÍÕÍ ÆÕÓÉÏÎ ÐÏ×ÅÒ 

is achieved fusing deuterium and tritium to produce helium and high-speed 

neutrons, following the reaction:  

 

D + T Ÿ (4He + 3.5 MeV) + (n + 14.1 MeV)                (1.1). 

 

The 17.6 MeV energy released by the fusion 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 charge and is 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 more of the required 

heating power, the alpha heating is sufficient by itself and the fusion reaction 

becomes self-sustaining. This point is called ignition . 

The conditions for D-T magnetic-confinement fusion to reach ignition and run 

continuously are calculated by setting the alpha particle heating equal to the rate at 

which energy is lost from the plasma and is commonly known as triple product or 

Lawson's criterion:  

 

n4ʐ
E 
> 3* 10

21 
keV m

-3
s

-1
     (1.2) 

where 

n: plasma density (number of fuel ion per cubic meter);  

T: temperature;  

ʐ
E
: confinement time: measures the rate at which the energy is lost from the plasma. 

 

1.3. Reactor designs  
 

Two different options are been developed to reach these extreme conditions: 

the inertial and the magnetic confinement system, following very different lines.  

In the inertial confinement a small pellet of frozen fusion fuel is flash-irradiated by 

a number of extremely intense laser beams, and 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 a few millimetre capsules). A 

large laser facility National Ignition Facility (NIF) at the Lawrence Livermore National 

Laboratory in California is experimenting and testing inertial fusion [11]. 

 

In the magnetic confinement the plasma is controlled by a strong magnetic field. 

The earliest magnetic-confinement devices were developed in the UK in the late 

1940s. These were toroidal pinches which attempted to confine plasma with a 

strong, purely poloidal magnetic field produced by toroidal plasma current but this 

arrangement resulted seriously unstable.  

The second approach to toroidal confinement is the stellarator, invented at 

Princeton in the early 1950s. This evolved as an attempt to confine fusion plasmas 

by means of a strong toroidal magnetic field produced 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 1.3: Modular coilset and outer magnetic flux surface for the W7-X stellarator. 

 

The advantage of the stellarator 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 promising as commercial reactors, the 

research in this direction is still in an earlier phase due to its complex engineering. In 

Spain since 1997 with the TJ-II machine, in Japan in the largest stellarator, the Large 

Helical Device since 1998, and in German-Greifswald in the under construction 



1. Thermonuclear fusion energy 

 

1.14  

Wendelstein-7X (see Figure 1.3), the plasma in heliotron configuration is being 

studied. 

 

The third and most successful, toroidal confinement scheme is the tokamak, 

developed in Moscow in the 1960s. There are two main magnetic 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 combine to create a 

composite magnetic field that twists around the torus in a gentle helix (Figure 1.4). 

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 in a sudden 

manner, known as a disruption: the plasma current abruptly terminates and 

confinement is lost.  

 

 
 

Figure 1.4: A schematic view of a tokamak showing how the current is induced in the plasma 

by a primary transformer winding. The magnetic fields, due 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 being both controlled by 

the flow of fluids and a turbulent behaviour. Therefore it is important in fusion 

experiments to be able to diagnosing the plasma (measuring the properties like 

temperature, density, impurity concentration, and also particle and energy 

confinement times). With this porpoise big projects counting with the participation 



1. Thermonuclear fusion energy 

 

1.15  

of Ciemat have been developed since 1970: JET in the Culham Centre for Fusion 

Energy-UK and JT-60 at the JAEA laboratories in Naka- Japan.  

 

The ignition conditions required for the two fusion concepts are a bit different: 

for inertial-confinement fusion, the time is shorter (nŷ and ʐŹ) and for magnetic-

confinement plasma density is quite higher (nŹ and ʐŷ), 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 area (like in ITER case). 

 

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 surrounding 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 fuel (Figure 1.5). 

 

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 series of 

development steps need to be taken. 

 

IFMIF (International Fusion Materials Irradiation Facility) is a facility with the main 

objective to provide a sufficiently intense neutron source for testing, selecting and 

licensing the right materials for 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.  

IFMIF concept 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 of high-energy 

neutrons that will be fired on testing materials identified as suitable for the 

components of commercial fusion reactors. 
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The irradiation conditions provided by IFMIF will be very close to the ones 

expected to occur in DEMO-type reactor, at the level of the first wall, in terms of 

damage rate and rates of production of helium and hydrogen. Completion 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 2019 [12].  

 

 
Figure 1.5: Schematic fusion power station, not to scale, explaining how to generate electricity 

starting from plasma. 

 

ITER (International Thermonuclear Experimental Reactor) is a milestone project in 

the development of fusion energy. It is the next major international fusion 

experiment and a crucial step towards commercial 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 net power ɀ 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 America. It is the world's largest international co-operative 

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 development of fusion energy for peaceful 

purpose. Thus began an international collaborative project to demonstrate the 
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potential of nuclear fusion as an energy source, ending on 2007 with the official 

)4%2 /ÒÇÁÎÉÚÁÔÉÏÎ ÆÏÒ ÔÈÅ ÃÏÎÓÔÒÕÃÔÉÏÎ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÌÁÒÇÅÓÔ and most advanced 

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 constructing the machine, with the first 

plasma expected in 2020. This will be followed by a 20-year period of operation that 

will test essential physics and technologies for the fusion power plants of the future 

[13]. 

 

Once the scientific and engineering systems have been tested, the next stage will 

be to build a DEMOnstration 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 stations [14].  

Three important challenges will thus be achieved: 

1. Heat a large volume of deuterium and tritium plasma to over 100 million ºC 

temperature ɂ 10 times hotter than the core of the Sun ɂ needed in order 

to allow the particles to fuse, form a heavier atom and release a 

comparatively large amount of energy which will be transformed in 

electricity. In ITER, a power-station-scale experimental device, steady-state 

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 high thermal loads, and intense interactions with 

deuterium and tritium. This will require tests in an accelerator-driven facility 

known as the international fusion materials irradiation facility (IFMIF).  

3. Ensure reliability of what will be very complex systems 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 conditions (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 short-term activation; 

V low decay heat (facilitating maintenance and cooling). 

 

The high-energy fusion neutrons will produce atomic displacement cascades and 

transmutation nuclear reactions within the irradiated materials. At the first wall of 

ITER the primary displacement dose rate will be of the order of 10-6 dpa/s and the 

ionizing dose rate of the order of 104 Gy/s [15]. From the point of view of materials 

science, atomic displacement cascades induce the formation of point defects (i.e., 

vacancies, interstitial atoms, vacancy and interstitial clusters) and segregation of 

alloying element. A second radiation-induced effect is the high rate formation of 

ÇÁÓÅÏÕÓ ÓÐÅÃÉÅÓȟ ÉȢÅȢ ÈÅÌÉÕÍ ÂÙ ɉÎȟɻɊ ÁÎÄ ÈÙÄÒÏÇÅÎ ÂÙ ɉÎȟÐɊ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎÓȟ ÔÈÁÔ 

can form bubbles and blisters modifying physical and mechanical properties of first 

wall materials.  

The microstructure 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/or 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, good 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.  

Considering all those requirements and the function of the materials for fusion 

power reactors, it is possible to classify them in four main groups: structural 

materials, plasma facing materials, functional materials, Breeding Blanket materials. 
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3.1. Structural materials 
 

Structural materials will 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 thermo-mechanical stresses. The challenge is to develop 

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 so-ÃÁÌÌÅÄ ȬÌÏ× ÁÃÔÉÖÁÔÉÏÎȭ ÏÒ 

ȬÒÅÄÕÃÅÄ ÁÃÔÉÖÁÔÉÏÎȭ Íaterials [17]. In Ciemat several studies on the effect of proton 

irradiation on Reduced Activation Ferritic Martensitic materials (RAFM) 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 manufacture. Candidate 

structural materials, as well as candidate plasma facing materials, have a chemical 

composition that is based on low activation chemical elements (Fe, Cr, V, Ti, W, Si, 

C). 

 

 
Figure 1.6: Fusion reactor scheme with the four main material ÇÒÏÕÐȭÓ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎȢ 
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3.2. Plasma facing materials 
 

Plasma facing 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 (0.1-20 MW/m2), high temperatures (775-

3475 K), electromagnetic radiation, sputtering erosion, blistering and exfoliation, 

high levels of neutron-irradiation (3-30 dpa/year), and to off-normal events like 

plasma disruptions and Edge Localized Mode (ELM) events. Key issues relate to 

hydrogen trapping, erosion and high heat loads are studied in the Ciemat group 

with different plasma gas discharges together with the use of Li as a plasma-facing 

component [20]. Selection of plasma facing materials is mainly limited by their 

capability for absorbing heat and minimizing plasma 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, material 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 helium isotopes will 

be generated in functional materials, e.g., in beryllium-type neutron multipliers and 

lithium ceramic-type tritium breeders. The irradiation resistance of other functional 

materials, such as ceramic insulators, dielectric and optical windows, optical fibres 

or complete sensor assemblies, is also an important concern. Important results have 

been observed through optical measurements on the defects created in SiO2 by O, 

Si and He irradiation [21]. 

 

3.4. Breeding Blanket materials 
 

In a fusion power plant, the breeding blanket component 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, removing the first wall surface heat flux without 

exceeding the stress limit and finally it shall contribute to radio-protect 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 

reaction of a Li-containing medium (breeder), with the fast neutrons (n) coming 

from the D ɀ T plasma: 

 
6Li + n Ÿ 4 He + 3T + 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. 

 
 

Figure 1.7: Schematic 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 chemical 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 a neutron multiplier such as beryllium. Metallic lithium can be 

used in principle. The disadvantage in its liquid metallic form is that it is very 

chemically reactive and it also is easily set on fire in the presence of air or water in 

the case of an accident. Finally there are some problems in pumping conducting 

liquid metals at high rates across the magnetic field. 



1. Thermonuclear fusion energy 

 

1.22  

The other breeder possibility is the solid concept in form of ceramics containing 

lithium. It present the advantage of a little extrapolation of technology, thus near 

term characteristics for ITER testing. This 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) concepts have been developed 

since 1980 [22]:  

 

V The WCLL (Water Cooled Lithium Lead Blanket), with a Li-Pb-cooled divertor 

acting as both T-breeder and neutron multiplier and EUROFER as structural 

material. The coolant temperatures are included between 330ºC and 550 °C. 

Its advantages are that water is an exceptional coolant largely available, the 

PWR cooling technology is well proved and it contributes to neutron 

shielding in the manifold region. Its disadvantages are the EUROFER 

embrittlement, the water/PbLi reaction and corrosion effect, a part of 

Tritium permeation and extraction with possible contamination of the 

primary coolant (tritiated water) 

 
V The HCLL (Helium-cooled Lithium-Lead) blanket concept uses liquid Li-Pb 

eutectic melt acting as both T-breeder and neutron multiplier and EUROFER 

and W-alloys as structural materials. The coolant temperatures are between 

320ºC and 550 °C. The compatibility of W-alloys under irradiation is being 

studied. Special attention on material integrity and tritium release properties 

is devoted. 

 
V The DCLL (Dual Coolant Lithium Lead Blanket) concept utilize helium only to 

cool a ferritic steel structure (including the first wall) and slowly flowing PbLi 

acts as self-cooled breeder in the inner channels. The insulating channels 

allow reaching outlet temperatures up to 700°C. For an application on an 

early DEMO a version at about 500°C could be taken into account. Due to the 

high outlet temperature and the MHD problems, the use of SiCf/SiC is needed 

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 be about 300 ºC 

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 The HCPB (Helium Cooled Pebble Bed) blanket, cooled by helium, uses solid 

Li-ceramics in pebble bed form as T-breeders, beryllium in pebble bed form 

as neutron multiplier and EUROFER as structural materials. The coolant 

temperatures are included between 320ºC and 550 °C. 

 

ITER might be the only opportunity to verify and test breeding blankets by test 

ÂÌÁÎËÅÔ ÍÏÄÕÌÅÓ ɉ4"-ÓɊ ÔÈÁÔ ×ÉÌÌ ÂÅ Á ȰÍÏÃË-ÕÐȱ ÆÏÒ $%-/ȟ ÄÅÓÉÇÎÅÄ ÉÎ ÏÒÄÅÒ ÔÏ 

allow and validate the measurement relevant for a future power-producing reactor.  

 

 
 

Figure 1.8: The TBM systems extend from Vacuum Vessel 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 in ITER under the form of Test 

Blanket Modules (TBMs) Systems: HCLL and HCPB [23]. Both blankets use the 

pressurized He-technology for the power conversion cycle (8 MPa, inlet/outlet 

temperature 300 °C/500 °C) where the coolant primary circuit exchanges heat 

through a helium-water 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 PbLi re-circulates slowly (~10 PbLi inventories 
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pro-day) for a tritium extraction outside the vacuum vessel (see Figure 1.7). The Test 

Blanket Modules are developed by several European partners (CIEMAT, CEA, ENEA, 

KIT, NRI and RMKI) joint together into a Consortium Agreement (TBM-CA), a 

strategic and organizational cooperation to implement, develop, produce, qualify 

and install the EU TBM systems in ITER. 

In this thesis work the HCPB blanket concept will be analysed in terms of pebble 

bed breeding unit. Interest in using solid lithium-based materials as tritium breeders 

has grown since 1970s. Ceramic lithium compounds present more favourable 

physical characteristics 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 different ITER experimental phases has been 

developed in Karlsruhe Institute of Technology (KIT), starting from 1990s [24], [25] 

and is based on a ceramic breeder (lithium orthosilicate mainly) and beryllium 

neutron multiplier in form of pebble beds, which are inserted into the blanket 

ÍÏÄÕÌÅÓ ÁÓ Á ÓÅÒÉÅÓ ÏÆ ȰÂÒÅÅÄÅÒ ÕÎÉÔÓȱ ɉ"5ÓɊȟ ÓÅÐÁÒÁÔÅÄ ÅÁÃÈ ÏÔÈÅÒ ÂÙ ÒÁÄÉÁÌ-

toroidal and radial-poloidal stiffening plates. The Vacuum Vessel is covered by 

blanket modules.  

The blanket thermal power, around 3000 MW (DEMO 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 EUROFER 97 steel, derived from the 

conventional modified 9Cr-1Mo 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 flow (He 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 provides the removal of T from 

the He carrier, the tritium accountancy and finally the hydrogen isotopes (and 

impurities) transfer to the ITER Fuel Cycle. The blanket has the role of optimize the 

process in which neutrons coming from the plasma and multiplied by Be-multiplier 

can be absorbed in the Li-medium. This requirement together with 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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4ÈÅ ÂÒÅÅÄÉÎÇ ÕÎÉÔ ÆÏÒ ÔÈÅ (#0" ÃÏÎÓÉÓÔÓ ÏÆ Ô×Ï Ȱ5ȱ ÓÈÁÐÅÄ %52/&%2 ÃÁÎÉÓÔÅÒÓ 

as indicated in Figure 1.9. The canisters are filled with lithium ceramic in form of 

pebbles with a typical diameter of 0.6 ɀ 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 with a diameter in the range of 1 mm, used as the 

neutron multiplier material. The canisters are cooled with internal channels in the 

ÍÉÄÄÌÅ ÐÌÁÔÅ ÏÆ ÔÈÅ Ȱ5ȱ ÒÁÄÉÁÌ ÔÏ ÔÈÅ ÐÌÁÓÍÁȟ ÔÈÅÎ ÔÈÅ ÃÏÏÌÁÎÔ ÓÐÌÉÔÓ ÉÎ ÁÎ ÕÐÐÅÒ ÁÎÄ 

lower portion and returns in the outer bÒÁÎÃÈÅÓ ÏÆ ÔÈÅ Ȱ5ȱ [27]. The canisters are 

closed at the sides so that contact between beryllium and ceramics is excluded.  

 

 
 

Figure 1.9: HCPB test blanket module (TBM) using lithium ceramics as breeding material. In the lower 

part, the U-shaped cooling 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 breeding 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 advantage of this reference design is its robustness; even if 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 steel structures. 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]. 

 

 
Figure 1.10: Reference Scheme for Tritium Transport in HCPB Blanket. 

 

The extraction of the tritium from the breeder materials is performed by an 

independent low pressure (0.1 - 0.2 MPa) of Helium purge flow. A simplified flow-

diagram of the main tritium transport system for this blanket concept is shown in 

Figure 1.10. Its first task is to extract tritium from the lithium ceramic and Be 
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multiplier beds by a low pressure helium plus hydrogen gas stream, removing the 

tritium in two main chemical forms, HT and HTO. Thus 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 extracted 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 properties in 

materials) and related to models (e.g. surface vs. diffusion-limited permeation 

models). Despite these problems, the HCPB blanket seems to be quite robust in 

terms of tritium radiological risk. 
 

The Helium-Cooled Pebble-Bed (HCPB) blanket, featuring lithiated ceramic 

pebbles (Li4SiO4 or Li2TiO3) as the breeder and beryllium pebbles as the neutron 

multiplier, one of the EU TBM concepts to be tested in ITER, is selected as object of 

the present work. In the following chapters a detailed characterization of the BB 

ceramic compositions will be presented together with a detailed analysis on the 

effect of radiation and light ions 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 crystalline 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.   
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1. The role of the solid Breeder Blanket in a fusion reactor 
 

The breeding blanket is one 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 Japan organizations. The role of this 

component is the generation of tritium by the 6,É ɉÎȟ ɻɊ 4 and 7,É ɉÎȟ ɻ ÎɊ 4 nuclear 

reactions. The 6Li reaction is most probable with a slow neutron; it is exothermic, 

releasing 4.8 MeV of energy. The 7Li reaction is an endothermic reaction, only 

occurring with a fast neutron and absorbing 2.5 MeV of energy. Natural lithium is 

composed 92.6% of 7Li and 6.4% of 6Li thus an enrichment of the chosen breeder 

material is always required. Considering that 7Li reaction works with the high energy 

neutrons coming from the plasma, the decelerated neutron can still make a tritium 

atom by the 6Li reaction thus creating two tritium atoms from one neutron (in the 

next chapter a more complete explication). 

 

Lithium-containing ceramics possess a series of advantages over liquid lithium 

and lithium-lead alloys. They have a sufficient lithium atom density (up to 540 kg*m-

3), high thermo-stability (up to 1300 K), do not create ecological danger in the case 

of blanket dehermetization. Furthermore, being a non-mobile breeder, the selection 

of a coolant that avoids problems regarding 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 of ceramics which, together with the allowable operating 

temperature window, results in limits on achievable tritium breeding ratio (TBR, see 

Chapter 3). 

 

Considering that the temperature in the blanket zone will be included in a range 

between 300 ºC to 900 ºC, the radiation rate will be approximately 1018 neutrons (m-

2s-1) and the intensity of magnetic field up to 7-10 T [30], therefore the material is 

required to present several important characteristics, as shown in the Table 2.1. 
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Table 2.1: Main Solid Breeder Blanket functions and key controlling requirements. 
 

Main functions Materials properties requirements 

High tritium breeding properties High Lithium content for a high T production 

High tritium release rate to limit the inventory 

Optimum temperature maintenance of 

BB materials 

High thermal conductivity 

 

Maintenance of soundness Good radiation damage resistance 

High mechanical strength and durability 

High chemical and composition stability 

Good compatibility with structural material 

Safety Low induced radioactivity 

Low reaction with coolant 

Implementation potential Low cost, mass production, easy handling, 

recycling process, Li-depletion. 

 

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 satisfied even after long-term operation (the estimated life-time 

for TMB is of 4-5 years). 

 

 
Figure 2.1: Schematic of tritium breeding blanket configuration: the breeding zone is 

between the first wall and the neutron shield, acting as a heat exchanger, breeding zone of 
tritium and as shield. 

 

Several ceramics such as Li2O, Li4SiO4 and Li2TiO3 with different properties have 

been considered as candidates for tritium breeders of fusion reactors [31], [32] (see 
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Table 2.2). Lithium density in these ceramics is different but it can be be 

compensated by a different 6Li-enrichment. It is important to mention that although 

Li2O is the only ceramic that may achieve the desired TBR without a neutron 

multiplier thanks to its high Li-content, it is a highly hygroscopic and corrosive oxide 

and it presents swelling under radiation. This is the reason why it has not been 

considered as EU-TBM test modules.  

 

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

 

 Li2O Li4SiO4 Li2TiO3 

Li density (g/cm3) 0.94 0.51 0.43 

Thermal conductivity  

(500 ºC)*(W/(m*ºC)) 

4.70 2.40 2.40 

Thermal expansion 

(500 ºC)*(ɝL/Lo %) 

1.25 1.15 0.80 

Crush Load (N) - ~10 24-33 

Min-Max Temp. for Tritium release (ºC) 397-795 325-925 600-950 

Swelling (ɝV/V0%) 7.0 1.7 - 

Melting point (ºC) 1430 1250 1550 

 

The ortosilicate-Li4SiO4 and metatitanate-Li2TiO3 ceramics are considered as the 

best options for solid breeder material. After about 30 years of investigations some 

important characteristics have been detected and compared among all the possible 

lithium based candidates. Li4SiO4 is the selected EU candidate [33] and Li2TiO3 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 chosen to 

minimize thermal cracking and volumetric swelling, due to neutron irradiation 

damage and thermal stress. This configuration, with small pebble size (to avoid 

ÍÅÃÈÁÎÉÃÁÌ ÐÒÏÂÌÅÍÓɊ ÇÅÔ ÓÍÁÌÌ ÔÈÅÒÍÁÌ ÇÒÁÄÉÅÎÔ ÁÎÄ ÉÓ ËÎÏ×Î ÁÓ Ȱpebble bedȱ 

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 geometries, a binary packing method by packing 

microspheres with different sizes has been proposed. The thermal conductivity and 

the thermal expansion in table 2.2 are thus calculated considering the pebble bed 
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concept, while the crush load and the swelling are measured on a single pebble 

sphere. 

 

2. Main characteristics of lithium-based ceramics 
 

Several properties of breeder materials are considered of primary relevance for 

the reactor right functioning, either in view of the application (thermal and 

mechanical performances, electrical behaviour) or 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 material optimisation. The development of a high quality 

properties data base is essential for a good design and material selection. The 

interest resides in keeping any chemical and mechanical interaction with others 

materials within tolerable limits, establishing the operating temperature regime, 

testing any relevant change in the physico-chemical properties caused by radiation 

damage and finally calculating tritium inventory [32]. A distinction between the 

properties of the single ceramic pebble and the properties of the whole pebble bed 

is proposed, considering that pebble 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. 

 

On a structural level, ceramics are characterised by features like grains and pores, 

phase composition, presence of impurities and homogeneity. An important 

parameter investigated is the crystallisation degree along the fabrication process, 

which could be followed by thermo-analysis and X-Ray diffraction as well as the 

microstructure could be observed by electron microscopy. This study allows an 

optimisation of the heat treatment to obtain material cracks and pores free, 

improving the mechanical properties of the breeder [36].  

 

The fracture strength of a single pebble and of the pebble bed is an important 

parameter to check, as well as the thermal shock. The fragmentation of pebbles 

should strongly affect the breeder blanket performances. This characterization is 

done both in an experimental way [37] and by numerical simulation models [38]. 

Compression tests on single spheres provide the mechanical information of the 

materials [39], having found that the confining pressure is a very important 

parameter for the determination of the pebble bed mechanical properties. In 

another study [40]  it is evidenced that the pebble bed effective 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 size (with a diameter included 

between 0.1 and 1 mm) and a spherical shape enable a higher bed packing factor 

and an optimal configuration for the stress and irradiation effects. 

 

The thermal performance of lithium ceramic pebble bed in 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 have to be measured and 

characterized, being influenced by many parameters such as thermal conductivity 

and filling gas, gas pressure, bed deformation and bed packing fraction [41]. In 

order to establish a reliable design of the blanket system, it is necessary to analyse 

the heat transfer together 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 samples [42]. Therefore, variations in the manufacturing procedure have a 

clear impact on the previous parameters. 

Piazza et al. [43], [44] studied microstructure, mechanical properties and Li-

losses in Li4SiO4 and Li2TiO3 ceramics in the case of long-term annealing treatments, 

simulating the maximum breeder temperature and the lifetime of the HCPB blanket 

(excluding irradiation effects). After 96 day of annealing experiments, the 

microstructural changes caused an increase in the roughness of the Li4SiO4 pebble 

surface. Concerning the mechanical and creep behaviour, only the Li2TiO3 resulted 

to be influenced by aging, showing a grain size increase of a factor of 10 and a 

consequent decrease of the mechanical stability of pebbles. 

Thermo-mechanical properties are also studied for the interaction of ceramic 

breeder with structural materials [45]. The experimental results indicate that high 

thermal stresses and deformations are present during the first set of thermal cycles, 

successively accommodated thanks to a combination of pebble rearrangement 

within the bed and creep induced deformation [46] .  

 

The magnetic effect is also an important parameter considering the position 

occupied in the reactor by the breeder blanket. Tiliks et al. [29] have studied the 

effect of external magnetic field on ceramic pebbles, observing that various 

physicochemical processes can take place. Electrical properties may also reflect 

certain characteristics of the physical-chemical processes [47] occurring during 

reactor operation, as will be discussed in Chapter 6. These processes can cause 

compositional and structural changes, which have to be considered a priori to 

prevent the shielding role of the breeder blanket that may be affected.  
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Finally there is the important effect of radiation which may alter the structure and 

microstructure of ceramics. To verify the mechanical stability of the pebbles by 

thermo/mechanical stress, ITER testing have been developed to study the effect of 

neutron irradiation, like in-pile pebble bed assembly (PBA): HELICA tests and the 

EXOTIC experiments [48]  in the high flux reactor (HFR) [49] . Due to the relevance of 

a radiation environment on ceramic behaviour, Chapter 4 will be dedicated to 

deepening in its theory.  

 

3. Phase diagram and structure of the studied ceramics 
 

The micro- and macro-structural 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. Here below a 

summary of the phase diagrams and the crystalline structures is presented. These 

information will be relevant in the fabrication and characterization process 

described in Chapter 5, as well as in the study of defects creation and light ions 

behaviour in the Chapter 6 and 7 of this work. 

 

3.1. Li2TiO3 
 

The phase-diagram given by Kleycamp et al. [50] represented in Figure 2.2 shows 

the phase equilibrium of the Li2O-TiO2 system. The Li2TiO3 intermediate compound 

ÃÒÙÓÔÁÌÌÉÚÅÓ ÉÎ ÔÈÒÅÅ ÐÈÁÓÅÓȡ ɻȟ ɼ ÁÎÄ ɾ [51]Ȣ 4ÈÅ ɻ-phase is metastable with a 

ÍÏÎÏÔÒÏÐÉÃ ÔÒÁÎÓÆÏÒÍÁÔÉÏÎ ÔÏ ɼ ÂÙ ÈÅÁÔÉÎÇ ÁÂÏÖÅ ΥΡΡ Ξ#Ȣ 4ÈÅ ɼ-phase is a 

monoclinic stable phase with space group C2/c and crystallizes in the Li2SnO3-type 

structure. At 1200 Ξ# ÔÈÅ ɼ ÔÏ ɾ phase transformation is reported  [51], [52]. This last 

present a high temperature cubic phase and crystallize in the NaCl-type structure. 

The temperature of order-disorder transition is found to be of about 950 ºC. 

 

It is worth mentioning that exists another intermediate compound (Li4Ti5O12) 

with a 72 wt. % of TiO2, showing a wide coexistence compositional range and a very 

similar XRD patterns [51] with the monoclinic Li2TiO3 compound. 
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Figure 2.2: Phase diagram of the Li2OɀTiO2 system; broken lines: from Izquierdo et 
al.[51] and from Mikkelsen [53]; solid lines from Kleycamp [50]. 

 

 
 

Figure 2.3: Crystal structure of a unit cell of C2/c Li2TiO3 compound where the pure Li layer 
and the Li2Ti layer can be appreciated. 

 



2.  The Solid Breeder Blanket Concept 

 

2.37  

Regarding the crystal structure, it has been observed that Li and Ti are randomly 

distributed in the cation sites. It is proposed that in Li2TiO3 two types of layer 

structure exist: one composed by lithium occupying octhaedra and the other 

composed of lithium and titanium occupying octahedra in a 1:2 ratio [54]. As it can 

be observed from the crystal structure in the Figure 2.3 the C2/c space group is 

formed by a distorted rocksalt structure with alternating Li and Li2Ti planes (111). 

 

3.2. Silica-based ceramics 
 

The Li2O-SiO2 system is considered for the fabrication of ceramics with different 

Li2O content. Stable Li-Si-O phases can be formed by reaction of Li2O and SiO2 as 

shown in the following reaction: 

xLi2O + ySiO2ŸLi2xSiyOx+2y     (2.1).  

 

The phase diagram in Figure 2.4 shows different  phases of lithium silicates 

(Li4SiO4, Li2SiO3 and Li2Si2O5) for 33.3 mol%, 50 mol% and 66.67 mol% SiO2 

respectively. Li4SiO4 decomposes before its melting point, reached at 1255 ºC and 

33.3 mol % SiO2 [55]. Li6SiO5 is a metastable phase with 25 mol % SiO2 while Li8SiO6 is 

stable at really low temperatures (<1100 K).  

  
Figure 2.4: The phase diagram of the Li2O-SiO2 system according to ref.[56] 
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Regarding the crystal structure, the Li2Si2O5 (lithium disilicate) structure is 

monoclinic with a space group of Cc with a strong orthorhombic pseudosymmetry 

Ccc2. The lattice parameters are a=5.82 Å b=14.66 Å and c=4.79 Å and the unit cell is 

composed of a total of 36 atoms with four formula units [57]. 

The lithium metasilicate (Li2SiO3) determined by Hesse [58], has a space group of 

Cmc21 and lattice parameters a=9.392 Å, b=5.397 Å and c= 4.660 Å. The structure is a 

corner sharing LiO4 and SiO4 tetrahedra forming parallel chains with lithium ions 

between the chains (Figure 2.5).  

 

 
Figure 2.5: Crystal structure of a unit cell of Cmc21 Li2SiO3. 

 

The XRD patterns of the Li4SiO4 indicated by Baur [59] identify the monoclinic 

structure of space group P21/m and crystal parameters a = 5.140 Å; b = 6.094 Å; c = 

ΧȢΤΫΥ B ÁÎÄ ɼ Ͼ ΫΡІȢ  )Ô ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ Á ÔÅÔÒÁÈÅÄÒÁÌ ÁÎÉÏÎ ɉ3É/4-) structure 

surrounded by different Li atoms, presenting one type of Si atom, three types of O 

atoms and six types of Li atoms (Figure 2.6). There are differences between the 

structures measured by some authors [60], [61] given by the occupancy of Li atoms, 

that in some cases are fixed with full occupancy, whereas in others are half 

occupied. 
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Figure 2.6: A model of the Li4SiO4 crystal structure where the small red balls of Oxygen, 
together with the big blue Si ones forms the tetrahedral anion structure while the green Li 

ones are floating around them. The purple plane represents the 111 direction. 

 

The tetragonal Li6SiO5 crystal structure present a metastable phase with a space 

group P4-21m and crystal parameters a=7.67 Å, b=7.67 Å, and c= 4.79 Å respectively. 

