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Résumé
ISOLDE - Isotope Separator OnLine DEvice - est une installation du CERN pour produire des

faisceaux d’ions radioactifs pour des projets de recherche en physique avec la technique

ISOL (Isotope Separator OnLine). Au CERN les protons sont accélérés à 1.4 GeV pour entrer en

collision avec l’une des deux cibles d’ISOLDE. Lorsque les protons entrent en collision avec le

matériel de la cible, des réactions nucléaires produisent des isotopes qui sont thermalisés à

l’intérieur des grains du matériel de la cible. Pendant l’irradiation, la cible est maintenue à des

températures élevées (jusqu’à 2300 ◦C) afin de promouvoir la diffusion et le transfert gazeuse

des isotopes produits vers une source d’ions, pour produire un faisceau d’ions radioactifs.

Des cibles de feuilles de titane sont actuellement utilisées à ISOLDE pour produire des fais-

ceaux de radioisotopes de K, Ca et Sc. Cependant à cause des températures élevées en opéra-

tion, ces cibles se dégradent par frittage et/ou fusion, en réduisant l’intensité des faisceaux

au fil du temps. Au cours des 10 dernières années, les matériaux nanostructurés ont montré

des taux de libération plus élevés d’isotopes, en raison des courtes distances de diffusion et

des porosités élevées.

Ici un nouveau matériel réfractaire à base de titane développé pour remplacer les feuilles

de titane utilisées jusqu’ici. Le carbure de titane (TiC) nanométrique ne peut pas être main-

tenu à des températures élevées (T > 1200◦C) en raison des phénomènes de frittage. Une

nouvelle méthode de traitement a été développée pour produire des nanocomposites TiC-C

plus stables où les allotropes de carbone utilisés étaient des particules du graphite, du noire

de carbone ou des nanotubes multi couches (MWCNT). Le frittage des nanocomposites a

été testé jusqu’à 1800 ◦C et les échantillons ont été caractérisés, en mesurent les variations

dimensionnelles, la densité relative, les pertes de masse, leur surface spécifique, la taille des

particules TiC et la morphologie de la microstructure.

Tous les allotropes de carbone ont eu un effet significatif de stabilisation du TiC nanométrique.

Le meilleur résultat est obtenu pour un rapport de 1 : 1 de volume de TiC :noir de carbone. A

1800 ◦C les tailles de cristallite de TiC étaient de 76 nm (51 nm en vert) et la densité de 55 %,

suivi part le TiC :MWCNT avec une taille de grain de TiC de 138 nm (58 % dense). Le traitement

a introduit une fraction de ZrO2 pendant le broyage, formant une phase de ZrC qui solubilise

dans la phase TiC, en augmentant son paramètre de maille.

La cinétique du frittage de TiC a été étudiée en mesurent la courbe maîtresse de frittage peu

laquelle l’énergie d’activation obtenue de 390 kJmol−1 est proche des valeurs de la littérature.

En utilisant la même méthode, l’énergie d’activation a été déterminée à 555 kJmol−1 pour le

composite synthétisé avec du noir de carbone, par réduction du nombre de coordination des
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Résumé

grains de TiC, ce qui rend le frittage plus difficile.

Les nanocomposites (dont le TiC) ont été irradiés et étudiés en termes de libération d’isotopes

(Be, Na, Mg, K, Sc et Ca). Le nanocomposite TiC :noir de carbone qui présente la fraction des

isotopes libérés la plus haute a été sélectionné pour produire une cible entière. Pour ce faire,

le traitement a été modifié pour produire de plus grandes quantités et une cible prototype a

été construite et testée à ISOLDE. Les intensités d’isotopes de Li, Na, et K et leur propriété de

relâchement ont été mesurée. En comparaison avec des matériaux de référence à base de Ti,

les intensités de faisceaux de Na et Li étaient plus élevées, et K et Ca étaient inférieurs.

Cette cible présente un temps de relâchement apparemment plus long, ce qui a déjà été vu

dans d’autres cibles nanométriques, et qui est probablement lié aux propriétés de transport

des isotopes dans la porosité du matériel. Contrairement, à la fin de cette thèse sont présen-

tées des suggestions pour les travaux futurs qui comprennent le test d’un nouveau composite

TiC-C déjà développé et la modélisation des propriétés de frittage et de relâchement d’iso-

topes.

Mots clefs : carbure de titane, cibles de spallation, applications à haute température, fais-

ceaux d’ions radioactifs, nanocomposites, matériaux poreux, nanomatériaux, frittage, Isotope

séparateur en ligne (ISOL), CERN-ISOLDE

iv



Abstract
The Isotope Separator OnLine (ISOL) technique is used at the ISOLDE - Isotope Separator

OnLine DEvice facility at CERN, to produce radioactive ion beams for physics research. At

CERN protons are accelerated to 1.4 GeV and made to collide with one of two targets located at

ISOLDE facility. When the protons collide with the target material, nuclear reactions produce

isotopes which are thermalized in the bulk of the target material grains. During irradiation

the target is kept at high temperatures (up to 2300 ◦C) to promote diffusion and effusion of

the produced isotopes into an ion source, to produce a radioactive ion beam.

Ti-foils targets are currently used at ISOLDE to deliver beams of K, Ca and Sc, however they

are operated at temperatures close to their melting point which brings target degradation,

through sintering and/or melting which reduces the beam intensities over time. For the past

10 years, nanostructured target materials have been developed and have shown improved

release rates of the produced isotopes, due to the short diffusion distances and high porosities.

In here a new Ti-based refractory material is developed to replace the currently used Ti-foils.

Since nanometric TiC can’t be maintained at high temperatures (T > 1200◦C) due to sinter-

ing, a processing route was developed to produce TiC-C nanocomposites where the carbon

allotropes used were either graphite, carbon black or multi wall carbon nanotubes (MWCNT).

The developed nanocomposites sinterability was tested up to 1800 ◦C and they were char-

acterized according to dimensional changes, relative density, mass losses, surface area, TiC

particle size and microstructure morphology.

All carbon allotropes had a significant effect on the stabilization of the nanometric TiC where

the best result was obtained for a 1:1 volume ratio of TiC:carbon black at 1800 ◦C where TiC

crystallite sizes were of 76 nm (from 51 nm) and density of 55 %, followed by TiC:MWCNT

with TiC of 138 nm (58 % dense). The processing introduced a ZrO2 contamination from the

milling media, forming ZrC that solubilizes in the TiC phase, increasing its lattice parameter.

TiC sintering kinetics were studied through the master sintering curve and the activation

energy determined for sintering, 390 kJmol−1, were close to the ones obtained in the liter-

ature. Using the same method, the calculated activation energy for TiC-carbon black was

555 kJmol−1 resulting from the carbon which reduces the TiC sintering, reducing its coordi-

nation number.

The nanocomposites referred (and the TiC) were irradiated and studied in terms of isotope

(Be, Na, Mg, K, Sc and Ca) release, where the nanocomposite with the highest isotope released

fraction, TiC-carbon black was selected for the final target material. To produce a full target

the processing was scaled up and a target prototype was build and tested at ISOLDE. Li, Na
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Abstract

and K isotope intensities and release time-structure were measured from the target prototype,

where in comparison with Ti-based materials, Na and Li intensities were higher, K were slightly

lower and Ca were lower.

The target presents an apparently longer release time structure when comparing with stan-

dard materials, as seen in other nanomaterial targets, which is likely related with effusion of

the isotopes in the material porosity. Furthermore, contrarily to the Ti-foil targets, the ob-

tained intensities were stable over the full operation time. At the end of this thesis suggestions

for a future work which include a second iteration of the TiC-C nanocomposite (already de-

veloped) and modeling.

Keywords: titanium carbide, spallation targets, high temperature applications, radioactive

ion beams, nanocomposites, porous materials, nanomaterials, sintering, isotope separator

online, CERN-ISOLDE
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Resumo
A técnica ISOL (Isotope Separator OnLine) é usada no ISOLDE (Isotope Separator OnLine DE-

vice) do CERN na produção de feixes de iões radioativos para estudos em física. No CERN, os

protões são acelerados até 1.4 GeV para colidir com um dos dois alvos localizados nas instala-

ções do ISOLDE. Quando os protões colidem com o material do alvo, produzem-se isótopos,

por reações nucleares que são termalizados no interior dos grãos do material do alvo. Durante

a irradiação, o alvo é mantido a altas temperaturas (até 2300 ◦C) para promover a difusão e

efusão dos isótopos produzidos para uma fonte de iões e, originando assim, um feixe de iões

radioativos.

São usados normalmente no ISOLDE alvos à base de folhas de Ti para produzir feixes de K,

Ca e Sc. No entanto, devido às elevadas temperaturas de operação, estes alvos degradam-se,

através de sinterização e/ou fusão, reduzindo a intensidade dos feixes ao longo do tempo. Por

outro lado, os materiais nanoestruturados desenvolvidos nos últmos 10 anos, têm mostrado

taxas de libertação mais altas de isótopos devido às curtas distâncias de difusão e porosidades

elevadas.

Neste trabalho, desenvolveu-se um novo material refratário à base de Ti para substituir as

folhas de Ti atualmente usadas. Dado que o TiC nanométrico não pode ser mantido a altas

temperaturas (T> 1200◦C) devido a fenómenos de sinterização, um novo método de processa-

mento foi desenvolvido para produzir nanocompósitos à base de TiC-C em que os alótropos

de carbono utilizados foram a grafite, nanotubos de múltiplas paredes (MWCNT) ou negro

de fumo. A sinterização dos nanocompósitos foi investigada testada até 1800 ◦C e as amostras

foram caracterizadas de acordo com mudanças dimensionais, densidade relativa, perdas de

massa, área superficial específica, tamanho de partícula do TiC e microestrutura.

Todos os alótropos de carbono tiveram um efeito positivo na estabilização microestrutural

do TiC nanométrico, e, o melhor resultado encontrado foi o de 1:1 em volume, de TiC:negro

de fumo, seguido do TiC-MWCNT. Estes compósitos permanecem nanométricos a 1800 ◦C:

no primeiro caso com um tamanho de cristalite do TiC de 76 nm (partindo de 51 nm no

compacto em verde) e densidade de 55 %, e, no segundo caso, com TiC de 138 nm e 58 %

densidade relativa. O processamento introduziu uma contaminação de ZrO2, proveniente da

moagem, formando ZrC que solubiliza na fase de TiC, aumentando o seu parâmetro de rede.

A cinética de sinterização do TiC foi estudada através da curva de sinterização mestra e a

energia de ativação aparente obtida de 390 kJmol−1 que é próxima dos valores na literatura.

Usando o mesmo método, a energia de ativação calculada para o TiC:negro de fumo foi de

555 kJmol−1, que resulta do facto do negro de fumo reduzir o número de coordenação do TiC,
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dificultando a sinterização do mesmo.

Os nanocompósitos referidos (incluindo o TiC) foram irradiados e estudados em termos de

libertação de isótopos (de Be, Na, Mg, K, SC e Ca), e aquele com a maior libertação de isótopos

(TiC:negro de fumo) foi selecionado como alvo a ser testado. Dada a maior quantidade de

material necessária para produzir um alvo completo ,o processamento desenvolvido foi mo-

dificado par este efeito de escala e produziu-se um alvo protótipo que foi testado no ISOLDE.

As intensidades de isótopos de Li, Na e K foram medidas, bem como as suas curvas de liberta-

ção ao longo do tempo. E, em comparação com outros materiais à base de Ti, obtiveram-se

intensidades superiores para os isótopos de Li e Na, enquanto as intensidades de K e Ca foram

inferiores.

As curvas de libertação deste alvo têm uma libertação aparente longa, como visto anterior-

mente em outros alvos nanométricos e que está provavelmente relacionado com os longos

tempos de efusão na porosidade do material. Contrariamente às folhas de Ti, as intensidades

observadas foram estáveis ao longo do tempo de operação do alvo. No final desta tese são

feitas sugestões de trabalho futuro que compreendem um novo compósito TiC-C (já desen-

volvido) e modelação.

Palavras-chave: Carboneto de titânio, Alvos de espalação, Aplicações de alta temperatura,

Feixes de iões radioactivos, nanocompósitos, Materiais porosos, nanomateriais, sinterização,

Isotope separator online (ISOL), CERN-ISOLDE
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Introduction

Alchemists have tried for millennia to unsuccessfully transmute lead into gold, a dream ful-

filled by modern physics in the last century. Using particle accelerators, gold can now be

produced from lead through nuclear reactions, although not in quantities alchemists once

imagined. The study of nuclear reactions is one of the many subjects of nuclear physics, which

is the specialty of physics that studies the nucleus. The great majority of all the mass in the

universe (99.9 %) is contained within the nucleus of the atom. Even though the smallest nu-

cleus is known to have just one proton, the limit of the number of protons and neutrons,

nucleons, in the nucleus hasn’t been discovered yet. So far, the largest nucleus discovered has

294 nucleons (Og294 - Oganesson), which only lives for a fraction of a millisecond [1, 2].

While the stars are the source of virtually all energy in our universe, they are as well the facto-

ries of elements - transforming hydrogen and helium into heavier elements up to iron during

millions of years, and heavier elements in a few seconds in the explosion of a supernova. Nu-

clear physics seeks to answer fundamental questions about the nucleus, its properties and its

boundaries and has as well everyday lives applications such as in electrical power generation

(fission and fusion power plants), manufacturing (food preservation) and medicine (radiation

therapy) [3].

Radioactive ion beams (RIB) are often used by nuclear physicists to study the nucleus where

the former are produced by accelerating particles to hit a fixed target, inducing nuclear re-

actions which transmute the elements, producing isotopes. In order to build the machines

that are capable of producing RIBs, experts with many different expertise’s (such as materials

science, engineering, physics, chemistry, electronics, informatics, etc.) are needed. One such

machine that produces RIBs through a technique called Isotope Separator OnLine (ISOL), is

located in Geneva at CERN1, ISOLDE2, serving a community of more than 450 scientists with

more than 50 experiments every year [6].

At ISOLDE, highly energetic protons are accelerated towards a thick target in order to induce

nuclear reactions, which produce the isotopes in the bulk of the target material. These targets

are kept at high temperatures while being irradiated in order to promote the release of the

isotopes (thus the OnLine word) through solid diffusion and diffusion through the vacuum,

1European Organization for Nuclear Research [4]
2Isotope Separator OnLine DEvice [5]
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called effusion, into an ion source in order to create a beam.

The heart of ISOLDE and any other ISOL facility is the target material, which is the first ISOL

step and ultimately the one that limits the facility beam diversity and intensity. The target

material, on a materials science point of view, is also one of the least developed technology

of the > 60 years old ISOL technique. As in the majority of the existing technologies, they

are limited by their composing materials and the ISOL technique is no exception to this rule.

ISOL target materials must have: (i) high production cross sections of isotopes of interest, (ii)

efficient release of the produced isotopes and (iii) be able to survive the extreme conditions of

irradiation and high temperature without ageing. While the production cross section mainly

depends on the chemical elements, the release efficiency and stability depend mainly on the

target microstructure.

The material stability will directly affect the beam intensities delivered, where decaying target

materials will have a direct effect on the beam intensities which will also decay over time. The

isotope release efficiency has a direct impact on the physics outcome where a material that is

10 times more efficient will deliver a beam which is 10 times more intense, thus, physics exper-

iments will be able to be conducted in a tenth of the time to acquire the same statistics. Apart

from that, target materials development can also provide new elements, as beams, at ISOLDE

and also access to shorter lived isotopes which are normally produced in small quantities and

thus require highly efficient materials.

Efficient materials are highly porous, have high surface areas and are of nanometric nature,

which overall shorten the diffusion and effusion times allowing to extract faster, the decaying

isotopes. This also means that efficient materials, are less dense and also reduce the nuclear

waste generated by ISOL facilities. Developed target nanomaterials, are more reactive and

unstable so under the ISOL operation conditions, microstructure stabilization mechanisms

need to be implemented and the limitations of these materials have to be well known.

Ti-based materials are of interest for ISOLDE to produce radioactive ion beams, since the cur-

rently used material, Ti-rolled foils, either sinters or melts during operation, bringing decaying

beam intensities over time. As such, in this thesis, Ti-based refractory materials are studied,

where TiC is selected as the target material to be developed due to its highly refractory prop-

erties. As a result, a processing route was developed in order to produce different TiC-carbon

nanocomposites and stabilize nanometric TiC at high temperatures. The obtained compos-

ites stability was investigated up to 1800 ◦C, where they were fully characterized. They were

after tested for isotope release properties to the select the most promising material before the

selected nanocomposite production was scaled up and tested as a prototype target material

for isotope production at ISOLDE.

The experimental research work in materials presented in this thesis was done primarily

at the Powder Technology Laboratory (LTP ) at EPFL in Lausanne, which had the necessary

infrastructure and expertise to investigate, develop the TiC processing route, and characterize

the obtained materials. To complement the characterizations done at LTP-EPFL, part of the
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work was done in the Department of Materials and Ceramics Engineering of the University

of Aveiro, in Portugal. The isotope release studies and target protype assembly and testing

was done at CERN in the RBS section (Radioactive Beam Sources section, part of the EN-STI

group3).

This thesis includes four manuscripts which will be submitted to peer reviewed journals, and

are integrated into its chapters, where:

• Chapter 1 - Literature review where the context of the work is introduced, the impor-

tant scientific concepts are described and the state of the art in target material develop-

ment is described in detail;

• Chapter 2 - Experimental methods where the relevant methods and characterization

techniques are described;

• Chapter 3 - TiC-carbon nanocomposite development, describes the preliminary sin-

tering and release studies done on TiO2 and TiC refractory materials, followed by a

manuscript - Development of a processing route for carbon allotrope-based TiC porous

nanocomposites - where different volumes of MWCNT, graphite and carbon black were

mixed with TiC and thermally treated to assess how they affect the sinterability of TiC

up to 1500 ◦C. Another manuscript is included - Stability of nanometric TiC-carbon

composites: effects of carbon allotropes and Zr milling impurities - where selected TiC

nanocomposites were tested up to 1800 ◦C and their phase composition evolution with

temperature and lattice parameters were studied in detail.

• Chapter 4 - TiC and TiC-carbon black sintering kinetics describes in the manuscript

included - Master sintering curve determination of nanometric TiC and a TiC-carbon

black nanocomposite - the construction of the master sintering curve to study the sin-

tering kinetics of TiC and a TiC-C nanocomposite.

• Chapter 5 - Isotope release properties from TiC-carbon nanocomposites which in-

cludes a manuscript - Constant isotope release properties measured for an online proto-

type TiC-carbon nanocomposite target material - where selected TiC-C nanocomposites

are tested for isotope release in order to select the best one to be used as a target mate-

rial prototype. The chosen nanocomposite processing is upscaled to match the mass

required for a full ISOLDE target and the prototype target is irradiated online and iso-

tope release efficiency is assessed.

• Chapter 6 - Conclusions and outlook where the main conclusions are presented and

perspectives for further research work are given, which include a second iteration of an

improved TiC-C nanocomposite to be tested at ISOLDE and isotope release modeling

review, discussion and suggestions.

3ENgineering department - Sources, Targets and Interactions group
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This chapter will frame the work making a general overview of the state of the art of the thesis

subject and theoretical concepts used. Since the state of the art of TiC-C composites materials

is already done on the article included on section 3.2 (page 65), radioactive ion beams and its

production will be reviewed as well as engineered microstructure target materials developed

at ISOLDE (Isotope Separator OnLine DEvice) at CERN (European Organization for Nuclear

Research). Sintering will be introduced where the main aspects relevant for this work will be

detailed.
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Chapter 1. Literature review

1.1 Introduction to radioactive ion beams

In 1896, Antoine-Henri Becquerel was the first to accidentally report on radioactivity. By study-

ing an uranium compound (uranyl double sulfate, a fluorescent material), he noticed that

even when covering it with paper, glass and other substances it emitted a penetrating radia-

tion which darkened a photographic plate. It was probably the fact that the emission of this

radiation did not depend on fluorescent uranyl double sulfate but on any uranium compound,

that attracted the curiosity of other scientists. Later, Pierre and Marie Skłodowska Curie, stud-

ied this phenomenon and showed it to be related to the atom and coined this new discovery

"radioactivity" [7].

Except for hydrogen, all nuclei are constituted by protons and neutrons and can be repre-

sented by A
ZX where X is the element, Z is the number of protons or atomic number and A

is the number of protons and neutrons or atomic mass number. An element X has a defined

Z and can adopt different number of neutrons (N ). These nuclides (same Z but different

A or N ) are also called isotopes and they can either be stable, e.g. carbon is constituted by
12

6C (98.93 %) and 13
6C (1.07 %) [1], or unstable (radioactive), such as 11

6C which has a limited

life time of 20.38 min. The isotope life times related to the decay constant (λi [s−1]) and/or

half-life (t1/2 [s]) which is the time by which a certain quantity is reduced by half of its initial

value (Ni ,0 [dim]1). As such, through radioactive decay, the number of isotopes (Ni (t ) [dim])

follows an exponential decrease with time (t [s]) [3]:

n(t ) = n0e−λt where λ= ln2

t1/2
(1.1)

Radioactivity was divided into three types of radiation by Ernest Rutherford: alpha (α), beta

(β) and gamma (γ) radiations, at the end of the XIX century [3]. The radiation types have

remained until today, and were classified according to electric charge and matter penetration.

The α decay is the emission of a positively charged alpha particle (4
2He2+) by large nuclides

(generally Z > 83) [8] reducing A by 4 and Z by 2. α radiation can’t penetrate more than a

sheet of paper [3]. For β decay processes, Z is reduced by 1, but without change in A. β decay

can be divided in three main subtypes: electron emission (β−) , emitting an electron and

an antineutrino), positron emission (β+) , emitting a positron and a neutrino) and electron

capture (ε) , where the nucleus captures an inner shell electron and emits an X-ray and a

neutrino) [3, 7]. β radiation can be stopped by a few millimeters of aluminum. Often, after α

orβ decay, the nucleus is left in an excited energy state where a highly energetic photon (γ-ray)

is usually emitted in order to bring the nucleus to the ground state [3]. γ-rays can penetrate

several centimeters of lead and can be used to identify isotopes by using spectrometry [8].

Other less common decay modes exist such as spontaneous fission (sf) , proton decay, beta

delayed alfa, isomeric transition (IT) , neutron and proton emissions and cluster emission

(CE) , but they won’t be detailed here any further [1, 8].

1To avoid confusion with references dimensionless units will be represented as [dim] where they are normally
represented as [1]
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A high repulsive electrostatic force, Coulomb force, exists between the positively charged

protons in the nucleus, which would fall apart if not for the even stronger short ranged nuclear

force. For light elements, N = Z , as seen in the nuclide chart of figure 1.1, but as we move to

higher masses, in order to overcome the Coulomb force caused by the high number of protons

in the nucleus, N > Z [3]. This is only possible up to N = 83, where the addition of neutrons

can’t compensate anymore for the Coulomb force, so from there on all nuclides are unstable.

In physics the most stable system are those with minimum Gibbs free energy. For nuclides

also, the energy tends to its minimum, where the energy of the nucleus is lower than the sum

of its separated components (nucleons). The difference between these energies is called the

binding energy, also defined as the energy necessary to break the nucleus.

Figure 1.1 – Karlsruhe Chart of Nuclides with the stable (black) and radioactive isotopes (color)
represented. The lines correspond to the nuclear magic numbers. Reproduced from [1]. For
more information on the radioactive isotope decay modes, see the text on page 6.

Since Becquerel, Curie and Rutherford nuclear physics has advanced much thanks to new

techniques, experimental investigations and increase in computational power [9]. Even though

very significant progress has been made in nuclear physics in the past years, still basic ques-

tions remain: How many nuclides exist? What are the limits of their existence? Why are there

certain configurations of protons and neutrons more stable (magic numbers) than others?

Just this year, 4 new elements have been added to the periodic table: Nihonium (Nh, Z = 113),

Moscovium (Mc, Z = 115), Tenessine (Ts, Z = 117) and Oganesson (Og, Z = 118) [2]. The chart

of nuclides represents all the nuclides discovered so far in an A vs N configuration, including

their modes of decay, as can be seen in figure 1.1. So far 3992 isotopes have been discovered

(including 260 stable and 744 isomers) [1], however there are more than 6000 predicted to

exist [9].

Nuclear physics has numerous applications in everyday life in areas such as electrical power

generation (fission and fusion power plants), warfare, manufacturing (food preservation),

7
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medicine (radiation therapy) and applied and fundamental research [3]. Nuclear physics (and

others) uses isotopes as radioactive ion beams (RIB), also referred as radioactive nuclear

beams (RNB) or rare isotope beams [9], for research. RIBs can be made from isotopes from mi-

croseconds of t1/2 to very long half-lives (such as days or many years), with different energies,

from a few keV to a couple of GeV [10] where they can be either singly or multiply negatively

or positively ionized.

RIBs have a vast field of applications [11] in nuclear, atomic, solid state and astrophysics and

also in life sciences, which will be detailed here, however not extensively. In nuclear physics

RIBs are used to understand the nucleus and its properties such as the nuclear masses, radii,

moments, shape and exotic radioactive decay modes. In fundamental interactions RIBs are

used to better understand and validate the Standard Model at low energies [9]. Astrophysics

seeks to understand how the elements are created in core of the stars during billions of years

and sometimes in a matter of seconds in supernovas [9]. Solid state physics and materials

science employ radionuclides as probes in advanced techniques, in order to probe the local

environment, either on surface or in the bulk, diffusion dynamics and studying semiconduc-

tors [12, 11]. RIBs can be used in life sciences as well, finding new radioisotopes for medical

diagnostic and therapy, and to understand how some organic components in the human body

interact with the presence of trace chemical elements such as mercury [12, 11].

1.1.1 Isotope Separator OnLine (ISOL)

Nuclear reactions

In order to produce RIBs, nuclear reactions (transmutation) have to be induced by colliding

photons, electrons, protons, neutrons, light or heavy ions with a target [9, 7]. The isotopes are

produced through different nuclear reactions which depend on the target, projectile and its

energy: spallation, fragmentation, fission and fusion-evaporation [9]. Each of these reactions

has an independent probability to occur - cross section - and together determine which and

how much of each isotope is produced per incident particle [3]. Some of these reactions are

represented on figure 1.2, where 1.4 GeV protons are colliding with a uranium target.

Spallation happens when a high energy proton (above 100 MeV) hits a target nucleus. When

the proton hits the nucleus it causes an intranuclear cascade which ejects high energy nucle-

ons leaving it in an excited state. While reaching thermal equilibrium, the nucleus evaporates

several other nucleons forming the isotope [7]. This reaction channel produces isotopes of

10−20A below the A of the target. Spallation reactions are used in spallation neutron source

facilities producing neutrons by bombarding thick high-density targets with intense proton

beams for research in material, medicine, protein, biology, condensed-matter, geology (and

others) studies [13, 14].

Fragmentation can be induced by light projectiles in the GeV range in heavy targets [7]. How-

ever, fragmentation usually refers to the fragmentation of an heavy ion beam (> 50 MeV) into

8
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Figure 1.2 – Schematic representation of spallation, fragmentation and fission reactions.

a light target [15]. Fragmentation produces a vast variety of nuclide masses, particularly light

nuclides.

Fission usually happens in heavy nuclides where the incident particle is absorbed by the nu-

cleus. The nucleus gets into an unstable excited state and fissions in two nuclides of different

masses (usually around 1/3 and 2/3 of the original) emitting neutrons and other light par-

ticles [7]. Fission of 235 uranium by thermal neutrons (0.025 eV) is one of the most studied

reactions and is responsible for electricity generation in nuclear power plants.

Fusion-evaporation happens when two nuclides are brought together with sufficient energy

to overcome the Coulomb barrier and fuse into one [16]. The resulting nuclide gets into and

highly excited state and emits more neutrons than protons before undergoing γ decay. This

reaction mechanism produces neutron-deficient nuclides [16].

RIB production methods and ISOL

There are two methods to produce a RIB: in-flight separation (IFS) and Isotope Separator On-

Line (ISOL) which are both schematically represented on figure 1.3. Both techniques strive to

produce exotic isotopes, far from stability with very short t1/2. For that, they need [10]: (i) high

production rates having the best cross sections which are determined by the target-primary

beam2 (nature and energy) combination; (ii) to be efficient where whatever manipulation

(release, transport, ionization, etc.) done to the isotopes must be as efficient as possible; (iii)

fast due to the limited and sometimes very short t1/2 of the isotopes; and (iv) selective so

2The terminology of primary and secondary beam is used, where the primary beam is the beam used to induce
the nuclear reactions and the secondary beam is the beam of isotopes produced.
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the beams can be successfully separated from unwanted contaminants also produced in the

target.

Figure 1.3 – Radioactive ion beam production methods: ISOL vs in flight separation. Repro-
duced from [10].

In the IFS technique a primary beam of energetic heavy ions (from 100 MeVu−1 to 2 GeVu−1 [10])

is made to collide with a thin low Z target made of graphite or beryllium. The heavy ions

collide with the target, fragmentation and fusion-evaporation reactions take place and the

products recoil out of the target with charge, the same momentum and little difference in

energy from the original beam [9]. Since the technique doesn’t require any other steps, apart

from the fragment separation which is done in-flight, it can be applicable to produce very

short lived, down to μs isotopes [9].

The ISOL method was born in 1951 when O. Kofoed-Hansen and K.O. Nielsen bombarded

an uranium target with neutrons to induce nuclear reactions and extracted krypton isotopes

for physics research [17]. Radioactive isotopes from this method are produced by spallation,

fragmentation, fission and fusion-evaporation, when bombarding a thick target with a pri-

mary beam of energetic particles (photons, electrons, heavy ions, protons, neutrons, etc.).

The difference of ISOL to the IFS technique is that the produced isotopes are thermalized in

the thick target and need to be extracted, ionized and re-accelerated to be mass separated

and delivered for physics experiments. All these extra steps cause delays which only allow

for isotopes beams of t1/2 > ms, but on the other hand the beams are of ion-optically better

quality than the in-flight method [9]. The OnLine word in ISOL name comes from the fact that

the extraction and production are made simultaneously and in a continuous way.

On figure 1.4 the ISOL process in terms of isotope release is schematized. When the ener-

getic particles hit the target they induce nuclear reactions which produce isotopes which are

thermalized in the bulk of the target material. During the irradiation, the target (which is

maintained under vacuum) is kept at high temperatures in order to promote the diffusion

10



1.1. Introduction to radioactive ion beams

of the produced isotopes to the surface of the material. When reaching the surface, the iso-

topes have to desorb and evaporate and effuse through the material porosity and through the

target container geometry until they reach the ion source and are ionized, mass separated,

and this, ready to be delivered for physics experiments. The diffusion and effusion processes

can represent high losses where efficiencies can be as low as for e.g. 10−6 so in order to keep

characteristic diffusion and effusion times lower than the t1/2 the choice of material and mi-

crostructure is an essential feature for ISOL systems.

Figure 1.4 – Schematic representation of the ISOL method production, diffusion, effusion and
ionization steps.

A very important step in any ISOL method is the mass separation which is done by an an-

alyzing magnet or also called mass separator. This device uses a dipole magnetic field, and

through the Lorentzian principle it separates isotopes accordingly to the mass number A -

isobars (atoms with the same A but different Z ). The quality of a mass separator is expressed

by the mass resolving power, Rm [dim]:

Rm = M

ΔM
(1.2)

where M [ue−1] is the mass of the ions at the focal plane of the separator and ΔM [ue−1] is

the full width at half maximum (FWHM) of the same ion beam. Some mass separators have

resolutions high enough to separate isobars. The beam can also be ion-optionally treated

(cooled and charge bred) and post accelerated from the standard few tens of keV to a few MeV

to be used for physics experiments.

ISOL facilities

For any radioactive ion beam production facility the main figures of merit are [18]:

• beam diversity available (number of isotope elements produced and short lived-isotopes);

• beam intensity;

• beam quality in terms of purity (presence of other isotopes) and ion-optical quality
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Figure 1.5 – World Map representing the currently existing or under construction ISOL facili-
ties.

(beam emittance);

• facility yearly availability to deliver beams for physics experiments;

• non degradation of beam intensity over time (for ISOL facilities), due to target and ion

source ageing.

The main existing ISOL facilities in the world3, with the largest variety of beams are ISOLDE-

CERN in Europe and ISAC-TRIUMF in North America (SPIRAL-GANIL, in Europe, will be

part of this group after its ongoing upgrade [19]). Other smaller facilities exist all over the

world such as SCRIT-RIKEN4, IGISOL-JYFL5, HRIBF-ORNL6, TwinSOL-NDU7, CARIBU-ANL8,

RIBRAS9, ALTO-IPNO 10, MAFF11, EXCYT-INFN-LNS12, LISOL-KUL13 and they are described

on [10] and their locations represented on figure 1.5.

GANIL which stands for The Grand Accélérateur National d’Ions Lourds (Large Heavy Ion

3Since the IFS technique is out of the scope of this work, from here on, only ISOL facilities will be referred.
Existent in flight separation facilities can be found on [10].