This phase have poor heat resistance owing to its decompositions below 1020°C 

[55]. 

The Li8SiO6 ceramic has a hexagonal structure with space group P63cm and lattice 

parameters a= 5.458 Å and c = 10.710 Å as found by Hofmann et al. [62], who 

confirmed that Li8SiO6 is isotypic with Li8CoO6. 

 

Dubey et al. [63] stated that the crystal structure of  Li4SiO4 is closely related to 

the one of Li4GeO4 at room temperature with the only difference that in the first 

case lithium sites, which are 4, 5 and 6- coordinate, 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 ºC) are in 

agreement to that of Völlenkle et al. [64]Ȣ 4ÈÅ ȬÓÕÐÅÒÓÔÒÕÃÔÕÒÅȭ ÓÏÌÖÅÄ ÁÎÄ ÒÅÆÉÎÅÄ 

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 LiO4, LiO5 and LiO6 polyhedra are linked by edge- and corner-sharing.  

It also had monoclinic structure but the unit cell were a = 11.546 Å, b = 6.09Å, c = 

16.645Å and ɼ = 90.5º and space group P21/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 the fuel of a fusion reactor is presented. The 

importance of some parameters (TBR, inventory..) is explained and the steps of 
production and release inside a breeder blanket are analyzed. Finally the 

connection between the measurements carried out in this thesis work and the 
understanding of tritium behavior is shortly explained. 
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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 amount of tritium presents in a reactor at a 

given time is known by the term tritium 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 be lost, causing the tritium 

inventory in the blanket to become a threat to safety, which may require an early 

removal of the blanket module.  

Tritium inventory is given by  

 

I = Њ (G-R) dt     (3.1), 

 

where tritium generation rate (G) and its recovery rate (R) must satisfy self-

breeding and start ɀ up, being both parameters controlled by the TBR factor.  

The tritium breeding ratio (TBR), 

 

ὝὄὙ
 

 
     (3.2), 

 

ÉÓ ÄÅǢÎÅÄ ÁÓ ÔÈÅ ÁÖÅÒÁÇÅ ÎÕÍÂÅÒ ÏÆ ÔÒÉÔÉÕÍ ÁÔÏÍÓ bred per tritium atom burnt. We 

must have TBR > 1.15 [65], for a self-sustained fusion economy. 

This factor can mathematically be defined as:  

 

ὝὄὙ  ρ        (3.3), 

 

which means that to have the least demanding requirements it is necessary to use 

the longest possible doubling time td, the largest tritium burn fraction fb, the largest 

injection efficiency ʂ and the smaller recycling time tp. 

 

To meet these challenges the breeder should satisfy the following 

characteristics: high Li content and a low residence time of tritium. The first one can 

be achieved during fabrication process, while for the latter feature is essential to 

understand the tritium release dynamics. In a lithium oxide crystal it is a complex 

process made up of several steps, any of which 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 ceramics are irradiated with thermal or 
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mixed neutron spectra [68], [69] . The accumulation of radiation defects and 

radiolysis products interacting with tritium species can change the dynamics 

occurring during tritium 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 % 

H2, sweeping the purge gas in a temperature window between 300 and 950 ºC. 

Addition of 0.1% H2 in the He purge gas enhances tritium release from the ceramics, 

thus helping to reduce inventory and residence time. The 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 discussed 

in section 5 of this chapter), quite all referred to the release-rate study, considering 

different conditions of temperature and radiation. One relevant area with scarce 

bibliographic data is the one relative to the microscopic effect occurring when the 

ion bred inside a grain, has to overcome several energetic barriers to find a diffusion 

path till the surface, where it can desorb and be 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 3-helium ion implantations are proposed as a 

tool for tri tium behaviour understanding. 

 

Radioactive tritium spontaneously decays into 3He, an electron eϺ and an electron 

ÁÎÔÉÎÅÕÔÒÉÎÏ ʉe, with a half-life of 12.3 years in the process of beta-decay described 

as: 

 

T Ÿ 3He + e Ϻ Ϲ ʉe + 18.6 keV     (3.4). 

 

The stable isotope 3He, produced by tritium decay (equation 3.4) represents a 

secondary interesting aspect of fusion power plants. This inert decay product stays 

within the material if it is not desorbed earlier into the purge gas flow. Naturally 

occurring 3He is rare, 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 of 3He, and would encourage new 

applications [8] . The knowledge of its behaviour 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 fracture occurring in this 

solid breeder blanket material.  
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2. Tritium production  
 

The main natural source for producing 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/year [70]. 

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 lithium. The 

engineering data of tritium breeders under neutron irradiation are indispensable to 

design the fusion blanket. Lithium, composed of two stable isotopes (with isotopic 

composition 6Li 7.4% and 7Li 92.6%), presents a low nuclear binding energy per 

nucleon. Tritium is thus produced as a result of the following nuclear reactions: 

 
6Li + n Ą 3T + 4He + 4.08 eV                               (3.5), 
7Li + n Ą 3T + 4He + nȭ ɀ 2.5 MeV                      (3.6). 

 

The product neutron Îȭ of (3.6) has a smaller energy than the incident neutron n. 

The exothermic reaction (3.5) has a very large cross section, for neutrons with a 

velocity of 2200 m/s. It represents a substantial contribution to the thermal power 

output of the fusion reactor since the energy release per reaction, 3.8 MeV, is 27% of 

the 17.6 MeV energy release of the primary fusion reaction (equation 1.1, Chapter 1). 

The cross section of the second, endothermic reaction, (3.6) 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 neutron to make two or more tritons. 

Because thermal neutrons easily penetrate in breeder blanket ceramic crystalline 

grains, tritium is uniformly generated in these grains under thermal neutron 

irradiation. A manner to get relatively large tritium breeding ratios is including a 

neutron multiplier like the beryllium (Be) (n + 9Be + 3 MeV Ą Τɻ Ϲ Îȭ + Îȭ), in the case 

of the HCPB concept. 

 

The residence time of this gas is defined as: 

 

†       (3.7) 

 

where I is the current tritium inventory and G its generation rate. 
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Figure 3.1: Schematic behaviour of tritium production and release from a ceramic pebble. 

Bred in the lithium based ceramics, it diffuses till the surface where 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 chemical decomposition reaction mechanism. The 

physical processes taking place after 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 interconnected pores, finally reaching 

the surface where several interactions take place till the desorption and the 

molecular diffusion in the purge flow convection [71]ɀ[73]. This last surface-

phenomena step such as adsorption from 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 on the surface of the pebble [74]. 

Considering a grain as a sphere of radius a, the non-stationary equation on the 

volume of tritium concentration C as a function of time (t) and radial coordinate (r) 

is: 
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where S is the tritium source and D(T) the diffusion coefficient given by: 
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with Em being the migration energy. 

The boundary conditions for equation 3.8 commonly assumed are: 
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where a is the sphere radius. 

 

 
 

Figure 3.2: Mechanism of tritium transport inside a  ceramic breeder blanket [72], where 5 

major steps can be identified: 1) inter-granular diffusion, 2) grain boundary diffusion, 3) 

surface adsorption/desorption, 4) pore diffusion, 5) purge flow convection. 

 

A diffusion-type model is unable to explain and interpret the results obtained at 

high temperature, where the light ion is not released by a diffusion-controlled 

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 being rate constant and 

characterized by a different binding energy. Thus it is evident that a model with a 

single mechanism for tritium release, may be limited to really few and unreal cases. 

Macroscopically the whole mechanisms of tritium transport can be divided into the 

following steps (see Figure 3.2): intragranular diffusion; grain boundary diffusion; 

surface adsorption/desorption; pore diffusion; purge flow convection. 

The release kinetic result than very complex and the rate ɀdetermining step may 

be strongly dependent from the ceramic microstructure, the temperature, the 

purge gas composition and the irradiation history. Tritium transport can be 
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described as a series of dynamics, 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 mechanisms. The 

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 individual 

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 each of this variable 

cannot be studied during in-pile experiments, neither the detailed effect they play in 

the microstructure, nor the influence in the transport dynamics of the gas. This is 

the reason why a deeply study and out-of 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 tritium produced via 

transmutations inside the grains. Their characterization by depth profiling has been 

identified as a powerful tool for understanding the processes occurring inside 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 task. The typical 

steps to its 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 multiple 

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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Figure 3.3: Schematization of the main steps to develop a model on tritium transport. 

 

The tritium generated during neutron reaction is assumed to be almost uniformly 

distributed inside the bulk of the 1 mm pebble. This implies that the main processes 

controlling tritium release will be 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 Program) is one of the 

first codes improved for understanding the processes involved in atom transport 

inside fusion materials. Even being a first approximation to this kind of problems, 

after 7 code-versions it is not still able to work with all the parameters these 

systems need to consider. By the way it is a first approximation for the validation of 

the experiments on light ions diffusion, trapping and release [77]ɀ[79]. 

The older MISTRAL model (Model for Investigative Studies of Tritium Release in 

Lithium Ceramics) tried to compare experimental results on how the effects of the 

irradiation temperature, the sweep gas flow rate and the hydrogen content in 
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purge gas could affect tritium release [71]. It represents a first approximation to 

modelling, but quite far from a code-formulation 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-tritium fuel is burnt, all the unburnt part has to be removed from the 

torus to be reused for 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 for 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 tool [80], [81].  

 

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

An important issue to comprehend is the measurement and the study of the 

release dynamics followed by tritium from its production in the ceramic pebble 

grain until its incorporation into the purge gas. Solid BBs present 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 involved in this critical process is necessary. 

Along the years several in-pile and out-of-pile experiments have been performed, 

focused on determining the 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 ways for studying it are with out-of pile and 

in-pile experiments or through indirect measurements. In out-of-pile experiments, 

tritium is produced by neutron irradiation and its thermal evolution is followed by 

out-of-pile tritium desorption. In the case of in-pile experiments, it is possible to 

have a steady-state 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 in-reactor experiments like breeder exchange matrix series (BEATRIX) the 

combined the effect of neutrons, temperature and purge gas chemistry was 

investigated. The experiments were an IEA-sponsored effort involving the exchange 

of solid breeder materials and shared irradiation testing among research groups of 

several countries. The pellet materials were tested in both closed capsules (to 
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evaluate material lifetime) and opened capsules (to evaluate purge-flow tritium 

recovery) [82]. The results showed interesting data on purge gas composition and 

on the chemical form of tritium released. The surface role was studied varying the 

H2 ÐÒÅÓÓÕÒÅ ÆÒÏÍ ÁÎ ȰÅØÔÅÒÎÁÌȱ ÐÏÉÎÔ ÏÆ ÖÉÅ×Ȣ 4ÈÅ ÓÕÒÆÁÃÅ ÅÆÆÅÃÔ ÏÎ ÔÈÅ ÒÅÌÅÁÓÅ ÏÆ 

tritium was observed but not explained.  

 

One of the most important series of experiments on tritium behaviour is 

represent by the EXOTIC (Extraction of Tritium in Ceramics) EU-programme, where 

an extensive number of Li ceramics in form of pellets before and as pebbles after, 

have been in-pile and out-pile analysed after neutron irradiation in the High Flux 

Reactor (HFR), Petten installation. Several series (for 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 surface in tritium release [48], [83] . They represent 

the only database with in-pile results available nowadays, really expensive and time 

consuming. The data obtained permitted a comparison of tritium release in 

ceramics with different porosity and diameter for 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 [83]. 

 

The last set of measurements, not yet fully analysed is the High neutron fluence 

Irradiation of pebble staCks for fUsion (HICU) project, whose key 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 could accelerate the 

recovery of bred tritium particularly at moderate temperatures. The benefits effects 

of catalytically active metal additives, such as platinum and palladium were 

examined [87]. Experimental results indicated that almost all tritium was released 

as triated water vapour, that slow tritium release took place also at higher 

temperatures and that a considerably larger amount of tritium was released as the 

molecular form (HT) from the ceramic deposited with palladium at lower 

temperatures. Once again this type of studies on the phenomenology of processes 

occurring once the tritium reaches the pebble surface, did not 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 elementary 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 release by recombination or 

isotope exchange reaction on the surface. The first and the last process have been 

studied by in ɀpile reactor experiments. The others have little been investigated so 

far. 

The necessity of deeply understanding the processes occurring inside the 

ceramic material, the microstructural features influencing the movement of tritium 

(defects induced by radiation, material imperfections, impurities, grain size, 

ÐÏÒÅÓȣɊ ÁÎÄ ÔÈÅ ÒÏÕÔÅ ÉÔ ÈÁÓ ÔÏ ÆÏÌÌÏ× ÂÅÆÏÒÅ ÒÅÁÃÈÉÎÇ ÔÈÅ ÓÕÒÆÁÃÅ ÁÒÅ ÔÈÅ ÂÁÓÉc 

points to study in order to improve tritium release efficiency and the ones that 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 ceramic materials with a 
distinction among type of defects and radiation 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) Ionic defects 

2.1. Basic effects of radiation in lithium-based ceramics: state of the art 

3. Review of the radiation sources for defects production 
a) High energy photons 
b) Ions 
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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 significant modifications in the physical and 

mechanical properties of the irradiated material [88] . A charged projectile knock 

out atomic electrons, causing ionization, which may be followed by a de-excitation 

as a delayed photon emission [89] ; it may collide directly with the atom, causing it 

to recoil and displace [90] . Furthermore, an energetic neutron or proton may cause 

a nuclear reaction ejecting other nuclear particles [91]. Finally it is possible to 

distinguish the radiation effects, which include the study of the effects of a particle 

on the target material, and the radiation 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 defects 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 extent: point defects (vacancies, 

interstitials and antisite defects), line defects (dislocation lines), planar defects 

(dislocation loops), volume defects (voids, bubbles). Those associated to radiation 

damage are the point 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.  

 
Figure 4.1: A microstructural deepening from the grain boundary to the lattice structure of 

the lattice change in 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 configuration [94] . Therefore the 

mechanical and electrical properties of ceramics are affected 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 a charged and a neutral particle passing through the 

matter. The cross section of a charged particle (electron, proton, or heavier ion) to 

ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÁÎ ÁÔÏÍ ÉÓ ÏÆ ÔÈÅ ÏÒÄÅÒ ʎ ~ 1016 cm2, whereas that for a neutral one 

(photon, neutron) is only of the order 1024 cm2 to 1020 cm2. Thus, in matter of 

number density N~1023 cm3, the mean free path betwÅÅÎ ÃÏÌÌÉÓÉÏÎÓȟ ΣϾ.ʎȟ ÉÓ ÏÎÌÙ Á 

few Angstroms for a charged particle, and microns to centimeters for a neutral one 

[96] . As a result, a neutral particle interacts infrequently with target atoms, and at 

each collision it is either absorbed or scattered out of the original beam [97].  

 

The parameter commonly used to correlate the structural damage produced by 

different irradiation environments is the total number of displacements per atom 

(dpa), which combines the probability for the production of primary knock-on 

atoms (PKA) and the number of defects created at the end of the cascade process, 

integrated over the irradiation particle flux spectrum. It is than a correlation 

between irradiation and resulting material damage. The displacement cross section 

is a measure of the displacement probability in the material as a function of the 

incident neutron energy. Kinchin and Pease [98]  were the first to attempt the 

determination of the number of displacements occurring during irradiation. A 

modified version of 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 materials. Integration of the NRT 

damage function over the recoil spectrum and the time gives the atom 

concentration of displacements known as the NRT displacements per atom (dpa): 
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×ÈÅÒÅ ʉɉ4Ɋ ÉÓ ÔÈÅ ÎÕÍÂÅÒ ÏÆ &ÒÅÎËÅÌ ÐÁÉÒÓ ÇÅÎÅÒÁÔÅÄ ÂÙ Á ÐÒÉÍÁÒÙ ËÎÏÃË-on atom of 

energy E. It provides a 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 energy, which is the minimum amount of transferred kinetic 

energy to a lattice atom. Depending on the specific displacement energies and ion 

masses, it may be possible to induce displacements by one or a two-step 

displacement sequence [100]. Even electrons, at energies in the range 0.5 ɀ 2.0 MeV 

should possess a sufficient momentum to displace lattice atoms but not for multiple 

damage events. Energetic electrons have relativistic mass and their energy is: 

 
2

0)( cmmEe -=               (4.2) 

 

with m = mo (1 ɀ v2/c2 ) -1/2 and v the electron velocity. 

The maximum energy Em transferred to an atom of mass M2 is: 
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In order to determine whether an atom will be displaced or not, it is necessary to 

calculate the theresold energy for displacement (ED) and consequently the cross-

section for displacement, obtained by integration from ED to Em: 
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The cross-section increases rapidly with electron energy and then becomes 

constant [94] . These damage concepts 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 to measure in the case of polyatomic materials, 

being strictly related to the mass and nuclear charge of the target nucleus. To 

overcome this deficiency a binary collision approximation model (BCA) has been 

developed and implemented using MARLOWE code [101]. It is used to simulate the 

sequence of atomic displacement generated by a parameterization on a range of 

ab-initio calculation, and used to predict 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 Leichtle in lithium based ceramics [101]. 
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2. Radiation defects in breeder blanket ceramics 
 

The components of an operating fusion blanket will tolerate high levels of 

radiation exposure such as high-ÅÎÅÒÇÙ ÎÅÕÔÒÏÎ ÁÎÄ ɾ-fluxes, penetrating till 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 transmutation. Although these conditions and lithium 

volatility, a solid breeder blanket can achieve significant burn-up level and survive 

the rigors of the radiation environment. The physical properties modification of 

ceramic components becomes therefore of great importance regarding the control 

of some permanent degradation (like electrical properties). The irradiation flux for 

ITER materials will change as a function of their position in the reactor. In the case 

of ceramic breeders it is estimated to be of about <10-7 dpa/s and <103 Gy/s for of 

structural and ionizing radiation, respectively [103]. 

 

Ceramics are crystalline solids with a highly complex atomic structure. In 

crystallography they are described as structures with a well-defined planes, but in 

the practice many are the imperfections present in a lattice [104]. Ceramic radiation 

responses are similar to those of other well-studied solids, i.e. metals, for both of 

which the principal considerations are quite the same: point and aggregate defects 

production and structural, mechanical and physico-chemical 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 covalent 

structures [105].  Thus the effects of ionization in insulators are quite marked due to 

the excitation of electrons from the valence to the conduction band, giving rise to 

charge transfer mechanisms.  

 

The concentration of radiation defects depends on blanket material preparation 

conditions, irradiation parameters and impurity content. All these factors can 

significantly influence tritium localization and release behaviours [106]. Another 

important phenomenon to consider is the diffusion of host atoms 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 role can be played by a doping agent 

in a crystal lattice, 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 mostly ionic 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 defects. The interaction of charged 

particles with matter is based on both 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 can be 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 or dual ion beam irradiation [108]. It leads 

directly on to the problem of surface degradation. For the insulating components, 

surface degradation is just as serious as volume degradation. It can strongly change 

if it occurs in vacuum, in air or in helium atmosphere [109], playing a crucial role in 

tritium release.  

 

 
 

Figure 4.2: On the basis of emitted particles, radioactive decay can be different types: 
alpha, beta, positron decay and gamma. The first three are charged particles while gamma 
rays are 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 defects, with a 

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. The created electronic defect (hole or electron) can then migrate inside the 

lattice through an activated hopping process. It involves a valence electron and a 

change in the electrical conductivity depending on the hole or electron moving 

inside the lattice [94] .  

These defects can be generated by a thermal input, ion beam damage or ɾ-

radiation. 

 

2.2. Ionic defects  
 

Ionic defects can be distinguished as vacancies (the lattice site of a missing lattice 

ion or atom), vacancies aggregates, and interstitials, given by a lattice atom or ion 

occupying an abnormal position [110]. This implies 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 

steady-state diffusion and the theory of random walk by the FiÃËȭÓ ÓÅÃÏÎÄ ÌÁ× ÏÆ 

diffusion: 

 

ὨὭὺὈὫὶὥὨ ὅ        (4.5), 

 

where C is the concentration of diffusing particles, D the diffusing coefficient. 

The diffusion in ceramic systems can be distinguished in three 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 of 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 sites [112]. The 

collective participation 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 systeÍȢ 4ÈÅ ÊÕÍÐ ÆÒÅÑÕÅÎÃÙ ʖ to overcome this barrier is 

given by: 
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×ÈÅÒÅ ɝ'm is the free energy barrier which an ion must exceed in order to pass to 

ÔÈÅ ÁÄÊÁÃÅÎÔ ÐÏÉÎÔ ÄÅÆÅÃÔ ÁÎÄ ʉ ÉÓ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÖÉÂÒÁÔÉÏÎÁÌ ÆÒÅÑÕÅÎÃÙ ÏÆ the ion in 

the initial state [94] . 
 
 

3. Basic effects of radiation in lithium-based ceramics: state of the art 
 

Numerous neutron irradiation experiments have been conducted in fission 

reactors to observe the effect of damage on tritium release kinetics. Leichtle 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 experiment (FUBR) and in breeder exchange matrix series 

(BEATRIX), it was observed that most of the displacement damage arises from fast 

neutron reactions rather than from lithium transmutation [114]. 

It has been suggested [115] that oxygen vacancies or F+ centers, produced by 

structural damage, would play an important role on the tritium trapping. Morales et 

al. [116] characterize lithium silicates by X-ray diffraction (XRD), observing that after 

neutron and gamma radiation, there are phase transformations in the amounts of 

different silicates probably due to the radiolysis of silicates.  Similar effect have 

been observed when irradiated with the triple ion beam and with single ion beams 

of H+, He+ and O2
+ [90] . The experiment shows that the mechanical properties are 

changed not only because of the structural damage but also because of 

accumulation of helium and hydrogen in the structure. Alternative measurements 

like ion implantation are also proposed in the present work with the aim of observe 

the effect of structural damage on light ion release. 

 

Finally there are the radiation effect caused by photons and electrons. Feldbach 

[117] demonstrated that low-temperature luminescent methods, based on the 
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investigation of tunnel phosphorescence, TSL and PSL in lithium orthosilicates, are 

promising for the investigation of e-h processes, identifying the important 

participation of defects that serve as traps for tritium. The 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 O-related defects. The creation of F+ and F0 defects by 

gamma ray irradiation is related to the irradiation doses, with an increase in 45-75 

kGy and a decrease at 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 advantage of some of these in-pile 

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 it is not a direct measurement of the 

real damage effect due to the high probability of defects recombination. Starting 

from this assumption, in the present work gamma irradiation and ion implantation 

are selected for studying the combined effect of radiations. In this way it is possible 

to test both the ionizing and the structural damage on the ceramics together and 

for separate. Results and discussion on their effect will be presented in chapters 6 

and 7. Here below a brief presentation of the two radiation sources used, with a 

special focus on the ion beam implantation, used for creating a structural damage, 

an interesting tool for neutron damage comprehension. 

 

3.1. High energy photons  
 

Gamma radiation is made up of light or high-energy photons which have an 

extremely small wavelength, no electric charge and no rest mass. There are three 

mechanisms that can be identified in their interaction with matter: the photoelectric 

radiation, where an electron is emitted from an atom (ionization process) with 

energy equal the gamma-ray one, so that the gamma ray disappears; the Compton 
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scatteringȟ ÉÎ ×ÈÉÃÈ ÔÈÅ ɾ-ray interacts with 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; the pair production where high 

energy gamma rays are absorbed and two particles are created.  

The photoelectric effect can 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 was moved off. This effect is strongly dependent from the atomic number, 

considering that its attenuation coefficient is proportional to Z5. 

The Compton scattering can 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 MeV. Therefore, although gamma photons 

cannot themselves displace atoms, the energetic electrons resulting from Compton 

scattering may be able to do so.  

The pair production takes 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, but while 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 ceramics [119]. Small cross section-values 

ÁÒÅ ÆÉÎÄȟ ÉÎÄÉÃÁÔÉÎÇ ÔÈÁÔ ɾ-irradiation can poorly contribute to the ion displacement 

damage and that high energy photons mainly induce electronic excitations in a 

spatially uniform manner throughout the solids. It 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 build-up of electric fields within an insulator.  

In the case of the present work, the gammaɀray emitter is represented for a 60Co 

source. This is a synthetic radioactive isotope of the cobalt, with a half-life of 5.27 

years which decay by beta decay to the stable isotope 60Ni. The activated nickel 

nucleus emits two gamma rays with energies of 1.17 and 1.33 MeV. The use of this 

kind of radiation source 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 4.3: Interaction of ionizing radiation with matter. Gamma rays are represented by 
wavy lines, charged particles and neutrons by straight lines. The small circles show where 

ionization occurs. 

3.2. Ions 
 

When an energetic ion is impinging onto a solid target, there is a rapidly transfer 

of energy causing several effects: disordering of the original lattice structure 

(radiation damage), atoms leaving the surface (sputtering), and the structure 

modification because the implanted 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 material. In 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 dependent cross 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 dynamic 

processes of irradiation damage in ceramics [122].  

The literature on the use of ion implantation effects in insulators [122] reports of 

experiments with light ions used at few MeV where nuclear collision induced 

damage is almost buried at the end of the ion range, sputtering is negligible and 

displacements are almost entirely related to the electronic excitation  (see Figure 

4.4). 
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Figure 4.4: A process of emission of gamma rays from excited nuclei. Induced gamma 

emission is just like fluorescence process in which there is an emission of a photon instead 
of gamma rays by an excited electron in atom. 

 

 

In the 1960s and 1970s the use of heavy ions for simulating neutron damage in 

support of the fast breeder reactor program started [123]. The first 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/cm2), while in the case of charged particles it 

is important to consider the charge in unit of Q/cm2. Both measurements can be 

converted to dose as dpa and dose rate as dpa/s. taking into account the matter 

main features (density, atomic number..).  

There is a significant interest in using ion irradiation to emulate neutron damage 

as this technique provides low-cost measurements with a rapid means for 

elucidating mechanisms of the most important processes, compelling a first 

important screening of the candidate materials [124]. Furthermore ion irradiations 

rarely require more than several tens of hours to reach damage levels in the 1ɀ100 

dpa range, producing little or no residual radioactivity therefore allowing the 

handling of samples without the need of special precautions.  

Damage state and microstructural variation resulting from irradiation depend 

upon the particle type and the damage rate [125]. As ion-irradiation can be 

conducted at a well-defined energy, dose-rate and temperature, it results in a very 

well controlled experiment, which should be difficult to match in a fission reactor.  

Ion irradiation and simultaneous He-implantation are used to simulate the effect 

of 14 MeV neutron damage and lithium transmutation effect, saving the residual 

radioactivity and allowing the handling 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 material. The 
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absence of collision cascades effects suggests that in a first approximation, neutron 

and ion irradiation produce different damage rate and a different ratio of 

displacement and ionization, but similar damage states. Some fundamental 

differences are the depth penetration because of the mean free path, and the 

particle energy spectrum that arise because of the different way in which the 

particles are produced. Furthermore the cross-section of an ion-atom interaction is 

greater than for neutron-nuclear, giving rise to a higher damage rate per unit of 

particle fluence. 

The number of displacements per unit volume, per unit time Rd in front of the 

atom number density N and the ÐÁÒÔÉÃÌÅ ÆÌÕØ ˡȟ ÃÈÁÎÇÅ ÆÏÒ ÎÅÕÔÒÏÎÓ ÁÎÄ ÉÏÎÓ ÁÓȡ 

 

„     (4.7), 

 

„         (4.8), 

 

where the first is for neutron ɀ nuclear interaction (E is ÔÈÅ ÎÅÕÔÒÏÎ ÅÎÅÒÇÙ ɾ ÉÓ ÔÈÅ 

ÔÁÒÇÅÔ ÍÁÓÓ ÁÎÄ ʎs the elastic scattering cross-section), described by the hard 

sphere model and the second is relative to ion-atom interaction, described by 

Rutherford scattering (with M1 the mass of the ion, M2 the mass of the target and 

Z1,2 their atomic numbers). When comparing the damage produced by different 

atoms and the neutrons for comparable energies, it is possible to observe form the 

literature (see Figure 4.5) that 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 agreed [125]. 
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Figure 4.5: Displacement-damage effectiveness for various energetic particles in Ni. 

Reproduced from Kulcinski et al. [126]. 
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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 compositions with higher lithium 

content. Subsequently the basic characterization on dense bodies is presented for 

all the materials with different matrix and Li-proportion  used along the thesis 

work . 
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1. State of the art 
 

When the ceramic breeder research started around 1970, there were really scarce 

or irrelevant data for lithium-based ceramics within this kind of application. The 

initial selection was based on the properties measured for un-irradiated materials. 

During a large time the development of breeder fabrication technology was only 

devoted to the manufacturing process based on the achievement of the spherical 

shape [127] and a good thermo-mechanical behaviour [128]. 

 

The pebble configuration was 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 cracking [23]. Several methods and ceramics were 

investigated to produce pebbles with the desired qualities, but only few of these 

could simultaneously achieve current requirement for basic characteristics [129]. 

Fabrication processes that have been or are being explored and developed include: 

solid ɀ state reaction [130]ɀ[133], solɀgel type process [134], [135], precipitation 

synthesis [136], combustion method [137], [138], wet process [139], melting spraying 

[36] and finally agglomeration/sintering and extrusion/spheronization method [140] 

for the achievement of the desired spherical shape.  

 

Though a spherical pebble shape is desired, there is no experimental critical 

evidence in a slight deviation from the spherical form, improving thermal, 

mechanical and irradiation behaviour. The pebble 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 

×ÉÔÈ ÐÅÂÂÌÅ ÄÅÎÓÉÔÙȟ ÔÈÅ ȰÓÍÅÁÒ ÄÅÎÓÉÔÙȱ Á ÆÉÔÔÉÎÇ ÆÏÒ ÔÈÅ ÔÏÔÁÌ ÁÃÈÉÅÖÁÂÌÅ ,É ÄÅÎÓÉÔÙ 

inside the TBM [141].  

 

The fabrication of these materials needs to take into account the recycling 

process, not only to recover the expensive 6Li-enrichment for effective resource 

use, but also for removing radioactive isotopes. Because of the cost involved in the 
6Li enrichment, the recovery of tritium  from wasted blanket is an important issue 

that could add interesting economic advantages to the selection of ceramics as 

breeder best option. 

The fraction of lithium-6 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 recover a 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 route [142], wet chemistry [143] 

and re-melting with an addition of lithium hydroxide hydrate [144]. It was observed 

that the re-melting process did not deteriorate the properties of the pebbles and 

that an 83% overall efficiency was achieved for the recovery of lithium carbonate 

even though it was not possible to remove the activated impurities [144].  

 

It can be stated that the research of the fabrication routes for the achievement 

of the best shape and mechanical properties have largely been studied and 

improved [133], [145]ɀ[147]. The next step regards the optimization of solid breeder 

blankets, taking into account other really important parameters like the effect of 

radiation and the light ions behaviour for 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 thermal stabilities cover a special interest considering that 

pebbles are subjected to neutron flux, thermal shocks, pressure and irradiation that 

may induce cracking. Their fragmentation may result into the degradation of the 

heat transfer parameter or a contamination of the purge gas, changing the tritium 

generation and the release performances but also affecting the shielding role of 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 route. Tritium 

production is almost proportional to the lithium atomic density [148]. The interest in 

increasing tritium inventory makes the fabrication of the over-stoichiometric 

compounds with higher lithium contents, a very interesting issue. The synthesis of 

these ceramics was shortly investigated in the past with scarce results [149], 

prioritizing the optimization of density, mechanical strength, shape and thermal 

conductivity. The compounds in the Li-Si-O system with different  lithium content are 

proposed in the present work as a tool for the comprehension of lithium effect on 

some important properties.  
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Considering its high lithium richness and good physic-chemical stability [145], the 

Orthosilicate (Li4SiO4, OSi or Li4) is selected as the European solid breeder 

candidate. The lithium metatitanate (Li2TiO3) is the candidate material selected by 

Japanese as the ITER-TBM candidate considering its really good thermo-mechanical 

behaviour [39], [150], [151]. EU-KIT group is now working on a new phase compound 

[35] which combine the advantages of a  phase rich in Li-ceramic, as the Li4SiO4, 

with the optimal thermal and mechanical stability of Li2TiO3.  

 

The effect of irradiation and light ions transport in these breeder blanket 

candidates (Li2TiO3 and Li4SiO4) is compared and discussed along all this thesis work 

with the aim of provide a complete comparative study on the best BB candidates. 

The fabrication of Li4SiO4 (orthosilicate, OSi) is explored in this chapter through 

different synthesis methods with the idea of achieving a quasi-spherical shape while 

searching for a higher Li:Si proportion. At the same time the Li2TiO3 (metatitanate, 

MTi), was characterized but not synthetized in our laboratories. Pellets with a 

starting commercial powder were fabricated and sintered.  

 

3. Powder characterization 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 capacity, mass changes..) changing with 

temperature. They include different methods, distinguished from one another by 

the property which is measured: thermo-gravimetric analysis (TGA) detects changes 

in the mass, differential thermal analysis (DTA) studies the temperature 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 decomposition products. 
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Figure 5.1: Furnace components for thermal analysis. 

 

The methods used for the thermal evolution study on the ceramics fabricated in 

the present work, are TGA and DTA. Thermo Gravimetric analysis (TGA) is basically an 

analytical technique in which 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, reactions that 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 Differential Thermal Analysis (DTA) the 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 cooling rates. During the heating step, the 

sample receives energy; as a consequence either a phase transition or an internal 

energy change can occur. From the thermal analysis, peaks are obtained. The peak 

area (A), which is related to enthalpy changes in the test sample, is that enclosed 

between the peak and the interpolated baseline and it is given by 

 

ὃ        (5.1), 

 

where m is the sample mass, q the enthalpy change per unit mass, g a measured 

shape factor and K the thermal conductivity of the sample. The calibration of the 
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apparatus is made on standard samples (at least two different), over specified 

temperature ranges [152]. 

Often different properties may be measured at the same time, as in the case of 

TG-DTA analysis as afterwards presented in this work, for the comprehension of 

ceramics thermal behaviour. In this work only the two described thermal analysis 

techniques are performed in the Ȱ#ÅÎÔÒÏ ÄÅ ÑÕýÍÉÃÁȱ of CIEMAT laboratories. A 

thermo-gravimetric analyser appending differential thermal analysis (DTA/TG), 

NETZSCH Instruments, was employed. The study has been performed in air from 

room temperature to 800 °C with a heating rate of 5 ºC/min. For eliminating the 

error, a baseline was measured at the same experimental conditions prior to the 

analysis.  

3.2. X-Ray Diffraction 
 

About the 95% of all the solid materials can be described as crystalline. 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 polycrystalline phases 

[153].  

 

 
Figure 5.2: A wave diffraction from a set of planes. In the inset the scattering vector K = ke - 

ki as the difference between the wave vector ke of the scattered wave, and the wave vector 

ki of the incident X-ray. 

 

When an X-ray beam hits 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 leaving the solid sample. If the waves are in phase and well 

defined X-ray beams leave the sample in various directions, the diffracted beam, a 

beam composed of a large number of scattered rays mutually reinforcing one 



5. Fabrication and chemical characterization 

 

5.76  

another, will be detected. The conditions for constructive interference are easily 

derived from the simple geometrical picture of the scattering of an X-ray beam by 

planes of atoms in a crystal, as shown in Figure 5.1. It is possible to talk about X-ray 

reflections from a series of parallel planes inside the crystal. The orientation and the 

interplanar spacing of these planes are defined by the three integers h, k, l called 

indices. A given set of planes with indices h, k , l cut the a-axis of the unit cell in h 

sections, the b axis in k sections and the c axis in l sections. A zero indicates that the 

planes are parallel to the corresponding axis. 

 

Constructive interference is observed for the X-rays reflected from the lattice 

planes at the specular angle, if the path length difference between X-rays scattered 

from different hkl-planes is an integer time the wavelength number. This condition 

is summarized in the Bragg law: 

 

Îʇ = 2dhkl ÓÉÎ ɉʃɊ     (5.2). 

 

Diffraction (i.e. constructive interference of the scattered X-rays) will occur if the 

Bragg condition (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 work were ÒÅÁÌÉÚÅÄ ÉÎ ÔÈÅ Ȱ5ÎÉÄÁÄ ÄÅ 

-ÉÃÒÏÓÃÏÐþÁ Ù !ÎÜÌÉÓÉÓ ÄÅ 3ÕÐÅÒÆÉÃÉÅȱ ÏÆ #)%-!4ȟ 3ÐÁÉÎȢ )Î ÔÈÅ ÃÁÓe of powder 

analysis the samples suspended in ethanol, were deposited as a uniform film on a 

glass sample holder. In the case of sintered pellet-samples, there was no need for a 

ÐÒÅÖÉÏÕÓ ÐÒÅÐÁÒÁÔÉÏÎȢ 4ÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÒÅÁÌÉÚÅÄ ÔÈÒÏÕÇÈ #Õ+ɻ1 radiation (with a 

ʇϾΣȢΧΦΡΧΨ Å), were ÃÁÒÒÉÅÄ ÏÕÔ ÁÔ ΦΡ Í! ÁÎÄ ΦΧ Ë6 ÉÎ ÁÎ ÁÎÇÕÌÁÒ Τʃ ÒÁÎÇÅ ÆÒÏÍ ΣΡΞ 

to 90º.  

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 the compound 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 molecule, 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 denser medium (refractive index n1) 

toward an optically rarer medium (refractive index n2, n1 > n2), a total internal 

reflection will occur at the interface of the two media. If the radiation angle of 

ÉÎÃÉÄÅÎÃÅ ɉʃɊ ÉÓ ÅØÃÅÅÄÉÎÇ ÔÈÅ ÃÒÉÔÉÃÁÌ ÁÎÇÌÅ ɉʃc), than it is defined as a function of 

the refractive indices of two media: 
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At each reflection, an evanescent field is extending into the adjacent optically rarer 

medium. If the optically rarer medium is absorbing IR radiation, the 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 sample is normally placed in close contact 

with a more-dense, high-refractive-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 reflection and the penetration depth 

decrease with increasing angle of incidence [155]. 

 
Figure 5.3: Schematic representation of multiple internal reflection effect in Attenuated 

Total Reflectance (ATR). 

 
The characterization carried out in this work employed a Nicolet 5700 IR 

spectrometer in the range of 4000-400 cm-1, coupled with a smart performer single-

reflection ATR (attenuated total reflectance) accessory that operates by measuring 

the changes occurring in a totally internally reflected infrared beam 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 atomic ions or 

ionized molecules which have been sputtered from the sample using a primary 

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 many elements. 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 sample 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. 

 
Figure 5.4: Principles of SIMS technique: an ion beam ionizes the elements of a sample, 

further detected by mass 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 technique permits 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 a qualitative technique, although 

quantitation 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 capable to furnish information on the 

impurities with really low concentration in the material. Moreover, the specific 

character of the mass-spectrometric method entails the optimal mass resolution 

and sensitivity [156]. 
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The SIMS HIDEN Workstation of the LNF-Ciemat laboratories works in the 

dynamic mode with a 6 kV, 800 nA O/Ar ion gun as the primary ion source or a 5kV, 

150 nA Cs primary ion beam. The chamber vacuum pressure is better than 5*10-7 

mbars and it is provided with a quadrupole mass spectrometer. Thus static SIMS 

(SSIMS) was used for our measurements, with the aim of obtain sufficient signal for 

a compositional analysis of the surface, without removing a significant fraction of a 

monolayer. A very low ion flux was used to ensure that each ion was statically-likely 

to impact upon the undamaged surface and that the sputtered secondary ions 

could be representative of the original surface. 

 

3.5. Density and porosimetry 
 

4ÈÅ ÄÅÎÓÉÔÙ ʍ ÉÓ ÁÎ ÅÌÅÍÅÎÔÁÒÙ ÐÈÙÓÉÃÁÌ ÐÒÏÐÅÒÔÙ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ȰÃÏÍÐÁÃÔÎÅÓÓȱ 

of matter within a substance defined as the ratio of its mass m to its volume V: 

 

”                       (5.4). 

      

The density can assume different values depending on the method used to 

measure the volume of the particle. It is possible to distinguish among three 

different possibilities: the true density, the pycnometric density and the granular 

density. The true density is the average mass per unit volume, excluded all voids. The 

true density of a perfect crystal can be determined from the size and composition of 

the unit cell (theoretical density). The pycnometric density uses a gas pycnometer 

and the volume occupied is determined by measuring the volume of gas displaced. 

It is quite equal to the true density unless if the material contains impenetrable 

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 pressure. It 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 sample [157]. Its 

limitation consists in the fact that it measures the largest entrance 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 entering. For the measurement of pore 

shape the Washburn equation is used: 
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It relates the pressure difference across the curved mercury interface (r1 and r2 

describe the curvature of that interface), to the corresponding pore size (rpore) using 

ÔÈÅ ÓÕÒÆÁÃÅ ÔÅÎÓÉÏÎ ÏÆ ÍÅÒÃÕÒÙ ɉɾɊ ÁÎÄ ÔÈÅ ÃÏÎÔÁÃÔ ÁÎÇÌÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÁÍÐÌÅ ÁÎÄ 

ÔÈÅ ÍÅÒÃÕÒÙ ɉʃɊȢ 4ÈÅ ÐÁÒÁÍÅÔÅÒ ÍÏÓÔ ÁÆÆÅÃÔÉÎÇ ÔÈÅ ÒÅÁÌ ÒÅÓÕÌÔÓ ÈÁÓ ÂÅÅÎ ÐÒÏÖÅÄ ÔÏ 

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 part, thus the size of the smallest pore is limited by the maximum 

pressure. Blind pores, cross-limited pores and through pores (see Figure 5.5) can be 

measured. 

 

 
Figure 5.5: Schematic representation of the different kind of pores. 

 

Ceramics are generally porous 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 refer to those pores that have become sealed with the grain 

structure. The measurements were carried out in the ICV-CSIC centre in Madrid with 

a Quantachrome poremaster 5.10, being the Hg surface tension 480 erg/cm2 and the 

Hg contact angle of 140º. 

 

3.6.  Electron Microscopy  
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Electrical microscopy is a technique which provides ȰÌÏÃÁÌȱ ÉÎÆÏÒÍÁÔÉÏÎ ÏÆ ÔÈÅ 

studied material. The resolution scale depends on the microscopy and the 

technique used. 

In SEM (Scanning Electron Microscopy) a source of electrons is focused into a fine 

probe that is rastered over the surface of the specimen. As the electrons strikes 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 emitted are 

collected by appropriate detectors [159]. New SEM microscope as a field emission 

gun (FEG-SEM), 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. 

 

Figure 5.6: Scheme of the interactions among the electron beam and the matter, where the 

different scattered particles are evidenced.  

 

Primary electrons enter through the surface with an energy of 0.5 ɀ 30 kV and 

generate many low energy secondary electrons. An image of the sample surface can 

thus be constructed by registering secondary electron intensity as a function of the 

position of the scanning primary electron beam. In addition to low energy 

secondary electrons, backscattered electrons and X-rays 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. Hence, some 

qualitative 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 beam-scanning electron microscope (FIB-

SEM) present in LNF-CIEMAT laboratory offers very high resolution of up to 2.5 nm 

also at low acceleration voltage of 1 kV and was successfully used to image and 

analyse the composition of samples studied along this work. 
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In a transmission electron 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 potential.  The 

electrons are then focused by electrostatic and electromagnetic lenses onto the 

sample and the transmitted beam is used to form an image [160]. 

TEM specimen preparation can be a complex procedure. Samples are required to 

have a thickness almost comparable to the mean free path of the electrons that 

travel through the samples, which may be only a few tens of nanometers [161]. 

Mechanical polishing is used to prepare samples, even if additional fine methods 

such as ion etching may be required to perform final stage thinning. Polishing needs 

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 specimens of lithium based ceramics were prepared after 

thermal evaporating a W thin layer (about 6 nm) to protect the implanted alumina 

surface grains from a severe and quick ion thinning. Then the W-coated implanted 

surfaces were face-to-face glued, sectioned perpendicular to the irradiation surface 

and thinned by means of mechanical dimpling and cooled ion milling (Ar+ ions, 5-8º 

milling angle). Preparations were finished until perforation occurred at the W-W 

interface [163] (see Figure 5.7).  
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Figure 5.7: Cross section preparation of specimens for TEM characterization. The 

implantation surface was protected before ion beam milling. 

Specimens were examined using a TEM (Philips TECNAI 20T) operating at 200 kV 

and equipped with a x-ray energy dispersive spectrometer (EDS) ÉÎ ÔÈÅ ȰCentro 

Nacional de Microscopía Electrónicaȱ ÏÆ 5#--Madrid. 

 

4. Synthesis processes of Li-Si powders 
 

The main line of ceramic breeder materials research and development is based 

on the production of quasi-spheroid pebbles with small diameter (Ø < 1 mm) [164], 

[165], synthesized by different methods [31]. 

 

The attainment of lithium silicates is given by the reaction between silica and 

lithium oxide in the correct molar ratio to obtain: 

 

xSiO2 + xLi2O Ą LixSixOx                         (5.6) 

 

where in the case of increasing temperatures (up to 800 ºC) or in presence of 

impurities, the compounds can decompose into: 

 

Li4SiO4 Ą Li2SiO3 + Li2O                      (5.7) 

Li6SiO5 Ą Li4SiO4 + Li2O                      (5.8) 

Li8SiO6 ĄLi4SiO4 + 2LiO2                     (5.9) 

 

and their mixture, hindering the achievement of a unique phase [166]. 

 

Along the thesis work, three different routes are experimented for the 

achievement of spherical shapes. The final characterization and results are shown 

only for the two compositions with high Li-content: Li4SiO4 and Li8SiO6. 

 

I. Solid-state method (SS)  
 

The conventional solid-state 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):  

 

xLi2CO3 + xSiO2  ĄLinSiOn                         (5.10), 
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with x = 1 for the Li2SiO3 composition, x = 2 for the Li4SiO4 composition, x = 3 for the 

Li6SiO5 composition,  x = 4 for the Li8SiO6 composition, the different phases are than 

obtained.          

 

The raw materials, Silica (Davisil- Scharlau 100-200 mesh, > 99%) and Li2CO3 

(Aldrich > 99%) were manually mixed in an agatha mortar during 30 minutes. The 

mixture was put in a Al-crucible and heated in an Ar-atmosphere oven during 24 h 

(Figure 5.8, Flux diagram I). The calcination temperature varied between 650 and 

950 ºC depending on the composition. 

           

 
 

Figure 5.8: Flux diagram of solid state (SS) method. 

 

II. Suspension dried in a Rotary Evaporator (RV)  
 

The compounds were prepared starting from amorphous silica gel (suspension of 

Ludox TMA colloidal silica 34%) and a water solution of lithium citrate (Aldrich 

hydrated Li3C6H5O7, 99%) (Figure 5.9, Flux diagram II) reacting as: 

 

xLi3C6H5O7 +xSiO2 + xO2 Ą xLixSixOx + xH2O + xCO2                  (5.11). 

 

After mixing the raw material during 15 minutes, it was fired in an open oven at 250 

ºC during 12h for the organic residue elimination. The ceramic was then smashed 



5. Fabrication and chemical characterization 

 

5.85  

manually in an agatha mortar and subsequently milled in alcoholic media through a 

ball milling during 1 h. The fine powder obtained in ethanol media, was dried during 

30 minutes in a rotary evaporator using a 50 ºC water bath and a pressure of 102 

mbar, at a constant rotary velocity. The powder obtained was heated at 750 ºC 

during 10 h in air, thus smashed, milled and dried again till a final thermal treatment 

at 950 ºC during 10 h in air. 

 

           
 

Figure 5.9: Flux diagram for rotary evaporator method (left) and rotary evaporator 

instrumentation (right). 

 

III. Spray Drying Technique (SD)  
 

The spray-drying technique is a solvent vaporization method widely used in the 

ceramic industry 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 powder was slowly added to the 

suspension inducing the following chemical reactions (Figure 5.10, Flux diagram III): 

 

xC8H12O8Si + xC2H3O2Li + xO2 ĄLixSixOx + xCO2 + xH2O                (5.12). 
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After a rather extensive stirring (about 2-3 h), the uniform milky suspension was 

connected to the Mini spray-drier Buchi B-290 and the parameters adjusted, like the 

molar concentration of the suspension (0.4 Mol) and the outer temperature of the 

vapour steam (170 ºC),  for obtaining of rounded-shaped final products [167].  

 

                
 

Figure 5.10: Flux diagram of spray drying (SD) technique (left) and a schematic 

representation of the Spray drier machine.  

 

The suspension was 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 solid was collected in a cyclone. All the process was able to 

provide about 0.45 gr of material in 3 h. 

The material obtained was calcined at temperatures varying from 600 to 800 ºC. 

 

5. Characterization of Li4SiO4 and Li8SiO6 ceramics 
 

All the powdered compositions obtained from the described methods were 

processed as pellet discs and sintered.  

Powders were sieved through Á ΣΡΡ ʈÍ ÍÅÓÈ ÁÎÄ ÉÎÓÅÒÔÅÄ ÉÎ Á ÐÌÁÓÔÉÃ ÓÍÏÏÔÈ 

cylinder, avoiding air bubbles. Once closed, the cylinder was pressed in an isostatic 

press at 250 MPa during 15 minutes. The compacted rod obtained was cut into 2mm 

discs, using acetone as medium for cooling and minimizing secondary effects 

caused by friction.  
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The discs obtained, dried in air during 10 minutes, were thus ready for sintering. 

In order to increase the density of the ceramic compounds, a study on the heating/ 

cooling ramp and the maximum sintering 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 density was researched, working in an air atmosphere 

with heating and cooling ramps of 5 ºC / 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. The 

objective is the evaluation and the selection of the best manufacturing process, able 

to provide a quasi-spherical shape preserving the physic-chemical stability and 

besides the possibility of achieve a material with higher lithium density [169]. For 

practical reasons only the results obtained in two materials are presented: the BB 

candidate composition (Li4SiO4) and the silica-based compound with the highest 

Li:Si proportion (Li8SiO6) (see the phase diagram of Figure 2.4 in the Chapter 2).  The 

interest in a ceramic with higher Li-content, strictly related to the TBR factor 

improvement, was one of the objectives to 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 
 

Figures 5.11 a, b, c, show the DTA diagrams registered in the powders obtained in 

the final step of synthesis process in the case of all methods used. 

Endothermic peaks at quite low temperatures (around 100 ºC), are observed. 

They are associated to the loss of organic material given by some volatile precursor. 

The peaks appear in correspondence of weight losses detected by thermo-

gravimetric (TG) analysis. 

In solid state synthesis (figure 5.11 a) 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 ºC), are 

associated to a weight increase in the TG curves. They are ascribed to the chemical 

reactions between SiO2 and Li2CO3. The small endothermic peak observed above 

700 °C could be related to the volatilization of lithium or lithium -oxides. 
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The thermal characterization of powders produced by RV and SD synthesis 

(Figures 5.11 b and c) highlights the combustion process of the organic species, after 

water loss, at low temperatures (Figure 5.11 b, RV method).  

In the case of the RV process, the formation of an intermediate compound 

around 300 °C and its sudden combustion at about 350 °C corresponding to a weight 

loss of the 20% for the Li8SiO6 or the 30% in the case of Li4SiO4, is observed. A final 

nucleation at about 450 °C without any weight loss is observed in the Li8SiO6 curve. 

 
Figure 5.11: DTA (lines) and TG (dots) diagrams of the routes: a) Solid State, b) Rotary 

Evaporator, c) Spray Dryer, d) Reflux, for the ortosilicate (Li4SiO4 red lines) and oxosilicate 

(Li8SiO6 blue dot-lines) ceramic powders, obtained in the final step of the synthesis 

processes. 

 

0

20

40

60

80

100

-200

0

200

400

600

800

1000

0 200 400 600 800 1000

Spray Dryer (c)

TG Li
4
SiO

4

TG Li
8
SiO

6

DTA Li
4
SiO

4

DTA Li
8
SiO

6

T(ºC)

70

75

80

85

90

95

100

-60

-40

-20

0

20

40

60

80

100 300 500 700 900

Solid State (a)

TG Li
4
SiO

4

TG Li
8
SiO

6

DTA Li
4
SiO

4

DTA Li
8
SiO

6
40

50

60

70

80

90

100

-250

-200

-150

-100

-50

0

50

100

0 200 400 600 800 1000

Rotary Evaporator (b)

TG Li
4
SiO

4

TG  Li
8
SiO

6

DTA Li
4
SiO

4

DTA  Li
8
SiO

6

Tº(C)



5. Fabrication and chemical characterization 

 

5.89  

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 5.11 

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 % is registered, as expected by the chemical reaction.  

Finally it is interesting to note that the thermal diagrams of the materials are 

similar within each synthesis method, with a pronounced weight loss in the case of 

the lower lithium-content ceramic. 

 

5.2. Study of crystalline phases: X-Ray Diffraction 
  

The Figures 5.12 a, b, c, and d show the XRD patterns of Li4SiO4 sample obtained 

after the last calcination process in the three fabrication methods here studied.  
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Figure 5.12: XRD patterns found in the Li4SiO4 calcined powder obtained following the three 

fabrication routes: a) Solid State, b) Rotary Evaporator, c) Spray Dryer(Li4SiO4 peaks (+) and 

Li2SiO3 peaks (x)). 

 

The SD and RV methods provide a single and highly crystalline orthosilicate phase 

(figure 5.12 b and c), while the SS route lead to the synthesis of a highly crystalline 

material always associated to the metasilicate phase (Li2SiO3). 

 

The figures 5.13 a, b, c, show the XRD patterns obtained in the case of the SS, RV 

and SD methods respectively for the Li8SiO6 sample after the calcination treatment 

at 650 ºC / 2 hours.  
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Figure 5.13: XRD patterns for the Li8SiO6 calcined powders obtained following the three 

methods: a) Solid State, b) Rotary Evaporator and c) Spray Dryer (Li4SiO4 (+), Li2SiO3 (x), 

Li8SiO6 (*), Li2CO3 (#)). 

 

As reported in literature [149] the achievement of this phase is quite complex 

except for the solid state reaction (SS, figure 5.13 a), able to provide the compound 

together with orthosilicate and other minority phases. With the spray dryer (SD) 

process (figures 5.13 c), a small amount of this phase is detected while with the 

rotary drying route (RV, figure 5.13 c) it is completely non-existent. Nonetheless 

these results in 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 Li-proportion, relevant features for breeder blanket 

application. 

  

5.3. Attenuated Total Reflectance - Infra Red Spectroscopy 
 

In the figures 5.14 a, b and c the results of ATR-IR spectroscopy for the mid-IR 

region applied to calcined powders obtained by using the three different fabrication 

routes, are presented. 

The first intense bands appear in the range of 1400-1500 cm-1 for the materials 

prepared by RV and SD methods, being almost absent in the ceramic synthesized by 

mixing oxides (SS). The 1430-1460 cm-1 peaks are probably caused by the Li2CO3 

present as raw material, considering the results reported in previous studies on the 

CO3 vibrational modes [90], [170]. 

 

Several studies [171], [172] report that the isolated SiO4 structure presents a 

strong absorption band around 1000 cm-1 caused by the Si-O asymmetric stretching 

vibration, while the absorption band near 800 cm-1 is due to the Si-O holosymmetric 

stretching vibration. The vibration due to the SiO4 structure is a triple degenerative 

splitting in three vibrations in the case of the Li4SiO4 structure. Bands at 1080, 740 

and 847 cm-1 are attributed to the Si-O stretching bond in the silica tetrahedra, while 

the bands at 600 and 580 cm-1 are related to the bending vibrations. The band at 

475 cm-1 is attributed to the deformation mode of SiɀOɀSi. Likewise in the Li4SiO4 

structure, the band at 565 cm-1 is associated to the stretching vibration of the Si-O-Li 

bond, and the absorption bands in the range between 465 and 395 cm-1 are due to 

symmetric and asymmetric stretching vibrations of the Li-O bonds in the LiO4 

tetrahedra [173]. 
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The identification of those bands corresponding to the SiO4 tetrahedral structure 

is clear in all the materials. In the case of the Li8SiO6 ceramics the bands overlap 

appearing wider and shifted to lower wavenumbers. When different types of 

compounds (such as Li2SiO3 and Li4SiO4) coexist, the IR-spectra are complex to 

interpret and the bands corresponding to the different phases tend to overlap 

being close in wavelength. In the Li8SiO6 case it is especially evident: the single chain 

structure of the Li2SiO3 has three strong absorption bands in the region of 850-1100 

cm-1 coexisting with the isolated SiO4 tetrahedral structure of the orthosilicate 

which exhibits strong bands between 800 and 1040 cm-1.   

 

 

Figure 5.14: IR spectra of the final phases found in the Li4SiO4 (line)  and Li8SiO6 (dot-line) 

materials for the methods: a) Solid State, b) Rotary Evaporator, c) Spray Dryer. 
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5.4. Microstructure of powders by SEM 
 

Figure 5.15 (a to c) shows the morphology characterization of the two selected 

powders fabricated by the three synthesis methods. The SEM images evidence that 

only the SD-method is able to provide perfectly spherical powders (Figures 5.15 c). 

The size distribution of particles varies between 1 and 12 microns without signs of 

coalescence. The ceramics specimens obtained by the SS reaction are large rounded 

aggregates formed by the coalescence of very small primary particles of few 

nanometers (Figure 5.15-5.16 a). The RV method provides particles with rounded 

appearance and small homogeneous size of about one micron agglomerated after 

sintering (Figure 5.15-5.16 b). 

 

 

 
Figure 5.15: SEM captures of the particles of Li4SiO4 material obtained by Solid State (a), 

Rotary Evaporator (b) and Spray Dryer (c) synthesis route. 
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Figure 5.16: SEM captures of the particles of Li8SiO6 material obtained by Solid State (a), 

Rotary Evaporator (b) and Spray Dryer (c) synthesis route. 
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5.5. Primary conclusions 
 

The achievement of the spherical form by Spray drier method is really slow (0.45 

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 the three 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 Li-ceramics: the effect of Li-content in dense bodies 
 

Once selected the method, several compositions in the Li2O-SiO2 system have 

been synthesized following the intermediate rotary evaporator route till the 

sintering of compressed powders listed in Table 5.1. The pellet form is selected as 

the best one for the studies of volume electrical behaviour, irradiation effect and 

light ion transport.  

 

Table 5.1: Best sintering temperatures for all the ceramic compositions studied. 

 

Compositions Li2Si2O5 Li2SiO3 Li4SiO4 Li6SiO5 Li8SiO6 Li2TiO3 
 

Li:Si 
proportion 

1:2 1:1 2:1 3:1 4:1  
 

Sintering 
conditions  

950 ºC / 
2 h 

1000 
ºC / 2h 

950 ºC 
/2h 

1000 
ºC /2h 

650 ºC 
/2h 

1150 ºC 
/ 2h 

 

 

In the last column, the metatitanate material, sintered from commercial powders 

is added. It is largely used along the thesis and its 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 titanium-based material is added. This material is sintered 

from a commercial powder (99.9 % Alfa Aesar). 
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Table 5.2: Phases identified by XRD for each Li-based ceramics prepared in CIEMAT-LNF 
laboratory. 

 

Compositions Li2Si2O5 Li2SiO3 Li4SiO4 Li6SiO5 Li8SiO6 Li2TiO3 

New 
nomenclature 

Li1 Li2  
Li4 

(OSi) 
Li6 Li8 (MTi) 

Crystalline 
Phases 

Li2Si2O5 

SiO2 

Li2SiO3 

Li2Si2O5 

Li2SiO3 

Li2CO3 
Li4SiO4 

Li4SiO4 

Li2SiO3 

Li4SiO4 

Li2CO3 
Li2TiO3 

 
 

b) Secondary ion mass spectrometry    
 

SIMS technique is here used as elemental analyses with the aim of identify all the 

impurities present in each compound. In this form the following information (see 

Figure 5.17) about all the elements present in the surface, is obtained. 

 

Sample handling and its storage are the responsible of some of the impurities 

find (K, P, Na, Cl).  

Main of them are derived from the raw material used (Aldrich hydrated 

Li3C6H5O7, 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 have a detailed knowledge of the trace impurities in these 

ceramics is important when studies related to the electrical properties are 

preformed, considering that the presence of defects in an insulating material can 

lead to the creation of intermediate levels in the energy gap facilitating the process 

of conduction of the electric charge. 
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Figure 5.17: Static SIMS spectra for the elemental analysis of the ceramics fabricated. 

 

 

c) Density and pore distribution 
 

Pore size distribution data generated by mercury porosimetry cover 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.  

 

4ÁÂÌÅ ΧȢΥȡ -ÁÉÎ ÄÅÎÓÉÔÙ ÁÎÄ ÐÏÒÏÓÉÔÙ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÆÏÒ ÁÌÌ ÔÈÅ ÃÅÒÁÍÉÃ ÓÐÅÃÉÍÅÎÓȢ 

Compositions Li1 Li2 Li4 Li6 Li8 MTi 

Densityth (gr/cm3) 2.48 2.33 2.22 2.17 2.13 3.43 

Densityexp(gr/cm3) 1.225 1.95 1.64 1.41 0.84 2.7 

-ÅÁÎ ÐÏÒÅ ÄÉÁÍȢ ɉʈÍɊ 2.353 1.557 2 ɀ 0.6 0.1;0.025 5.850E+01 3.5  

Open porosity (%) 24.5 % 42 % 34.8 % 5.3 % 17.1 % 16.3 % 

 

From the analysis of the Table 5.3 many interesting differences can be observed 

among the different silicate-compositions first and the MTi after. The materials with 

higher lithium content result to be the ones with lower opened porosity percentage 

(Li6 and Li8). At the same time Li8 composition is the 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 formation of rounded particles, to measure the 

size of grains and to observe the presence of amorphous phases.  