4SCRIT - Self-Confining RI Ion Target ; RIKEN - RIkagaku KENkyusho, Institute of Physical and Chemical
Research

5IGISOL - Jyväskylä Ion Guide Isotope Separator On-Line ; JYFL - Jyväskylän Yliopiston Fysiikan Laitos (Univer-
sity of Jyväskylä Institute of Physics)

6HRIBF - Holofield Radioactive Ion Beam Facility ; ORNL - Oak Ridge National Laboratory
7NDU - Notre Dame University
8CARIBU - CAlifornium Rare Isotope Breeder Upgrade ; ANL - Argonne National Laboratory
9RIBRAS - Radioactive Ion Beam in BRASil

10ALTO - Accélérateur Linéaire et Tandem à Orsay ; IPNO - Institut de Physique Nucléaire d’Orsay
11MAFF - Munich Accelerator for Fission Fragments
12EXCYT - EXotics with CYclotron and Tandem ; INFN - Istituto Nazionale di Fisica Nucleare; LNL - Laboratori

Nazionali del Sud
13LISOL - Leuven Isotope Separator On-Line ; KUL - KU (Katholieke Universiteit) Leuven
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National Accelerator) is a nuclear physics research center in Caen, France which contains

the SPIRAL (Système de Production d’Ions Radioactifs en Ligne - System for Producing Online

Accelerated Radioactive Ions) RIB facility. In this facility a cyclotron accelerated heavy ion

beam is made to collide with a thick graphite target causing fragmentation nuclear reactions

to produce isotopes [10]. This facility has currently a relatively limited catalog of isotopes,

but target and ion source development program called SPIRAL1 upgrade is on going in order

to expand it [19]. SPIRAL uses a cyclotron to accelerate their beams up to 25 MeVu−1, being

currently the highest energy available of all ISOL facilities [10].

TRIUMF stands for TRI University Meon Facility: Canada’s national laboratory for particle and

nuclear physics and accelerator-based science. It is located in Vancouver, Canada. TRIUMF

500 MeV proton cyclotron provides up to 100μA protons to one of the two ISAC (Isotope Sep-

arator and ACcelerator) target stations [10]. After ISOLDE at CERN, ISAC is the facility with

the highest number of beams available for physics thanks to their target and ion source sys-

tems, which includes an uranium carbide target and different ionization techniques. TRIUMF

has the capability of accelerating their isotopes up to 11 MeVu−1 using a superconducting

LINAC14.

As the physics goals get more ambitions and more exotic isotopes with higher intensities are

demanded, upgrades to the current facilities and ultimately new ones are necessary. The fi-

nancial effort to build such facility is to larger to be accomplished on a national level and

collaborations on multinational/continental level arise. In Europe this includes the upgrade

of facilities like SPIRAL in GANIL (SPIRAL2) and HIE-ISOLDE15 where both will not only in-

crease the intensity of the primary beam power but also bring more intense and higher energy

secondary beams [10]. The construction of SPES at INFN 16 in Italy, ISOL@MYRRHA 17 in Bel-

gium together with SPIRAL2 and HIE-ISOLDE upgrades can be considered as steps towards

EURISOL (European ISOL facility) , the ultimate ISOL facility for Europe which will bring

together many new developments in ISOL-type facilities [10]. In North America, Canada, TRI-

UMF is building ARIEL18, an electron-driven photo-fission ISOL system [20, 10]. In Asia, once

called KoRIA, the RISP in IBS19 facility will be a new ISOL facility to produce RIBs in Korea and

China is advancing with plans for CARIF at CARR20 [21, 10]. All of these facilities are pushing

the boundaries of target developments with several hundreds kW (and even a few MW for

EURISOL) of primary beam power deposition.

14LINear ACcelerator
15HIgh Intensity and Energy upgrade for ISOLDE
16SPES - Selective Production of Exotic Species
17MYRRHA - Multi-purpose hYbrid Research Reactor for High-tech Applications
18ARIEL - Advanced Rare IsotopE Laboratory
19RISP - Rare Isotope Science Project ; IBS - Institute for Basic Science
20CARIF - China Advanced Rare Ion beam Facility ; CARR - Chinese Atomic Energy Commission
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ISOLDE at CERN

Originally called Conseil Européen pour la Recherche Nucléaire (European Council for Nuclear

Research) - CERN, was later changed to the European Organization for Nuclear Research [4]

keeping CERN acronym. CERN was founded in 1954 at the Franco-Swiss border close to

Geneva, to bring the countries together to study the fundamental structure of the universe

for non military purposes. The organization started with only 12 European countries and

now counts with 22, where in 2014 CERN expanded beyond the European borders including

Israel as its member state and Romania just this summer [4]. CERN houses the largest particle

accelerator in the world, the Large Hadron Collider (LHC) with 27 km in circumference and is

home to many other accelerators and experiments, as can be seen in figure 1.6.

Figure 1.6 – Schematic of the CERN accelerator complex, showing the types of beams provided
by CERN as well as the size of its current circular accelerators. Reproduced from [4].

ISOLDE has been part of the CERN accelerator complex for more than 50 years. Its con-

struction was approved by the CERN council in 1964 and had it’s first experiment back in

1967 [6, 10]. At the time ISOLDE was served by 600 MeV protons from the synchrocyclotron

(SC) for 23 years - the first accelerator built at CERN in 1957 [6]. ISOLDE was in 1992 changed

into the proton synchrotron booster (PSB) which served ISOLDE with 1 GeV and after in

1999 [22] upgraded to 1.4 GeV protons with 2μA of intensity [5]. Currently the ISOLDE fa-

cility serves more than 450 scientific users in more than 90 experiments, with a rate of around

50 experiments per year [6]. The facility runs about 8 months (24/7) each year, with around
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1.1. Introduction to radioactive ion beams

400 8 h physics shifts per year and technical stops during winter for upgrades and mainte-

nance. The physics very often result in very high quality scientific output as was, for example,

the case of 2013 where 3 nature journals articles were published [23, 24, 25].

ISOLDE is currently using 40-50 % of all CERN protons and is able to supply more than 1000

radioactive ion beams from 74 elements (2 < Z < 92) with intensities ranging from 10−2 to

1011 ions/μC from t1/2 as low as in the millisecond range.21

The PSB sends protons of 1.4 GeV - 2.4μs length pulses up to 3.3×1013 ppp 22 every 1.2 sec-

onds up to an average intensity of 2μA, into two possible ISOLDE targets stations [22], induc-

ing nuclear reactions of spallation, fragmentation and fission. The target stations are named

according to the subsequent mass separators: GPS, general purpose separator and the HRS,

high resolution separator . The beams are extracted from the target units at up to 60 keV and

both target stations after mass separation connect to a central beamline that serves the full

experimental hall (see figure 1.7). While the GPS has a mass resolving power (Rm) of 2200,

but is a flexible machine allowing extraction of up to 3 different masses, the HRS can reach

theoretically 15000 allowing the separation of some isobars. Following the HRS magnets there

is a Radio Frequency Quadrupole (RFQ) Cooler which allows to ion-optically treat the beam

by cooling and bunching it to increase the signal to background ratio as required by some

experiments [15].

Figure 1.7 – ISOLDE-CERN Facility Layout, including MEDICIS and HIE-ISOLDE.

In the post acceleration chain of ISOLDE (REX23-ISOLDE) , there is also a cooler (see figure

1.7) which has the same purpose but uses a different cooling mechanism, the penning trap

21The unit [ions/μC] or simply [μC−1] is the normalized unit used for beam intensities at ISOLDE where 1μC =
6.2×1012 protons. If the maximum proton intensity is used, 2.2μA (2.2μCs−1) then the normalized intensities
can be converted into [s−1] multiplying by 2.2.

22protons per pulse
23Radioactive ion beam EXperiment
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(REX-Trap) [15]. After cooling and bunching the beams need to be charge state bred in an

electron beam ion source (REX-EBIS) which will multiply charge of the singly charge ISOLDE

ions coming from the target unit, making the beam ready for post acceleration. REX is made of

a normal conducting LINAC and is currently being extended with a superconducting LINAC

from HIE-ISOLDE.

The HIE-ISOLDE consists in the upgrade of the old normal conducting post accelerator (REX)

as well as the preparation of the facility for the higher intensity and energy primary beams

from the PSB. The upgrade for the PSB will ultimately consist in increasing the energy from

1.4 to 2 GeV, the pulses from 3.3×1013 to 6.6×1013 ppp with a cycle from 1.2 s and the maxi-

mum intensity from 2.2 to 8.9μA [26]. This will directly impact the facility in terms of target

station design, where the target deposited power will increase by almost a factor of 6 (from the

current 3.1 to 17.8 kW [26]). The post acceleration upgrade, with the installation of high-beta

superconducting cavities will allow for secondary beam energies up to 10 MeVu−1 (with a

mass to charge ratio, A/q = 4.5ue−1) (from the old 2 MeVu−1) [26]. The high-beta cavities are

being installed in sets, called cryomodules, and the first set has been commissioned last year

to provide the first 4.3 MeVu−1 RIB at ISOLDE. This year the second set is already installed

and is being commissioned to bring 5.5 MeVu−1 RIBs this year [26]. The HIE-ISOLDE project

also includes developments in target materials, beam extraction and beam diagnostics [26].

Due to the high energy of the primary beam used at ISOLDE, almost 85 % of the protons

traverse the ISOLDE target unit without any interaction. In order to use these protons a new

facility coupled to the class A laboratory of ISOLDE, MEDICIS (MEDical Isotopes Collected

from ISolde), figure 1.7 inset) was built [27]. In this facility a second target will be transported

in a rail conveyor system, irradiated between the HRS unit and the beam dump and brought

back to extract the isotopes in an offline separator, for medical research studies. This facility is

being commissioned and is expected to separate the first beams for medical isotopes towards

the mid of 2017.

1.2 ISOLDE target and ion source system

The target and ion source system (TISS) shown in figure 1.8, is considered the heart of ISOLDE

ultimately limits the facility beam intensities and isotopes available. The TISS is made of a

target, an ion source and a transfer line which connects the former to the ion source. The TISS

or simply called the target unit consists of a water cooled aluminum base plate with a vacuum

vessel in order to have high vacuum 24.

The target container (see figure 1.8a) is a 20 cm hollow cylinder with 2 cm internal diameter,

made of tantalum which can be resistively heated up to 2400 ◦C by applying a current up to

1000 A. In this container several different target materials can be inserted accordingly to the

isotope to be produced (see subsection 1.2.1, on page 18). The target container is connected

24High vacuum normally refers to pressure levels between 10−3 and 10−7 Pa.
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1.2. ISOLDE target and ion source system

(a) Schematic representation of
the ISOLDE TISS.

(b) 3D representation of the
ISOLDE TISS.

(c) Photo of an ISOLDE TISS.

Figure 1.8 – Target and ion source system (TISS) of ISOLDE: schematical, 3D representations
of the ISOLDE TISS.

to the ion source by a transfer line which can be used to chemically select the isotopes, as will

be discussed on subsection 1.2.2, on page 21.

Different ion sources can be coupled to the transfer line which connects to the target container.

They can be surface ion, electron impact or laser ion sources. The ion source selection will

depend on the isotope of interest and purity intended for the beam as will be discussed on the

subsection 1.2.3, on page 23. After the target is mounted in the target station, an extraction

electrode (see figure 1.8) is moved close to the ion source in order to extract and accelerate

the beam up to to 60 keV.

The TISS can also include a neutron converter where instead of directing the beam of protons

into the target, it is directed into a heavy material cylindrical bar (such as tungsten), just

below the target [28]. With this process MeV spallation neutrons are produced which irradiate

isotropically from the converter bombarding the target and only inducing nuclear fission

reactions, reducing by orders of magnitude the contaminants in the beam. However, some

protons are scattered when hitting the converter bar and hit the target still producing some

contaminants. Another advantage of using the neutron converter is to avoid the stress of

irradiating the target with high energy protons reducing target aging [28]. Studies are currently

on-going in order to optimize the geometry of such converter in order to avoid/reduce the

production of such contaminants [29, 30].

The currently used 23 target materials, the neutron converter, 5 transfer lines and 5 ion sources

make room for hundreds of different combinations to deliver the beams required by the

ISOLDE physicists which makes the TISS a very complex system.
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1.2.1 Target materials

In order to qualify for an ISOL material, the following criteria must be fulfilled [31]: (i) high

production cross sections of the isotope(s) of interest, which depends on the material chemi-

cal elements, primary beam energy and intensity; (ii) stability at high temperatures, since the

target materials are often operated very close to melting point (Tm) to increase effusion and

diffusion rates which is highly dependent on temperature (iii) resistance to radiation damage,

which can induce physical and chemical changes in the material (iv) and fast diffusion and

effusion of the element(s) of interest. The temperature is limited by the material sinterability

which will cause grain growth and densification increasing the diffusion distances and effu-

sion times. The material and respective contaminants vapor pressures also limit the target

operation temperature, which can create stable beam contaminants or quench the ion source

operation.

For the last 50 years of the ISOLDE operation many target materials have been tested and

studied as ISOL target materials. A non extensive list of the materials studied at ISOLDE can

be seen on figure 1.9. In this figure, the materials are divided into 6 categories (5 of them

proposed in [20]) where the last includes the first trials at ISOLDE before 1970 [32]. The "Oth-

ers" category are mostly experimental/highly specialized materials [20]. The materials in light

squares are the ones currently used at ISOLDE while the underlined and bold are the ones

which had some kind of recent materials development (including micro or nanostructure

developments, which are discussed on subsection 1.3.2, on page 29 and subsection 1.3.3, on

page 30). The ISOLDE materials are normally in the form of molten (metals or salts), pow-

der or porous pellets (oxides and carbides) or thin foils (metals). On table 1.1 are the details

regarding maximum operation temperatures (Top,max ), Tm , target thickness (X ), and beams

produced from the target materials usually operated at the ISOLDE facility.

Figure 1.9 – Overview of ISOL studied materials for target application (not extensive). The
materials are divided in 6 categories: molten, carbon-based, oxides, solid metals, others and
the first trial materials at ISOLDE. The squares represent currently used materials at ISOLDE
while the underlined and bold represent materials which had some kind of recent materials
development (including microstructure). Data extracted from [20] and [32].
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1.2. ISOLDE target and ion source system

Table 1.1 – List of the materials currently used and available at ISOLDE and respective fraction
of targets built, melting point(Tm), maximum operation temperature (Top,max ), target thick-
ness (X ) and beams produced (not extensive). Data extracted from [33, 34, 35, 20] and from
ISOLDE target archives.

Type Material Tm Top,max X Beams produced No. produced a Ref.
(◦C) (◦C) (gcm−2) (%)

M
o

lt
en

La 920 1400 124 n-def Cs and Ba 0

6.1

[36, 37]
NaF:LiF 649 720-740 24.5b 18Ne, 11C 0.6 [38]

Sn 232 1200 128 n-def and n-rich Cd 2.6 [37]
Pb 328 800 153b Hg 2.6 [36, 37]

Pb:Bi 398 500 174b Hg, At 0.3 [39]

So
li

d
M

et
al Ir/Ta/W 2447 1950 38.7b n-rich Lu, many c 1.5

22.7
Nb 2470 2050 24b n-def Br, Kr, Rb and Cu 4.7 [40]
Ta 2996 2200 110b n-rich Li, Be, Hf, lanthanides, many c 14.1 [41, 42]
Ti 1675 1600 16.3 n-def Ca, Sc, K, Mg 2.4 [41, 40]

C
ar

b
o

n
-b

as
ed

C (MWCNT) d 3600 1500 4.8b 8B 0.6

54.5

[43, 44]
LaC2 + 2C d 1705 e 1900 13b n-def Cs and Ba, Cd, In, Sn 2.1 [45, 46, 47]

SiC d 1650 e 1600 21 n-def Na, Mg, F, Al 3.5 [48, 49, 50]
ThC2 + 2 2450 2200 50 many c 0.9 [48]
TiC-CB d 3067 2000 7 Li, n-def Ca, Na and K 0.3 [this work]

UC2 + 2C d 2450 2200 50 many c 47.1 [51, 20]

O
xi

d
es

BeO d 2578 1450 30.7 6He 0.6

15.7

[52]
CaO d 2898 800 7.3 He, C, N, n-def Ne and Ar 3.8 [53, 54, 55, 56, 57]
CeO2 2600 1300 21.4b n-def Xe, Sb 0.9 [58]
HfO2

d 2800 1560 14.0 n-rich C 0.6 [58]
MgO 2800 1500 2.3 n-def Ne 0.6 [53]
ThO2

d 3050 2100 30 many c 0.6 [58]
Y2O3

d 2439 1380 28.3b Fe, Cr, Cu, Mn, Co 2.4 [50], page 30
ZrO2

d 2700 1850 15.1b Mn, Zn, Se, Kr, Cu 6.2 [58]
a Estimated from 340 targets that were produced and installed in the ISOLDE frontends since the year 2000. The remaining 1 %

are other target materials.
b Estimated from the mass of the target assuming a standard ISOLDE container (2 cm diameter).
c For more consult the ISOLDE yield database in ref [34].
d Submicron or nanomaterial, microstructure engineering for ISOL target application.
e Material starts to sublime (vapor pressure 1×10−4 Pa).