0ÒÉÏÒ ÔÏ 3%- ÏÂÓÅÒÖÁÔÉÏÎȟ ÓÉÎÔÅÒÅÄ ÓÐÅÃÉÍÅÎÓ ÁÒÅ embedded in a resin and let dry 

during 12 hours; then it is polished using sandpaper and finally a diamond medium of 

different grain (from 220 to 1 ʈÍɊ achieving a mirror like polished surface. Finally it 

is ÔÈÅÒÍÁÌÌÙ ÅÔÃÈÅÄ ÄÕÒÉÎÇ ΥΡ ÍÉÎ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅÓ ÓÌÉÇÈÔÌÙ ÌÏ×ÅÒ ÔÈÁÎ ÔÈÅ ÓÉÎÔÅÒÉÎÇ 

ÏÎÅ ÔÏ ÒÅÖÅÁÌ ÔÈÅ ÇÒÁÉÎ ÂÏÕÎÄÁÒÉÅÓȢ Being ÓÁÍÐÌÅÓ ÅÌÅÃÔÒÉÃÁÌ ÉÎÓÕÌÁÔÏÒÓȟ ÔÈÅÉÒ 

ÓÕÒÆÁÃÅÓ ÁÒÅ ÃÏÖÅÒÅÄ ÂÙ ÁÎ Å-ÂÅÁÍ ÄÅÐÏÓÉÔÅÄ ÃÁÒÂÏÎ ÌÁÙÅÒȟ ×ÈÉÃÈ ÐÒÅÖÅÎÔÓ ÔÈÅ 

ÍÁÔÅÒÉÁÌ ÇÅÔ ÃÈÁÒÇÅÄȢ  

 

 
   

Figure 5.18: SEM images of the polished 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 5.18), the microstructural differences among the 

polished surfaces of the compositions fabricated following the rotary evaporator 

route is shown.  
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The MTi sample presents a rather compact surface, data confirmed by the really 

low open porosity. In the case of samples Li1 and Li2, an amorphous phase acting as 

grain compact can be detected. The Li4 and Li8 surfaces show a lot of cavities and 

quite small grains, being the Li8 the one wÉÔÈ ÔÈÅ ÓÍÁÌÌÅÒ ÓÉÚÅ ɉЁΤ ʈÍɊȢ 4ÈÅ last three 

compositions (Li4, Li6 and Li8), all multi-phasic, present several sized grains. In the 

case of Li6 (E) the bimodal microstructure is marked by a strong difference between 

ÔÈÅ ÂÉÇÇÅÒ ɉΨ ʈÍɊ ÁÎÄ ÔÈÅ ÓÍÁÌÌÅÒ ÇÒÁÉÎ ɉΡȢΣΧ ʈÍɊȢ   

 

)Î ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ -4É ÓÐÅÃÉÍÅÎÓȟ Á 3%- ÓÔÕÄÙ ÒÅÖÅÁÌÓ ÔÈÅ ÈÉÇÈ ÄÅÇÒÅÅ ÏÆ 

ÃÒÙÓÔÁÌÌÉÎÅ ÏÒÉÅÎÔÁÔÉÏÎ ÖÉÓÉÂÌÅ ÔÈÒÏÕÇÈ ÐÏÒÅÓ ɉÓÅÅ &ÉÇÕÒÅ ΧȢΣΫɊȢ  

 

&ÉÇÕÒÅ ΧȢΣΫȡ 3%- ÉÍÁÇÅ ÏÆ ÔÈÅ -4É ÐÏÒÅÓȢ ! ÌÁÍÉÎÁÒ ÓÔÒÕÃÔÕÒÅ ÉÓ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ÆÒÁÃÔÕÒÅ ÏÆ 

ÔÈÅ ÓÁÍÐÌÅȢ 

7. Discussion 
 

Different experimental techniques have been investigated for the fabrication of 

two lithium-based silica ceramics: the orthosilicate (Li4) and the oxosilicate (Li8) as 

possible candidates with high Li-content for fusion breeder blanket application. 

 

 The synthesis of orthosilicate is easy to follow regardless the method used. The 

crystalline lithium orthosilicate is built up from isolated SiO4 tetrahedrons 

connected by LiO-polyhedra. The SiO4 tetrahedron is very irregular and so lithium 

ions can be coordinated by 4, 5, or even 6 oxygen ions [174], [175]. The IR 

spectroscopy is very sensitive to the morphological and structural changes of the 

matrix originated by the variations in the sample composition [176]. This is the case 

of the typical transverse optical modes for glassy silica at 1085 cm-1 and the shoulder 

around 1200 cm-1, perfectly identified in the Li4SiO4 composition obtained by the 

solid state synthesis, probably displaced to lower wavelengths in the case of the 
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other two fabrication processes (RV and SD) because of the different crystallization 

degree.  

The oxosilicate-phase is obtained only by solid state synthesis 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 Li8SiO6 

lattice structure is isotopic to the Li8CoO6 or Li8GeO6 crystals [62]: near the SiO4 

tetrahedrons the Li-atoms can be positioned at the vertices of LiO4 pyramids, 

creating trigonal bi-pyramids, or in the centre of Si tetrahedrons in a tetrahedral 

coordination. As stated by the theory of cluster self-organization for crystal-forming 

systems [177], the nanoclusters are self-assembly of primary chains. Thus the shift to 

a lower wavenumber of the Si-O-Si stretching vibration found in IR spectra is related 

to the degree of polymerization and the connection of Li atoms [178], considering 

that impurities and secondary phases are present. This complex structure gives rise 

to an overlapping of the vibrational bands in the range of 750-950 cm-1 resulting in 

the spectra shown in Figure 5.14.  

 

In the second part of the work, the fabrication of several Li-Si compositions with 

different Li:Si proportion is presented. The achievement of the spherical form by 

Spray drier method is really slow (0.15 gr in 1 hour), 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 the three methods. The synthesis with the other fabrication routes has been 

applied only to some of the compositions not being the 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 volatility [56]. The loss of lithium 

would avoid the evolution of the reaction, so for an assured achievement of the 

over-lithium phases, working with an excess of lithium is recommendable. It 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 

Li2O-SiO2 diagram (Chapter 2, Figure 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 materials was not improved. Other authors have tried 

out the synthesis of these phases, with no good results [149].  
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Finally the observed double-phase structure in some of the manufactured 

ceramics, together with the bi-modality of grain size found for 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 concept [35] with improved features.  

 

8. Conclusions 
 

The principal objective of this part is the manufacturing of a rounded-shaped 

powder with good crystallinity. Only the Spray Dryer route provides homogeneous 

in phase particles, satisfying the requirement for a soft, spherical powder but with a 

really slow fabrication rate (0.15 gr/h). At the same time the rotary evaporator 

method offered rounded polycrystalline aggregates and a faster rate production. 

Thus this method was the one selected for the fabrication of the ceramics used for 

next experiments. 

 

The fabrication of a high-Li-content ceramic has been attempted. The results 

show that the synthesis of Li4SiO4 is easy to achieve regardless the method used, 

while the Li8SiO6 is obtained by solid state and spray drier route, in small proportion. 

This last composition presents a really low sintering point (650 ºC), which makes it 

not suitable in many experimental conditions.  

Several ceramics with varying lithium content were fabricated. The achievement 

of a unique phase was quite difficult, all the silica-based ceramics presenting more 

than one phase. Working with ceramics presenting a different Li-content, plays a 

special interest in relation to the Lithium burn-up factor regardless the purity-in-

phase. 

 

Starting from all these considerations the electrical propÅÒÔÉÅÓ ÁÆÔÅÒ ɾ-ray damage 

is presented in Chapter 6 for all the presented compounds, with the aim of observe 

the role of Li-content, ceramic matrix and microstructure. On the other hand the 

experiments on light ion behaviour presented in Chapter 7 were performed only on 

the two main candidates (MTi and Li4), plus a third composition with higher lithium 

content (Li6). This last composition was selected because of its peculiar bimodal 

grain microstructure, really low open porosity, for its high lithium content and 

because of its better thermal qualities.  
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CHAPTER  6 
 

 

 

ELECTRICAL  MEASUREMENTS  AND   

ɾ - RADIATION  EFFECT  
 

 

 
The electrical measurements in insulators materials provide important 

information on the creation of defects. Varying the lithium content and the 
gamma irradiation dose, a study on the electrical changes in breeder ceramics is 

here proposed. The results are used as an indirect measurement for getting 
information on tritium mobility and ceramic behaviour during Li-burn up. 

 

 

 

1. The effect of radiation on electrical properties 

2. Electronic structure of breeder blanket ceramics 

3. Fundamentals of Impedance Spectroscopy 

4. Experimental procedure 

5. Li-content variation versus electrical conductivity 

6. The electrical behaviour of Li-orthosilicate 
6.1. Results 
6.2. Discussion 

7. The electrical behaviour of Li- metatitanate 
7.1. Results 
7.2. Discussion 

8. Positron annihilation spectroscopy on gamma irradiated ceramics 

9. Indirect measurements: T mobility and Li-burn up effect 

10. Conclusions 
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1. The effect of radiation on electrical properties 
 

The breeder blanket materials will be exposed to several types of irradiations: 

ÎÅÕÔÒÏÎÓ ×ÉÔÈ ÅÎÅÒÇÉÅÓ ÕÐ ÔÏ ΣΦȢΣ -Å6ȟ ɾ-rays, tritons of 2.7 MeV and helium of 2.1 

MeV produced by lithium transmutation. For insulators in general, radiation fields 

deposit far more energy in the materials through electronic excitation process than 

through an atomic displacement process. Hence if radiolysis takes place efficiently, 

permanent structural changes will proceed far more quickly [179]. 

Among the variations created by the radiation, the ones in the electrical 

properties are extremely important: if the blanket zone forms a close circuit 

because of changes in the electrical configuration then also the magnetic field of 

the near magnets may be affected [180]. At the same time these properties reflect 

important features of the structure, providing information on the creation of 

defects, the presence of impurities or the ion movement in the lattice [74].   

Several types of electrical degradation due to radiation have been recognized 

and investigated, among them it is noteworthy the Radiation Induced Conductivity 

(RIC) effect and the Radiation Induced Electrical Degradation (RIED) [181]. 

The radiation-induced electrical conductivity (RIC) causes the excitation of 

electrons from the valence to the conduction band, inducing a large electrical 

conductivity and the degradation of the electrical insulating ability [182]. Among the 

degradation mechanisms observed during the study of radiation effects in nuclear 

ceramics, this is undoubtedly one of the most important [183].  

The phenomenon of radiation induced electrical degradation (RIED), which 

implies a permanent increase in electrical conductivity, is potentially one of the 

most crucial problems for insulating ceramics not only from the point of increasing 

the electrical conÄÕÃÔÉÖÉÔÙ ÔÈÒÏÕÇÈ Á ÄÅÇÒÁÄÁÔÉÏÎ ÏÆ ʎ0 (conductivity), but also 

because it has been still not fully understood.  

 

Among the different ionization sources responsible of changes in electrical 

properties, the present work focuses on the gamma-radiation effect in breeder 

blanket ceramics. Gamma-radiation presents three modes of physical interaction 

with the matter: (a) photoelectric effect ɀ from 0.01 to about 0.5 MeV, (b) Compton 

scattering ɀ from about 0.3 MeV to 8 MeV, and (c) pair formation 

(electron/positron), 5 MeV to 100 MeV [184]. Ionization is a secondary effect which 

results to be quite important in the case of insulators: when ceramics are subjected 

to gamma-rays, the electronic defects created involve changes in valence states of 

the whole crystal. This irradiation suppresses the polarization properties of 

ceramics, helps the migration of defects and changes the mobility of domain walls 



άȢ %ÌÅÃÔÒÉÃÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ɾ ɀradiation effect 

 

6.104  

and Curie temperature [185]. Thus its effect on the electrical properties of insulating 

materials may provide interesting 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 study ionic defects and their transport 

properties in a material. The Electrochemical Impedance Spectroscopy (EIS) analysis 

is a non-destructive tool which can elucidate transfer mechanisms and dynamics of 

the principal charge carrier along the entire volume of the material [151], [186]. 

As a support and with the aim of identifying the nature of the defects created by 

gamma irradiation, Positron Annihilation Spectroscopy technique (PAS) is used in 

this thesis. The measurements in the as-prepared conditions are compared with the 

ones after irradiation and after thermal treatments, identifying the nature of some 

defects.  

The aim of these experiments is not only the study of radiation effects on 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 decreases. It is estimated that the 6Li burned-up after 10 years of 

operation is the 79-89 % [187]. This could imply a decrease in the TBR factor, and 

probably the variation of other parameters (such as the electrical properties). The 

present study on the electrical behaviour in ceramics with different Li-content may 

be considered as a first approximation for the understanding of lithium burn-up 

effects. At the same time it has been reported that irradiation defects could affect 

tritium recovery process [188], [189] through degrading mechanical and electrical 

properties of tritium blanket material (TBM) [190],[191]. Moreover ionic conductivity 

studies suggest that the mechanism of tritium diffusion is intimately associated to 

the Li+-ion one [117], [192]. The places occupied by tritium  in the crystal network are 

supposed to be related to those left empty by the transmutation of lithium, and 

from those created by the irradiation defects. Therefore one can theorize that the 

mobility of tritium will be strongly related to the places that lithium occupies in the 

crystal structures and to its mobility through the lattice [193].  

Electrical measurements are used as a tool for understanding the general effect 

ÏÆ ɾ-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 Li4SiO4 crystal has been examined in the literature by ab-

initio calculation with CRYSTAL98 program [194]. The crystal structure of Li4SiO4 

contains 126 atoms (14 Si, 56 O and 56 Li) per unit cell, formed by isolated SiO4 

tetrahedra with Li atoms floating around them.  Using abɀinitio calculation with 

Density Functional Theory (DFT) various atomic fractional coordination of Li4SiO4 

are found [195]. The electronic band energy calculations show that Li2SiO3 and 

Li4SiO4 are insulators with a band gap of about 5.36 and 5.53 eV respectively. Their 

valence band properties are mainly determined by the oxygen 2p orbital electron. 

Li2TiO3 material presents an indirect band-gap of 3.49 eV [196], indicating its non-

metallic nature. Padilla-Campos [197] studied two octahedral sites for tritium atoms 

and two possible substitutional sites in the positions occupied by lithium, using ab-

initio Hartree-Fock method. Potential-based molecular dynamics (MD) has been 

used for lithium-metatitanate characterization, finding that in the pure Li layer 

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 this material, 

suggesting that interactions between Ti and O are mainly covalent, while between 

Li and TiO3 are mostly of ionic-type.  

 

The characterization of the electronic structure and the nature of the chemical 

bonds, can lead to a better understanding of structure-properties 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 significant 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 volume and the electrochemical reactions at interfaces. 

Typically, AC impedance experiments are carried out over a wide range of 

frequencies (several milli-hertz to several megahertz), and the interpretation of the 

resulting spectra is aided by analogy to equivalent circuits involving simple 

components such as resistors and capacitors. In general, such equivalent circuits are 



άȢ %ÌÅÃÔÒÉÃÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ɾ ɀradiation effect 

 

6.106  

not unique; indeed there exists an infinite set of circuits that can represent any 

given impedance. 

 

As shown in Figure 6.1, the fundamental approach of the impedance 

spectroscopy is the application of a small amplitude sinusoidal current excitation to 

the system under the steady-state and the measurement of the voltage response. 

 
Figure 6.1: The application of a sinusoidal current, measuring the voltage response. 

 

The excitation signal, expressed as a function of time, has the form: 

 

)sin(0 tEEt w=             (6.1), 

 

where Et is the potential at time t, E0 ÔÈÅ ÁÍÐÌÉÔÕÄÅ ÏÆ ÔÈÅ ÓÉÇÎÁÌ ÁÎÄ ʖ ÔÈÅ ÒÁÄÉÁÌ 

frequency, whose relationship with the frequency f (in hertz) is: 

 

fpw 2=             (6.2). 

 

In a linear system the response signal It ÉÓ ÓÈÉÆÔÅÄ ÉÎ ÐÈÁÓÅ ɉˡɊ ×ÉÔÈ ÁÎ ÁÍÐÌÉÔÕÄÅ )0: 

 

)sin(0 fw+= tII t       (6.3). 

 

The ratio between the perturbation and the answer is a frequency-dependent 

complex number, called impedance. The value of the impedance is equal to: 
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where the impedance is expressed in terms of amplitude Z0 ÁÎÄ ÐÈÁÓÅ ÓÈÉÆÔ ˡȢ 
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Using Euler relation: 

 

fff sincos)( jjExp +=            (6.5), 

 

It is possible to express the impedance as a complex variable in function of the 

ÁÎÇÕÌÁÒ ÆÒÅÑÕÅÎÃÙ ʖȡ 

   

)sin(cos)exp()( 00 fffw jZjZZ +==     (6.6). 

 

4ÈÅ ÐÌÏÔ ÏÆ ÍÏÄÕÌÕÓ ȿ:ɉʖɊȿ ÁÎÄ ÐÈÁÓÅ ÁÎÇÌÅ Ўɉʖ) vs. frequency ʖ or f = ʖ=2¼ is 

called the Bode-Bode plot. 4ÈÅ ÅØÐÒÅÓÓÉÏÎ ÆÏÒ :ɉʖɊ ÉÓ ÃÏÍÐÏÓÅÄ ÏÆ Á ÒÅÁÌ ÁÎÄ Án 

imaginary part. If the real part is plotted on the X-axis and the imaginary part is 

plotted on the Y-axis of a chart, we get a "Nyquist Plot" (see Figure 6.2). In this case, 

the frequency is implicit. It is worth mentioning that the plot of Im(jʖɊ ÖÓȢ 2Å(jʖ) 

sometimes in the literature is called the Cole-Cole plot. Unless specified, both the 

Nyquist plot and Bode-Bode plot are called impedance spectra.  

 

 
Figure 6.2: Nyquist plot indicating the impedance vector (Z) and the main variables 

associated to it. 

 

Notice that in Figure 6.2, the Y-axis is negative and that each point on the Nyquist 

Plot is the impedance at one frequency; at low frequency data are on the right side 

of the plot and at higher frequencies are on the left. On the Nyquist Plot the 

impedance can be represented as a vector (arrow) of length |Z|. The angle between 

this vector and the X-ÁØÉÓȟ ÃÏÍÍÏÎÌÙ ÃÁÌÌÅÄ ÔÈÅ ȰÐÈÁÓÅ ÁÎÇÌÅȱȟ ÉÓ ʒ ɉϾÁÒÇ :ɊȢ Nyquist 

Plots have one major shortcoming: when you look at any data point on the plot, you 

cannot tell what frequency has been used to record that point. 
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One of the most attractive aspects of impedance spectroscopy is the direct 

connection between the behaviour of a real system and that of an idealized model 

circuit consisting of discrete electrical components. This circuit is called the 

equivalent circuit of the impedance function. 

The Nyquist Plot of Figure 6.2 results from the electrical circuit of Figure 6.3, 

considering that the semicircle is characteristic of a single "time constant". 

Electrochemical Impedance plots usually contain several semicircles but often only a 

portion of a semicircle is seen. 

 

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 EIS technique. 

The Kramers-Kronig (K-K) relations can be used to evaluate data quality, relating the 

imaginary part of the impedance, ZIm, at a single frequency with the complete set of 

real values of impedance, ZRe, and vice versa. It individuates and eliminates the non-

linear, instable and stochastic effects from the set of measured impedance data. If 

measured real and imaginary spectral data to not comply with the K-K relations, the 

data must violate one of these conditions. In practice, K-K analysis is performed by 

fitting a generalized model to spectral data. Agarwal et al. [199] proposed the use 

of a model consisting of m series connected by Voigt elements: -R-(RC)m-. A Voigt 

element is a resistor and a capacitor connected in parallel (like in Figure 6.3). The 

parameter m is generally equal to the number of complex plane data points in the 

spectrum. This model is by definition K-K compliant. 

 

The EIS method is here used to observe in an indirect way the volume 

conductivity variations. Impedance spectra shape 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 opened and partially closed pores, a 

small density variation might mean a significant change in the electrical 

conductivity.  
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In general it is possible to distinguish two main contributions: one related to the 

movement of the charge carriers along the grain, the other relative to its movement 

along the grain boundary. By the way it is important to consider the influence of 

ȰÉÍÐÅÒÆÅÃÔȱ ÃÏÎÔÁÃÔÓȟ ÂÅÃÁÕÓÅ ÏÆ ÎÁÎÏÐÏÒÅÓ ÂÅÔ×ÅÅÎ Ô×Ï ÇÒÁÉÎÓȟ ÏÒ ÆÏÒ ÔÈÅ 

presence of an amorphous phase. These imperfections give rise to low frequency 

semicircles in the complex impedance plane [200]. 

 

 
 

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, considering the polarization resistance of the electrode-sample 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 strongly involved in the total charge transport. The model known as 

brick layer is frequently used to explain the polycrystalline ceramics behaviour, 

including ionic and electronic conduction (see 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 spike represents the polarization resistance of the sample-

electrode interfaces (see Figure 6.5). In the image 6.5 it has been represented an 

ideal and a real case of the equivalent circuit corresponding to the brick layer 

model, where Rb and Rgb 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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Figure 6.5:  Semicircles ideal (a) and real (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 steps of a multistep process. 

That is, 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 

characterization 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: 

 

ὠ ὍὙ ;    Ὅ 
ὠ
Ὑ

             (6. 8) 

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

 

 „  ὲ ήὺ               (6. 9), 

 

where nv is the fraction of vacancies, N the number of positions per unit volume, q 

the charge and v0 the velocity of the charge carriers. Knowing that mobility is 

defined as: 

 

ό                         (6. 10), 

 

then the conductivity equation is: 
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„  ὲὔήό           (6. 11). 

 

If diffusion D and its relation with mobility are considered, the relation: 
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is obtained. 

In the case of the conductivity, when searching for the same relation, the following 

equation is obtained:  
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Considering ÔÈÁÔ ɝ'm Ͼ ɝ(m ɀ 4ɝ3m, and that - ɝ(m = EA (representing the activation 

energy of the conduction process), and defining: 
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ionic conductivity will be governed by the relation: 
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which, in logarithm form, and transforming the ln in log  is: 
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Its representation corresponds to an Arrhenius plot, where the slope of the curve 

represents the activation energy of the studied process (EA), k the Boltzman 

constant, T the temperature in Kelvinȟ !ȭ a pre-exponential factor and ʎo the 

electrical conductivity.  
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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 were roughly polished for the achievement of good plane-parallel faces and its 

dimensions were measured (10 mm-diameter and 2 mm-thickness approximately). 

 

The samples were thus wrapped in aluminium paper and located in a cylindrical 

sample holder with dry nitrogen. The sample holder was immersed in the Nayade 

pool irradiation facility (see Figure 6.6) and ɾ-irradiated by a 60Co source in the 

CIEMAT installation (Madrid, Spain). The gamma radiation source was contained in 

small cylinders of stainless steel, introduced in a sheath stainless steel and the 

irradiation dose-rate was of 6 Gy/sec. 

 

 
Figure 6.6: Nayade installation pool. In the inset an example of all the pellet compositions 

analysed by EIS before (left ) and after (right) gamma irradiation.  

 

The irradiation treatments were performed in nitrogen atmosphere (27 ºC +/- 2 

ºC) or, only in one case, at 250 ºC using a thermocouple controlled oven. When 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 creation of defects or the material reduction 

[204]. 

 

After this step, electrodes were 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. Samples were dried in air at 130 ºC during 15 min for eliminating all the 

paste organic components. The R value of the deposited film was revised with a 

digital tester ÁÎÄ ×ÁÓ ÁÌ×ÁÙÓ ÌÏ×ÅÒ ÂÅÌÏ× ΡȢΣ ɱ. 

The conductivity behaviour was examined by EIS (Electrical Impedance 

Spectroscopy) analysis. Impedance measurements were performed using a 

Solartron model 1255B Frequency Response Analyser with platinum as blocking 

electrodes (see the sample holder in the Figure 6.7 right), all inserted in a tubular 

oven varying the temperature between 26 ºC and 800 ºC for the bulk conductivity 

measurement, over a frequency range from 40 Hz to 100 MHz. All experiments were 

performed in dry air.   

 

 
 

Figure 6.7: Experimental set-up for EIS measurements. From left to right: the whole set-up, 
the sample holder, a magnification of the sample holder where the pellet is inserted 

between the electrodes. 

 

Electrical Impedance Spectroscopy method registered the overall impedance of 

the sample as a function of temperature and frequency, usually a combination of 

the ionic and the electronic contribution. The spectra were acquired using the 

Ȱ%15)6#24ȱ ɉ%ÑÕÉÖÁÌÅÎÔ #ÉÒÃÕÉÔ 0ÒÏÇÒÁÍÍÅ [205]) software. Impedance values as a 

function of temperature were obtained in the Nyquist diagrams. The software 

required the knowledge of the sample geometry for the precise calculation of the 

resistance. Starting from the parameters relative to the geometry of the material 

(surface area (A) and thickness (e)), and calculated the resistance value (R) from EIS 

measurements, it was possible to calculate the electrical conductivity as: 

 

RA

e
T

*
)( =s           (6.17). 
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Finally from the equation 6.16 previously reported, the Arrhenius plots to study 

the thermal induced electrical behaviour of the ceramic breeder candidates were 

obtained. 

 

5. Electrical conductivity versus Li-content variation  

 

The study of changing physical properties with lithium-content covers a special 

interest, representing an indirect measurement of Li-burn up. Considering the phase 

transformation of lithium silicates under irradiation reported in literature [204], and 

the burning up of lithium via nuclear reaction, a change of the compound phase, 

contemporary to a lithium-content decrease, is expected inside solid breeder 

candidates. With this aim several Li-based ceramics were fabricated in our lab for 

observing the effect of ɾ-radiation in relation with the content of lithium. 

 

Table 6.1: Li-based ceramics prepared in CIEMAT-LNF laboratory. 

 

Compositions 
(new 

nomenclature) 
Li1 Li2 Li4 (OSi) Li6 Li8 

Li:Si 
proportion 

1:2 1:1 2:1 3:1 4:1 

Crystalline 
Phases 

Li2Si2O5(98 
%) 

SiO2(2 %) 

Li2SiO3(77 %) 
Li2Si2O5(23 

%) 

Li4SiO4(43 %) 
Li2SiO3(47 %) 
Li2CO3(8%) 
SiO2(2 %) 

Li4SiO4(62 %) 
Li2SiO3(36 %) 

SiO2(2 %) 

 

Li4SiO4(70 %) 
Li2CO3(18 %) 
Li2SiO3(12 %) 

 

In Table 6.1 are listed all the compounds used in the next experimental study, 

obtained by the rotary evaporator method (as described in Chapter 5) with different 

Li:Si proportion. The phases present in our compounds are Li4SiO4, Li2SiO3 and 

Li2Si2O5 plus other deriving from raw materials (like SiO2 and Li2CO3), varying their 

percentage in relation with lithium proportion.  

In some of them a good fit between experimental data (symbols) and the fitting 

line (dot arcs) is found, confirming the suitability of the equivalent circuit proposed 

in the section 5 (see Figure 6.8). In general some difficulties in the analysis are found 

when modelling with brick layer model. The explanation 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 of considerable errors. Grain boundary arcs deviating from 

ideal semicircles are found, with a distortion of the real activation energy value. 
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Figure 6.8: Complex impedance plot (plotted by ZView program [206]) of an as-prepared 

and irradiated pellet measured at 200 ºC. The estimated resistive terms corresponds to the 
total resistance. 

 

Here below the electrical conductivity values for all the compounds listed in Table 

6.1 (see Figure 6.9), after a 5 MGy total 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 electrical conductivity at 500 

°C in as-prepared and damaged conditions, as a function of Li:Si proportion is 

plotted .  

 

From the Arrhenius plot in Figure 6.9 (left) it is possible to appreciate the rise of 

conductivity with increasing Li:Si proportion. Focusing on the electrical conductivity 

at 500 °C as a function of the Li-content (see Figure 6.9 right), a quite similar value is 

observed for the Li4, Li6 and Li8 ceramics as in the AP and damages case. This result 

is especially interesting considering that 500 °C is in the range of working 

temperatures selected for a solid BB, thus a good stability in the electrical behaviour 

of burned ceramics can be stated in the first life-time of pebble bed.  
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Figure 6.9: Arrhenius plot of Li-based ceramics with Silica matrix and different Li-content 
irradiated till 5 MGy by ɾ-irradiation. The black line marks the values at 500 °C. In the right a 

comparison among the conductivity values varying Li:Si proportion . 

 

The study is repeated with different doses of gamma 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 energy variation is represented in Figure 6.10, where 

the different compounds are indicated as a function of the Li:Si proportion.  

 

 
Figure 6.10: Comparison of the activation energies found for silica-based materials with 

varying lithium content, at the irradiation doses selected for this study. 
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It is interesting to observe that the gamma dose does not have the same effect in 

all the samples.  As expected the energy necessary for the activation of electrical 

conduction in compounds with less Li (and in some case O, depending on the 

stoichiometry) ions, is higher. The creation of defects facilitates the conduction 

process in the materials with low Li-content, being the major contribution to charge 

movement. On the contrary the low activation energy value found in the case of 

higher lithium content ceramics, also after different radiation treatments, reveals 

the important contribution of Li and O atoms as charge carriers to the activation of 

the electrical conduction process.  

 

The trend of electrical conductivity between materials with different Li content is 

primarily ionic as confirmed by literature [207]. Lithium ions are responsible of 

impedance variation: the material with the highest Li content (4:1) is the one with 

the lowest activation energy value.  

All these considerations will be especially relevant in the discussion on the 

hypothetical similarities with Li- burn-up effect. In general it is possible to state that 

the electrical characterization shows a quite stable behaviour of the high Li-content 

compounds after different irradiation treatments and major charge mobility after 

irradiation in the low Li-content materials. On the other hand when varying lithium 

content a different behaviour is observed for ceramics with low Li-proportion which 

notably increase the charge movement and thus the electrical conductivity in the 

volume.  

In general Á ÓÔÁÂÌÅ ÔÒÅÎÄ ×ÉÔÈ ɾ-ray radiation variation, 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 still a confirmation for the good stability of this material in operational 

reactor conditions. 

   

6. The electrical behaviour of Li-orthosilicate 
 

The orthosilicate is a really eclectic material with multiple and powerful 

applications, presenting an interesting literature on electrical properties [202], 

[203]. Its electrical behaviour is here studied and discussed in ceramic pellets 

fabricated in the Ciemat-laboratory (the Li4 composition of Table 6.1). The samples 

were gamma irradiated by a 60Co source in the Nayade-facility at different doses, 

following the experimental procedure described in section 4 of this Chapter. Several 

studies with slight variations in the experimental parameters were realized and here 

presented.   



άȢ %ÌÅÃÔÒÉÃÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ɾ ɀradiation effect 

 

6.118  

6.1. Results 
 

The samples irradiated at different doses between 5 and 15 MGy are subjected to 

a thermal ramp between 26 and 800 ºC with a step of 50 ºC for each measurement. 

Lithium Orthosilicate specimens irradiated at different doses are then compared 

×ÉÔÈ ÁÎ ȰÁÓ-ÐÒÅÐÁÒÅÄȱ ÓÁÍÐÌÅ. The Nyquist plots (not shown for simplicity), present 

depressed arcs with several contributions given by a complex microstructure with 

different grain sizes, opened and closed porosity, impurities due to fabrication 

process. 