Liquid targets are very advantageous as ISOL materials due to the very high densities com-

bined with high diffusion coefficients, when compared to solid materials and can be either low

melting point metals or salts [37, 38] (see table 1.1). These materials are usually static liquid

baths, operated at temperatures slightly higher than their melting point, to keep them liquid.

Due to their high vapor pressures the target has usually a chimney before the transfer line.

This device acts as a condensation point to avoid metal/salt vapors to go into the ion source

and ISOLDE beam lines and hinder operation. These targets are operated with a specially de-

signed proton pulse time structure, called staggered mode (STAGISO) . STAGISO protons are

distributed in 3 packets in time with intervals of 16-20μs, less intense than normal pulses (up

to 2.2×1013 ppp), in order to decrease the shock waves in the target [59]. These shock waves

have been known to cause accidents at ISOLDE, splashing liquid metal into the ion source

and beam lines [36]. In order to have reduced diffusion distances, to extract exotic isotopes

in a liquid target, a novel TISS concept - LIEBE (LIquid Eutetic lead Bismuth loop target for

Eurisol) - has been developed [60] and will be tested in 2017. In this concept, a closed circuit

of Pb-Bi eutetic is irradiated and forced through a grid to create a shower of 0.4μm droplets,

from which short-lived isotopes will be more easily released [60].
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In order to release low vapor pressure element isotopes, solid materials are used since they

allow for higher operation temperatures (see figure 1.10). Even though the diffusion constants

of solids are much lower than those of liquids, the diffusion distances are reduced from cen-

timeters down to tens of micrometers, or even tens of nanometers. In metals foils, 2 to 30μm

foils can be used while in carbides and oxides reductions down to a few tens of nanometers

can be used [54, 55, 49, 61, 51, 20]. Metal powder targets were used before but due to their

high sinterability, under pulsed beam irradiation, they were discarded [48]. Oxides are mainly

used for noble gas production [20]. Since carbides are one the most refractory materials, they

are very suitable to the extreme conditions that ISOL targets require. Uranium carbide (UCx)

is one of the most used target materials at ISOLDE (> 60 % of beam time) and other ISOL

facilities. This is due to its refractory properties and to the high isotope production cross-

section along the full nuclide chart. Nonetheless, this material after irradiation, presents the

highest dose rates of all target materials, which stay active for many decades or even centuries,

causing problems for waste management [20].

Figure 1.10 – Periodic table representing the temperature at which each element has a vapor
pressure of 0.01 mbar. Reproduced from [33].

When designing a target material, chemical reactions with the structural materials of the target

(like the Ta from the target container) or with the isotopes themselves must be taken into

consideration. For example, oxide targets oxidize the tantalum container so the target material

is inserted into a rhenium boat, while carbide/graphite targets are inserted in graphite boats

to avoid direct contact and degradation of the Ta container [33, 20]. Some metalic isotopes

often react with the target material and form refractory compounds which are not released.

An example of that is the release of Sc from Ti metal foils and not from TiC material, since it

forms scandium carbide with carbon present in the TiC [34, 62].

In some cases the chemical reactions are welcome and needed to extract isotopes with higher

adsorption enthalpies and low vapor pressures, even at high temperatures (see figure 1.10).

The reactant can be supplied from the target material itself, which is the case of release of C
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isotopes as CO beams from calcium oxide targets: the carbon isotopes react with the oxygen

supplied by the target material [43, 54]. A more common way to supply the reactant is through

a controlled gas leak in the target, as is done, for example, with boron beams as BF2 from a

multi wall carbon nanotubes (MWCNT) target with a CF4 leak [43, 44]. Even when the element

can be released in its elemental form, this technique can also serve as a beam purification

method, creating what is called molecular side bands. This is the case of Ba isotopes which

usually come with a very high contamination of Cs. By introducing CF4 the Ba isotopes form

BaFx which will be separated at higher masses (ABa + AF · x, where x comes from BaFx ). The

Cs, which will not form F molecules, has lower production cross sections at higher masses

(shorter lived isotopes) so the intensity of the contamination beam will effectively be reduced.

The primary beam can either be pulsed or in continuous wave (cw) which has a direct im-

pact on the target design. The beams are usually characterized by the type of particle, their

energy and integrated intensity which will determine the isotope production cross sections

and power deposited. At ISOLDE the beam power is 2.8 kW however if one considers that

the proton pulse length at ISOLDE has 2.4μs, the instantaneous beam power deposition is

in the order of 1.2 GW [20]. A pulsed beam brings thermal spikes, shock waves and stresses

that need to be taken into account during the target design where passive and/or active cool-

ing solutions have to be found. In general for low energy primary beams (100 MeV or less)

the target interaction is higher but so is the deposited power since the targets have a higher

stopping power. This brings issues which are usually solved by having thinner and thermally

conductive targets with optimized passive or active cooling solutions [20].

Radiation has also an effect on diffusion, which is called radiation enhanced diffusion (RED),

which can directly impact the isotope release. Radiation-induced defects such as Frenkel

pairs (vacancies and interstitial) are created during irradiation of solids [63]. This is known to

significantly increase the diffusion coefficients at low temperatures, where the difference can

reach orders of magnitude, when comparing with thermal diffusion coefficients. Although

RED was never reported at ISOLDE it was reported at ISAC-TRIUMF where the secondary

beam intensity follows a law with the primary beam intensity (I [μA]) between I 3/2 and I 2

while keeping the temperature constant [64, 65].

1.2.2 Transfer line

As can be seen on figure 1.8, between the target and the ion source there is a tube designated

as transfer line that connects both. Apart from the basic function of transferring the newly

produced isotopes from the target container to the ion source it can also serve as a beam pu-

rification step. In order to achieve purification the transfer line temperature can be changed,

for example, by reducing it to trap less volatile elements. The material of the transfer line can

also be changed to one that has higher enthalpy of adsorption with certain elements in order

to delay them and make them decay before they reach the ion source. The types of transfer

lines currently used at ISOLDE can be seen on figure 1.11.
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(a) Hot transfer line connected to
a surface ion source.

(b) Hot transfer line connected to
a electron impact ion source.

(c) Cold (30 ◦C) transfer line con-
nected to a electron impact ion
source.

(d) Cold (200-400 ◦C) transfer line
connected to a electron impact
ion source.

(e) Cold (380-790 ◦C) quartz trans-
fer line used at ISOLDE.

(f) Warm (680-1150 ◦C) quartz
transfer line used at ISOLDE.

Figure 1.11 – Types of transfer line used at ISOLDE. Reproduced from [48], [66] and [67].

The most simple and commonly used transfer lines are the ones represented on figures 1.11a

and b, also called the hot lines. They are high temperature transfer lines used for non volatile

elements, meaning that they are operated at the same temperature of the target/ion source.

The only difference between the transfer lines of figure 1.11a and b is the ion source, which

will be introduced later, in the subsection 1.2.3.

Cold transfer lines condense less volatile elements where they are surrounded by water cooled

copper blocks, as seen on figures 1.11c and d. In the case where only noble or other volatile

molecule beams (such as CO, NO, O2) are requested, the 30 ◦C transfer line, on figure 1.11c is

used [48]. Where relatively volatile elements are needed but still condensation is mandatory

(for high vapor pressure target materials, for example) the 200-400 ◦C transfer line, figure 1.11d

is used [48]. Beams of volatile metals, such as Zn, Cd and Hg can be delivered with this type

of transfer line [48]. Cold transfer lines were already used with the first ISOL beam, in 1951, in

order to trap non-volatile elements [17].

Transfer lines can also be used to chemically interact with the isotopes coming from the

target. Chemical selectivity can be achieved by using materials with which the contaminants

have higher adsorption enthalpies, delaying and trapping unwanted elements. At ISOLDE

a quartz transfer line, with temperature regulation (see figures 1.11e and f), can be used to
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trap alkali contaminants. When comparing with the standard hot transfer line, this line is

able to suppress, for example, Rb up to 5 orders of magnitude, Cs by 3 orders of magnitude

and Li and K by roughly 2 orders of magnitude [66]. The suppression factors often come with

some reduction of the beam of interest, but the obtained beam are of much higher purity. The

quartz transfer line at ISOLDE has two versions, the warm transfer line which operates from

680-1150 ◦C [67] (figure 1.11f) and the cold quartz transfer line operating from 380-790 ◦C [66]

(figure 1.11e). Their selection will depend on the contaminant/beam element of interest.

1.2.3 Ion sources

After passing through the transfer line the isotopes need to be ionized in order to be extracted

as a beam and mass separated. Ion sources at ISOLDE produce singly-charged positive (A
ZX+)

or, occasionally, negative ions (A
ZX – ). At ISOLDE, in total three different ionization mecha-

nisms are used: surface ionization, laser ionization and electron impact ionization. The figure

1.12 contains a periodic table, extracted from the ISOLDE yield database [34], with the all the

ionization mechanisms used at ISOLDE for each element. The ionization efficiency, to posi-

tively charge an element, will depend mainly on the ionization potential (W ) of the element

which is the total energy necessary to remove one electron from an outer shell. In ISOL type

facilities the main requirements for an ion source are efficiency, selectivity and rapidity, all in

order to minimize losses [68].

Apart from the three main mechanisms, radio frequency discharge (RF), plasma ion sources

also exist. A prototype Helicon ion source which ionizes volatile elements and molecules

through this mechanism in a magnetized plasma was successfully tested at ISOLDE [69].

These sources have the advantage of operating cold (no hot surfaces) which increases the

survivability of volatile molecules.

Figure 1.12 – Periodic table representing the currently available elements at ISOLDE and
respective ionization mechanisms. Reproduced from [34].
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Surface ion source

Surface ionization is an efficient technique to ionize elements with low ionization potential

(W < 7eV) such as the alkali, alkaline-earth, rare earths (which include the lanthanides), some

molecules and others, as seen on figure 1.12. As schematized on figure 1.13, when a low W

element atom collides with a hot metal surface of a high work function (Φ) it loses one electron.

The surface is at high temperatures to reduce desorption of the ions/atoms. The ionization

efficiency (εi s [%]) is given by the Saha-Langmuir formula [48, 50]:

εi s = n+
n++n0

=
(
1+Ce

W −Φ
kT

)−1
(1.3)

where n+ [cm−2] is flux of ions leaving the surface and n0 [cm−2] the flux of neutrals leaving

the surface, Cg [dim] is a statistical constant regarding the ions and atoms quantum states, k

[JK−1] is the Boltzman’s constant and T is the absolute temperature. As seen on figure 1.11a

the geometry of a surface ion source is rather simple: a tube. Using a Ta ionizer, with Φ =
4.0−4.8eV [35] K, Rb, Cs and Fr are ionized with about 90 % efficiency, while with a Re which

has a higher work function (Φ= 4.7eV [35]) can ionize Ba (εi s = 10 %) and Ra (εi s = 50 %) [48].

With W ion sources ( Φ= 4.3−5.2eV [35]), heated to very high temperatures (2400 ◦C) using

the "hot-cavity-effect" [70]), Li, Na, Al, Ca, Sc, Ga, Sr, Y, Tl and the lanthanides can be ionized

with 5 % < εi s < 50 % [48]. This effect happens in surface ion source with a tube geometry

(used at ISOL facilities) where the equation 1.3 needs to be complemented for the number

of wall collisions before ionization (which multiplies the εi s by a few times and also for the

trapping probability of the ion inside of the plasma potential well. [70, 68].

Figure 1.13 – Ionization mechanisms used at ISOLDE: surface, laser and electron impact ion-
ization. Reproduced from [71].

When the work function of the ionizing material is lower than the element electron affinity

(E A) then the material gives an electron, negatively ionizing the element. This type of ioniza-

tion is suited for elements with high electron affinity, such as the halogens, as can be seen
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on figure 1.12 [48]. Ion sources with a pellet of LaB6 have been successfully used at ISOLDE

to deliver beams of Cl, Br, I and At with εi s = 10 %. Other negative ion source materials have

been proposed such as GdB6, Ir5Ce and W(BaOSrO) [72]. The GdB6 tube geometry ion source

has been tested in 2014 and 2015 at ISOLDE.

Laser ion source

The resonant ionization laser ion source (RILIS) at ISOLDE, is used when ionization of ele-

ments up to W < 9−10eV with high selectivity is needed. More than 50 % of the beam time at

ISOLDE is conducted using RILIS, with more than 35 chemical elements which are possible

to ionize by laser [73] (see figure 1.12). As schematized in figure 1.13, the atoms are ionized by

interaction with a set of lasers that stepwise excite the outer shell electron to the continuum.

Since these steps (also called laser scheme) are specific for each element, high selectivity is

possible. RILIS is normally coupled with the Ta surface ion source operated at lower tempera-

tures to reduce surface ionized isobaric contaminants. Since the residence time of the atoms

is in the order of a few hundred μs to achieve good ionization, high repetition rate (> 10kHz)

lasers are necessary [15]. Efficiencies for laser ion sources are generally around 10 %.

Even though the laser ion sources are very selective surface ionized contaminants are al-

ways present. In order to deal with such contaminants two techniques have been proposed:

the LIST [74, 75] (Laser Ion Source and Trap) and the ToF-LIS [76] (Time-of-Flight Laser Ion

Source) . In the LIST technique, right after the Ta ion source a device which contains a repeller

electrode followed by an RFQ ion guide is installed [74, 75]. As schematized on figure 1.14, this

allows to separate the laser ionizing and surface ionizing regions. The surface ionized isotopes

will be repelled by the positively charged electrode while the neutral atoms will continue and

be laser ionized inside the LIST and guided through the RFQ to the extraction. Using this

source, surface contaminants were suppressed by up to a factor 1×104 [74, 75]. Knowing that

the ionization of surface contaminants is continuous in time, the ToF-LIS aims at making

use of the very short laser ionized isotope pulses created by the pulse lasers. Since the time-

of-flight of the laser ions is highly affected by the potential created in the ion source by the

heating current, using higher resistance materials results in shorter pulses as shown in figure

1.14b for laser ionized Ga from two different ion source materials, for example [76]. Using a

fast beam gate, a window could be open just enough to catch these pulses and closed when

there is no laser ions formed, suppressing the contaminants.

Electron impact ion source

The electron impact or plasma discharge ion sources are very efficient but have very little

selectivity, since they can ionize basically any element this brings many isobaric contami-

nants. They are well suited to ionize noble gases which can’t be ionized by any of the other

ion sources, due to the very high ionization potentials. They are very often used for volatile

beams, for which they are suited with a cold transfer line (as schematized on figure 1.11c)
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(a) LIST (Laser Ion Source and Trap) principle. (b) ToF-LIS (Time of Flight Laser Ion Source)
pulse length comparing with standard ion
sources.

Figure 1.14 – Contaminant suppression techniques for laser ionized element beams: LIST and
ToF-LIS. Reproduced from [75] and [76].

which enhances the TISS selectivity. The electron impact source used at ISOLDE is called

FEBIAD, acronym of Forced Electron Beam Induced Arc Discharge, and was developed in the

70s [77]. Using the thermionic principle a metallic cathode is heated to emit electrons which

are accelerated towards an anode, up to a couple of hundreds of Volt in a small chamber. The

electrons are further deflected in this few cm chamber through the use of an axial magnetic

field [48]. The ionization then happens by electron impact where the electrons collide with

the neutral isotopes coming from the transfer line, ionizing them.

An improved version of the FEBIAD ion source was developed at ISOLDE in the 2000s and

was called VADIS - Versatile Arc Discharge Ion Source [78]. In this source the ionization geom-

etry was optimized and the graphite materials present in the first were replaced by metallic

ones [78], reducing the CO outgas. With the changes this source has shown 5 to 20 times

higher ionization efficiencies [78] and is currently the version used at ISOLDE. Tests have

been done and are currently ongoing to use laser ionization inside of a VADIS. This combi-

nation is called Versatile Arc Discharge Laser Ion Source (VADLIS) and has the objective of

improving the ionization efficiency and selectivity of metals in the VADIS as well as providing

in-source spectroscopy tools for the ISOLDE physicists [79].

1.3 Engineered microstructure ISOLDE target materials

ISOL is a complex method which involve many steps, from the moment the isotopes are

produced until they are delivered for physics studies. These induce losses, where the delivered

beam intensity, also referred to as yield (Y [μC−1]) depends on:

Y = YPr od ·εr el ·εi s ·εsep ·εtr ansp with YPr od =σ · j ·Nt ·nC (1.4)
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where YPr od [μC−1] is the total number of isotopes produced normalized to the primary beam,

also known as in-target production and depends on:

• σ [mb], the isotope production cross section , which depends on the type of particle

(neutron or proton for ISOLDE), its energy and the target material nucleus and can be

simulated at the GeV primary beam energy level, quite accurately with codes such as

FLUKA25 or ABRABLA26;

• j [cm−2], the primary beam flux which is directly proportional to the YPr od and is usu-

ally the way taken by most ISOL facilities in order to increase their secondary beam

intensities, which becomes very challenging due to heat deposition issues;

• Nt [dim], number of atoms exposed to the beam , equivalent to the material density,

which can be increased but a certain porosity must be kept to allow for isotope effusion;

• nC [μC−1], number of protons per μC (6.242×1012 μC−1)

The other parameters from equation 1.4 are efficiency parameters which account for losses

during the release process and beam manipulation and they are:

• εr el [%], the release efficiency which depends on diffusion and effusion times which

are unique for each combination of isotope element-target material-microstructure

where both processes are thermally activated. Diffusion refers to isotope release from

the bulk of the material while effusion is the diffusion of the atoms through the vacuum:

target porosity, transfer line up to the ion source. Re-diffusion into the target material

or reaction with any surface of the TISS components is possible. It is in the εr el that, by

far, the highest losses exist, as will be discussed below.

• εi s [%], the ion source efficiency, already discussed in the subsection 1.2.3, on page 23.

• εsep [%] and εtr anp [%] are respectively the mass separation and transport efficiencies ,

normally close to 100 % and not limiting Y .

While other components for the TISS are well developed, during the past 50 years of ISOLDE,

little to no regards were taken on influence of the microstructure on the isotope release as well

as it’s stability (sinterability) over time. It was only around 10 years ago that more attention

was given to the target microstructure influence on the release of isotopes [49, 61].

1.3.1 Release efficiency: diffusion and effusion

Diffusion

The diffusion is a thermally activated process, where the diffusion coefficient (D [m2 s−1]) has

an Arrhenius relation with temperature (T [K]):

D = D0e−
Q

RT (1.5)

25FLUKA stands for FLUktuierende KAskade and is a very versatile particle physics Monte Carlo simualtion
code [80, 81].

26Code to calculate nuclear reaction cross-sections using the ABLAsion-ABRAsion model [82, 83].
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where D0 [m2 s−1],Q [Jmol−1] and R [JK−1 mol−1] are respectively the diffusion pre-exponential

factor, activation energy and the ideal gas constant.

Unless we are in presence of a highly reactive element or one with high adsorption enthalpies

with the TISS materials, the release is usually diffusion limited where by correcting for the

other efficiency factors of equation 1.4, the εr el can be approximated by:

εr el =
Y

YPr od
= 3

π

√
μ

λi
with μ= π2D

r 2 and 2μ�λ. (1.6)

where μ [s−1]is the diffusion time constant [s−1] and r [m] is the target material grain radius.

There are two ways to essentially decrease μ, either increase of the temperature (to increase D ,

see equation 1.5) or decrease of the particle r . The temperature increase is the approach taken

in the last 50 years in ISOL facilities where the target is operated with the highest possible

temperature. This brings melting/sintering and target degradation which rapidly decreases

the beam intensities over time. The decrease of the particle/grain size was never considered

in the past, at ISOLDE. Powders with particle sizes below 1-5μm were discarded since it could

bring fast sintering and so closing of the porous structure of the target materials [84].

Even though recent results have shown that decreasing the particle size results in better Y in

most of the cases [49, 54, 50, 20, 51, 57], researchers in the 70s had a valid point with the fast

sintering of the small grained materials. In order to have fine particle/grain target materials

either the targets have to be operated at lower temperatures or suitable sintering hindering

mechanisms have to be employed. Such mechanisms can be, for example, doping the material

which will form precipitates that will slow down the grain boundary advancement or hinder

self diffusion coefficients. Or the inclusion of a second non-sinterable inert phase can reduce

the coordination number of the particles hindering or even stopping sintering.

It has been tried before to increase N in equation 1.4, to increase YPr od , by using high den-

sity uranium carbide (ρ = 13.2gcm−3) instead of the porous and tens of micron UCx (ρ =
3.5gcm−3) normally used at ISOLDE [20]. Even though YPr od is almost 4 times higher, the Y

extracted for all the isotopes was more than a factor of 2 lower than the standard UCx inten-

sities. The almost non-existent porosity makes release only possible by diffusion in the solid

where even though the YPr od is large the εr el is much smaller resulting in lower yields.

According to equation 1.6 by keeping the temperature constant and decreasing the particle

size by a factor of 10, a factor of 10 should be gained in Y (if effusion doesn’t change drastically).

It was with this concept in mind that, over the last years, many sub(micron) and nanometric

material developments were carried out [49, 54, 50, 20, 51, 46, 57]. Apart from higher release

efficiencies nanomaterials have as well the advantage of smaller densities, which directly

translate in less radioactive waste. In the next subsections the studies done on a microstruc-

tural/sintering point of view on (sub)micrometric and nanometric ISOLDE target materials

will be reviewed.
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Effusion

Effusion happens right after diffusion, where the isotope species desorb from the material

surface and diffuse through material porosity and TISS geometry (transfer line) until the ion

source is reached. The effusion mean delay time (τν [s]) can be approximated by [85]:

τν = 1

ν
= nwc

(
τa +τ f

)
(1.7)

where ν [s−1] is the effusion time constant, nwc [dim] the number of wall collisions, τ f [s] is

the mean flight time between 2 wall collisions and τa [s] is the mean sticking time for a wall

collision which depends on:

τa = τ0e−
ΔHa
RT (1.8)

where τ0 [s] is a pre-exponential factor , ΔHa [Jmol−1] is the adsorption enthalpy which de-

pends on the element-surface combination number of collisions.

As can be seen, similarly to diffusion, effusion has also an Arrhenius dependence on the

temperature and it becomes the controlling mechanism for reactive elements (high ΔHa).

For effusion it is also important to consider all the surrounding TISS materials which with

the isotopes may interact, such as transfer line and ion source materials where an interesting

review is made in [43].

1.3.2 (Sub)micrometric microstructure target materials

In order to reduce sintering, instead of powders, fibers can be used reducing the number

of contact points. Commercially available CeO2, ZrO2, TiO2 and ThO2 fibers of micrometric

thickness have been reviewed by U. Köster, et al. [58]. All fibers were of similar microstructure

and an example, ThO2 fibers, is represented in the microstructure of figure 1.15a. From these

the ZrO2, ThO2 and CeO2 are still used at ISOLDE as target materials, however no long term

temperature stability tests in respect to microstructure were done.

Foam microstructures (similar to the one presented in figure 1.15b) have been developed

at the HRIBF-ORNL facility by nitride, carbide and/or oxide infiltration coating of carbon

foams [86]. At ISOLDE, S. Fernandes studied several microstructures of SiC, from foam sam-

ples (pores of few hundred μm, see figure 1.15b) to fully dense, and from submicron average

particle size (0.6μm) to a few micrometer [49]. The release studies have shown that the re-

lease of Na, Mg and Be was higher in the case of the 60 % porous submicrometric SiC particle

samples than in the case of fully dense ones and even from the foam SiC [49]. These results

led to the test of a prototype target material, with a full batch of pressed 0.6μm particle size

SiC pellets (microstructure represented on figure 1.24 on page 41) which were pre-sintered

in an argon atmosphere at 1650 ◦C for 1 h. This prototype delivered Mg and Na yields which

were a factor of 4-9 higher than previously operated 10μm SiC targets [49, 50]. This unit also
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allowed for the extraction of the very short lived, never seen before 21Mg with t1/2 = 122ms.

(a) ThO2 micrometric fibers tested at
ISOLDE [58].

(b) SiC foam microstructure tested for
release at ISOLDE [49].

Figure 1.15 – Different microstructured materials tested at ISOLDE: ThO2 fibers and SiC foam.
Reproduced from [58] and [49].

Alumina fabricated with different microstructures made by different processes and from dif-

ferent powders (tape casting, anodizing, slip casting, cold pressing and others) was studied for

release by S. Fernandes [49]. It was found that for release of Na and Mg, the samples with the

highest porosity and lowest grain size were the ones with the highest release efficiency [49].

Using a novel technique named ice-templating, M. Czapski created SiC and Al2O3 samples

with tailored porosities which ranged between 1.1 to 86μm in size as spherical and/or elon-

gated shape [87]. An example of such porous structures is represented on figure 1.16a for

SiC. These samples were submitted to irradiation in order to study if the pore structure can

mechanically sustain the irradiation damage, however the results haven’t been published yet.

These microstructures are to be used as spallation targets in the future for HIE-ISOLDE beam

energy and intensity upgrade [87].

BeO, with around 1-2μm, was another micrometric material tested at ISOLDE, to provide very

intense beams of 6He through the use of a neutron converter [61]. Before being used as a

target prototype the microstructure was tested at the maximum operation temperature for

24 h in order to check for sintering, where the final BeO microstructure can be seen on figure

1.16b.

1.3.3 Nanostructured target materials development

Y2O3 targets were also tested at ISOLDE, for the first time [50]. Nanometric yttria was com-

mercially acquired and heat treated to 1380 ◦C in order to assess the stability of the nanos-

tructure [56]. These particles were agglomerated in a plate like structure, as shown on figure

1.17a, which after heat the agglomerates turns into a micrometric/submicron target as shown

of figure 1.17b. During the heat treatment the surface area changes from 17.8 to 0.6 m2 g−1,

changing the nanostructure into a micrometric one [56]. Nonetheless, this target provided

higher intensities on Co and Cu beams than other targets and also many isotopes of Cr and Fe

which haven’t been seen before at ISOLDE [50]. This material revealed decreasing yields over
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(a) SiC microstructure obtained by ice
templating [87].

(b) BeO microstructure used as target
material at ISOLDE [52].

Figure 1.16 – Different microstructured materials developed at ISOLDE: SiC ice templating
structure and micrometric BeO. Reproduced from [87] and [52].

time, down to 20 % of the initial value over 120 h of operation, likely due to the microstructure

degradation [50].

(a) Yttria as supplied. (b) Yttria heat treated at 1380 ◦C.

Figure 1.17 – Yttria nanomaterial tested at ISOLDE before and after heat treatment. Repro-
duced from [56].

Calcium oxide has been used at ISOLDE as a powder target, since 1985 to produce beams of

C (as CO), N (as N2), Ar, Ne and He [54]. However, even though the beam intensities provided

from these targets were good, they were known to either reduce over time or even be low from

the beginning. Since this was a problem suspected to come from the microstructure (sinter-

ing), either during its production and/or operation, material investigations were done [55].

The new mesoporous nanometric CaO material produced, shown on figure 1.18a was devel-

oped from the decomposition of CaCO3 in vacuum (CaCO3 → CaO + CO2) and has with about

30 nm particle size and 12 nm pore size [55] [54, 55]. Sintering studies were done following

the specific surface area evolution (see figure 1.18b for an example), in order to assess the

right operation temperature for the ISOLDE target in order to keep a stable nanometric CaO

structure [55]. It was reported that surface diffusion controlled the sintering kinetics at low

temperatures while at higher temperatures volume diffusion was the dominating mechanism

for CaO sintering [55]. A conservative operation temperature was defined to maximum of

800 ◦C in order to keep the nanostructure stable over time and to account for irradiation ef-

fects, contrarily to before where there was no temperature limit [54]. This was the first target

nanomaterial operated at ISOLDE. Even though a lower temperature was used, high yields
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of Ar, Ne, He and CO beams were extracted from this target and is now a standard unit at

ISOLDE [54].

(a) Mesoporous nanometric CaO material de-
veloped for ISOLDE.

(b) Sintering behaviour, in terms of specific
surface area of the nanometric CaO.

Figure 1.18 – Mesoporous nanometric CaO material developed for ISOLDE and its sintering
behaviour. Reproduced from [54].

An interesting fact was noticed in the isotope release time structure of nanometric CaO, which

was also seen in all the following nanomaterials at ISOLDE. As exemplified, on figure 1.19c

and d, the isotope release is apparently longer from nanometric form (figure 1.19b) than

micrometric form (figure 1.19a) of the same solid compound [57]. The term apparently longer

is used since the yields obtained are usually much higher than those of micrometric materials

with "fast release": in the example of figures 1.19c and d, while a yield of 2.0×106 μC−1 was

obtained for the micrometric target, one of 3.7×107 μC−1 was obtained for the nanometric

one. This is likely due to the fact that the release is not any longer only limited by diffusion,

due to the small particle sizes of the target material. In fact, the release is likely limited by both

diffusion and effusion due to the complex nanometric pore network which will multiply by

orders of magnitude the number of atom collisions before they are extracted. This effect has

also been reported for UCx materials [20].

Nanometric CaO has also been used to unexpectedly produce radioactive argon while cold,

meaning without any temperature supplied by the target oven [57]. The beams provided by

this cold target were only a factor 2 to 3 lower than the ones with the target at 800 ◦C, which

doesn’t follow classical diffusion laws predicting that the fall should be orders of magnitude

in beam intensity [57]. In this report the release was attributed to the spallation recoil mo-

mentum from the nuclear reaction, during production, which could eject the isotopes from

their production positions. The recoil energy was estimated to be 9.2±1.8keV which would

make a projected ion range of 10.9 nm, more than enough to escape the nanometric CaO

particles [57].

Uranium carbide is usually developed by mixing micrometric forms of UO2 and graphite,

pressing them into pellets and heat treat them up to 2000 ◦C to promote the carbothermal re-

duction of the UO2 into UCx (UO2 + 6C → UC2−x + (2+x)C + 2CO, where 0 ≤ x ≤ 1). By milling

down the UO2 to a median size of 160 nm and replacing the graphite by multiwall carbon
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(a) Old CaO micrometric material used at
ISOLDE.

(b) Newly developed nanometric CaO for
ISOLDE.

(c) Release profile of 35Ar from micrometric
CaO targets.

(d) Release profile of 35Ar from nanometric
CaO targets.

Figure 1.19 – Calcium oxide microstructure used before at ISOLDE and the newly developed
nanometric CaO in [55] and respective release profiles. Reproduced from [57].

nanotubes (MWCNT) and following the same thermal treatment procedure, a nanocompos-

ite was obtained [51, 20]. This yielded an extremely stable structure at high temperatures,

which was able to deliver short lived isotope intensities (30Na - t1/2 = 48ms) over more than

12 days without any decrease. Such isotope in standard UCx targets would reduce by almost

two orders of magnitude [20, 51] in the same period of time. The beams delivered by this

target were all of higher intensity than the standard uranium carbide and stable over time [51].

A similar composite, but developed through a different process was developed by SPES and

tested at the HRIBF-ORNL [88]. The isotope release results were inferior to those of standard

(micrometric grains) target (tested in the same conditions), contrarily to what was obtained

at ISOLDE. Comparison is difficult between the two nanometric UCx targets since the mate-

rial processing, TISS and also primary beam energy were all different. The low yield results

were attributed to possibly low efficiency ion source due to target outgassing or possibly high

effusion times [88].

A LaC2-MWCNT nanocomposite was also developed at ISOLDE, following the studies of Bi-

asetto et al. [89] at INFN where an LaC2-carbon nanotubes (CNT) nanocomposite was de-

veloped by mixing La2O3 with different volume ratios of graphite and CNT. Using a similar

process to the UCx nanocomposite and La(OH)3 and MWCNT as starting materials, a LaC2-
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MWCNT was produced [45], and tested online [46] to produce beams of Cs and Ba. The same

apparently long release profiles were seen with high release efficiencies, however this proto-

type was not able to deliver as high intensities as the molten La target [46]. This is thought

to be due to the very low densities (when comparing to La molten targets) and mainly the

limitation in operation temperature at which the LaC2 starts to sublime.

The last nanometric target to be tested at ISOLDE was developed to extract boron beams, a

highly refractory and reactive element which was never before extracted in ISOL-type facilities.