In Figure 6.11 the calculated electrical conductivity obtained from impedance 

measurements, is graphed in an Arrhenius plot. The highest increase in electrical 

conductivity is obtained after a 5 MGy radiation dose with a maximum value equal 

to 1.17*10-2 S/cm at 550 ºC. For increasing gamma doses a recombination process 

seems to occur, with a decrease in conductivity till values lower than those found 

for the un-irradiated sample. For the activation energy calculation, a linear fit taking 

into account the error in the measurements, is proposed. 

 

 
Figure 6.11: Comparison between the Arrhenius plots obtained for the Li4SiO4 samples 

previously irradiated to different doses: As-prepared (red rumble), 5MGy (purple square), 10 
MGy (green triangle) and 15 MGy (blue circle), irradiated by a 60 Co source. 

 

The conductivity rises with temperature, as expected when phonon lattice 

movements together with point defects are considered [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 the electrical conductivity variation as a 

function of the total  radiation dose, at RT, 500 and 700 ºC. The conductivity 

presents a max at 5 MGy, after which a decrease follows. A similar trend is observed 

at 500 ºC. Only at 700 ºC higher irradiation dose causes a new slight increase in the 

ÅÌÅÃÔÒÉÃÁÌ ÃÏÎÄÕÃÔÉÏÎȢ 4ÈÕÓ ÉÔ ÉÓ ÐÏÓÓÉÂÌÅ ÔÏ ÓÔÁÔÅ ÔÈÁÔ ɾ-ray irradiations previous to 

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). 

 

 
Figure 6.12: Comparison between the conductivity under different irradiation doses in 

correspondence of some temperatures: room temperature (red rhombus), 500 ºC (purple 

square) and 700 ºC (green triangle). 

 

In Figure 6.13 a comparison of the electrical conductivity behaviour of SiO2 and 

Li4SiO4 ÉÓ ÐÒÅÓÅÎÔÅÄȢ 4ÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÉÓ ÐÅÒÆÏÒÍÅÄ ÏÎ ȰÁÓ-ÐÒÅÐÁÒÅÄȱ ÁÎÄ Χ -'Ù ɾ-

damaged samples under the usual temperature ramp variation. The SiO2 pellets are 

fabricated in our laboratory from starting colloidal silica (Ludox TMA 34% wt.), 

following the same rotary evaporator route described in Chapter 5, with a final 

sintering treatment at 1600 ºC during 2 hours. The presence of two different 

processes is observed before and after the electrical measurement at 200 ºC, 

confirming the charge role of O ions. The activation energy of SiO2 (0.89 eV) is twice 
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the one of Li4SiO4 (0.48 eV) confirming the charge carrier role of Li+ (and possibly 

Li2+) ions in BB ceramic compounds. It is interesting to observe the different 

behavior on the total conductivity for the two materials under the same gamma 

irradiation dose: if in Li4SiO4 it causes a soft increase in the electrical conductivity, in 

the SiO2 case it causes a pronounced decrease. This may be provoked by the great 

number of starting defects present in the Li4 material, whose effect is enhanced by 

radiation. 

 

 
Figure 6.13: Arrhenius plot of the bulk conductivity for a SiO2 as-prepared sample (pink 

rhombus) and 5 MGy irradiated SiO2 (green triangle), compared to Li4SiO4 as prepared (red 
circles) and irradiated up to 5 MGy (blue squared) at 22 ºC. 

 

 

With the aim of extrapolate truthful results under reactor conditions, samples 

are then irradiated at 250 °C (temperature selected for experimental limitations), to 

a total dose of 5 MGy. Figure 6.14 shows the evolution of conductivity as a function 

of temperature, compared to the room temperature irradiated specimen. The 

results show the same trend for measurements, with shifted lower values for the 

irradiation performed at 250 ºC, confirming the recombination role of temperature 

for defects, which can help charge carriers movement among equivalent charged 

defects positions.  
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Figure 6.14: Arrhenius plot of the bulk conductivity for a Li4SiO4 sample irradiated up to 5 
MGy at 26 ºC (red circles) and at 250 ºC (blue squared). 

 

A plateau in the temperature range between 600 and 800 ºC is observed in both 

casesȢ )Ô ÒÅÐÒÅÓÅÎÔÓ Á ȰÓÁÔÕÒÁÔÉÏÎ ÌÅÖÅÌȱ ÆÏÒ ÅÌÅÃÔÒÉÃÁÌ ÄÅÆÅÃÔÓ ÁÂÏÖÅ ×ÈÉÃÈ ÔÈÅ 

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 sample irradiated 

continuously up to 15 MGy and one irradiated in two different steps (firstly to 10 

MGy and then to 5 MGy), is proposed. As shown in Figure 6.15, no difference 

between the two electrical conduction behaviours is found. A good reliability of the 

measurements and the permanent effect of ionization defects on insulating 

materials after their irradiation are thus demonstrated. 
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Figure 6.15: Electrical conduction behaviour for a Li4SiO4 sample irradiated up to 15 MGy 
continuously (blue squares) and in two different steps: till 10 MGy and then adding other 5 

MGy-doses of gamma-irradiation (red dots). 

 
Scanning electron microscopy is here presented for observing the microstructure 

and the grain boundaries structure. 

 
Figure 6.16: SEM images of Li4SiO4: surface (left) and fresh fractured (right) of the sintered 

ceramic.  
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The main grain size is captured on the polished surface (Figure 6.16 left) and 

along the fresh fractured (Fig 6.16 right) of  a Li4SiO4 pellet ceramic. The 

microstructure shows a material formed by differently sized grains, with  a mean 

grain size of 5-8 µm, the surface looking quite porous and rough. In the case of the 

fresh fracture image (Figure 6.16 right), it can be observed that cracking occurs 

mainly intra-granularly and that closed porosity is present. These results 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 depends on structural factors as ordering, 

microstructural factors like porosity, grain size, grain boundary and extrinsic 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 electrical behaviour of Li4SiO4 ceramics. Duan et al. [61] found 

that the band structure of both monoclinic and triclinic phases of Li4SiO4 have 

mainly two valence bands, presenting the first a direct and the second an indirect 

and smaller band gap. Munakata et al. [194] found that in a Li4SiO4 crystal studied by 

ab-initio calculation, more electrons are concentrated in the 3sp shell of the oxygen, 

the outer shell, and that Li+ ÉÏÎÓ ÐÌÁÙ ÁÎ ÉÍÐÏÒÔÁÎÔ ȰÂÒÉÄÇÅȱ ÒÏÌÅ ÆÏÒ ÔÈÅ ÍÏÖÅÍÅÎÔ 

of the electrical charge in lithium based-ceramics. Lithium orthosilicate ceramic is a 

compound with tetrahedric anion (SiO4)
-4 structures (as described in section 3.2 of 

Chapter 2). Li+ ÉÏÎÓȟ ÇÒÏÕÐÅÄ ÉÎ ÓÅÐÁÒÁÔÅ ÐÌÁÎÅÓȟ ÁÒÅ ÁÂÌÅ ÔÏ ÍÏÖÅ ÁÍÏÎÇ ȰÃÁÔÉÏÎ 

ÃÈÁÎÎÅÌÓȱȢ  Following Mott predictions [209] it is possible to propose a model in 

which Li+ charge is transported by the thermally assisted hopping between trapping 

centers randomly distributed, created by the introduction of impurities during 

fabrication process and by ionizing radiation. 

 

In the microcrystalline regime, the electrical behaviour of grain boundary-

controlled electroceramics can be describeÄ ÂÙ ÔÈÅ ȰÂÒÉÃË-ÌÁÙÅÒ ÍÏÄÅÌȱ [210]. Fleig 

and Maier [211] have predicted that some microstructural features might exert 

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 in a 

complex microstructure, the current path might make detours across larger 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 the Li4SiO4 presented in 

this work whose microstructure (showed in Figure 6.16) presents micropores along 

the grain boundaries as well as an inhomogeneous spatial distribution of grain sizes, 

confirmed in EIS analysis by highly depressed arcs. All this can lead to a kinetic of 

the overall process mainly determined by the transport along grain boundaries [212] 

and to the anisotropy of the total electrical conductivity. 

 

Regarding the slight decreasing in the conductivity with high gamma dose, it 

could be attributed to the release of trapped charges and a subsequent quenching 

of the conductivity through its recombination. The effect of irradiation is attenuated 

by the recombination effect of temperature, as observed when irradiating at 250 ºC. 

This result is of special interest in the BBs field. Actually the defects created by 

radiation can act as traps for the tritium bred in those ceramics hindering its quickly 

release. 

 

The effect of the gamma irradiation on the electrical conductivity for lithium 

glasses has been studied to assess the accumulation of radiation [213]. Gamma rays 

interact with the electronic structure of the material, generating electron-hole pairs 

that can recombine or be trapped at specific defect sites. This implies the creation 

of charge compensation in the electrical state of the crystal. This is the direct cause 

of the distortion of the tetrahedral LiO4 coordination with a consequent total 

conductivity value modified by the Li+ ions movement. 

 

The comments here presented on the importance of thermal treatments more 

than the radiation dose in the electrical properties of Li4SiO4 ceramic (see Figure 

6.14), found a confirmation in other studies reported in the literature [214]. 

 

 

7. The electrical behaviour of Li- metatitanate 
 

Several studies [198], [215] show empirical models for the generation of a 

complete database on the relevant electrical properties of lithium-metatitanate 

ceramics. An experimental study of these properties is here presented. In this part 

of the work pellet samples, prepared and sintered in our laboratory from prepared 

commercial powders (Alfa Aesar 99.9 % purity) as described in Chapter 5, are used. 

The pellets were gamma irradiated by a 60Co source in the Nayade-facility at 
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different  total radiation doses, varying their residence time in the pool (see section 

4 of this Chapter). 

 

7.1. Results 
 

Lithium-metatitanate (MTi) ceramics were irradiated at different total  gamma-

radiation doses at room temperature, and analysed by EIS spectroscopy with 

thermal ramps of 50 ºC between RT and 800 ºC. Figure 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 ºC. The same change in slope has been observed in 

literature [49] and attributed to a first-order phase transition associated probably 

with order-disorder effects.  

 
Figure 6.17: Comparison between the Arrhenius plots obtained for the MTi samples 

irradiated with different ÔÏÔÁÌ ɾ-radiation doses: As-prepared (red circle), 5MGy (blue 

square), 10 MGy (green rhombus) and 15 MGy (purple triangle). 

 

It is interesting to notice that the variation of the electrical conductivity with 

irradiation does not suffer relevant changes, confirming the very good electrical 

stability of this material. 4ÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÅÌÅÃÔÒÉÃÁÌ ÃÏÎÄÕÃÔÖÉÔÙ ×ÉÔÈ ÔÈÅ ɾ-ray dose is 

different compared to silica-ceramics trend. In the MTi ceramic almost no increase is 

found in electrical conductivity after irradiation up to 15 MGy, being in general its 
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behaviour rather similar to the none irradiated material. At the same time, the 

activation energy change follows a constant increase with the total radiation-dose.  

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 the as-received 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 Li+ ions, 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, Li2SiO3) ceramic is proposed for understanding 

the role played by the matrix. In Figure 6.18 the difference between Metasilicate 

(Li2, Li2SiO3) and Metatitanate (MTi, Li2TiO3) ceramics with 1 to 1 Li:Si proportion is 

shown. The study is carried on as-prepared and up to 5 MGy gamma-irradiated 

materials. 

 
 

Figure 6.18: Comparison of the electrical conductivity trend between two materials with the 
same Li content but different matrix (MTi and Li2) in the case of an as prepared (AP) and an 

irradiated sample up to a total  dose of 5 MGy. 

 

The Arrhenius plot of Figure 6.18 indicates a slight difference 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 move. The main 

difference can be found in the activation energy value (see table 6.2). While 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 6.2: Activation energy values for the conduction 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  0.05 eV 

MTi 0.57  0.02 eV 0.51 0.02 eV 

 

The main differences between these two selected ceramics can be found in their 

crystallographic structure (Figure 6.19) and in the chemical bonding, which may 

strongly affect the charge movement.  

 

Figure 6.19: Crystal structure of the two ceramic compounds compared in the study. At the 
left the Li2TiO3 crystal structure, at the right the Li2SiO3 orthorhombic structure. 

 

Li2TiO3 ceramic present a monoclinic structure with space group C2/c formed by 

an ordered rock-salt super-structure with cationic (111) planes alternately occupied 

by pure Li and LiTi2 layers [196]. Li2SiO3 ceramic has an orthorhombic structure (a 

space group of Cmc2) with 4 formula units comprised of 24 atoms per unit cell. It is 

considered as a network of corner-sharing [LiO4] and [SiO4] tetrahedrals. In general 

in silicates, the Si-O bonds are considered to be of half covalent and half ionic 
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character [216], while in MTi case Ti-O is a ionic bond. Even though both structures 

present ionic character, the presence of a pure Li-layer with Li-O bond length in MTi 

structure may explain the easiest activation for electrical conduction (lower EA 

values). This theory is confirmed by the nature of the chemical bonds. In the Si-O 

case, it is half covalent and half ionic with a bond length of 1.61 Å, in the Ti-O case it 

is mostly ionic with a chemical bond length of  1.96 Å, the Li-O is mainly ionic with a 

bond length of 2.1 Å, which means a weaker bond  [54]. 

 

7.2. Discussion 

 

Starting from the theory on Li2TiO3 electronic structure, it is important to 

remember the non-metallic nature of this material, presenting a band gap value of 

3.49 eV. When the density of states is studied [196], some important considerations 

can be made. Although TiO2 is generally considered as an ionic compound, there is 

Ti components in the O-2p band, which is an evidence of covalent interaction 

between the Ti and O [217]. The interaction between Li and TiO3 is mostly ionic; the 

interaction between Li and LiTi2 layers is much weaker than the one between O and 

Ti atoms in LiTi2 layers.  

Thus starting from these considerations, it is possible to suggest that the charge 

carriers responsible of the electrical conduction are Li+ ions. 

  

Following Fehr suggestions [151] Li+ migration is thought to occur firstly in (001) 

planes, associated to the presence of lattice defects. On the other hand the 

octahedrally coordinated Li+ ÐÏÓÉÔÉÏÎÓ ÉÎ Á ÓÔÏÉÃÈÉÏÍÅÔÒÉÃ ɼ-Li2TiO3 are all occupied, 

thus Li vacancies will 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 LiTi2 layers.  

 

8. Positron annihilation spectroscopy on gamma irradiated ceramics 

 

Positron annihilation spectroscopy (PAS) was 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 after gamma-radiation. It is a non-destructive 

method based on the interaction of positron, emitted from radio-nuclide sources 
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(22Na, 64Cu, etc.) with matter. The interaction of the positron with the trapped 

electron, bring to its annihilation as a photon. The time delay between the injection 

of positrons and the detection of photon provides a time distribution, from which 

one can deduce the decay rate of positron [218].  The injected positrons are 

annihilated in the medium in various possible ways: with free electrons, at point 

defects or capturing an electron to form a positronium (a hydrogenic two body e+ - 

e- ÓÙÓÔÅÍɊȢ &ÏÒ ÉÏÎÉÃ ÓÏÌÉÄÓ ÇÅÎÅÒÁÌÌÙ ÔÈÒÅÅ ÃÏÍÐÏÎÅÎÔÓ ÁÒÅ ÃÏÎÓÉÄÅÒÅÄȡ ÔÈÅ ÆÁÓÔ ʐ1, 

ÔÈÅ ÍÅÄÉÕÍ ÏÎÅ ʐ2 and the longer ʐ3. 

Positron interacts with more than one electron in different energy states in many 

particle systems, providing information on the electron density and on the 

distribution of electrons in momentum space. Thus different measurements can be 

performed such as a study on positron decay spectrum (its lifetime is obtained) and 

a Doppler shift of the non-zero momentum of the electron-positron pair.  

It is important to consider that this technique in non-metals 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 irradiation defects are annihilated. The sensitivity of positrons 

towards micro-defects domains makes it an attractive tool 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 structures, really 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 gamma-ray 

radiation at 5 MGy, with the aim of elucidating the defects nature and variation. 

 

The positron decay spectra of the three lifetime components are presented in 

Figure 6.20. The measurements of samples after different experimental treatments 

are shown in the first three graphics, in the x axis are represented: 1) the as-

ÐÒÅÐÁÒÅÄ ÓÁÍÐÌÅÓȟ ΤɊ ÃÅÒÁÍÉÃÓ ÐÒÅÖÉÏÕÓÌÙ ÄÁÍÁÇÅÄ ÂÙ Χ -'Ù ÏÆ ɾ-ray radiation, 3) 

samples previously damaged and heated at 400 ºC during 30 minutes 4) gamma-

irradiated and thermal treated samples at 600 ºC / 60 minutes. The last graph 

represents an average behaviour of positron lifetime in MTi and Li4 ceramics. 

The MTi material presents a first component with high intensity, with about the 

same intensity in all the cases. Only for the gamma-irradiated sample variations are 

found: a first component decrease, a second component with low intensity and a 

third component with really high intensity. It means a high purity of the as-prepared 

material, with a consequent annihilation of positrons with free electrons in the third 
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lifetime component range. After gamma-radiation the small second component 

indicate the appearance of defects and the large third component indicates the 

interaction among positrons and ionizing tramps associated to vacancies. The 

thermal treatments after irradiation are able to restore the starting configuration, 

which means that the defects induced by gamma radiation do not produce any 

irreversible change in the material structure. 

 

 
Figure 6.20: Representation of the three PAS components calculated for Li4 (filled dots) 

and MTi (empty dots) ceramic pellets. The graphs represent the Intensity (red circles) and 
the mean-life (black square) of the three components measured in samples (1) as-prepared 
ɉΤɊ ɾ-irradiated (3) irradiated and then heated for 30 minutes at 400 ºC, (4) irradiated and 
then heated at 600 ºC during 30 min. The last graph (bottom right) represents an average 

of the mean-life for the two ceramics. 

 
Considering the life-time 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 range (25 keV) 

relative to the positron annihilation with the electrons of O or Li is observed.  Thus it 
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may confirm the creation of F+ defects, restored by charge movement in the lattice 

after thermal treatments. 

 

The Li4 as-prepared 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 from the fabrication process. After irradiation only 

one component appears, indicating saturation in the trapping centres for positrons. 

4ÈÅ ɾ-radiation enhances the presence of defects with small lifetime, in agreement 

with the ionic conductivity measurements, 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 comparing the average mean life in the two materials, it is possible to 

state that gamma-radiation act in an inverse manner in the two materials: while in 

the MTi material it facilitates the creation of defects responsible of positron 

annihilation as positronium, in the Li4 case the trapping as free electrons is favoured 

and the positron average mean-life 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 identification 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 better electrical stability 

with radiation-dose is observed: the impedance variation is quite stable after 

gamma-radiation and the thermal treatments help restoring the starting electrical 

configuration. 

In the case of Li4, assuming that the material has some impurities (like the ones 

find by SIMS analysis in Chapter 5 section 6b), a major density level of defects in the 

as-prepared condition is 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. 

 

 Assuming that the radiation can cause electron defects, changes in the valence 

state are expected. Such charged induced defects are related to the defects present 
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in the material after its fabrication (Li4 case) or induced by ɾ-irradiation. It has been 

demonstrate that the impurities introduced during manufacturing or a different 

ceramic matrix could cause more variations in the electrical conductivity behaviour 

rather than the ɾ-ray ionizing radiation.  

 

9. Indirect measurements: T mobility and Li-burn up effect 

 

Considering the difficulty in handling Tritium, several indirect methods to 

understand its behaviour are searched. Among others, ab-initio simulation by 

density functional theory (DFT) [195] or the study of some microstructural 

properties have been proposed [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 by tritium  in the crystal network are 

related to those left free by the transmutation of Lithium, and from those related to 

the defects created by irradiation (see Figure 6.21). Therefore, one can theorize that 

the mobility of tritium will be strongly related to the mobility of lithium through the 

lattice. The rate of occurrence of such vacancies determines the diffusion of the 

already formed tritium.  

 
Figure 6.21: Scheme representing tritium atom occupying Li site in a lithium-orthosilicate 

crystal structure. 

 

Blanket materials are exposed to different kind of radiation (neutron, heavy ions, 

ɾ-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 to the presence of oxygen vacancies: 

Tritium ion is in the valence state of T+ and 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 in the lattice. In such migration the tritium must overcome the barrier of 

electrostatic repulsion due to lithium ions. Since the lithium ion is considered to 

migrate through vacancy mechanism, and its transmutation creates vacancies, the 

repulsive force decreases and tritium can easily diffuse.  

Li-ion inter-grain transport, similarly to tritium movement, is a thermally activated 

process, starting from 400 ºC and hopping among randomly distributed electrical 

states, allowing the diffusion process inside the material. Its movement is favoured 

by the presence of defects, but not activated by them (as confirmed by the 

activation energy constant value here find in some lithium-ceramics after different 

total irradiation doses). The idea that Li-ions are the charge carriers, provide an 

interesting reflection on the tritium produced inside their structure. The observed 

increment of electrical conductivity with temperature implies that during lithium 

transmutation, when tritium is produced together with 4.8 MeV of energy, an easier 

movement of tritium among lithium vacancies can be supposed. 

On the other hand it is important to observe that in this set of experiments only 

ÔÈÅ ÅÆÆÅÃÔ ÏÆ ɾ-radiation is presented, which can drastically change if combined to 

other factors (like structural damage..). 

 

Another important aspect to consider is that lithium 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 tritium production is almost 

proportional to the atomic density of lithium; consequently it might change lithium 

burn-up factor as well as the effect of damage due to irradiation [187]. Some studies 

have been performed to model the lithium burn-up versus TBR relation,  taking into 

account the operation-years and the position of the ceramic pebble bed, but not 

other factors like the material degradation or the Li-movement changed by 

irradiation defects [113]. Therefore more irradiation experiments to investigate the 

behaviour of these materials under irradiation focused on burn-up 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 on the possibility of observing the effect of 

gamma-radiation in the electrical properties, when lithium content is varying. The 

use of ceramics all fabricated following the same route, in which only the Li to Si 

content is modified, makes the results obtained comparable. These show that 
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electrical conduction at the working temperature of a breeder (around 500 ºC), will 

decrease few order of magnitude if Li:Si is in a 1 to 1 proportion (Figure 6.9 right).  

Contemporary the energy necessary for the activation of the conduction process is 

quite similar in all the materials, after different irradiation treatments. The result 

obtained covers a special interest for these ceramics, which have an important 

shielding role in the reactor. 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 interesting result as an indirect 

measure for tritium behavior understanding. 

 

In literature it has been observed that lithium burn up will not drastically reduce 

TBR factor with the decrease in lithium content [221]. From the presented results it 

is possible to suggest is that the lithium burn-up process together with ionizing 

radiation will not affect the electrical stability of breeder blanket ceramics.  

 

10. Conclusions  

 

Lithium ɀMTi and ɀLi4 are rather durable materials under different doses of 

gamma-irradiation. It has not been observed any drastic change in their electrical 

properties, confirming the good electrical stability and durability as breeder blanket 

candidates for future ITER reactor.  

 

The conductivity of sintered bodies is slightly promoted ÂÙ ɾ-ray. During 

irradiation process defects associated to charge transfer are favoured, encouraging 

Li+ ion mobility and conductivity process in the Breeder Blanket candidate material. 

A model based on ionic conductivity by hopping process is proposed, where the 

charge is transported via point-defects through ion migration between vacancies or 

interstitial states, mainly distributed along grain boundaries. From 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 chemical bonds of the crystalline structures. 

)Î ÔÅÒÍÓ ÏÆ 4 ÍÏÂÉÌÉÔÙ ÉÔ ÍÅÁÎÓ ÔÈÁÔ ɾ-radiation could help the ion movement 

between vacant sites or electrical states: the ones created by Li transmutation and 

the defect sites created by radiation. 
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The study on silica-based ceramics with different lithium content permits an 

analogy with lithium burn-up effect. The results show good electrical stability when 

lithium content and the total dose-rate are changed. Considering the similarity 

found among tritium and lithium 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 movement and the 

burn-up factor could be an interesting tool to work in the future. 
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CHAPTER  7 

 

LIGHT  IONS  TRANSPORT  
 

 

 

The study of light ions transport  in materials for solid breeder blankets covers a 

special interest considering 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 and 3He behaviour it 

will be possible to deduce information on tritium transport in different 

experimental conditions. 

 

 

1. A big deal: understanding tritium behaviour 

2. Light ion detection 
2.1. Ion implantation 
2.2. Ion Beam Analysis (IBA) 
2.3. Nuclear Reaction Analysis 

3. D-depth profiling experiments in ceramic breeder candidates  
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 Li2TiO3 ceramics  3

4.1. Experimental part: the DIADDHEM device 
4.2. Results and discussion 

4.1.1. Sample characterization 
4.1.2. 3

He analytical determination 
4.1.3. 3

He behavior in damaged ceramics 
4.3. Microstructural and structural characterization after experiments 

5. Comparison and discussion of light ions behaviour 

6. Conclusions    
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1. A big deal: understanding tritium behaviour 
 

/ÎÅ ÏÆ ÔÈÅ ÍÁÉÎ ÐÁÒÁÍÅÔÅÒÓ ÔÏ ÂÅ ÃÏÎÓÉÄÅÒÅÄ ×ÈÅÎ ÄÅÓÉÇÎÉÎÇ Á ÎÕÃÌÅÁÒ ÆÕÓÉÏÎ 

ÒÅÁÃÔÏÒ ÉÓ ÔÈÅ ÓÕÐÐÌÙ ÏÆ ÔÒÉÔÉÕÍ ɉ4Ɋ ÆÒÏÍ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎÓ Ψ,É ɉÎȟ ɻɊ 4 ÏÒ 
Ω,É ɉÎȟ Î ɻɊ4 [222]ȟ ÔÁËÉÎÇ ÐÌÁÃÅ ×ÈÅÎ ÔÈÅ ÂÒÅÅÄÅÒ ÂÌÁÎËÅÔ ÉÓ ÉÒÒÁÄÉÁÔÅÄ ×ÉÔÈ ÎÅÕÔÒÏÎÓȢ 

4ÈÅ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÔÒÉÔÉÕÍ ÂÅÈÁÖÉÏÕÒ ɉÒÅÔÅÎÔÉÏÎ ÁÎÄ ÒÅÌÅÁÓÅɊ ÉÎ ÔÈÅ ÂÕÌË ÁÎÄ ÁÔ 

ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ ÂÒÅÅÄÉÎÇ ÍÁÔÅÒÉÁÌÓ ÉÓ ÃÒÕÃÉÁÌ ÉÎ ÏÒÄÅÒ ÔÏ ÁÃÈÉÅÖÅ Á ÓÅÌÆ-ÓÕÓÔÁÉÎÁÂÌÅ 

ÏÐÅÒÁÔÉÏÎ ÒÅÁÃÔÏÒ ɉ4ÒÉÔÉÕÍ "ÒÅÅÄÅÒ 2ÁÔÉÏȟ 4"2 ÈÉÇÈÅÒ ÔÈÁÎ ΣȢΣΧ [65]ɊȢ 0ÒÅÖÉÏÕÓ 

ÅØÐÅÒÉÍÅÎÔÁÌ ÁÎÄ ÓÉÍÕÌÁÔÅÄ ÒÅÓÕÌÔÓ ÅÖÉÄÅÎÃÅ ÔÈÁÔ ÂÏÔÈ ÔÒÉÔÉÕÍ ÔÒÁÎÓÐÏÒÔ ÁÎÄ ÒÅÌÅÁÓÅ 

ÁÒÅ ÃÏÍÐÌÅØ ÐÒÏÃÅÓÓÅÓ ÉÎÖÏÌÖÉÎÇȟ ÁÍÏÎÇ ÏÔÈÅÒÓȡ ÇÒÁÉÎ ÂÏÕÎÄÁÒÙ ÁÎÄ ÉÎÔÅÒ-ÇÒÁÎÕÌÁÒ 

ÄÉÆÆÕÓÉÏÎȟ ÁÂÓÏÒÐÔÉÏÎ ÁÎÄ ÄÅÓÏÒÐÔÉÏÎ ÁÔ ÔÈÅ ÇÁÓȾÓÏÌÉÄ ÉÎÔÅÒÆÁÃÅÓȟ ÄÉÆÆÕÓÉÏÎ ÁÌÏÎÇ ÔÈÅ 

ÉÎÔÅÒÃÏÎÎÅÃÔÅÄ ÐÏÒÏÓÉÔÙȟ ÓÕÒÆÁÃÅ ÒÅÁÃÔÉÏÎÓȟ ÅÔÃȢ [76], [223], [224]Ȣ -ÏÒÅÏÖÅÒ ÁÎ 

ÁÄÄÉÔÉÏÎÁÌ ÆÁÃÔÏÒ ÔÏ ÂÅ ÃÏÎÓÉÄÅÒÅÄ ÉÓ ÔÈÅ ÍÉÃÒÏÓÔÒÕÃÔÕÒÁÌ ÅÖÏÌÕÔÉÏÎ ÄÕÒÉÎÇ ÉÒÒÁÄÉÁÔÉÏÎ 

×ÉÔÈ ÉÏÎÓȟ ÎÅÕÔÒÏÎÓ ÁÎÄ ÅÌÅÃÔÒÏÎÓ [127]Ȣ ! ÇÏÏÄ ÎÕÍÂÅÒ ÏÆ ÉÎ-ÓÉÔÕ ÔÒÉÔÉÕÍ ÒÅÌÅÁÓÅ 

ÅØÐÅÒÉÍÅÎÔÓ ÈÁÖÅ ÂÅÅÎ ÃÁÒÒÉÅÄ ÏÕÔ [48], [91], [225]ȟ ÔÈÅ ÃÏÎÃÌÕÓÉÏÎÓ ÂÅÉÎÇ ÔÈÁÔ ÔÈÅ 

ÐÒÏÃÅÓÓÅÓ ÉÎÖÏÌÖÅÄ ÉÎ ÔÈÅ ÁÎÎÉÈÉÌÁÔÉÏÎ ÏÆ ÒÁÄÉÁÔÉÏÎ ÄÅÆÅÃÔÓ ÓÅÅÍ ÔÏ ÐÌÁÙ ÁÎ 

ÉÍÐÏÒÔÁÎÔ ÒÏÌÅ ÔÏ ÅÓÔÁÂÌÉÓÈ ÔÈÅ ÔÒÉÔÉÕÍ ÒÅÃÏÖÅÒÉÎÇ ÓÙÓÔÅÍ ÁÎÄ ÉÔÓ ÒÅÌÅÁÓÅ ÂÅÈÁÖÉÏÕÒ 

ɉÓÅÅ #ÈÁÐÔÅÒ Υ ÆÏÒ ÃÏÍÐÌÅÍÅÎÔÁÒÙ ÉÎÆÏÒÍÁÔÉÏÎɊȢ 

 