Due to the very low vapor pressure and high reactivity of this element, its extraction as ABF2

was seen as a very efficient mechanism [43]. After release studies and in order to have a low

as possible diffusion times, pressed pellets of MWCNT were used as target material. The huge

surface area of MWCNT also helps to promote the reaction of the CF4 with the B and extract

it [43, 44].

1.4 Sintering

Sintering is "a processing technique used to produce density-controlled materials and com-

ponents from metal or/and ceramic powders by applying thermal energy", as simply defined

in S.-J. Kang’s book [90]. In sintering usually a powder compact is turned into a monolith, and

particles into grains by the action of temperature, reducing the internal interface area. The

main driving forces for sintering are: the curvature radius of the particle surfaces or/and an

external applied pressure or/and a chemical reaction [91]. In the absence of the latter two, the

surface free energy (Es [J]) which depends on the system surface area, will drive the sintering

process [91]:

Es = γS A = γ
3Vm

r
(1.9)

where γ [Jm−2] is the specific surface energy, S A [m2] is the total surface area of the system,

Vm [m3] is the molar volume and r [m] is the particle radius. From equation 1.9 in can be

seen that the reduction of the particle size will bring a higher surface energy and so a higher

sintering driving force.

The sintering driving force is the reduction of the Es which depends on the γ and on S A . As

schematized on figure 1.20a, while the change in interfacial energy (Δγ) is due to densification,

the change in surface area (ΔS A) is because of coarsening (particle growth) [90].

For sintering to occur, atoms have to change positions and they do so according to the chem-

ical potential of the zone they are in: they will move from zones with higher chemical po-

tentials (sources: such as concave curvature) to zones with lower chemical potential (sinks:

like convex surfaces). This movement can happen accordingly to at least 6 different mecha-

nisms which lead to bonding and neck growth between the particles (see figure 1.20b) [91, 90].

These mechanisms can either be nondensifying mechanisms, bringing coarsening, such as

surface diffusion, lattice diffusion from the particle surfaces and vapor transport (in figure

34



1.4. Sintering

(a) Sintering basic phenomena of densification and
coarsening under the sintering driving force.

(b) Basic sintering mechanisms.

Figure 1.20 – Sintering basic phenomena (sintering and densification) due to driving force
and main sintering mechanisms. Reproduced from [90, 91].

1.20b, mechanisms 1, 2 and 3) or densifying such as grain boundary, lattice diffusions from

the grain boundary and plastic flow (mechanisms 4,5 and 6).

Sintering involves solid state diffusion, where the flux of atoms (Jx [J−1 s−1]) depends on the

concentration (C [m−3]) gradient:

Jx =−D∇C (1.10)

where D [m2 s−1] is the diffusion coefficient, a material property and dependent on element

and host matrix combination. Imperfections in crystalline structures, also called defects, also

influence diffusion. Since the type (vacancies, interstitials, respective pairs, etc.) and quantity

of such defects controls matter transport they control the processes such as sintering and

grain growth [91].

There are many variables affecting sintering, making it a complex phenomena to model and

even though in many studies the same chemical compound is used, totally different sintering

results can be obtained [90]. Sintering depends on the raw material powder characteristics as

well as on its chemistry. The powder size (and size distribution), agglomeration degree, shape

as well as its composition, stoichiometry, homogeneity and impurities all play a very impor-

tant role in the sintering process. During sintering the temperature and respective heating and

cooling ramps, time, pressure and atmosphere influence the sintering rates and mechanisms.

There are two main categories of sintering: solid state sintering and liquid phase sintering.

Solid state sintering has been described so far while liquid phase sintering happens when a

liquid phase is present in between the powder particles during the sintering process. Liquid
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phase sintering allows for a fast densification at lower temperatures and easy control of the

microstructure at the cost of, for example, mechanical properties [90].

In the next subsection the different stages of sintering will be detailed. This will be followed by

a literature review of important sintering aspects for this work: sintering of porous ceramics,

constrained sintering and irradiation influence on sintering. A review of the literature TiC

sintering studies is done on the article included in section 4.1 (page 109) where the master

sintering curve concept is also introduced.

1.4.1 Sintering stages

Sintering is usually divided into three sequential stages for simplicity: initial, intermediate

and final stages. In each stage, for polycrystalline materials and for modeling purposes, the

microstructure is well defined in terms of geometrical structures (see figure 1.21) and each

one represents a defined range of relative densities.

(a) Before sintering. (b) Initial stage sinter-
ing.

(c) Intermediate stage
sintering.

(d) Final stage sinter-
ing.

Figure 1.21 – Geometrical models representing the beginning, initial, intermediate and final
stages of sintering. Reproduced from [92].

Initial stage

In the initial stage the major differences in surface curvature are eliminated by neck forma-

tion (from figure 1.21a to b). The neck formation is generally accompanied by densification

and shrinkage of the structure with densifying mechanisms (see above). The initial sintering

kinetics can be modeled by two spheres of radius a, representing the particles, where [91]:

( x

r

)m
= H

r n t or

(
Δl

l0

)m/2

=− H

2mr n t (1.11)

where x [m] is the neck radius, Δl/l0 [%] is the linear shrinkage, t [s] is time, m and n are

exponents depending on the sintering mechanism and H [s−1] contains the geometrical and

material parameters of the powder which also depends on the sintering diffusion mechanism.
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The initial stage sintering lasts until the neck is about 0.4 - 0.5 of the particle radius and it is

characterized for systems with 0.5−0.6ρt (theoretical density) and linear shrinkage from 3 to

5 % [91]. It is also limited to specific surface area reductions of down to 50 % [93].

Intermediate stage

The geometrical model to describe intermediate stage sintering kinetics was proposed by

Coble [92] and describes particles as being tetrakaidecahedra, where 3 particles are repre-

sented on figure 1.21c. This geometrical model assumes that pores are continuous, cylindrical

and contained along the edges of the tetrakaidecahedron. It is assumed that the pore geometry

is uniform and only densifying mechanisms operate, since the chemical potential is the same

on every pore surface [91]. It is assumed that densification can only occur by pore shrinkage in

cross section, until they become unstable and isolated. This stage characterizes systems up to

0.9−0.95ρt . Since plastic flow is not expected to be present in a ceramic systems, only lattice

and grain boundary diffusion mechanisms are expected. In this model the densification rate

is predicted to depend on the inverse to the cube of the grain size for lattice diffusion and on

the inverse to the fourth power for grain boundary diffusion [91].

Final stage

The final stage sintering is characterized by densities higher than 0.95− 0.98ρt . The pore

isolation in the grain corners, referred in the intermediate stage, marks the beginning of the

final stage, as represented on figure 1.21 [91]. In this stage, it is assumed that the pores will

shrink and disappear and ideally, densities of 100 % are reached.

1.4.2 Sintering of porous ceramics

In early stage sintering of porous ceramics there is some coarsening through surface diffusion

or vapor transport which is followed by heavy densification with limited grain growth. These

which greatly influences the subsequent microstructure evolution and rest of the sintering

process [91]. Usually grain growth (coarsening) only becomes more dominant towards inter-

mediate and final stage sintering, whereas densification and loss of surface area is dominant

in the early stage sintering, due to the high surface energies associated with the high porosity.

The open porosity is expected to slowly convert into closed porosity, which process only de-

pends on the packing uniformity. For heterogeneus packed powders the closed porosity may

even increase and then only finally decrease as the sintering time and density increases [91].

This is mainly related with the sintering of agglomerates. The thermodynamics of pore evo-

lution states that in order for the pore to shrink, there must be a decrease of the free energy

(decrease of surface area) larger than the increase of the free energy due to more grain bound-

ary area creation [91]. This energy equilibrium is intrinsically related with the number of

grains surrounding the pore, where for large number of grains around a pore will dictate that
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the pore grows while a low number will make the pore shrink. As a result, poorly compacted

powders, with larger pores than its particles will be difficult to densify.

The kinetics of grain growth in porous ceramics is complex but it can be discussed in a qualita-

tive way. After neck formation in two isolated spherical particles, the boundary is very stable

since for it to move changes in interfacial energy would be needed [94], however coalescence

still happens in porous ceramics. Greskovich and Lay [94] have proposed a simple two sphere

model, assuming surface diffusion where they explain qualitatively this phenomena, which is

schematically represented on figure 1.22a. The two particles, which differ in size, will create

a curved grain boundary which curvature radius is inversely proportional to the size ratio

between the large and the small particles. The larger the curvature is, the greater the driving

force is for it to move towards the center of its curvature [94] which in the end will result in an

elongated grain. The mechanism is further demonstrated on figure 1.22b, where 6 particles

form 2 elongated grains.

(a) Two sphere model
for coarsening of
porous ceramics.

(b) Sintering of 6 particles by the Grescovich and
Lay mechanism.

Figure 1.22 – Sintering mechanisms proposed by Grecovich and Lay for coarsening of porous
ceramics. Adapted and reproduced from [94] and[91].

1.4.3 Constrained sintering

Every sintering system is under some kind of constrained sintering where, for example, in-

homogeneities such as agglomerates, cause stresses which will directly affect the sintering

behaviour [91]. However in the literature, constrained sintering refers to when a sintering

matrix is constrained by a second non-soluble phase that reduces densification rates. The

second phase can either be a dispersion of a second phase or a rigid substrate. In extreme

cases the stresses created can either induce cracks or film delamination, but normally takes

place as localized porosity [95].

Dispersion of a second phase powder can be either be done by mixing it homogeneously or
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by coating powders (sintering particles are surrounded uniformly by a second phase). A com-

posite densification rate has much lower densification rates than predicted from a simple

rule of mixtures, accounting for the respective volumes and densification rates of the two

phases [91, 96]. In some cases, for high volume fractions of the second phase (> 20 %) densifi-

cation is even completely halted [91]. This is mainly due to the presence of transient stresses

between the two phases due to differential sintering or due to the percolation of one of the

phases that will form a network and inhibit sintering.

Transient stresses happen with solid inclusions in the sintering matrix, since shrinkage will

happen at different rates. Hydrostatic (compressive) and tangential stresses will be generated

on the inclusion surfaces and will be relieved by viscous flow or creep. Models such as Scherer’s

can calculate the stresses generated up to additions of 15 vol.% inclusions [91].

For higher fractions of the second phase, percolation is likely to happen, which means there

will be enough particle-particle contacts of the second phase to form a continuous second

phase network. In order to have percolation, assuming equiaxial particles in a random arrange-

ment, a volume ratio of 16 % is necessary, which is known as the percolation threshold [91].

After this threshold, if the second phase particles bond an form a rigid skeleton it won’t be

possible to densify the composite [91]. The exception lies on systems which form liquid phase

and/or where the inclusions do not form bonds to have a rigid network. If this is the case,

higher second phase volumes can be accommodated before the sintering rates are affected,

where the coordination number of the first phase particles will likely control the sintering

rate.

Apart from densification, grain growth can also be severely hindered by the presence of a

second phase in high volumes [97]. In a study done by French et al. [97] a 50 vol.% Al2O3 -

ZrO2 composite, which have limited mutual solubility, was produced and the sintering mecha-

nism was hypothesized to be grain boundary and interphase-boundary diffusion which limits

sintering in percolated structures. In this study grain growth was up to 20x less than in the

independently sintered phases.

There are some examples (not extensive) in the literature of constrained sintering due to

addition of high volumes of second phases [96, 97, 98, 99, 100]. In a study done by Jonghe et

a. [96] addition of 27 vol.% 12μm SiC in 0.4μm ZnO hindered its densification rates by almost

2 orders of magnitude, due to tensile hydrostatic stresses which opposed sintering stresses

and reduced densification rates. Numerical simulations have also been attempted in this field

where the size ratio between the second and primary phase particles, as well as agglomeration

state of the second phase, influences were studied in terms of densification rates [98]. Yan et

al [98] found that the smallest second phase particles added (1/3 or the particle size of the

primary phase), in a deagglomerated state and with the largest volume ratio had the strongest

effect. Here, it was seen that highest number of second phase-primary phase contacts created

by the homogeneously dispersed second phase particles, was the main reason for sintering

hindering.
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1.4.4 Irradiation influence on sintering

Even though the effect of radiation on sintering will not be studied in this work, it is important

to review what has been done in the field. Sintering is in fact controlled by diffusion and it

is known that radiation affects the crystalline structure increasing the defect concentration

through which diffusion processes are governed. In 1961, Aitken proposed the following mech-

anisms of radiation interaction with sintering [101]: (i) radiation enhanced diffusion (RED)

(production of vacancy-interstitial pairs) (ii) alteration of the number and locations of sinks

for vacancies to migrate, (iii) vaporization and re-condensation of non-volatile atoms by re-

coil processes (iv) enhanced surface mobility. Aitken estimated that in the order for RED to be

seen in linear shrinkage during sintering (bulk diffusion controlling mechanism) fine particle

sizes (at least smaller than tens of microns) have to be used [101]. In this process the type of ra-

diation used will also have a great effect since the number of displacements, after the primary

knock-on, will greatly determine the type of defects and respective concentration [101].

As discussed in the subsection 1.2.1 on page 18, while a material is being irradiated vacan-

cies and interstitial are created at constant rates which can cause RED [63]. If the tempera-

ture is high enough these defects anneal by direct recombination or migrate to sinks [63]. In

steady state, since the temperature will affect the mobility of such defects it will also affect

the thermodynamic balance between these two processes (defect creation and annealing).

This will determine the defect concentration which is directly proportional to the diffusion

coefficients [63]. RED is only valid at temperatures where the defects are mobile. Under ir-

radiation, at low temperatures, the radiation induced defects concentration will exceed that

of the thermal vacancy concentration and diffusion will be temperature independent. This

is schematized on figure 1.23. A study done by Dienes and Damask [63] shows experimental

proof of this phenomena on irradiated brass, where the defects are mobile at −30 ◦C.

(a) Radiation enhanced diffusion concept. (b) Experimental proof of radia-
tion enhanced diffusion.

Figure 1.23 – Radiation enhanced diffusion. Reproduced from [101] and [63].

Sintering under irradiation conditions has been reported for 80μm diamond dust at 50 ◦C with
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1 MeV neutrons at a flux of 1020 cm−2 [102, 103]. Grains of Al2O3 with 40μm are also reported

to sinter at the same temperature with 6×1018 cm−2 [102, 103]. However, no references are

made regarding sintering rates or final densities obtained. In another study [104] Al2O3 has

been reported to sinter at T > 150◦C, where 20 % specific surface area (SSA) reductions have

been reported, whereas the non-irradiated sample could only achieve the same SSA reduction

at 1100 ◦C.

A SiC target has been used online and post-irradiation studies were made on the material [49].

Figure 1.24a shows the SiC fracture microstructure submitted to 1600 ◦C for 1.5 h (material

before irradiation) while in figures 1.24b and c shows the fracture microstructures after irradia-

tion in the center and in the rim of the pellet [49]. In this study the particle growth from 0.6μm

(average) on figure 1.24a to 2 to 5μm in the microstructure of figure 1.24 was attributed to

enhanced sintering due to RED. The microstructure of the pellet rim (figure 1.24c) which was

exposed to less protons (due to the beam Gaussian profile) has more angular grains which are

reported to be due to radiation grain breakage [49]. The difference between the microstruc-

tures in figures 1.24b and c is likely due to presence of RED sintering in the microstructure of

figure 1.24b, which was exposed to a higher flux of protons than the microstrucure of figure

1.24c.

(a) SiC before irradiation. (b) SiC after irradiation - center
of the pellet.

(c) SiC after irradiation - rim of
the pellet.

Figure 1.24 – SiC target microstructure post irradiation analysis after being operated at
ISOLDE. Adapted and reproduced from [49].

S. Fernandes [105] submitted Al2O3 and Y2O3 to proton irradiation at 72 MeV with an inte-

grated intensity of 824μAh and a SiC-Carbon nanotube composite for 3546μAh. Practically

all samples have shown signs of RED assisted sintering and other radiation induced changes.

It was found that Al2O3 contrarily to the studies shown before, that there was no noticeable

RED, likely due to the high temperatures used, 1272 ◦C, where thermal diffusion dominates.

However at lower temperatures (783 ◦C) there was a noticeable RED assisted sintering when

compared to non-irradiated samples at the same temperatures. Furthermore depending on

the sintering mechanism the activation energy for sintering during irradiation was found to

be 5 to 10 times lower than for non-irradiated Al2O3 [105].
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As curiosity, a Science article from 1965 [102], reports sintering of lunar particles into rigid

porous structures by solar radiation. The author points out that due to the high levels of

radiation coming from the sun and the temperatures on the surface of the moon (150 to 350 K

or from -123 to and 77 ◦C), over long times would cause RED and so sintering of the particles.

Another study [103] confirms radiation sintering to be the mechanism responsible for the

rigid adhesion of the moon particles. A threshold of 6×1014 cm−2 flux of fast neutrons for

the mechanism to occur is established, which is equivalent to 60 days of solar wind in the

temperature conditions of the moon.

As discussed above there are not many studies on sintering under irradiation conditions.

Additionally, no studies regarding nanomaterials sintering under irradiation conditions were

found. Nonetheless the material ability to resist radiation damage is defined by how effectively

it can remove vacancies and interstitials in similar quantities [106]. Nanomaterials have shown

very good radiation damage resistance due to their high proportion of grain boundaries to

bulk. In standard materials the interstitials defects created by the irradiation move to the

surface causing swelling while the vacancies group into voids causing embrittlement [106]. In

nanomaterials, the many grain boundaries can capture interstitials and "release" them back

to heal a vacancy as schematized on figure 1.25 [106, 107]. Due to this fact, nanomaterials are

being considered for application in high radiation environment such as future nuclear fusion

power plants [106].

Figure 1.25 – Radiation damage in nanomaterials (self-healing) vs in normal materials
(swelling and embrittlement). Reproduced from [106].
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In this section the experimental methods used during this work will be described. However,

the raw materials used and the full production method for the nanocomposites will not be

described here since it is described in detail in the Materials and Methods section of the article

included in section 3.2 on page 69. Furthermore, since this thesis chapters are composed of

separate articles, the specific relevant experimental methods are just briefly described. Here,

we introduce the methods, which were used during the production and characterization of the

TiC-C nanocomposites as well as respective prototype testing isotope release characterization

methods in more depth.
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2.1 Methods

2.1.1 Attrition milling

Attrition milling was used to co-mill the carbon allotropes with the TiC. Since all the materials

were already nanometric in primary particle size, with the exception of graphite, the main

function of the co-milling was to break the primary particle agglomerates and mix them

homogeneously. A study of the effect of attrition milling on the raw materials can be found in

the Discussion and Results of the article included in section 3.2 on page 65.

The attrition mill, also called attritor [108] is an equipment used to reduce the primary par-

ticle size and/or agglomerate size of powders. It was developed by the US Bureau of Mines

in the 60’s [109] and is considered to be one of the most efficient milling methods among

the grinding media-based compression-shear type mills [110]. As schematically represented

in figure 2.1, they normally consist of an immobile chamber with a vertical centrally posi-

tioned stirring rod which has horizontal arms spaced vertically and with angles of 90° between

them [108, 110]. The grinding jar is usually inserted in a water cooled bath in order to control

the temperature and the mill usually has around 80 % of its volume filled with griding balls.

Figure 2.1 – Scheme of an attrition mill. Reproduced from [110].

The arms, normally made of the same material of the grinding balls, stirs the balls which

makes them lift and fall back, causing a difference in motion between the material to be

ground and the balls, providing an higher surface of contact [108]. The milling mechanisms

present are: impact, shear forces (attrition or friction) and compression forces [110, 108]. In

a kinetics study the milling rate was found to increase with the mills rotational speed and

smaller ball sizes (if friction is the main mechanism in place) [110]. When milling very hard

materials, the main mechanism is usually impact rather than friction, since their surfaces are

difficult to abrade. The kinetics of particle breakage in attrition mill are normally described

by first-order equations [109, 110].

High impact energy allows for use of smaller diameter milling media resulting in smaller

particle sizes, which can get down to tens of nanometer, depending on the mill geometry and

grinding media material [109]. The mill walls, balls and stirring rods can be designed in steel,

tungsten carbide, aluminum oxide, zirconium oxide and polyamide. [108].
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The main advantages of attrition milling are high energy utilization, fast and efficient and

fine grinding, temperature control, simple operation [110, 109] and possibility to use in semi

continuous way since the mill does not rotate [108]. However the attritors present some disad-

vantages such as the relatively low product output and high power consumption which both

together can make it difficult to run and maintain cost effectively [108].

In the literature, milling volumes ranging from 0.25 to 8L with rotation speeds up to 2500 rpm

were found [108]. Attrition mills are used in production of metallic and ceramic ultrafine pow-

ders [108], alloying of immiscible elements, powder metallurgy alloy blending and dispersion

strengthening.

In this work, two different attritors were used depending on the charge (quantity of powder

intended to be milled) size intended. For small charge a Union Process 01HD mill was used

which can reach 800 rpm with an 80 ml grinding bowl. For higher charges (production of a

full target) a Netzsch PR075 with a milling capacity of 500 ml which could reach 2000 rpm was

used.

2.1.2 Thermal treatments

Two different ovens were used to treat and evaluate the TiC composites. They cover temper-

atures between 25-1800 ◦C. Here we describe details of the two ovens as they were specially

adapted for the production of the TiC and composite materials.

Oven A

High temperature thermal treatments (> 1500◦C) were all conducted in vacuum in order to

avoid burning of the carbon (C + O2 → CO2) and oxidation of the TiC. To further protect the

samples from residual oxygen graphite boats and crucibles were also used (where an example

is shown on figure A.1.2 of the appendix A.1 - page 161). This resulted in a very reductive oven

atmosphere with partial pressures of CO, PCO, which were estimated to be between 10−11 to

10−3 and PO2 between 10−28 to 10−20, as was determined in the article included on section 3.3,

as shown on figure 3.b5, on page 98.

In order to test the effect of the carbons on the sinterability of nanometric TiC the samples

were submitted to thermal treatments of 2 and 10 h at 1500 ◦C in a vacuum atmosphere with

heating/cooling ramps of 8 ◦Cmin−1. This was accomplished using a Carbolite STF 15/450

horizontal recrystallized alumina tube furnace which was adapted for vacuum as represented

on figure 2.4 and schematized on figure 2.2.

In-house designed and built vacuum flanges were fitted to the alumina tube and coupled

to an Agilent TPS-mobile TV301 pumping station which in this configuration could reach a

pressure of 10−4 - 10−3 Pa at 1500 ◦C in the gauge zone (see figure 2.2a). Specially designed

thermal shields (see figure 2.2a and b) were built in order to maximize the oven temperature
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(a) Oven A: Schematic of Carbolite STF 15/450 adapted oven for vacuum.

(b) Specially designed thermal shields for oven
A.

(c) Oven B: used for T > 1500◦C.

Figure 2.2 – Details of the ovens used for thermal treatments of TiC and respective compos-
ites, where in (c) 1 is the oven itself (similar to a target unit), 2 is the pyrometer to measure
temperature, 3 is a panel to control water cooling valves and other electrical connections, 4
are the power cables to ohmically heat the oven, 5 is turbo pump and 6 is scroll pump.

uniformity in the sample zone, as well as allow efficient pumping. Through these thermal

shields a type R thermocouple was brought to the sample zone which was connected to an

Eurotherm proportional–integral–derivative (PID) controller to regulate the oven temperature.

This oven also had an extra port to connect to a residual gas analysis setup which will be

described in the next subsection.

Oven B

The samples which exhibited the best behavior from the tests in oven A were selected to be

heat treated in oven B at 1650 and 1800 ◦C and also 1500 ◦C for comparison with oven A (where

the comparison study can be found on section 3.3, 86). For that, oven B (figure 2.2c) was made
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in-house from the same components as the target units detailed on subsection 1.2 (page 16).

However this "target unit" had no ion source, using only the target container as an oven. These

target containers can be ohmically heated up to 2400 ◦C under a 10−4 - 10−5 Pa vacuum.

In oven B the temperature was measured and controlled through the use of a pyrometer. A

pyrometer is a non-contact thermometer, which based on the emitted thermal radiation to

estimate the temperature of a certain body [111]. The material where the temperature was

measured was Ta and an emissivity of 0.49 was considered.

2.1.3 Residual gas analysis

Residual gas analysis (RGA) using mass spectrometry is an analytical technique able to ionize

the atoms present in a gas phase, which can come from any sample, and then separating them

according to their mass to charge ratio (A/q), in order to identify them. It has applications

in biochemistry, pollution control, food control, forensic science, as well as in fields such as

atomic physics, reaction physics, geochronology and many others [112].

RGA always comprises of three steps: ionization followed by mass separation and detection.

Even though there are several types of ion sources for RGA in our case, electron impact ion-

ization was used (as described in subsection 1.2.3 on page 25). As for the second step, several

mass analysers exist which can be divided into two categories: scanning analysers (allowing

only a specific A/q at a given time) or those which allow simultaneous transmission of all

the ions (time-of-flight analyser and ion traps). In the instrument used, the scanning type

analyser was present: a quadrupole. This instrument is made of 4 parallel rods, as schemati-

cally represented on figure 2.3), grouped 2 by 2 with opposing charges, connected to a radio

frequency voltage power supply. By varying the voltage, a certain A/q can be selected to be

allowed to be able to go through the rods while all the others will have unstable trajectories

and be neutralized in the walls [112]. This way, by varying the voltage a continuous scan of

A/q can be done and a mass spectrum can be obtained. Detection is usually done by means

of a Faraday cup, which is a metal cup with a small hole all connected to ground through a

resistor [112]. When the ions reach the interior and collide with the Faraday cup walls, they ei-

ther accept or donate electrons causing a current through the resistor which will be amplified

and detected.

In this work residual gas analysis was used to determine at which temperatures and which

volatile molecules are formed during the thermal treatments which cause the mass losses

observed. A Pfeiffer PrimaPlus QMA200 was used which contained an electron impact ion

source, a quadrupole mass spetrometer (QMS) and a faraday cup detector. This RGA had a

mass resolution from A = 1 to A = 100. The RGA unit had its own vacuum system which had

to be baked out at 80 ◦C for 3 days, to desorb volatile elements from the vacuum chamber

walls, improving the signal to noise ratio during use. The system was connected to the oven

A described above (schematized on figure 2.2a) through a small valve, as seen on figure 2.4.

This was done to limit the conductance in order to be able to operate the RGA in the required
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Figure 2.3 – Schematic of a quadrupole mass separator. Reproduced from [113].

pressure conditions (< 1×10−2 Pa), avoiding the pressure spikes of the oven cycle.

2.1.4 Dilatometry

Dilatometry is a thermoanalytical method used to study materials dimensional behaviour

under a certain temperature cycle and atmosphere. Dilatometry can be used for example to

study thermal expansion, phase changes, sintering and reaction kinetics. In this work, dilatom-

etry was used to study the sintering behaviour of TiC and the effect of the addition of different

volumes to the carbon allotropes.

The dilatometer used, previously made in-house in the Department of Materials and Ceram-

ics Engineering at the University of Aveiro (Portugal) is briefly described here. The dilatometer

is divided into 4 parts: the oven (see figure 2.5a), the dilatometer cell (figure 2.5b, electronic-

s/software and the vacuum pump/water cooling circuit. The oven was made of graphite, in a

water-cooled vacuum tight vessel which could be pumped down to 10−1 - 1 Pa by an oil rotary

pump. The oven temperature was controlled with a Eurotherm PID controller where a maxi-

mum temperature of 1500 ◦C could be reached with heating/cooling rates up to 50 ◦Cmin−1.

The temperatures were measured with a conveniently placed type R thermocouple in the

dilatometer cell (see figure 2.5b). The cell, entirely made of graphite, was of "push rod" type

where a graphite bar made the connection between the sample and a linear variable differ-

ential transformer sensor (LVDT). The LVDT was water cooled, had a measuring range from

-5000 to +5000μm and a precision of about 0.1μm. To control the oven and register the LVDT

signal over time and temperature a DasyLab v9 routine was used.

In order to obtain the shrinkage, Δl/l0(T ), the dilatometer data was treated in the following

way:

Δl

l0
(T ) =

(
lLV DT (T )− lLV DT,i −Δlbl ank (T )−Δlexp (T )

)
l0

(2.1)

where lLV DT (T ) [μm] is the LVDT position as a function of temperature, during a dilatome-
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Figure 2.4 – Setup used for the residual gas analysis which consisted of oven A (1), the RGA unit
(2), the valve connecting the oven and the RGA unit vacuum systems (3) the heating elements
to bake out the vacuum system of the RGA unit (4), the oven and RGA unit pumping groups
(5 and 6 respectively), the computer with the software to analyze the signal coming from the
RGA unit (7).

try temperature cycle, lLV DT,i [μm] is the initial LVDT position, Δlbl ank (T ) [μm] is the LVDT

position variation due to expansion of the dilatometer cell, Δlexp (T ) [μm] accounts for the

LVDT sample differential thermal expansion relatively to the blank and l0 [μm] is the initial

size of the sample. The Δlbl ank (T ) is extracted from a thermal cycle by replacing the sample

with a sample made from the same material as the dilatometer cell. Δlexp (T ) is extracted from

the cooling ramp of the thermal cycle after blank corrections, where any change in the LVDT

signal can only be due to the differential thermal expansion.

The samples had rectangular cuboid shape with a size of about 15× 2× 5mm. In order to

extract relative densities (ρr ), Δl/l0(T ) was assumed to be isotropic, and the relative density

as a function of temperature (ρr (T )) could be calculated:

ρ(T ) = V0 · [Δl/l0(T )+1]3

m0 [1−Δm/m0 ·Δm/m0(T )]

1

ρt
(2.2)

where, V0 [cm3] and m0 [g] are respectively, the initial volume and mass of the sample,Δm/m0

[%] is the total sample mass losses during the dilatometry cycle, Δm/m0(T ) [%] is the mass

loss as a function of temperature extracted from the RGA and ρt is the theoretical density of

the TiC or composite.
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(a) Dilatometer oven. (b) Dilatometer cell with a sample mounted.

Figure 2.5 – Dilatometer oven and cell used in the TiC/TiC-C composites.

2.2 Material characterization techniques

2.2.1 Particle size distribution by laser diffraction

Laser diffraction also referred to static laser diffraction is a technique where particle sizes from

0.01μm, in special cases, or normally from 0.1 to 3000μm [114] can be measured. The tech-

nique is based on the detection of a scattering pattern generated by a monochromatic laser

when interacting with particles in a suspension. The scattering pattern depends on the size of

those particles and refraction indexes of the medium and of the particles material [114]. When

light interacts with a particle, diffraction, reflection, refraction and adsorption can happen,

which are represented by complex mathematical models. There are several models used for

laser diffraction, which convert a model-based matrix into a particle size distribution (PSD).

In this case, the Mie theory was used [114], which accounts for all types of interactions referred

before and uses the optical properties of the materials divided in a real part, which accounts

for the refractive properties of the material and an imaginary one which takes into account

the absorption phenomena [114]. The refractive indexes used can be found on on page 71, in

the article included in subsection 3.2.

The laser scattering PSD was measured with a Master Malvern Mastersizer S which can mea-

sure sizes from 50 nm to 880μm using a red (633 nm) 2 mW He-Ne laser. The Malvern was

coupled with a small volume wet dispersion unit which recirculated the sample suspension

through the optical cell. Before measuring, all samples (100 ml) were sonicated (100 W,20 kHz

for 15 min under constant agitation. The median particle sizes (Dv,50 or PS [nm]) were ex-

tracted from the PSD.
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2.2.2 Nitrogen physisorption isotherms

Adsorption is the adhesion of an atom to a surface at a pressure (P [Pa]) lower than it’s va-

por pressure or saturation pressure (P0 [Pa]). Adsorption can be divided in two different

types: physisorption, characterized by weak bonding to the surface (van der Waal forces)

and chemisorption, forming ionic or covalent bonds. Adsorption will depend on the molecule

(adsorbate) and the surface (adsorbent) and each element/surface combination will produce

an unique isotherm [115]. An isotherm is the amount of adsorbate on a surface, at a con-

stant temperature, as a function of the absorbate pressure, up to its P0. The isotherms can

also be done for desorption, the inverse process of adsorption [115]. They can have hystere-

sis between adsorption and desorption, which can give much information about a material,

including its surface area, pore size and shape. A well established technique uses nitrogen

as adsorbent at liquid nitrogen temperature (−195.8 ◦C - 77.2 K [35]) to determine the full

adsorption-desorption isotherm of a given material, assuming only physisorption is taking

place. From these isotherms information about specific surface area, mesopore size and re-

spective distribution and micro porosity1 can be obtained.