"ÅÃÁÕÓÅ ÏÆ ÔÈÅ ÈÉÇÈ ÔÒÉÔÉÕÍ ÁÃÔÉÖÉÔÙȟ ÉÔÓ ÖÏÌÁÔÉÌÉÔÙ ÁÎÄ ÉÔÓ ÌÏÎÇ ÄÅÃÁÙ ÔÉÍÅ ×ÈÉÃÈ 

ÌÅÁÄ ÔÏ ÃÏÍÐÌÅØ ÁÎÄ ÒÉÇÉÄ ÓÁÆÅÔÙ ÐÒÏÃÅÄÕÒÅÓȟ ÂÒÅÅÄÅÒ ÉÒÒÁÄÉÁÔÉÏÎ ÔÅÓÔÓ ÃÁÎ ÂÅ 

ÓÉÍÕÌÁÔÅÄ ÂÙ ÉÏÎ ÉÍÐÌÁÎÔÁÔÉÏÎ ÏÆ ÏÔÈÅÒ ÌÉÇÈÔ ÓÐÅÃÉÅÓ ÓÕÃÈ ÁÓ (ȟ $ ÏÒ Υ(Å [226] ×ÈÉÃÈ 

ÁÒÅ ÅÁÓÉÅÒ ÔÏ ÈÁÎÄÌÅȢ /×ÉÎÇ ÔÏ ÔÈÅ ÎÁÔÕÒÅ ÏÆ ÔÈÅ ÉÎÊÅÃÔÅÄ ÆÕÅÌȟ ÆÕÓÉÏÎ ÒÅÓÅÁÒÃÈ ÉÓ 

ÐÁÒÔÉÃÕÌÁÒÌÙ ÉÎÔÅÒÅÓÔÅÄ ÉÎ ÔÈÅ ÌÉÇÈÔ ÅÌÅÍÅÎÔÓ ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÍÁÔÅÒÉÁÌÓ [227]Ȣ &Å× ÁÒÅ 

ÔÈÅ ÐÕÂÌÉÃÁÔÉÏÎÓ ÓÔÕÄÙÉÎÇ ÈÙÄÒÏÇÅÎ ÉÓÏÔÏÐÅÓ ÂÅÈÁÖÉÏÕÒ ÉÎ ÃÅÒÁÍÉÃÓ ÆÏÒ ÆÕÓÉÏÎ 

ÂÒÅÅÄÅÒ ÁÐÐÌÉÃÁÔÉÏÎÓ [71], [228]ɀ[230]ȟ ÒÅÐÏÒÔÉÎÇ ÔÈÁÔ ÔÒÉÔÉÕÍ ÒÅÌÅÁÓÅ ÉÓ ÌÉÍÉÔÅÄ ÂÙ ÔÈÅ 

ÍÁÔÅÒÉÁÌÓ ÃÏÍÐÏÓÉÔÉÏÎ ÏÒ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅ [231]ȟ ÏÒ ÔÈÅ ÂÙ ÔÈÅ ÐÕÒÇÅ ÇÁÓȟ ×ÈÉÃÈ 

ÉÍÐÒÏÖÅÍÅÎÔ ÉÓ ÏÂÔÁÉÎÅÄ ÂÙ ÕÓÉÎÇ ÁÒÇÏÎ ÏÒ ÈÅÌÉÕÍ ÍÉØÔÕÒÅÓ ×ÉÔÈ ÌÏ× ÃÏÎÃÅÎÔÒÁÔÉÏÎ 

ÏÆ ÈÙÄÒÏÇÅÎ [232]Ȣ  

 

4ÈÅ ÏÂÊÅÃÔÉÖÅ ÏÆ ÔÈÉÓ ×ÏÒË ÉÓ ÔÏ ÃÏÎÆÉÒÍ ÐÒÅÖÉÏÕÓ ÔÈÅÏÒÉÅÓ ÁÎÄ ÁÄÄ ÎÅ× 

ÉÎÆÏÒÍÁÔÉÏÎ ÏÎ ÔÈÅ ÔÒÉÔÉÕÍ ÂÅÈÁÖÉÏÕÒ ÉÎ ÂÒÅÅÄÅÒ ÃÅÒÁÍÉÃ ÃÁÎÄÉÄÁÔÅÓȟ ÔÈÒÏÕÇÈ ÔÈÅ 

ÕÓÅ ÏÆ ÉÍÐÌÁÎÔÅÄ ÄÅÕÔÅÒÉÕÍ ɉÁÓ ÁÎÏÔÈÅÒ ÈÙÄÒÏÇÅÎ ÉÓÏÔÏÐÅɊ ÁÎÄ ÈÅÌÉÕÍ-Υ 

ɉÐÒÅÓÅÎÔÉÎÇ ÔÈÅ ÓÁÍÅ ÍÁÓÓ ÁÎÄ ÓÐÉÎ ÏÆ 4ɊȢ 4ÈÉÓ ÉÓ ÄÏÎÅ ÆÉÒÓÔÌÙ ×ÉÔÈ Á ÍÉÇÒÁÔÉÏÎ ÓÔÕÄÙ 

ÉÎ ÄÉÆÆÅÒÅÎÔ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅÓ ÔÏ ÒÅÁÃÈ ÓÏÍÅ ÓÉÇÎÉÆÉÃÁÎÔ ÅÖÉÄÅÎÃÅ ÏÆ ÉÔÓ ÒÏÌÅ ÉÎ ÔÈÅ 

ÔÒÁÎÓÐÏÒÔ ÏÆ ÌÉÇÈÔ ÅÌÅÍÅÎÔÓȟ ÁÎÄ ÓÅÃÏÎÄÌÙ ×ÉÔÈ Á ÃÏÍÐÒÅÈÅÎÓÉÖÅ ÓÔÕÄÙ ÏÎ ÔÈÅ 

ÔÅÍÐÅÒÁÔÕÒÅ ÅÆÆÅÃÔ ÏÎ ÉÏÎ ÄÉÆÆÕÓÉÏÎȢ &ÕÒÔÈÅÒÍÏÒÅ ÁÎ ÁÎÁÌÙÓÉÓ ÏÆ ÔÈÅ ÉÒÒÁÄÉÁÔÉÏÎ 

ÅÆÆÅÃÔ ÏÎ ÌÉÇÈÔ ÉÏÎ ÔÒÁÎÓÐÏÒÔÁÔÉÏÎ ÉÓ ÈÅÒÅ ÐÒÏÐÏÓÅÄȢ 4ÈÅ ÊÏÉÎÔ ÓÔÕÄÙ ÏÆ ÔÈÅ ÔÈÅÒÍÁÌ 
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ÁÎÄ ÉÒÒÁÄÉÁÔÉÏÎ ÅÆÆÅÃÔÓ ×ÉÌÌ ÈÅÌÐ ÔÏ ÂÅÔÔÅÒ ÓÉÍÕÌÁÔÅ ÔÈÅ ÒÅÁÃÔÏÒ ×ÏÒËÉÎÇ ÃÏÎÄÉÔÉÏÎÓȢ 

 

2. Light ion detection 
 

The analytical study of light 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 most of the detectors used in extended techniques for the chemical 

analysis are blind to low Z elements (lower than B or Be). Added to this, the 

quantitative analysis of H, the main impurity in fusion materials, requires ultra-high 

vacuum and high sensitive analytical techniques to avoid the noise signals. As a 

consequence of its very low ionization potential, He determination is restrictive to a 

couple of techniques. The result is that there are few compositional 

characterization techniques for light ions detection which can be divided in four 

main groups: 

 

1.  mass spectrometry-based techniques (SIMS, TDS, EELS, ...), 

2.  resonance - based methods (NMR, absorption spectroscopy, ...), 

3.  accelerator ɀ based methods (ERDA, p-RBS, NRA),  

4.  indirect methods (neutron scattering, small-angle X-ray..). 

 

The number of these techniques is reduced when considering those able to 

perform in-depth compositional profiles. The Ion Beam Analysis (IBA), Secondary 

Ion Mass Spectrometry (SIMS) and Glow Discharge Emission Spectrometry (GDOES) 

are considered the best techniques for the surface and depth analysis 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. The objective is to study the dependence with 

temperature and radiation of light ion diffusion taking into account the physico-

chemical characteristics of the host ceramics. With this aim the results of different 

ion implantation experiments are here discussed through depth-profiling studies 

and conclusions on tritium transport in the breeder structure will be proposed.  
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2.1. Ion implantation 
 

The first basic tool for the development of experiments on light ion transport is 

the ionic implantation. Through this method it is possible to introduce any kind of 

foreign element inside 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 surface. The implantation technique 

is based on the acceleration of ions which, impacting in a target surface can enter to 

a determined depth, remaining there trapped meanwhile a number of physical 

phenomena happens in the interaction with the crystal lattice. This is especially 

important when simulating tritium behaviour, considering that it is formed inside 

the grain. 

 

  

 
 

Figure 7.1: Schematic representation of an ion source system including the principal 

elements necessary for the implantation.  

 

One of the important aspects of ionic implantation is that it is a doping method 

isotopically pure. It means that the implanter can discard the ions different to the 

one object of the study, through the application of a calibrated magnetic field (see 

Figure 7.1). 

The basic physical principles can be summarized as: 
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×ÈÅÒÅ Ñ ÉÓ ÔÈÅ ÅÌÅÃÔÒÉÃ ÃÈÁÒÇÅȟ S ÉÓ ÔÈÅ ÅÌÅÃÔÒÉÃ ÁÎÄ " ÔÈÅ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄȟ m  the 

magnetic dipole moment and d the electric dipole moment, FL, FMD and  FED are the 

forces modifying the direction and the velocity of the projectile charge. In this way, 

ions with a different mass from the one of the selected element will describe curves 

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

possible to calculate the kinetic energy change for ions as: 

 

ññ Ö=Ö=
2

1

2

1

ȹ

r

r

r

r

rdEqrdFW
CCCC

   (7.4). 

 

In general to implant charged particles, the acceleration by an electric field is 

necessary. The ion beam emerging from 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 the aperture from which the ion 

source emits the beam. The final size of the beam on the target can be modified by 

a lens system. The quantity of ion beam on the target is carefully measured by the 

electrical current.  

 

2.2. Ion Beam Analysis (IBA) 
 

IBA provides several different techniques (see Figure 7.2) useful for the analysis 

of fusion materials [234], [235], allowing the study of materials basic properties, the 

plasmaɀmaterial interactions, the retention/release/permeation of hydrogen, the 

isotope exchange and the species sputtering. The techniques, based on the 

interaction among a charged particle 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 heterostructural stresses.  

 

When an ion from an accelerator interacts with atoms of a solid matrix, energy is 

transferred to the solid causing a slowing down of the incoming beam. In its way 

through matter, the ion interacts with the atomic electrons and/or nuclei. The first 

interaction is purely Coulomb and will result in the ionization if the electron is 

ejected from its atomic orbit or an atom excitation if the electron is raised to an 

outer orbit [236]. An electron ejected is called a secondary electron. It may further 

ionize or excite another atom, resulting in the emission of more x-rays/photons. A 
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secondary electron may also be decelerated by the Coulomb 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 in a Coulomb 

elastic scattering (with change of the direction and reduction in energy), a Coulomb 

inelastic collision (decelerating, the particle lost part or all of its energy in the form 

of bremsstrahlung), a Coulomb excitation (with a subsequent change of direction 

and reduction of energy), a nuclear inelastic scattering (as for Coulomb excitation) 

or a nuclear transformation (where the particle is transmuted or absorbed). An 

excited nucleus will eventually return to its ground state accompanied by the 

emission of radiation. For ions with incident energy of few MeV, radiations emitted 

from nuclear reactions are usually protons, neutronsȟ ɻ-particles ÁÎÄȾÏÒ ɾ-rays [237]. 

 

The energy transferred 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 is then referred to as nuclear stopping and 

dominates at low 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 sample can be obtained by analysing the mass and energy 

spectra of the resulting particles.  

 

The importance of the various interaction processes depends on the ion velocity 

and on the charges of the ion and the target atoms. When the velocity of the ion (v) 

is significantly lower than the Bohr velocity of the atomic electrons (v0), the ion 

tends to be neutralized by the target electron capture, thus elastic 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 on what 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 ion is much heavier than the 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 Bethe-Bloch formula: 
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ὔὤ ὤὩ  Ὢ       (7.6), 

 

with f(E/M1) being a function depending on the target, Z1 the particle atomic 

number, Z2 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 dependent [238]. 

 

The main IBA techniques can be distinguished for the particle or radiation 

measured: Nuclear Reaction Analysis (NRA) measures prompt product particles, the 

Particle Induced Gamma Emission (PIGE) captures prompt gamma-rays, Particle 

Induced X-Ray Emission (PIXE) detects the characteristics X-rays, Elastic Recoil 

Detection (ERDA) recoils target nuclei and Rutherford Backscattering Scattering 

(RBS) the elastically scattered ions in backward angles (see Figure 7.2). Often two or 

more of these techniques can be used simultaneously in order to obtain 

complementary information. The development of new detectors, their position and 

their properties, represent one of the most important parts of the analysis system. 

 

 
 

Figure 7.2: 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 of ion beam analytical methods is the non-destructiveness, 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 atomic and nuclear processes are known. The 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) and the 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 of light elements detection. The sensitivity of 

this analysis is due to the large nuclear reaction cross sections for lower energies 

than light elements posses [241].  

 

2.3. Nuclear Reaction Analysis 
 

Remembering the challenges in measuring light ions profiles in materials, one 

method which overcome these difficulties is the Nuclear Reaction Analysis (NRA), a 

specific and sensitive method with a good analysis depth resolution. When the 

target nuclear structure is reached with high-energy ions, the interaction may 

become inelastic (changes in mass in the reaction) and nuclear reactions may occur. 

This is the principle for nuclear reaction analysis. 

NRA is an analytical method that investigates products collected by a detector as 

a result of a nuclear reaction within the incoming ion and the target nuclei (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 distinct particles within the target sample. The width of 

the peaks provides information on the depth of the target sample.  

 

 

          Figure 7.3: Nuclear reaction occurring between light ions and matter. The emission of 

ɾ-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 cross sections are 

considered better enough for the analysis of low- and medium-Z 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 detector registers the measurement after 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 the detector. In the present work the so-

called absorber foil technique and the coincidence technique are used.  

The incident particles strike the material to be studied and lose their energy while 

penetrating. This stopping process is mainly due to the 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 these particles are 

sufficiently high, they will be recoiled out of the sample with different energies 

depending on the depth from which they were emitted. The energy of the reaction 

product is a function of the energy of the incoming ions. By simple detection of the 

particles emitted from nuclear reaction, it is possible to obtain 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-induced nuclear reactions in Li-based 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 the presence 

of really strict legal procedure, essential for this kind of measurements, has 

impeded the experimental analysis by NRA of lithium based ceramics in a Spanish 

facility. Thanks to the support of two different projects, the experiments were 

performed in different European facilities (KUL-Leuven and CEMTHI-Orleans), which 

fulfil all the radiation safety requirements. The Deuterium-profiling experiments 

were performed in the frame of a SPIRIT-project, representing an Integrated 

Infrastructure Initiative (I3) funded by the European Commission whose main goal is 

to grant public and industrial researchers from Europe for free access to leading 

European ion beam facilities. In the case of 3He 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. 

 

 

 

In an attempt to better understand tritium transport in fusion breeding 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 treatments. ! ÓÅÔ 

ÏÆ ÐÏÒÏÕÓ ÌÉÔÈÉÕÍ ÃÅÒÁÍÉÃÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÃÈÅÍÉÃÁÌ ÃÏÍÐÏÓÉÔÉÏÎÓ ɉ-4Éȟ ,ÉΦ ÁÎÄ ,ÉΨɊ 

ÁÎÄ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅÓ ɉÐÏÒÏÓÉÔÉÅÓ ÁÎÄ ÇÒÁÉÎ ÓÉÚÅÓɊ ÁÒÅ ÓÅÌÅÃÔÅÄ ÁÎÄ ÉÍÐÌÁÎÔÅÄ ×ÉÔÈ Á 

$Ϲ ÃÏÎÓÔÁÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÄÏÓÅȢ 3ÉÎÃÅ ÔÈÅ ÏÐÅÒÁÔÉÏÎÁÌ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ Á ÓÏÌÉÄ 

ÂÒÅÅÄÉÎÇ ÍÁÔÅÒÉÁÌ ÈÁÓ ÂÅÅÎ ÅÓÔÉÍÁÔÅÄ ÔÏ ÂÅ ÉÎ ÔÈÅ ÒÁÎÇÅ ΥΡΡΞ# - ΫΡΡΞ# [66]ȟ ÔÈÅ $ 

ÐÒÏÆÉÌÅÓ ÁÒÅ ÓÔÕÄÉÅÄ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ ÂÙ 2ÅÓÏÎÁÎÃÅ .ÕÃÌÅÁÒ 2ÅÁÃÔÉÏÎ 

!ÎÁÌÙÓÉÓ ɉ2.2!Ɋȟ ÕÓÉÎÇ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎ[242] ÔÉÌÌ ÔÈÅ ÔÏÔÁÌ $ ÏÕÔÇÁÓȡ 

 
Τ( Ϲ Υ(Å Ą Σ( Ϲ Φ(Å    ḳ    $ ɉΥ(Åȟ ÐɊ Φ(Å   ɉΩȢΩɊȢ 

 

#ÏÎÓÉÄÅÒÉÎÇ ÆÕÓÉÏÎ ÉÎÔÅÒÅÓÔÓ ÔÏ×ÁÒÄÓ ÔÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ ÓÏÌÉÄ ÂÒÅÅÄÅÒÓ ×ÉÔÈ ÔÈÅ 

ÈÉÇÈÅÓÔ ÐÏÓÓÉÂÌÅ ÌÉÔÈÉÕÍ ÃÏÎÔÅÎÔÓȟ ÔÈÅ $ ÔÈÅÒÍÁÌ ÄÉÆÆÕÓÉÏÎ ÉÓ ÄÉÓÃÕÓÓÅÄ 

ÃÏÍÐÁÒÁÔÉÖÅÌÙ ÉÎ ÔÅÒÍÓ ÏÆ ÍÁÔÅÒÉÁÌ ÃÏÍÐÏÓÉÔÉÏÎ ÁÎÄ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅȢ )Î ÔÈÅ ÓÅÃÏÎÄ 

ÐÁÒÔȟ Á ÄÅÔÁÉÌÅÄ ÓÔÕÄÙ ÏÎ ÄÅÕÔÅÒÉÕÍ ÔÒÁÎÓÐÏÒÔÁÔÉÏÎ ÕÎÄÅÒ ÔÈÅÒÍÁÌ ÖÁÒÉÁÔÉÏÎ ÁÎÄ Á 

ÆÉÒÓÔ ÁÐÐÒÏÁÃÈ ÔÏ ÔÈÅ ÅÆÆÅÃÔÓ ÏÆ ÒÁÄÉÁÔÉÏÎ ÁÒÅ ÐÒÅÓÅÎÔÅÄȢ 4ÈÅÒÅÆÏÒÅ $Ϲ- ÉÍÐÌÁÎÔÅÄ 

ÓÁÍÐÌÅÓ ÏÆ Á ÓÅÌÅÃÔÅÄ ÃÏÍÐÏÕÎÄ ɉ-4ÉɊ ×ÅÒÅ ÐÒÅÖÉÏÕÓÌÙ ÄÁÍÁÇÅÄ ÂÙ ɾ-ÒÁÙÓ ÁÎÄ 4ÉΦϹ 

ÉÏÎÓ ÁÎÄ ÔÈÅ ÄÅÕÔÅÒÉÕÍ ÔÈÅÒÍÁÌ ÐÒÏÆÉÌÅÓ ÃÏÍÐÁÒÅÄȢ  

The reaction of 3He ion with deuterium (see equation 7.7) gives rise to a proton 

and a 4He particle. The total cross section of this interaction (in Figure 7.4) shows a 

broad resonance with a maximum around 0.64 MeV. By using higher beam energies 

the deuterium content can be probed at higher depths, thus the incident 3He 

energies close to the maximum of the reaction cross-section and up to 1.5 MeV are 

used to probe depth up to several microns. At 3He energies below 1 MeV the 

differential cross-section is almost angle independent in the centre-of-mass system, 

while at higher energies the angle dependence has to be taken into account [242].  
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&ÉÇÕÒÅ ΩȢΦȡ $ÉÆÆÅÒÅÎÔÉÁÌ ÃÒÏÓÓ-ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ $ ɉΥ(ÅȟÐɊΦ(Å ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎ ÁÔ ÄÅÔÅÃÔÏÒ ÁÎÇÌÅ ÏÆ ΣΥΧΞȢ  

$ÏÔÓȡ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÁÔÁ ÆÒÏÍ !ÌÉÍÏÖ ×ÏÒË [242]Ȣ $ÁÓÈÅÄ ÌÉÎÅȡ ÄÉÆÆÅÒÅÎÔÉÁÌ ÃÒÏÓÓ-ÓÅÃÔÉÏÎ ÆÒÏÍ ÔÈÅ ÆÉÔ 

ÆÕÎÃÔÉÏÎ ÏÆ -ÏÌÌÅÒ ÁÎÄ "ÅÓÅÎÂÁÃÈÅÒ [243] ÔÏ ÔÈÅ ÔÏÔÁÌ ÃÒÏÓÓ-ÓÅÃÔÉÏÎȟ ÁÓÓÕÍÉÎÇ ÁÎÇÌÅ ÉÎÄÅÐÅÎÄÅÎÃÅ ÉÎ 

ÔÈÅ ÃÅÎÔÒÅ-ÏÆ-ÍÁÓÓ ÓÙÓÔÅÍȢ  

 

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 energy [244], [245]. The total number of 

detected protons YP (E0) generated by the nuclear reaction, is given by: 
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Where E0 is the incident 3(Å ÅÎÅÒÇÙȟ ÄɱLɉ%ɊȾÄɱL the differential cross section at a 

ÄÅÔÅÒÍÉÎÅÄ ÁÎÇÌÅ ʃL and 3He energy, CD(x) the deuterium concentration in depth x, 

Q3
He ÔÈÅ ÁÎÁÌÙÓÉÎÇ ÂÅÁÍ ÄÏÓÅ ÏÎ ÔÈÅ ÔÁÒÇÅÔȟ ɻ ÔÈÅ ÁÎÇÌÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÁÎÁÌÙÓÉÎÇ 

beam and the ÓÕÒÆÁÃÅ ÁÎÄ ɱdet L the solid angle of the detector. Increasing the 

incident beam energy, the maximum of the differential cross-section curve is shifted 

to larger depths according to the energy loss of the 3He ions in the material. 

 

When discussing deuterium-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 deuterium present close to the surface.  
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3.1. Experimental details  
 

,ÉΦ ÁÎÄ ,ÉΨ ÃÅÒÁÍÉÃÓ ×ÅÒÅ ÓÙÎÔÈÅÓÉÚÅÄ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÒÏÔÁÒÙ ÅÖÁÐÏÒÁÔÏÒ ÒÏÕÔÅȟ 

×ÈÉÌÅ ÔÈÅ -4É ÉÓ ÆÁÂÒÉÃÁÔÅÄ ÓÔÁÒÔÉÎÇ ÆÒÏÍ ÃÏÍÍÅÒÃÉÁÌ ΫΫϷ ÐÕÒÉÔÙ !ÌÆÁ !ÅÓÁÒ ÐÏ×ÄÅÒÓ 

ÁÓ ÄÅÓÃÒÉÂÅÄ ÉÎ #ÈÁÐÔÅÒ ΧȢ 4ÈÅ ÓÉÎÔÅÒÉÎÇ ÃÏÎÄÉÔÉÏÎÓ ÁÎÄ ÔÈÅ ÃÒÙÓÔÁÌÌÉÎÅ ÐÈÁÓÅÓ 

ÁÃÈÉÅÖÅÄ ÆÏÒ ÔÈÅ ÔÈÒÅÅ ÃÅÒÁÍÉÃÓ ÁÒÅ ÉÎÄÉÃÁÔÅÄ ÉÎ 4ÁÂÌÅ ΩȢΣȢ 

 

Table 7.1: Sintering condition and main phases for the studied samples. 

Compositions MTi Li4 Li6 

Sintering 

temperature/dwell time 

(ºC/h) 

1150/2 950/2 1000/2 

Crystalline Phases 
(100%) 

Li2TiO3 

(47.8%) Li2SiO3 

(23.4%) Li4SiO4 

(3%)  SiO2 

(59.4%) Li4SiO4 

(38.8%) Li2SiO3 

(1.8%)  SiO2 

Experimental density 

(%T.D.) 
78 73 94.5 

 

4ÈÅ ÁÂÏÖÅ ÄÅÓÃÒÉÂÅÄ ÓÉÎÔÅÒÅÄ ÃÅÒÁÍÉÃ ÂÏÄÉÅÓ ×ÅÒÅ ÕÓÅÄ ÁÓ ÔÁÒÇÅÔÓ ÆÏÒ ÔÈÅ 

ÄÅÕÔÅÒÉÕÍ ÉÍÐÌÁÎÔÁÔÉÏÎȢ 4ÈÅ ÉÏÎÉÃ ÉÍÐÌÁÎÔÁÔÉÏÎ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÉÎ ÔÈÅ Ȱ#ÅÎÔÒÏ ÄÅ 

!ÓÉÓÔÅÎÃÉÁ Á ÌÁ )ÎÖÅÓÔÉÇÁÃÉĕÎȱ ɉ#!)Ɋ ÏÆ 5ÎÉÖÅÒÓÉÄÁÄ #ÏÍÐÌÕÔÅÎÓÅ ÄÅ -ÁÄÒÉÄ ɉ5#-ɊȢ 

4ÈÅ ÉÍÐÌÁÎÔÅÒ ÕÓÅÄ ×ÁÓ Á 6!2)!. #&ΥΡΡΡ ×ÉÔÈ Á ÍÉÎÉÍÕÍ ÅÎÅÒÇÙ ÏÆ ΤΡΡ ËÅ6ȟ Á 

ÖÏÌÔÁÇÅ ÏÆ ΥΤ ËÅ6 ÁÎÄ Á ÍÏÂÉÌÅ ÓÁÍÐÌÅ ÈÏÌÄÅÒȢ 2ÏÕÇÈÌÙ ÐÏÌÉÓÈÅÄ ÁÎÄ ÐÒÅÖÉÏÕÓÌÙ 

ÃÈÁÒÁÃÔÅÒÉÚÅÄ ÐÅÌÌÅÔÓ ×ÅÒÅ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÉÍÐÌÁÎÔÅÄ ÁÔ ÅÎÅÒÇÙ ÏÆ ΣΡΡ ËÅ6 ÕÓÉÎÇ 

ÔÈÅ $Τ
Ϲ ÂÅÁÍ ÔÏ Á ÔÏÔÁÌ ÆÌÕÅÎÃÅ ÏÆ ÁÂÏÕÔ ΥØΣΡΣΩ ÃÍ-ΤȢ 5ÓÉÎÇ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ 

ÄÅÎÓÉÔÉÅÓȟ ÔÈÅ ÍÁØÉÍÕÍ ÄÅÐÔÈÓ ÆÏÒ ÔÈÅ ÉÍÐÌÁÎÔÅÄ ÉÏÎÓ ×ÅÒÅ ÃÁÌÃÕÌÁÔÅÄ ÂÙ ÔÈÅ 32)- 

-ÏÎÔÅ #ÁÒÌÏ ÃÏÄÅ [246] ÔÏ ÂÅ ΡȢΫΨ ʈÍ ÆÏÒ -4Éȟ ΣȢΥΤ ʈÍ ÆÏÒ ,ÉΦ ÁÎÄ ΣȢΣ ʈÍ ÆÏÒ ,ÉΨȢ 

!ÆÔÅÒ ÉÍÐÌÁÎÔÁÔÉÏÎȟ ÓÁÍÐÌÅÓ ×ÅÒÅ ÓÔÏÒÅÄ ÆÏÒ ÔÈÒÅÅ ÄÁÙÓ ÕÎÄÅÒ ÅÎÖÉÒÏÎÍÅÎÔÁÌ 

ÃÏÎÄÉÔÉÏÎÓ ɉÁÂÏÕÔ ΥΡϷ ÏÆ ÒÅÌÁÔÉÖÅ ÈÕÍÉÄÉÔÙ ÁÔ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÉÎ ÁÕÔÕÍÎ ÍÏÎÔÈÓ 

ÉÎ -ÁÄÒÉÄȟ 3ÐÁÉÎɊ ÂÅÆÏÒÅ $ ÄÅÐÔÈ ÐÒÏÆÉÌÉÎÇ ÁÎÁÌÙÓÉÓ ɉÓÅÅ ÔÈÅ ÓÃÈÅÍÅ ÏÆ ÔÈÅ ÆÉÒÓÔ ÓÅÔ ÏÆ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ÉÎ ÔÈÅ ÕÐÐÅÒ ÐÁÒÔ ÏÆ &ÉÇÕÒÅ ΩȢΧɊȢ 

)Î Á ÓÅÃÏÎÄ ÓÅÔ ÏÆ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÈÅÒÅ ÔÉÍÅ ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅÒÍÁÌ 

ÔÒÅÁÔÍÅÎÔÓ ×ÅÒÅ ÅØÐÌÏÒÅÄȟ ÏÎÌÙ -4É ÃÏÍÐÏÕÎÄ ×ÁÓ ÓÅÌÅÃÔÅÄ ÆÏÒ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÓȢ 
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&ÉÇÕÒÅ ΩȢΧȡ %ØÐÅÒÉÍÅÎÔÁÌ ÓÃÈÅÍÅ ÏÆ ÔÈÅ ÔÈÒÅÅ ÓÅÔ ÏÆ ÍÅÁÓÕÒÅÍÅÎÔÓ ÃÁÒÒÉÅÄ ÏÎ $-

ÉÍÐÌÁÎÔÅÄ ÓÁÍÐÌÅÓ ÆÏÒ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ ÏÆ ÔÈÅÉÒ ÄÅÐÔÈ ÐÒÏÆÉÌÅȢ )Î ÔÈÅ ÕÐÐÅÒ ÐÁÒÔ ÔÈÅ ÆÉÒÓÔ 

ÓÅÔ ×ÈÅÒÅ .2! ÐÒÏÆÉÌÅÓ ÁÒÅ ÃÁÌÃÕÌÁÔÅÄ ÄÕÒÉÎÇ ÔÈÅÒÍÁÌ ÔÒÅÁÔÍÅÎÔÓȢ )Î ÔÈÅ ÂÏÔÔÏÍȟ ÔÈÅ Ô×Ï 

ÅØÐÅÒÉÍÅÎÔÓȟ ×ÈÅÒÅ ÔÉÍÅ ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÈÅÁÔÉÎÇ ÔÒÅÁÔÍÅÎÔÓ ÁÒÅ ÅØÐÌÏÒÅÄȟ ÁÎÄ .2-

ÁÎÁÌÙÓÉÓ ÁÔ 2ÏÏÍ 4ÅÍÐÅÒÁÔÕÒÅ ÁÒÅ ÐÅÒÆÏÒÍÅÄȢ 4ÈÅ ÈÅÁÔÉÎÇ ÁÎÄ ÃÏÏÌÉÎÇ ÒÁÍÐ ÔÉÍÅÓ ×ÅÒÅ 

ÄÅÔÅÒÍÉÎÅÄ ÂÙ ÔÈÅ ÒÅÃÏÖÅÒÉÎÇ ÏÆ ÖÁÃÕÕÍ ÃÏÎÄÉÔÉÏÎÓȢ 
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&ÉÒÓÔÌÙ ÔÈÅ ÓÁÍÐÌÅÓ ×ÅÒÅ ɾ - ÉÒÒÁÄÉÁÔÅÄ ÂÙ Á ΨΡ#Ï ÓÏÕÒÃÅ ÉÎ ÔÈÅ .ÁÙÁÄÅ-ÐÏÏÌ ÆÁÃÉÌÉÔÙ 

ÁÔ Ψ 'ÙȾÓÅÃ ÔÏ Á ÔÏÔÁÌ ÄÏÓÅ ÏÆ ΩȢΥ -'ÙȢ !ÆÔÅÒ ÔÈÁÔ ÓÏÍÅ ÓÁÍÐÌÅÓ ×ÅÒÅ ÉÍÐÌÁÎÔÅÄ ÉÎ 

#!)-5#- ÆÁÃÉÌÉÔÙ ×ÉÔÈ Á ΣΧΡ ËÅ6 4ÉΦϹ ÂÅÁÍ ÔÏ Á ÆÌÕÅÎÃÅ ÏÆ ΣΡΣΧ ÉÏÎÓȾÃÍΤ ÃÏÒÒÅÓÐÏÎÄÉÎÇ 

ÔÏ ÁÎ ÉÍÐÌÁÎÔÁÔÉÏÎ ÄÅÐÔÈ ÏÆ ΧΡΡ ÎÍȢ $ÅÕÔÅÒÉÕÍ ×ÁÓ ÔÈÅÎ ÉÍÐÌÁÎÔÅÄ ÉÎ ÔÈÅ ÓÁÍÅ 

ÆÁÃÉÌÉÔÙ ×ÉÔÈ Á ΩΡ ËÅ6 ÂÅÁÍȟ ÔÏ Á ÔÏÔÁÌ ÆÌÕÅÎÃÅ ÏÆ ΣΡΣΩ ÁÔȾÃÍΤ ÉÎÔÏ Á ÄÅÐÔÈ ÏÆ ΩΧΡ ÎÍ 

ɉ32)- ÃÁÌÃÕÌÁÔÉÏÎÓɊȢ 

 

4ÈÅ $ ÄÅÐÔÈ ÐÒÏÆÉÌÅÓ ×ÅÒÅ ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÂÙ ÍÅÁÎÓ ÏÆ 2ÅÓÏÎÁÎÃÅ .ÕÃÌÅÁÒ 

2ÅÁÃÔÉÏÎ !ÎÁÌÙÓÉÓ ɉ2.2!Ɋ ÁÔ ÔÈÅ .ÕÃÌÅÁÒ ÁÎÄ 2ÁÄÉÁÔÉÏÎ 0ÈÙÓÉÃÓ $ÅÐÁÒÔÍÅÎÔȟ +5,-

,ÅÕÖÅÎȟ ÔÁÎÄÅÍ ÁÃÃÅÌÅÒÁÔÏÒ ÆÁÃÉÌÉÔÙ ÂÙ ÕÓÉÎÇ ÔÈÅ $ ɉΥ(Åȟ ÐɊ Φ(Å ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎ ɉÓÅÅ 

&ÉÇÕÒÅ ΩȢΨɊȢ -ÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÃÁÒÒÉÅÄ ÏÕÔ ×ÉÔÈ Á Υ(Å ÉÏÎ ÂÅÁÍ ÉÍÐÉÎÇÉÎÇ ÔÈÅ 

ÓÁÍÐÌÅ ÓÕÒÆÁÃÅ ÁÔ ÎÏÒÍÁÌ ÉÎÃÉÄÅÎÃÅȢ  

 

  
 

&ÉÇÕÒÅ ΩȢΨȡ %ØÐÅÒÉÍÅÎÔÁÌ ÃÈÁÍÂÅÒ ɉÌÅÆÔɊ ÁÎÄ ÓÁÍÐÌÅ-ÈÏÌÄÅÒ ɉÒÉÇÈÔɊ ÆÏÒ .2! ÅØÐÅÒÉÍÅÎÔÓȟ 

ÍÏÕÎÔÅÄ ÏÎ Á ÂÁÓÅ ÆÏÒ Á ÈÏÍÏÇÅÎÅÏÕÓ ÈÅÁÔ ÔÒÁÎÓÆÅÒ ÄÕÒÉÎÇ ÔÈÅÒÍÁÌ ÔÒÅÁÔÍÅÎÔÓȢ 

 

4ÈÅ ÔÏÔÁÌ ÁÃÃÕÍÕÌÁÔÅÄ ÄÏÓÅ ÆÏÒ ÅÁÃÈ ÓÐÅÃÔÒÕÍ ×ÁÓ Χ ʈ#Ȣ 4ÈÅ ÂÅÁÍ ÓÐÏÔ ÁÎÄ ÔÈÅ 

ÃÕÒÒÅÎÔ ×ÅÒÅ ÓÅÌÅÃÔÅÄ ÔÏ ÂÅ Σ ÍÍΤ ÁÎÄ ͯ ΣΡ Î!ȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ×ÉÔÈ Á ÆÌÕÅÎÃÅ ÏÆ ΥØΣΡΣΩ 

ÃÍ-ΤȢ 0ÒÅÖÉÏÕÓ ÔÅÓÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÔÏ ÁÓÓÕÒÅ ÒÅÌÉÁÂÌÅ ÄÅÐÔÈ ÐÒÏÆÉÌÉÎÇ 

ÍÅÁÓÕÒÅÍÅÎÔÓȢ 0ÒÏÔÏÎÓ ×ÅÒÅ ÄÅÔÅÃÔÅÄ ÂÙ Á ÇÌÁÎÃÉÎÇ 0)03 ɉ0ÁÓÓÉÖÁÔÅÄ )ÍÐÌÁÎÔÅÄ 

0ÌÁÎÁÒ 3ÉÌÉÃÏÎɊ #ÁÎÂÅÒÒÁ ÄÅÔÅÃÔÏÒ ×ÉÔÈ ÁÎ ÁÃÔÉÖÅ ÁÒÅÁ ÏÆ ΧΡ ÍÍΤ ÌÏÃÁÔÅÄ ÁÔ ΣΦΤΞ ÆÒÏÍ 
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ÔÈÅ ÂÅÁÍ ÄÉÒÅÃÔÉÏÎȢ ! ΣΥ ʈÍ -ÙÌÁÒ ÆÏÉÌ ×ÁÓ ÐÌÁÃÅÄ ÉÎ ÆÒÏÎÔ ÏÆ ÔÈÅ ÄÅÔÅÃÔÏÒ ÉÎ ÏÒÄÅÒ 

ÔÏ ÓÔÏÐ ÏÔÈÅÒ ÌÉÇÈÔ ÅÌÅÍÅÎÔÓ ɉÉȢÅȢ ɻ ÐÁÒÔÉÃÌÅÓɊ ÁÒÉÓÉÎÇ ÆÒÏÍ ÔÈÅ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎȢ  

4ÈÅ ÓÅÌÅÃÔÅÄ ÒÅÁÃÔÉÏÎ ÐÒÅÓÅÎÔÓ Á ÂÒÏÁÄ ÒÅÓÏÎÁÎÔ ÐÅÁË ÁÔ ΡȢΨΥ -Å6Ƞ ÔÈÅÒÅÆÏÒÅ ÔÈÅ 

ÂÅÁÍ ÅÎÅÒÇÙ ×ÁÓ ÖÁÒÉÅÄ ÉÎ ÔÈÅ ÒÁÎÇÅ ÆÒÏÍ ΡȢΨΦ ÔÏ ΣȢΧ -Å6 ÉÎ ÏÒÄÅÒ ÔÏ ÃÏÖÅÒ ÔÈÅ 

×ÈÏÌÅ ÐÒÏÊÅÃÔÅÄ ÒÁÎÇÅȢ 

!ÌÏÎÇ ÔÈÅ ÆÉÒÓÔ ÓÅÔ ÏÆ ÍÅÁÓÕÒÅÍÅÎÔÓ ɉÓÅÅ &ÉÇÕÒÅ ΩȢΧɊȟ ÄÅÕÔÅÒÉÕÍ ÄÅÐÔÈ ÐÒÏÆÉÌÅÓ 

×ÅÒÅ ÒÅÇÉÓÔÅÒÅÄ ÄÕÒÉÎÇ ÈÅÁÔÉÎÇȟ ÁÔ ÉÎÃÒÅÁÓÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅÓ ɉΤΩ Ξ#ȟ ΣΡΡΞ#ȟ ΣΧΡΞ# ÁÎÄ 

ΤΡΡΞ#ɊȢ 4ÅÍÐÅÒÁÔÕÒÅ ×ÁÓ ÍÅÁÓÕÒÅÄ ÁÎÄ ÃÏÎÔÒÏÌÌÅÄ ÕÓÉÎÇ Á +-ÔÙÐÅ ÔÈÅÒÍÏÃÏÕÐÌÅ 

ÆÉØÅÄ ÔÏ ÔÈÅ ÆÕÒÎÁÃÅ ÌÏÃÁÔÅÄ ÁÔ ÔÈÅ ÂÁÃË ÏÆ ÔÈÅ ÓÁÍÐÌÅ-ÈÏÌÄÅÒȟ ÁÎ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÅÔ-

ÕÐ ÄÅÓÉÇÎÅÄ ÁÔ ÔÈÅ +5, ÌÁÂÏÒÁÔÏÒÉÅÓ ɉÓÅÅ &ÉÇÕÒÅ ΩȢΨ ÒÉÇÈÔɊȢ 4ÈÉÓ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÁÌÌÏ×Ó 

ÉÎ-ÓÉÔÕ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÓÐÅÃÔÒÁ ÏÆ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎÓȟ ×ÈÉÌÅ ÔÈÅ ÁÎÎÅÁÌÉÎÇ ÔÒÅÁÔÍÅÎÔÓ 

ÁÒÅ ÃÁÒÒÉÅÄ ÏÕÔȢ 4ÈÅ ÔÉÍÅ ÆÏÒ ÅÁÃÈ .2! ÍÅÁÓÕÒÅÍÅÎÔ ÁÔ ÔÈÅ ÓÅÌÅÃÔÅÄ ÅÎÅÒÇÙ ÉÓ ÏÆ 

ÁÂÏÕÔ ΤΡ ÍÉÎÕÔÅÓȟ ÂÅÉÎÇ ΣΧ ÔÈÅ ÔÏÔÁÌ ÐÏÉÎÔÓ ÆÏÒ ÅÁÃÈ ÃÕÒÖÅȢ  

 

$ÅÕÔÅÒÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÄÅÐÔÈ ×ÁÓ ÄÅÔÅÒÍÉÎÅÄ ÂÙ ÃÏÍÐÁÒÉÎÇ 

ÍÅÁÓÕÒÅÄ ÁÎÄ ÓÉÍÕÌÁÔÅÄ 2.2! ÓÐÅÃÔÒÁȢ &ÏÒ ÓÉÍÕÌÁÔÉÏÎÓ ÏÆ ÁÎÙ ÉÏÎ-ÔÁÒÇÅÔ 

ÃÏÍÂÉÎÁÔÉÏÎ ÇÅÏÍÅÔÒÙ ÁÎÄ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÆÏÉÌÓ ÉÎ ÆÒÏÎÔ ÏÆ ÔÈÅ ÄÅÔÅÃÔÏÒȟ ÔÈÅ 

ÃÏÍÍÅÒÃÉÁÌ ÃÏÍÐÕÔÅÒ ÃÏÄÅ 3)-.2! ɉÁ -ÉÃÒÏÓÏÆÔ 7ÉÎÄÏ×Ó ÐÒÏÇÒÁÍɊ ×ÁÓ ÕÓÅÄ 

[247]Ȣ 4ÈÅ ÓÅÌÅÃÔÅÄ ÃÒÏÓÓ ÓÅÃÔÉÏÎ ÆÏÒ ÔÈÅ ÃÁÌÃÕÌÁÔÉÏÎÓ ÉÓ ÔÈÁÔ ÒÅÐÏÒÔÅÄ ÂÙ !ÌÉÍÏÖ ÅÔ ÁÌȢ 

[242] ×ÈÏÓÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÁÔ Á ÓÃÁÔÔÅÒÉÎÇ ÁÎÇÌÅ ÏÆ ΣΥΧΞȢ )Î ÔÈÉÓ 

ÅØÐÅÒÉÍÅÎÔȟ ÔÈÅ ÁÎÇÌÅ ÉÓ ÓÅÔ ÁÔ ΣΦΤΞȟ ÂÅÃÁÕÓÅ ÁÃÃÏÒÄÉÎÇ ÔÏ -ĘÌÌÅÒ ÅÔ ÁÌȢ [243] ×ÉÔÈÉÎ 

ÔÈÅ Υ(Å ÅÎÅÒÇÙ ÒÁÎÇÅ ΡȢΨΦ - ΣȢΤ -Å6 ÔÈÅ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎ ÉÓ ÁÌÍÏÓÔ ÁÎÇÌÅ 

ÉÎÄÅÐÅÎÄÅÎÔȢ ! ÔÁÉÌÏÒ-ÍÁÄÅ ÐÒÏÇÒÁÍ ÉÍÐÌÅÍÅÎÔÅÄ ÉÎ ÔÈÅ .ÕÃÌÅÁÒ ÁÎÄ 2ÁÄÉÁÔÉÏÎ 

0ÈÙÓÉÃÓ $ÅÐÁÒÔÍÅÎÔ ÁÔ ÔÈÅ +5,- ÃÅÎÔÒÅ ×ÁÓ ÕÓÅÄ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÒÅÃÏÒÄÅÄ ÐÒÏÔÏÎ 

ÙÉÅÌÄȢ 

 

3.2. Results and discussion 

3.2.1. Microstructural features 

 

0ÏÉÎÔÉÎÇ ÔÈÅÉÒ ÆÉÎÁÌ ÁÐÐÌÉÃÁÔÉÏÎ ÁÓ ÆÕÓÉÏÎ ÂÒÅÅÄÅÒ ÂÌÁÎËÅÔÓȟ ÔÈÅ ÓÉÎÔÅÒÉÎÇ 

ÃÏÎÄÉÔÉÏÎÓ ÕÓÅÄ ÆÏÒ ÔÈÅ ÆÁÂÒÉÃÁÔÅÄ ÃÅÒÁÍÉÃ ÂÏÄÉÅÓ ×ÅÒÅ ÅÓÔÁÂÌÉÓÈÅÄ ÔÏ ÁÃÈÉÅÖÅ 

ÐÏÒÏÕÓ ÃÅÒÁÍÉÃÓ ×ÉÔÈ ÓÔÁÂÌÅ ÃÒÙÓÔÁÌÌÉÎÅ ÓÔÒÕÃÔÕÒÅÓȢ #ÒÙÓÔÁÌÌÉÎÅ ÐÈÁÓÅÓȟ ÅØÐÅÒÉÍÅÎÔÁÌ 

ÄÅÎÓÉÔÉÅÓȟ ÏÐÅÎ ÐÏÒÏÓÉÔÙ ÁÎÄ ÐÏÒÅ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎÓ ÁÒÅ ÈÅÒÅ ÒÅÃÁÌÌÅÄ ÉÎ ÏÒÄÅÒ ÔÏ 

ÐÒÏÐÅÒÌÙ ÄÉÓÃÕÓÓ $ ÔÒÁÎÓÐÏÒÔ ÐÒÏÃÅÓÓÅÓȢ 

!Ó ÄÅÔÅÒÍÉÎÅÄ ÂÙ 82$ ÁÎÁÌÙÓÉÓ ɉÓÅÅ &ÉÇÕÒÅ ΩȢΩɊȟ -4É ÐÒÅÓÅÎÔÓ ÔÈÅ ÍÅÔÁÔÉÔÁÎÁÔÅ ÁÓ 

Á ÕÎÉÑÕÅ ÐÈÁÓÅ ɉ-4Éȡ ,ÉΤ4É/ΥɊ ×ÉÔÈ ÈÉÇÈ ÃÒÙÓÔÁÌÌÉÎÉÔÙȢ &ÏÒ ÔÈÅ ,ÉΦ ÃÅÒÁÍÉÃȟ ,ÉΤ3É/Υ 

ɉ-3ÉɊ ÁÎÄ ,ÉΦ3É/Φ ɉ/3ÉɊ ÃÒÙÓÔÁÌÌÏÇÒÁÐÈÉÃ ÐÈÁÓÅÓ ÁÒÅ ÏÂÓÅÒÖÅÄ ÔÏ ÃÏ-ÅØÉÓÔ ×ÉÔÈ Á 
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ÍÉØÔÕÒÅ ÏÆ 3É/Τ ÁÎÄ ,ÉΤ#/Υ ÐÈÁÓÅÓ ɉÒÅÁÃÔÉÏÎ ÐÒÅÃÕÒÓÏÒÓɊȢ )Î ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ ,ÉΨ 

ÃÅÒÁÍÉÃȟ ,ÉΦ3É/Φ ÁÎÄ ,ÉΤ3É/Υ ÐÈÁÓÅÓ ÁÒÅ ÄÅÔÅÃÔÅÄȟ ÁÓ ÄÉÓÃÕÓÓÅÄ ÉÎ #ÈÁÐÔÅÒ ΧȢ 4ÈÅ 

ÅÆÆÅÃÔ ÏÆ ,É ÅØÃÅÓÓ ÓÅÅÍÓ ÔÏ ÂÅ ÔÈÅ ÅØÐÌÁÎÁÔÉÏÎ ÆÏÒ ÔÈÅ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÏÆ ÔÈÅ ÎÅ× 

ÏÒÔÈÏÓÉÌÉÃÁÔÅ ÐÈÁÓÅ ÉÎ ÈÉÇÈÅÒ ÐÒÏÐÏÒÔÉÏÎÓȢ 

 
&ÉÇÕÒÅ ΩȢΩȡ 8-ÒÁÙ ÄÉÆÆÒÁÃÔÉÏÎ ÐÁÔÔÅÒÎÓ ÆÏÒ ÔÈÅ ÔÉÔÁÎÁÔÅ ɉÌÅÆÔɊ ÁÎÄ ÔÈÅ ÓÉÌÉÃÁÔÅÓ ɉ,ÉΦ ÁÎÄ ,ÉΨɊ 

ɉÒÉÇÈÔɊ ÏÆ ÁÓ-ÓÉÎÔÅÒÅÄ ÃÅÒÁÍÉÃ ÓÁÍÐÌÅÓȢ )Î ÔÈÅ 3ÉÌÉÃÁ-ÂÁÓÅÄ ÓÁÍÐÌÅÓ ÔÈÅ ÐÅÁËÓ ÏÆ ÔÈÅ Ô×Ï 

ÍÁÉÎ ÐÈÁÓÅÓ ÁÒÅ ÉÄÅÎÔÉÆÉÅÄ ÁÓ / ɉ/ÒÔÈÏÓÉÌÉÃÁÔÅɊ ÁÎÄ - ɉ-ÅÔÁÓÉÌÉÃÁÔÅɊȢ 

 

4ÈÅ ÐÏÒÅ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÏÒ ÔÈÅ ÔÈÒÅÅ ÓÉÎÔÅÒÅÄ ÍÁÔÅÒÉÁÌÓ ×ÁÓ ÅÓÔÉÍÁÔÅÄ ÂÙ ÕÓÉÎÇ 

ÔÈÅ ÍÅÒÃÕÒÙ ÉÎÔÒÕÓÉÏÎ ÍÅÔÈÏÄ ÁÎÄ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅÓ ÓÈÏ×Î ÉÎ 

&ÉÇÕÒÅ ΩȢΪȢ 3ÉÎÃÅ ÔÈÅ ÂÕÌË ÓÁÍÐÌÅ ÖÏÌÕÍÅ ÉÓ ÁÎ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÁÔÁ ÏÂÔÁÉÎÅÄ ÆÒÏÍ 

ÐÏÒÏÓÉÍÅÔÒÙȟ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÅÎÓÉÔÙ ÁÎÄ ÐÏÒÏÓÉÔÙ ÖÁÌÕÅÓ ÃÏÕÌÄ ÂÅ ÃÁÌÃÕÌÁÔÅÄ ×ÉÔÈ 

ÈÉÇÈ ÁÃÃÕÒÁÃÙ ɉÓÅÅ 4ÁÂÌÅ ΩȢΤɊȢ 4ÈÅ ÐÏÒÏÓÉÔÙ ÄÉÓÔÒÉÂÕÔÉÏÎ ÃÕÒÖÅÓ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ 

ÁÐÐÁÒÅÎÔ ÓÉÚÅ ÏÆ ÔÈÅ ÁÃÃÅÓÓÅÄ ÐÏÒÅÓ ÕÎÄÅÒ ÉÎÃÒÅÁÓÉÎÇ (Ç ÐÒÅÓÓÕÒÅ [248] ÁÒÅ 

ÃÏÍÐÁÒÅÄ ÉÎ &ÉÇÕÒÅ ΩȢΪȢ 

 
 

Figure 7.8: Comparative pore distribution curves experimentally obtained for the three 

studied lithium ceramics by using Hg inclusion porosimetry. 
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! ×ÉÄÅ ÒÁÎÇÅ ÏÆ ÏÐÅÎ-ÐÏÒÅ ÄÉÁÍÅÔÅÒÓ ÉÓ ÉÄÅÎÔÉÆÉÅÄ ÆÏÒ ÔÈÅ ÓÁÍÐÌÅÓ ÁÆÔÅÒ ÓÉÎÔÅÒÉÎÇ 

ɉÓÅÅ 4ÁÂÌÅ ΩȢΤɊȢ !ÌÌ ÃÏÍÐÏÓÉÔÉÏÎÓ ÓÈÏ× ÎÁÒÒÏ× ÐÏÒÅ ÄÉÓÔÒÉÂÕÔÉÏÎÓ ×ÈÅÒÅ ÔÈÅ ÍÁÊÏÒÉÔÙ 

ÏÆ ÐÏÒÅÓ ÈÁÖÅ ÄÉÁÍÅÔÅÒÓ ÂÅÌÏ× ÔÈÅ ÍÉÃÒÏÎ ÓÉÚÅȢ 4ÈÅ ,ÉΨ ÃÏÍÐÏÓÉÔÉÏÎ ÓÈÏ×Ó Á 

ÄÉÓÔÒÉÂÕÔÉÏÎ ÃÕÒÖÅ ×ÈÅÒÅ Ô×Ï ÍÏÒÅ ÆÒÅÑÕÅÎÔ ÐÏÒÅ ÄÉÁÍÅÔÅÒÓ ÏÆ ÎÁÎÏÍÅÔÅÒ ÓÉÚÅ ÁÒÅ 

ÄÅÔÅÃÔÅÄȢ 4ÈÅ ÐÒÅÓÅÎÃÅ ÏÆ Á ÎÁÒÒÏ×ÅÒ ÐÏÒÅ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ÓÍÁÌÌÅÒ ÐÏÒÅ 

ÄÉÁÍÅÔÅÒ ÉÓ ÔÈÅ ÅØÐÌÁÎÁÔÉÏÎ ÆÏÒ Á ÂÅÔÔÅÒ-ÄÅÎÓÉÆÉÅÄ ÍÁÔÅÒÉÁÌȢ 

 

4ÁÂÌÅ ΩȢΤȡ -ÁÉÎ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÈÅ ÃÅÒÁÍÉÃ ÓÐÅÃÉÍÅÎÓȢ 

-ÁÔÅÒÉÁÌ -4É ,ÉΦ ,ÉΨ 

$ÅØÐȡ ÅØÐÅÒÉÍÅÎÔÁÌ 

ÄÅÎÓÉÔÙ ɉÇÒȾÃÃɊ 
ΤȢΩ ΣȢΨ ΤȢΡΧ 

$ÅÎÓÉÔÙ ɉϷ 4Ȣ$ȢɊ ΩΪ ΩΥ ΫΦȢΧ 

0ÏÒÏÓÉÔÙ ɉϷɊ ΤΤ ΤΩ ΧȢΧ 

-ÁÉÎ ÏÐÅÎ ÐÏÒÅ 

ÄÉÁÍÅÔÅÒÓ ɉʈÍɊ 
ΡȢΡΪ ΡȢΫ ΡȢΣ Ǫ ΡȢΡΤΧ 

-ÅÁÎ 'ÒÁÉÎ ÓÉÚÅ ɉʈÍɊ Υ Τ 
ΡȢΣΧ Ǫ Ψ 

ɉÂÉÍÏÄÁÌɊ 

 

3ÁÍÐÌÅ ÍÏÒÐÈÏÌÏÇÙ ×ÁÓ ÓÔÕÄÉÅÄ ÂÙ ÓÃÁÎÎÉÎÇ ÅÌÅÃÔÒÏÎ ÍÉÃÒÏÓÃÏÐÙ ɉ3%-ɊȢ 7ÈÅÎ 

ÃÏÍÐÁÒÉÎÇ 3%- ÉÍÁÇÅÓ ÏÆ ÔÈÅ ÁÓ-ÓÉÎÔÅÒÅÄ ÐÏÌÉÓÈÅÄ ÓÕÒÆÁÃÅÓ ɉÐÏÌÉÓÈÉÎÇ ÐÒÏÃÅÄÕÒÅ 

ÄÅÓÃÒÉÂÅÄ ÉÎ #ÈÁÐÔÅÒ Χȟ ÓÅÃÔÉÏÎ ΨȢÄɊ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÄÉÆÆÅÒÅÎÃÅÓ ÁÒÅ ÁÐÐÒÅÃÉÁÔÅÄ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÓÁÍÐÌÅÓ ɉ&ÉÇÕÒÅ ΩȢΫɊȢ  

 

 
 

&ÉÇÕÒÅ ΩȢΫȡ 3%- ÍÉÃÒÏÇÒÁÐÈÓ ÏÆ ÔÈÅ ÐÏÌÉÓÈÅÄ ÁÎÄ ÔÈÅÒÍÁÌÌÙ ÅÔÃÈÅÄ ÓÕÒÆÁÃÅÓ ÏÆ ,É-ÂÁÓÅÄ 

ÃÅÒÁÍÉÃ ÐÅÌÌÅÔÓ ɉÌÅÆÔ--4ÉȠ ÃÅÎÔÅÒ-,ÉΦȠ ÒÉÇÈÔ-,ÉΨɊȢ 3ÅÅ ÔÁÂÌÅΩȢΤ ÆÏÒ ÔÈÅ ÃÁÌÃÕÌÁÔÅÄ ÍÅÁÎ ÇÒÁÉÎ 

ÓÉÚÅÓȢ 
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-ÅÁÎ ÇÒÁÉÎ ÓÉÚÅÓ ÁÒÅ ÅÓÔÉÍÁÔÅÄ ÔÏ ÂÅ ÁÂÏÕÔ Υ ÁÎÄ Τ ʈÍ ÆÏÒ ÔÈÅ -4É ÁÎÄ ÔÈÅ ,ÉΦ 

ÃÅÒÁÍÉÃÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÏÂÓÅÒÖÅÄ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅÓ ÁÒÅ ÉÎ ÁÇÒÅÅÍÅÎÔ ×ÉÔÈ ÔÈÏÓÅ 

ÒÅÐÏÒÔÅÄ ÉÎ ÔÈÅ ÌÉÔÅÒÁÔÕÒÅ ÆÏÒ ÓÉÍÉÌÁÒ ÓÉÎÔÅÒÉÎÇ ÃÏÎÄÉÔÉÏÎÓ [36], [248]Ȣ /Î ÔÈÅ ÏÔÈÅÒ 

ÈÁÎÄȟ Á ÂÉÍÏÄÁÌ ÇÒÁÉÎ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÉÓ ÏÂÓÅÒÖÅÄ ÆÏÒ ÔÈÅ ,ÉΨ ÓÁÍÐÌÅȟ ×ÈÅÒÅ ÇÒÁÉÎÓ 

×ÉÔÈ ÁÎ ÁÖÅÒÁÇÅ ÇÒÁÉÎ ÓÉÚÅ ÏÆ ΡȢΣΧ ЎÍ ÁÒÅ ÓÈÏ×Î ÄÅÃÏÒÁÔÉÎÇ ÔÈÅ Ψ ЎÍ ÓÉÚÅÄ ÇÒÁÉÎÓȢ 

&ÏÌÌÏ×ÉÎÇ +ÎÉÔÔÅÒ ÓÕÇÇÅÓÔÉÏÎÓ [36], [144] ÉÔ ÉÓ ÁÓÓÕÍÅÄ ÔÈÁÔ ÓÍÁÌÌÅÒ ÇÒÁÉÎÓ 

ÃÏÒÒÅÓÐÏÎÄ ÔÏ ÔÈÅ ,ÉΤ3É/Υ ÐÈÁÓÅȟ ÌÏÃÁÔÅÄ ÁÔ ÐÏÒÅÓ ÁÎÄ ÇÒÁÉÎ ÂÏÕÎÄÁÒÉÅÓ ÏÆ ÔÈÅ 

ÂÉÇÇÅÒ ÇÒÁÉÎÓ ÏÆ ,ÉΦ3É/Φ ÐÈÁÓÅȢ !Ó ÅØÐÅÃÔÅÄ ÆÒÏÍ ÔÈÅ ÐÈÁÓÅ ÄÉÁÇÒÁÍ [56]ȟ ÔÈÅ 

ÅØÐÌÁÎÁÔÉÏÎ ÏÆ Á ÈÉÇÈÅÒ ÁÍÏÕÎÔ ÏÆ ÏÒÔÈÏÓÉÌÉÃÁÔÅ ÐÈÁÓÅ ÉÎ ÔÈÅ ,ÉΨ ÃÏÍÐÏÓÉÔÉÏÎ ÃÁÎ ÂÅ 

ÆÏÕÎÄ ÉÎ ÔÈÅ ÅØÃÅÓÓ ÏÆ ÌÉÔÈÉÕÍ ÃÁÒÂÏÎÁÔÅ ÁÓ ÒÅÁÃÔÁÎÔ ÁÎÄ ÄÕÅ ÔÏ ÔÈÅ ÓÌÉÇÈÔÌÙ ÓÕÐÅÒÉÏÒ 

ÔÅÍÐÅÒÁÔÕÒÅ ÄÕÒÉÎÇ ÓÉÎÔÅÒÉÎÇȢ 4ÈÅ ÃÒÙÓÔÁÌÌÉÚÁÔÉÏÎ ÏÆ ÔÈÅ ,ÉΤ3É/Υ ÐÈÁÓÅ ÉÎ ÔÈÅ ,ÉΨ 

ÃÏÍÐÏÓÉÔÉÏÎ ÉÎ ÓÕÂÍÉÃÒÏÎ ÇÒÁÉÎÓ ÍÁÙ ÂÅ ÅØÐÌÁÉÎÅÄ ÂÙ ÔÈÅ ÓÉÎÔÅÒÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅȟ 

ÓÉÎÃÅ ÔÈÅ ÇÒÁÉÎ ÓÉÚÅ ÉÓ ÓÔÉÌÌ ÒÅÐÏÒÔÅÄ ÔÏ ÂÅ ÖÅÒÙ ÓÍÁÌÌ ɉΤ - Υ ʈÍɊ ÆÏÒ ÓÉÎÔÅÒÉÎÇ 

ÔÅÍÐÅÒÁÔÕÒÅÓ ÏÆ ΣΡΤΡΞ# [249], [250]Ȣ !Ó Á ÃÏÎÓÅÑÕÅÎÃÅ ÔÈÅ ÖÅÒÙ ÈÉÇÈ ÄÅÎÓÉÔÙ ɉΫΦȢΧϷ 

$ÔÈɊ ÉÎ ÃÁÓÅ ÏÆ ,ÉΨ ÃÏÍÐÏÓÉÔÉÏÎ ÉÓ ÁÌÓÏ ÂÅÔÔÅÒ ÄÅÓÃÒÉÂÅÄ ÂÙ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÓÏ-ÓÍÁÌÌ 

ÓÉÚÅÄ ÇÒÁÉÎÓ ×ÈÉÃÈ ÁÌÌÏ× Á ÂÅÔÔÅÒ ÐÁÃËÉÎÇ ÒÅÓÕÌÔÉÎÇ ÉÎ Á ÓÉÎÔÅÒÅÄ ÍÁÔÒÉØ ×ÉÔÈ ÒÅÄÕÃÅÄ 

ÐÏÒÏÓÉÔÙȢ 4ÈÅ ÅØÉÓÔÅÎÃÅ ÏÆ ÎÁÎÏÇÒÁÉÎÓ ÁÃÃÏÍÐÁÎÙÉÎÇ ÔÈÅ ÍÁÉÎ ÃÒÙÓÔÁÌÌÉÎÅ ÓÔÒÕÃÔÕÒÅ 

ÉÓ ÔÈÅÎ Á ÄÅÆÉÎÉÔÉÖÅ ÍÅÔÈÏÄ ÔÏ ÒÅÄÕÃÅ ÐÏÒÏÓÉÔÙȢ  

 

&ÏÒ 4ÒÉÔÉÕÍ ÒÅÃÏÖÅÒÙ ÐÕÒÐÏÓÅÓȟ ÃÅÒÁÍÉÃ ÂÒÅÅÄÅÒÓ ÈÁÖÉÎÇ ÔÈÅ ΪΧ-ΫΡϷ ÏÆ ÔÒÕÅ 

ÄÅÎÓÉÔÙ ÁÎÄ ÏÐÅÎ ÐÏÒÏÓÉÔÙ ÁÒÅ ÒÅÑÕÉÒÅÄȢ -ÏÒÅÏÖÅÒȟ Á ÕÎÉÆÏÒÍ ÓÍÁÌÌ ÇÒÁÉÎ ÓÉÚÅ 

ÄÉÓÔÒÉÂÕÔÉÏÎ ɉÈÁÖÉÎÇ ÄÉÁÍÅÔÅÒÓ ÓÍÁÌÌÅÒ ÔÈÁÎ ΣΡ ЎÍɊ ÓÈÏÕÌÄ ÂÅ ÁÃÈÉÅÖÁÂÌÅ ÓÉÎÃÅ ÔÈÅ 

ÁÃÔÉÖÁÔÉÏÎ ÅÎÅÒÇÙ ÆÏÒ ÇÒÁÉÎÓ ÄÉÆÆÕÓÉÏÎ ÉÓ ÈÉÇÈÅÒ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÁÔ ÁÌÏÎÇ ÇÒÁÉÎ 

ÂÏÕÎÄÁÒÉÅÓ [71]Ȣ !ÆÔÅÒ ÓÉÎÔÅÒÉÎÇȟ ÁÌÌ ÓÁÍÐÌÅÓ ÈÅÒÅ ÓÔÕÄÉÅÄ ÅØÈÉÂÉÔ ÔÈÅ ÉÎÔÅÒÃÏÎÎÅÃÔÅÄ 

ÐÏÒÏÕÓ ÎÅÔ×ÏÒË ÅØÐÅÃÔÅÄ ÆÏÒ ÂÒÅÅÄÅÒ ÁÐÐÌÉÃÁÔÉÏÎÓȢ 4ÈÅÒÅÆÏÒÅ ÔÈÅ ÁÃÈÉÅÖÅÄ 

ÍÉÃÒÏÓÔÒÕÃÔÕÒÅÓ ÁÓ ÆÉÔÔÉÎÇ ÔÈÅÓÅ ÆÕÓÉÏÎ ÂÒÅÅÄÅÒ ÒÅÑÕÉÒÅÍÅÎÔÓ ÃÏÕÌÄ ÂÅ ÃÏÎÓÉÄÅÒÅÄ 

ÏÐÔÉÍÁ ÆÏÒ ÔÈÅ ÅÁÓÙ ÔÒÁÎÓÐÏÒÔ ÏÆ ÔÈÅ ÉÍÐÌÁÎÔÅÄ ÉÏÎȢ  

 

3.2.2. Deuterium analytical determination by NRA 

 

)ÍÐÌÁÎÔÅÄ ÄÅÕÔÅÒÉÕÍ ÄÅÐÔÈ-ÐÒÏÆÉÌÅÓ ×ÅÒÅ ÃÈÁÒÁÃÔÅÒÉÚÅÄ ÂÙ ÍÅÁÎÓ ÏÆ 2ÅÓÏÎÁÎÔ-

.2! ÁÎÁÌÙÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅȢ )Ô ÉÓ ×ÏÒÔÈ×ÈÉÌÅ ÍÅÎÔÉÏÎÉÎÇ ÔÈÁÔ ÉÎ ÏÒÄÅÒ ÔÏ ÄÅÔÅÒÍÉÎÅ $ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ Á ÒÅÌÉÁÂÌÅ ×ÁÙȟ ÂÁÃËÇÒÏÕÎÄ ÓÐÅÃÔÒÁ ×ÅÒÅ ÍÅÁÓÕÒÅÄ ÄÅÅÐ ÉÎÔÏ ÔÈÅ 

ÓÁÍÐÌÅ ɉÃÏÒÒÅÓÐÏÎÄÉÎÇ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÔÏ ΣȢΧ -Å6  ͯΥȢΤΩ ʈÍɊ ×ÈÅÒÅ ÎÏ ÉÍÐÌÁÎÔÅÄ $ 

×ÁÓ ÅØÐÅÃÔÅÄ ÔÏ ÂÅȢ  

0ÒÏÔÏÎÓ ÉÎ ÔÈÅ -Å6 ÒÁÎÇÅ ÃÁÎ ÁÌÓÏ ÁÒÉÓÅ ÆÒÏÍ ÎÕÃÌÅÁÒ ÒÅÁÃÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÔÈÅ Υ(Å 

ÁÎÁÌÙÔÉÃÁÌ ÂÅÁÍ ÁÎÄ ,Éȟ 3É ÁÎÄ / ÁÔÏÍÓ ÉÎ ÔÈÅ ÔÁÒÇÅÔȟ ÃÏÎÔÒÉÂÕÔÉÎÇ ÁÎÄ ÉÎÃÒÅÁÓÉÎÇ ÔÈÅ 
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ÍÅÁÓÕÒÅÄ ÐÒÏÔÏÎ ÃÏÕÎÔÉÎÇ ÒÁÔÅȢ 4ÈÅÒÅÆÏÒÅ ÔÈÅ ÐÒÏÔÏÎ ÙÉÅÌÄ ÍÅÁÓÕÒÅÄ ÁÔ ÄÅÐÔÈÓ 

ÈÉÇÈÅÒ ÔÈÁÎ Φ ÍÉÃÒÏÎ ×ÁÓ ÓÕÂÔÒÁÃÔÅÄ ÆÒÏÍ ÔÈÅ ÔÏÔÁÌ ÐÒÏÔÏÎ ÙÉÅÌÄÓ ÍÅÁÓÕÒÅÄ ÆÏÒ ÔÈÅ 

ÄÅÕÔÅÒÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ ÔÈÅ ÉÍÐÌÁÎÔÅÄ ÚÏÎÅȢ 

 

!ÆÔÅÒ ÂÁÃËÇÒÏÕÎÄ ÓÕÂÔÒÁÃÔÉÏÎȟ ÔÈÅ ÄÅÕÔÅÒÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÃÕÒÖÅÓ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ 

ÄÅÐÔÈ ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ ÃÁÌÃÕÌÁÔÅÄ ÂÙ 3)-.2! ÁÒÅ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ ΩȢΣΡ ×ÈÅÒÅ ÔÈÅ 

ÄÏÔ ÌÉÎÅ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÅØÐÅÃÔÅÄ 32)- ÍÁØÉÍÁ ÁÔ 2ÏÏÍ 4ÅÍÐÅÒÁÔÕÒÅ ÆÏÒ ÔÈÅ 

ÍÁÔÅÒÉÁÌ ÁÔ ÔÈÅ ÉÍÐÌÁÎÔÁÔÉÏÎ ÉÏÎ ÅÎÅÒÇÙȢ #ÌÅÁÒ ÄÉÆÆÅÒÅÎÃÅÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÍÅÁÓÕÒÅÄ 

ÁÎÄ ÔÈÅ ÓÉÍÕÌÁÔÅÄ ÉÍÐÌÁÎÔÁÔÉÏÎ ÍÁØÉÍÁ ÁÒÅ ÏÂÓÅÒÖÅÄȢ 4ÈÅÓÅ ÄÉÆÆÅÒÅÎÃÅÓ ÍÉÇÈÔ ÂÅ 

ÍÁÉÎÌÙ ÄÕÅ ÔÏ ÂÏÔÈȟ ÔÈÅ ÄÅÕÔÅÒÉÕÍ ÄÉÆÆÕÓÉÏÎ ÁÌÏÎÇ ÔÈÅ ÄÅÐÔÈ ÏÆ ÔÈÅ ÃÅÒÁÍÉÃ 

ÓÔÒÕÃÔÕÒÅÓ ÔÁËÉÎÇ ÐÌÁÃÅ ÁÔ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÒÅÓÉÄÕÁÌ $ ÉÎ ÔÈÅ 

ÃÈÁÍÂÅÒȢ 4ÈÅ ÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÖÉÔÙ ÏÆ $ÅÕÔÅÒÉÕÍ ×ÉÔÈ ÔÈÅ ÓÔÒÕÃÔÕÒÅ ÈÁÓ ÔÏ ÂÅ ÁÌÓÏ 

ÔÁËÅÎ ÉÎÔÏ ÁÃÃÏÕÎÔ ÔÏ ÕÎÄÅÒÓÔÁÎÄ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÐÒÏÆÉÌÅ ÓÈÁÐÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÉÍÕÌÁÔÅÄ 

ÁÎÄ ÔÈÅ ÍÅÁÓÕÒÅÄ ÏÎÅȢ    

4ÈÅ .ÕÃÌÅÁÒ 2ÅÁÃÔÉÏÎ !ÎÁÌÙÓÉÓ ×ÁÓ ÃÁÒÒÉÅÄ ÏÕÔ ÄÕÒÉÎÇ ÔÈÅ ÁÎÎÅÁÌÉÎÇȟ ÏÎÃÅ 

ÓÔÁÂÉÌÉÔÙ ÉÎ ÔÅÍÐÅÒÁÔÕÒÅ ×ÁÓ ÒÅÁÃÈÅÄȢ !Ô ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ɉÓÅÅ &ÉÇÕÒÅ ΩȢΣΡɊȟ $ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÈÉÇÈÅÒ ÉÎ ÔÈÅ ÓÕÒÆÁÃÅ ÒÅÇÉÏÎ ÔÈÁÎ ÄÅÅÐÅÒ ÉÎÔÏ ÔÈÅ 

ÓÁÍÐÌÅÓȟ ×ÈÉÃÈ ÉÎÄÉÃÁÔÅÓ ÔÈÅ ÉÎÆÌÕÅÎÃÅ ÏÆ ÓÕÒÆÁÃÅ ÏÎ $ ÄÉÆÆÕÓÉÏÎ ÉÎ ÁÌÌ ÔÈÅ ÓÁÍÐÌÅÓȢ 

4ÈÅ ÄÅÕÔÅÒÉÕÍ ÒÅÔÅÎÔÉÏÎ ÉÎ ,ÉΨ ÉÓ ÑÕÉÔÅ ÌÏ×ÅÒ ÔÈÁÎ ÉÎ ÔÈÅ ÏÔÈÅÒ Ô×Ï ÃÅÒÁÍÉÃÓ ÅÖÅÎ ÁÔ 

24Ȣ &ÒÏÍ ÄÅÐÔÈ ÐÒÏÆÉÌÅÓȟ ÔÈÅ 2.2! ÔÏÔÁÌ ÁÍÏÕÎÔ ÏÆ ÄÅÕÔÅÒÉÕÍ ÍÅÁÓÕÒÅÄ ÉÎ ÁÓ-

ÉÍÐÌÁÎÔÅÄ ÓÁÍÐÌÅÓ ÉÓ ÁÌÍÏÓÔ ÔÈÅ ÓÁÍÅ ÏÆ ÔÈÅ ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ ÔÈÅ ÉÍÐÌÁÎÔÁÔÉÏÎ 

ÆÌÕÅÎÃÅȢ )Ô ÉÎÄÉÃÁÔÅÓ ÔÈÁÔȟ ÅÖÅÎ ×ÈÅÎ $ ÄÉÆÆÕÓÉÏÎ ÉÓ ÏÂÓÅÒÖÅÄ ÔÏ ÏÃÃÕÒ ÁÔ 24ȟ $ ÄÏÅÓ 

ÎÏÔ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÒÅÌÅÁÓÅ ÆÒÏÍ ÔÈÅ ÓÁÍÐÌÅÓ ×ÈÅÎ ÓÔÏÒÉÎÇ ÔÈÅÍ ÔÈÒÅÅ ÄÁÙÓ ÕÎÄÅÒ 

ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÃÏÎÄÉÔÉÏÎÓȢ 4ÈÅ ÓÔÏÒÉÎÇ ÐÒÏÃÅÓÓ ×ÁÓ ÎÅÃÅÓÓÁÒÙȟ ÃÏÎÓÉÄÅÒÉÎÇ ÔÈÁÔ ÔÈÅ 

ÉÍÐÌÁÎÔÁÔÉÏÎ ×ÁÓ ÍÁÄÅ ÉÎ -ÁÄÒÉÄ ɉ#!)-5#-Ɋ ÁÎÄ ÔÈÅ .2! ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ ÉÎ +5,-

,ÅÕÖÅÎ ɉ"ÅÌÇÉÕÍɊ ÌÁÂÏÒÁÔÏÒÉÅÓ ɉÓÅÅ &ÉÇÕÒÅ ΩȢΧɊȢ  

 

)Ô ÍÕÓÔ ÂÅ ÓÔÒÅÓÓÅÄ ÔÈÁÔ ÔÈÅÒÍÁÌ ÁÎÎÅÁÌÉÎÇ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅÓ ÁÓ ÌÏ× ÁÓ ΣΡΡΞ# 

ÐÒÏÍÏÔÅÓ $ ÒÅÌÅÁÓÅȟ ÂÅÉÎÇ ÉÔÓ ÏÕÔÇÁÓ ÍÏÒÅ ÅÖÉÄÅÎÔ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ -4Éȟ ×ÈÉÃÈ 

ÐÒÅÓÅÎÔÓ ÈÉÇÈÅÒ ÉÎÉÔÉÁÌ $ ÃÏÎÃÅÎÔÒÁÔÉÏÎȢ &ÏÒ ÁÎÎÅÁÌÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅÓ Є ΣΧΡΞ#ȟ ÔÈÅ $ 

ÁÔÏÍÉÃ ÐÅÒÃÅÎÔÁÇÅ ÄÅÔÅÃÔÅÄ ÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌ ÉÓ ÎÅÇÌÉÇÉÂÌÅȟ ÉÎÄÉÃÁÔÉÎÇ ÔÈÁÔ ÁÔ ÔÈÅÓÅ 

ÔÅÍÐÅÒÁÔÕÒÅÓ ÔÈÅ ÌÉÇÈÔ ÉÏÎ ÉÓ ÃÏÍÐÌÅÔÅÌÙ ÏÕÔÇÁÓÓÅÄȢ 
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&ÉÇÕÒÅ ΩȢΣΡȡ !ÔÏÍÉÃ ÄÅÕÔÅÒÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÄÅÐÔÈ-ÐÒÏÆÉÌÅÓ ÏÆ -4É ɉÁɊȟ ,ÉΦ ɉÂɊ ÁÎÄ ,ÉΨ ɉÃɊ 

ÓÁÍÐÌÅÓ ÁÔ ÄÉÆÆÅÒÅÎÔ ÔÅÍÐÅÒÁÔÕÒÅÓȢ 4ÈÅ ÄÏÔ ÌÉÎÅ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÅØÐÅÃÔÅÄ 32)- ÍÁØÉÍÁ ÁÔ 

ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÆÏÒ ÔÈÅ ÍÁÔÅÒÉÁÌÓ ÁÔ ÔÈÅ ÉÍÐÌÁÎÔÁÔÉÏÎ ÉÏÎ ÅÎÅÒÇÙȢ  

 

)Î ÏÒÄÅÒ ÔÏ ÈÁÖÅ Á ÃÌÅÁÒÅÒ ÐÉÃÔÕÒÅȟ ÔÈÅ $ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÄÅÐÔÈ ÉÓ 

ÅÖÁÌÕÁÔÅÄ ÉÎÔÏ ÔÈÅ ×ÈÏÌÅ ÓÁÍÐÌÅÓ ÁÓ Ô×Ï ÓÅÐÁÒÁÔÅ ÒÅÇÉÏÎÓȡ ÔÈÅ ÓÕÒÆÁÃÅ ÁÎÄ ÔÈÅ ÂÕÌËȢ 

4ÈÅ ÄÉÆÆÅÒÅÎÔ $ ÄÉÓÔÒÉÂÕÔÉÏÎÓȟ ÃÁÌÃÕÌÁÔÅÄ ÁÓ ÔÈÅ ÍÅÁÎ ÖÁÌÕÅ ÏÆ ÔÈÅ ÁÔÏÍÉÃ ÄÅÕÔÅÒÉÕÍ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÆÏÒ ÄÅÐÔÈÓ ÄÏ×Î ÔÏ ΤΡΡ ÎÍ ɉÓÕÒÆÁÃÅ ÒÅÇÉÏÎɊ ÁÎÄ ÆÒÏÍ ΤΡΡ ÎÍ ÔÏ ΣΩΡΡ 

ÎÍ ɉÂÕÌË ÒÅÇÉÏÎɊȟ ÁÒÅ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ ΩȢΣΣȢ   

 ! ÄÉÆÆÅÒÅÎÔ $ ÂÅÈÁÖÉÏÒ ÉÓ ÈÅÒÅ ÃÌÅÁÒÌÙ ÏÂÓÅÒÖÅÄ ×ÈÅÎ ÁÎÎÅÁÌÉÎÇ ÔÈÅ ÔÉÔÁÎÁÔÅ ÁÎÄ 

ÔÈÅ ÓÉÌÉÃÁÔÅÓ ÃÅÒÁÍÉÃÓȢ !ÎÎÅÁÌÉÎÇ ÒÅÄÕÃÅÓ ÔÈÅ ÉÎÉÔÉÁÌ $-ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÔ ÁÌÌ ÄÅÐÔÈÓ ÆÏÒ 

ÔÈÅ ÔÉÔÁÎÁÔÅ ÓÁÍÐÌÅȢ (Ï×ÅÖÅÒ ÆÏÒ ÔÈÅ ÓÉÌÉÃÁÔÅÓȟ ÈÅÁÔÉÎÇ ÐÒÏÃÅÓÓ ÄÅÃÒÅÁÓÅÓ ÔÈÅ $ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ ÔÈÅ ÂÕÌË ×ÈÅÒÅÁÓ ÉÔ ÒÅÍÁÉÎÓ ÁÌÍÏÓÔ ÕÎÃÈÁÎÇÅÄ ÁÔ ÔÈÅ ÓÕÒÆÁÃÅȢ   

(a) (b) 

(c) 
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&ÉÇÕÒÅ ΩȢΣΣȡ $ÉÓÔÒÉÂÕÔÉÏÎ ÏÆ $ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÌÏÎÇ ÓÁÍÐÌÅ ÄÅÐÔÈ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÔÈÅ .2! 

ÁÎÁÌÙÓÉÓ ÁÔ ÓÅÖÅÒÁÌ ÔÅÍÐÅÒÁÔÕÒÅÓ ÉÎ ÔÈÅ ÔÈÒÅÅ ÂÒÅÅÄÅÒ ÂÌÁÎËÅÔ ÃÁÎÄÉÄÁÔÅ ÍÁÔÅÒÉÁÌÓ ÓÔÕÄÉÅÄȢ 

$ÁÔÁ ÁÒÅ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÔÈÅ ÍÅÁÎ ÖÁÌÕÅÓ ÆÏÕÎÄ ÉÎ ÔÈÅ Ô×Ï ÒÅÇÉÏÎÓȡ ÓÕÒÆÁÃÅ ɉЁΤΡΡ ÎÍɊ ÁÎÄ 

ÂÕÌË ɉЂΤΡΡÎÍɊȢ 
 

!Ô ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅȟ ÔÈÅ ÌÁÒÇÅÓÔ $ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÓ ÍÅÁÓÕÒÅÄ ɉÓÅÅ &ÉÇȢ ΩȢΣΣɊ ÁÔ 

ÓÕÒÆÁÃÅ ÆÏÒ ÔÈÅ -4É ÃÅÒÁÍÉÃ ɉΤȢΣ ϻ ΡȢΤ ÁÔ ϷɊ ×ÈÅÒÅÁÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÌÏ×ÅÒ $ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÁÒÅ ÍÅÁÓÕÒÅÄ ÆÏÒ ÔÈÅ ÌÉÔÈÉÕÍ-ÒÉÃÈ ÃÏÍÐÏÕÎÄÓ ɉΣȢΨ ϻ ΡȢΤ ÁÔ Ϸ ÆÏÒ ÔÈÅ 

,ÉΦ ÁÎÄ ΣȢΡ ϻ ΡȢΤ ÁÔ Ϸ ÆÏÒ ÔÈÅ ,ÉΨɊȢ 3ÕÃÈ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ $ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÔ ÓÕÒÆÁÃÅ 

ÂÅÔ×ÅÅÎ ÔÉÔÁÎÁÔÅ ÁÎÄ ÓÉÌÉÃÁÔÅ ÓÁÍÐÌÅÓ ÉÓ ÁÌÍÏÓÔ ÎÅÇÌÉÇÉÂÌÅ ÁÆÔÅÒ ÁÎÎÅÁÌÉÎÇȢ 4ÈÅÓÅ 

ÒÅÓÕÌÔÓ ÓÕÇÇÅÓÔ ÔÈÁÔ ÃÅÒÁÍÉÃÓ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅ ÁÎÄȾÏÒ ÃÈÅÍÉÃÁÌ ÃÏÍÐÏÓÉÔÉÏÎ ÁÒÅ 

ÐÌÁÙÉÎÇ ÁÎ ÉÍÐÏÒÔÁÎÔ ÒÏÌÅ ÉÎ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ-ÄÒÉÖÅÎ $ ÔÒÁÎÓÐÏÒÔȟ ÉÎ ÃÌÏÓÅ ÁÇÒÅÅÍÅÎÔ 

×ÉÔÈ ÔÈÅ ÌÉÔÅÒÁÔÕÒÅ [71], [76], [222], [251] ÔÈÁÔ ÒÅÐÏÒÔÓ Á ÓÔÒÏÎÇ ÄÅÐÅÎÄÅÎÃÅ ÏÆ 

ÈÙÄÒÏÇÅÎ ÉÓÏÔÏÐÅÓ ÂÅÈÁÖÉÏÕÒ ÆÒÏÍ ÍÁÔÅÒÉÁÌÓ ÃÏÍÐÏÓÉÔÉÏÎ ÏÒ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅȢ !Ô ÔÈÅ 

ÓÁÍÅ ÔÉÍÅ ÉÔ ÉÓ ÉÍÐÏÒÔÁÎÔ ÔÏ ÃÏÎÓÉÄÅÒ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÐÒÅÆÅÒÅÎÔÉÁÌ ÓÐÕÔÔÅÒÉÎÇ ÏÆ /ØÙÇÅÎ 

ÁÎÄ ,ÉÔÈÉÕÍȟ ÃÁÕÓÅÄ ÂÙ $ÅÕÔÅÒÉÕÍ ÉÍÐÌÁÎÔÁÔÉÏÎ ÏÎ ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ ÔÈÅ ÓÁÍÐÌÅÓȟ 

ÃÒÅÁÔÉÎÇ ÓÕÒÆÁÃÅ ÄÅÆÅÃÔÓ ×ÈÉÃÈ ÁÒÅ ÂÌÏÃËÉÎÇ $-ÒÅÌÅÁÓÅȢ  

 

&ÒÏÍ ÔÈÅ ÁÂÏÖÅ ÒÅÓÕÌÔÓ ÉÔ ÍÕÓÔ ÂÅ ÓÔÒÅÓÓÅÄ ÔÈÁÔ ÍÁÔÅÒÉÁÌÓ ÈÁÖÉÎÇ ÖÅÒÙ ÄÉÆÆÅÒÅÎÔ 

ÍÉÃÒÏÓÔÒÕÃÔÕÒÁÌ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÂÕÔ ÓÉÍÉÌÁÒ ÃÈÅÍÉÃÁÌ ÃÏÍÐÏÓÉÔÉÏÎ ÓÈÏ× ÃÏÍÐÁÒÁÂÌÅ 
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ÅÌÅÍÅÎÔÁÌ ÄÉÓÔÒÉÂÕÔÉÏÎÓ ÉÎ ÄÅÐÔÈ ÁÎÄ ÁÔ ÉÎÃÒÅÁÓÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅÓȢ )Î ÐÁÒÔÉÃÕÌÁÒ ÔÈÅ 

,ÉΨ ÓÁÍÐÌÅȟ ÈÁÖÉÎÇ ÓÏ ÌÏ× ÒÅÍÁÉÎÉÎÇ ÐÏÒÏÓÉÔÙ ɉÊÕÓÔ ΧȢΧϷ ÏÆ ÐÏÒÏÓÉÔÙ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÁÔ 

ÏÆ ÔÈÅ ÏÔÈÅÒ Ô×Ï ÌÅÓÓ ÄÅÎÓÉÆÉÅÄ ÍÁÔÅÒÉÁÌÓȟ ÓÅÅ 4ÁÂÌÅ ΩȢΤɊȟ ÓÔÉÌÌ ÁÌÌÏ×Ó ÔÈÅ ÉÍÐÌÁÎÔÅÄ $ 

ÔÏ ÂÅ ÅÁÓÉÌÙ ÒÅÌÅÁÓÅÄȢ 3ÉÎÃÅ ÔÈÉÓ ÓÁÍÐÌÅ ÓÈÏ×Ó ÓÍÁÌÌÅÒ ÇÒÁÉÎÓ ÉÎ ÔÈÅ ÓÕÂ-ʈÍ ÒÁÎÇÅ 

ÁÎÄ ÔÈÅÒÅÆÏÒÅ Á ÌÁÒÇÅÒ ÄÅÎÓÉÔÙ ÏÆ ÇÒÁÉÎ ÂÏÕÎÄÁÒÉÅÓȟ ÉÔ ÓÕÇÇÅÓÔÓ ÔÈÁÔ ÇÒÁÉÎ ÂÏÕÎÄÁÒÉÅÓ 

ÍÉÇÈÔ ÐÌÁÙ Á ÓÉÍÉÌÁÒ ÒÏÌÅ ÔÈÁÎ ÐÏÒÏÕÓ ÆÏÒ $ ÄÉÆÆÕÓÉÏÎȢ 4ÈÅÓÅ ÒÅÓÕÌÔÓ ÁÇÒÅÅ ×ÉÔÈ ÔÈÏÓÅ 

ÐÒÅÖÉÏÕÓÌÙ ÒÅÐÏÒÔÅÄ ÂÙ &ÅÄÅÒÉÃÉ ÅÔ ÁÌȢ [71] ÁÎÄ ÂÙ "ÅÒÔÏÎÅ ÅÔ ÁÌȢ [252] ×ÈÏ ÍÏÄÅÌ ÔÈÅ 

4 ÔÒÁÎÓÐÏÒÔ ÉÎ ÌÉÔÈÉÕÍ ÃÅÒÁÍÉÃÓ ÂÙ ÁÓÓÕÍÉÎÇ Á ÒÁÔÈÅÒ ÆÁÖÏÕÒÁÂÌÅ ÁÎÄ ÒÁÔÅ ÃÏÎÔÒÏÌÌÉÎÇ 

ÇÒÁÉÎ ÂÏÕÎÄÁÒÙ ÄÉÆÆÕÓÉÏÎȢ  

 

After this first approach to the deuterium behavior under thermal treatments, a 

second set of experiments was carried out. The objective was to assess the 

temperature and time dependence of the ion diffusion in a solid breeder blanket in 

order to obtain reliable activation energies of the diffusion process. Considering the 

time consuming measurements, only one material was selected. Due to the highest 

D-concentration observed at room temperature, the high crystallinity of its unique 

phase and the less complex microstructure, MTi ceramic was chosen. To check the 

temperature role, this set of measurements was effectuated at room temperature 

after each heating process, which generally presented a raising time of 3-4 minutes, 

an annealing time of approximately 20 minutes and a cooling time of 2 hours. 

The samples were implanted at 1017 D+/cm2 with a 70 keV beam (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, samples were annealed in vacuum up to 200ºC inside the NRA chamber 

with annealing times varying from 15 to 60 minutes. In all the cases, NRA spectra 

were registered after the indicated annealing treatment, at Room Temperature.   

The study of the Deuterium release under time variation of annealing treatments 

at 100 ºC is presented in Figure 7.12. In the three first cases (thermal treatments at 

room temperature, after a 100 ºC during 15 min and after a 100 ºC during 30 

minutes), the depth profile curves show quite the same trend. After the annealing 

at 100ºC during 60 minutes, the 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 15 or 30 minutes of annealing times (Figure 

7.13 and Figure 7.14 respectively).  
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Figure 7.12: Deuterium concentration (in at. %) after thermal treatments at 100 ºC during 

different annealing times. 

 

In Figure 7.13 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 experiments 

and in the literature [76], [253] is observed after  all the heating temperatures of the 

next set of measurements and related to the modification of the surface by O and Li 

preferential sputtering.  At 125 ºC it is possible to find the activation of different 

processes in the release of deuterium from the surface to 600 nm and from 700 to 

1500 nm. The slope of D concentration (at. %) changes after 100 ºC, when the release 

process became faster. The confirmation of an almost complete release at 200 ºC is 

found [253]. In Figure 7.14 the calculation of the activation energy from the 

Arrhenius plot of the ion concentration as a function of temperature is shown. A 

small difference between the activation processes for deuterium release between 

the surface and the implanted zone (about 790 nm), is found. The smaller activation 

energy value obtained near the surface (200 nm) indicates an easier process for the 

interchange of the gas with a consequent higher diffusion rate.  

 






































































































