A Quantachrome ANOVA2200 equipment was used which possesses 2 vacuum outgassing

stations (up to 400 ◦C) and 2 measuring cells. Samples were outgassed in vacuum at 300 ◦C for

24 h in the outgas system before analysis, to remove any unwanted sorbants (such as water)

from the surface. The isotherms were built with 34 points for adsorption and 26 points for

desorption, down to P/P0 = 0.35, and high precision mode was used in the machine (0.05 torr

of pressure tolerance and 180 s of equilibration time [117]). P0 was measured simultaneously

every 3 points of the isotherm for higher precision in a separate cell. The specific surface area

(SSA) from the Brunaeur, Emmett and Teller model (BET), PSD and volumes from the Barrett,

Joyner and Hallenda model (BJH) were extracted using the software Quantachrome NovaWin

v11 and the median pore size in volume, DP v,50 [nm], was extracted from the cumulative pore

size distributions. Both BET and BJH models are briefly described below.

BET - specific surface area determination

When a monolayer of physisorbed adsorbate is formed on the surface of a material, then the

specific surface area (S [m2 g−1], acronym SSA) can be determined knowing the adsorbate

molecule cross section (σmol [m2]):

S = NAσmol Vml

Vm,ST P
(2.3)

where NA [mol−1] is the Avogadro number, Vml [m3] is the adsorbate monolayer volume

and Vm,ST P [m3 mol−1] is the molar volume of 1 mol of N2 at STP (standard temperature and

pressure) conditions. Vml can be extracted from the linear zone of the isotherm (0.05 < P/P0 <

1IUPAC (International Union of Pure and Applied Chemistry) recommendation: micropores are smaller than
2 nm, mesopores are between 2 and 50 nm and macropores are higher than 50 nm [116]
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0.35) using the model of Brunaeur, Emmett and Teller (BET) [118]:

P

Va(P0 −P )
= 1

Vml Cb
+ Cb −1

Vml Cb

P

P0
(2.4)

where Cb [dim] is a constant and Va [m3] is the volume of adsorbate adsorbed. By plotting

P/Va(P0 −P ) vs P/P0, the intercept becomes 1/(Vml Cb) and the slope (Cb −1)/(Vml Cb).

BJH - mesopore size and distribution

After creating the monolayer, if more gas keeps being added into the system, multilayers start

to form and pores start to be filled with liquid separated by a meniscus from the gas phase. In

the pores, the gas condenses at P below the P0, due to capillary condensation, which allows

the assessment of the pore volume distributions (size if pores are assumed to have a certain

shape) since different pore sizes will lead to condensation at different pressures [115].

The Barrett, Joyner and Hallenda (BJH) model allow us to extract the pore size distributions

from the desorption branch of the isotherm, assuming cylindrical pores and non-connecting

pore geometry [119]. In this model the P/P0 can be related with the capillary radius (rc [nm])

using the Kelvin Equation [119, 115]:

RT ln
P

P0
=−2γLVm

rc
(2.5)

where the R [JK−1 mol−1] is the universal gas constant, T [K] is the absolute temperature, γL

[Nm−1] is the liquid surface tension and Vm [m3 mol−1] is the molar volume of liquid nitrogen.

Since capillary condensation only takes place after monolayer formation, one must consider

that the pore radius (rp [nm]), rp = rc + tml , where tml [nm] is the monolayer thickness [115].

The thickness of this layer tml [nm] is lower in small pores than larger pores due to solid/liquid

interactions [119]. Applying the Kelvin equation (equation 2.5) and accounting for the tml

change the BJH model can compute the pore size distribution. This technique is limited to

pore sizes between 4 nm and around 200 nm, working very well for mesopore sizes. The lower

bound is due to the non applicability of the equation 2.5 while the upper limit is due to the

experimental difficulty in determining P/P0 higher than 0.99 with high enough precision, due

to equipment sensitivity constrains.

2.2.3 Scanning electron microscopy

In scanning electron microscopy (SEM) electrons with a few to tens of keV are swept (scan-

ning) over the surface of a material which builds a 3D-like image of the topography of the

sample [120]. These electrons interact with the matter from the sample which can be used to

probe many different material characteristics: the material surface topography, crystallogra-

phy, phase composition contrast, chemical composition and others [120].

52



2.2. Material characterization techniques

Secondary electrons (SE) are produced when the electrons from the beam collide inelastically

with outer shell electrons of the sample, ejecting them. These electrons have very low energies

(< 50eV) and thus don’t travel much in the material, however those close the surface escape

and can be detected by a SE detector. Due to their short travel distance they give information

on the surface and are used to describe topography. SE detectors, also referred as Everhardt-

Thornley detectors, usually located by the side relatively to the sample. These detectors have

an electrode which attract only the low energy SE to be detected on scintillator with a pho-

tomultiplier (described in detail in this chapter in subsection 2.3.2 on page 58). Due to their

positioning and low solid angle the generated images are often of low signal and suffer from

shadow effect. A new type of detectors, referred to as in-lens detector due to their location

inside the SEM accelerator column which collect SE with much higher efficiency and with

much less noise and without shadowing, producing images of much higher quality.

Back scattered electrons (BSE) are electrons from the beam which trajectory gets very close to

the nucleus and so gets altered by elastic Coulomb interaction with the nucleus [120]. Their

energy is very close to the one of the incident beam and they give information about the

chemical composition of the phases (through different contrasts). These electrons are usually

detected by semiconductor detectors.

SEM can work with energies from a few hundreds of eV to few to tens of keV this will result in

bigger or smaller interaction volumes (normally pear shaped) [120]. This is due to the higher

penetration depth of the electrons which will excite a larger zone. This will directly affect the

resolution of the image obtained since the larger excited volume will produce more electrons

from an area neighbor to the beam spot, blurring the image. However very low energies are

also difficult to focus and to work with. In order to estimate the excited volume and determine

the best energy to work with a software such as the CASINO (monte CArlo SImulation of

electroN trajectory in sOlids) software [121] was used.

When the beam of electrons interacts with the material, characteristic X-rays are produced.

These X-rays can be used to infer the chemical composition of the sample being analysed.

This technique is called EDS (Energy-dispersive X-ray spectroscopy) and can be used to qual-

itatively and quantitatively identify the chemical composition of a sample. Higher energies

allow the excitation of higher electron shell energy levels, facilitating the identification of the

elements present. However, this results in a larger excited volume bringing a lower resolution

which is detrimental if elemental mapping is desired.

The SEM used was mainly a Carl Zeiss SMT Σigma, located at CERN, which has a field emission

Schottky ZrO/W cathode electron gun able to operate up to 30 keV. This SEM can produce

images of up to 500000 ×, with a maximum resolution of 1.5 nm at 20 kV and is equipped

with an SE, BSE and an in-lens detector. It can also be coupled with an Electron BackScatter

Diffraction (EBSD) detector for crystallography and possesses EDS - Oxford INCA Synergy 350

X-Max 50 / HKL ADV - for chemical composition quantification. A second SEM was also used,

located in the University of Aveiro: an Hitachi SU-70 which operates up to 30 kV and has a
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point to point resolution of 1 nm at 15 kV.

For SEM analysis, the samples have to be electrically conductive otherwise the sample will

charge up and deflect the electrons causing aberrations in the image. Since, in the case of

this work, the TiC and the carbon the samples are conductive, there was no need for any

special sample treatment which is normally done through carbon or gold coating, to make

samples conductive. The samples were simply fractured and mounted in a SEM support with a

conductive carbon sticker. The plasma cleaning step, normally used to remove hydrocarbons

from the samples was avoided due to the carbon which is present in the samples.

2.2.4 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) is one of the most complete porosity characterisation

techniques, it allows us to scan a vast pore size range (3 nm to 500μm) determining its pore

size distribution, total pore volume and determine the apparent density. The technique has

some limitations such as the assumption that all pores are accessible through larger pores or

from the surfaces. This will make big pores with small entrances be identified as having the

size of the entrance. Another limitation is the impossibility to analyse closed porosity since

mercury has no way to access these types of pores [122].

Similarly to the BJH method (see page 52, on subsection 2.2.2) the MIP assumes cylindrical

pores. Since Hg shows a non-wetting behaviour towards most substances, it won’t enter the

pores while the sample is immersed in it (even under vacuum) unless pressure is applied. By

applying pressure, the mercury is forced into the pores of the sample, where pore size (rp

[m] is inversely proportional to the pressure applied on the Hg, as given by the Washburn

equation [122]:

P = 2γL cosθH g

rp
(2.6)

where the P [Pa] is the pressure necessary for the Hg (with a surface tension γL [Nm−1]), with

a contact angle (θH g [°]), to penetrate into a pore capillary.

For MIP two machines were used, the first one, Thermo Scientifc Pascal 140 Series, is used to

evacuate and fill the sample dilatometer cell with Hg and can reach pressures up to 400 kPa

evaluating mostly μm size pores. The second, was used to analyze smaller pore sizes, Thermo

Scientifc Pascal 440 Series which can reach 400 MPa (down to 4 nm), however only 200 MPa

were used due to the fragile nature of the samples. Due to the size of the samples only very

small masses were used which were between 0.1 and 0.3 g (approximately the same volume)

whereas normally, it is recommended for 1 g to be used. MIP results are consistent as long as

the same mass (or volume) is used [123]. However for density and total pore volume determi-

nations this mass is not high enough since the total quantities of mercury intruded are not

high enough to be regarded as valid due to precision limitation of the porosimeter. As such,

only the pore size distribution curves obtained were used from the MIP. A contact angle (θH g )
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of 140° was assumed between Hg and the samples, since no data exists for TiC and TiC-C

composites.

2.2.5 X-ray powder diffraction

The wavelength of X-rays used in X-ray powder diffraction (XRPD) crystallography, 0.5 to 2.5 Å,

makes them perfect probes to study atomic structures since their size is in the same order

of magnitude as the inter atomic distances [124]. These X-rays are normally generated in an

X-ray tube, by bombarding a certain metal with electrons which are produced from an hot

tungsten filament [124]. The metal bombarded will determine the X-ray energies produced,

called characteristic X-rays, which result from outer shell electron transitions. When these X-

rays interact with crystalline structure they will interact with the electrons, producing waves

(elastic scattering) which have mostly a destructive interference but also constructive inter-

ference with a high signal. This constructive interference has to respect the Bragg’s law [124]:

2d sinθ = nRλ (2.7)

where d [Å] is the spacing between the crystallographic planes, θ [°] is the incident angle of

the beam, nR [dim] is the order of the reflection and λ [Å] is the wavelength of the incident

beam.

Depending on the crystal system and lattice parameters each crystallographic phase will

produce distinct peaks, by scanning over different angles. In XRPD, a powder is assumed to

have randomly oriented crystallites where a statistically representable signal for each crys-

tallographic direction can be obtained. These powders produce a X-ray diffraction pattern

which will look like many concentric rings in 2D, however by using the Bragg-Brentano, a

simpler data arrangement can be obtained. Here, a flat sample is scanned in reflection (2θ)

basically along a line which connects the center of the concentric rings to the last ring using a

goniometer, obtaining a 1D diffractogram expressed in intensity over 2θ.

Figure 2.6 – Bragg-Brentano geometry used normally in X-ray powder diffraction. Reproduced
from [124].

The diffractometer used was a PANalytical X’PERT PRO in Bragg-Brentano geometry, located

55



Chapter 2. Experimental Methods

in the Department of Materials and Ceramics Engineering in University of Aveiro, Portugal.

This equipment has a Cu X-Ray source (Kα,λ = 1.54Å) operated at 45 kV and 40 mA. The

measurements were done from 20 to 125 °2θ with a step size of 0.013 °2θ and 97.92 s per

step, without monochromator. For a good resolution a fixed divergence slit of 0.218° was used

and spinning of the sample holder was done in order to have better statistics. The samples

preparation is very important in XRPD. The powders were deagglomerated in an agate mortar

and uniformly put into the sample holder to avoid texture or preferred orientation. Before

each measurement the diffractometer was fine aligned.

Crystallite size analysis

In XRPD, peak broadening can be due to small crystallite sizes, which was proposed by Scher-

rer [125] in 1918 and used throughout the literature as a standard method to determine cyrstal-

lite size (h) from XRPD:

h = Khλ

B cosθ
(2.8)

where Kh [dim] is a constant which depends on the crystallite shape [126], λ [Å] is the wave-

length of the X-ray and B [Å] is the peak broadening, in radians, which can be expressed either

through the full width at half maximum (FWHM) or the integral breadth which is the area

under the diffraction peak divided by its intensity [127].

However peak broadening can also be caused by non-uniform lattice stress, from crystallite

structure defects. In order to deconvolute these, Williamson and Hall have proposed a formula

using all reflections and using the Bragg’s law [128]:

B = 2s tanθ+ λ

h cosθ
⇐⇒ B∗ = d∗s + 1

h
(2.9)

where s is the lattice stress, d∗ is the reciprocal lattice (d∗ = 2sinθ/λ) and B∗ is the reciprocal

broadening (B∗ = 2sinθ/λ). This relationship can be plotted in B cosθ vs sinθ (or B∗ vs d∗)

where h can be extracted from the slope and s from the intercept or the inverse in reciprocal

space. This relationship has the assumption that the peak has a Lorentzian shape which is

in most cases not true [127]. The peaks are usually a convolution of Lorentz and Gaussian

shapes which is described by the pseudo Voigt function [127]. To account for that, Langford

modified the Williamson-Hall (LWH) plot method, where [127]:

(
B

d∗

)2

= B

h(d∗)2 +
( s

2

)2
(2.10)

where in a plot of (B/d∗)2 vs B/(d∗)2, s can be obtained from the intercept and h from the

slope. These methods also allow us to verify if the crystallite sizes are the same along all the

planes. If the shapes are close to spheres then these methods give an average size for the

crystallites.
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Since most instruments produce an instrumental broadening of the XRPD peaks, a standard

sample should be analysed to deconvolute instrumental broadening from the size-stress

broadening. The standard sample must have no lattice stress, usually tens of micron grain-

s/particles and as many peaks as possible along 2θ to well characterize the instrumental

broadening. In the case of this work LaB6 was used.

Rietveld refinement

In the Rietveld method, the entire diffractogram obtained is fitted to a calculated profile using

the least-squares minimization of the residuals. The method was invented by Rietveld in the

late 60’s for neutron diffraction and it can be applied as well for X-ray diffraction [129]. For Ri-

etveld refinement, the unit-cell parameters and the space group of the present phases need to

be known. This method can deconvolvolute and determine many different parameters where

a calculated profile for a given phase, is generally expressed by the following equation [130]:

Yi ,calc = yb,i +Sph

∑
k

Lk | Fk |2φ (2θi −2θk )Pk Ab (2.11)

where Yi ,calc is the XRPD intensity at an arbitrarily chosen point i and the k in the summation

represents the Miller indices hkl for a certain Brag reflection and:

• yb,i is the background at the i th step, normally defined by a polynomial function;

• Sph is a scale factor which will determine the fraction of a certain phase;

• Lk is a parameter containing the Lorentz, polarization and multiplicity factors;

• φ is the peak-shape function, where it is normally Gaussian, Lorentzian, Pseudo-Voigt

or Pearson VII;

• (2θi −2θk ) is related with line broadening due to small crystallite size or lattice stress;

• Pk is the preferred orientation function;

• Ab is the absorption factor;

• Fk is the structure factor for the kth Bragg reflection and contains the unit cell parame-

ters.

As can be seen, Rietveld refinement can easily reach many tens of variables to fit, which during

the fit, can easily destabilize it and giving it no direction to converge. Because of that, the fit

variables should be grouped accordingly to the parameters defined above, fitted in an isolated

way and sequentially [124, 130]. In this work the Rietveld refinement was done using the

software ANalytical HighScore Plus v4.1 [131].

2.3 Isotope release studies

The isotope release studies can be divided in two types: offline and online. Offline studies

are those characterized by separating the isotope production and isotope extraction phases,

meaning that they happen at different times. While for the online studies refers to the test of
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a target prototype mounted in the ISOLDE target station.

2.3.1 Offline methods: gamma spectroscopy

Since the offline methods procedure is explained in detail on page 133, in the article included

in subsection 5.1 while here we will only describe the gamma spectrometry which was used

during the offline studies.

γ-rays can be detected through the use of a semiconductor material, such as germanium.

When a γ-ray passes through the germanium it generates a certain number of electron-hole

pairs which are proportional to the γ-ray energy [132]. The semiconductor is usually between

two electrode plates which generate an electric field where the electrons and holes travel in

opposite directions before being detected.

Germanium detectors are normally high-purity Germanium detectors (HPGe) and have to

be operated at cryogenic temperatures. This is due to the small bandgap of the Ge semicon-

ductor (0.7 eV) where at room temperature, electrons easily jump cross the band gap to the

conduction band, causing an electrical background [132].

These detectors have to be energy and efficiency calibrated with radioactive sources which

have well known gamma intensities and energies, close to the energies to be measured. Many

isotopes have unique signatures in terms of γ-ray energies and intensities which can be used

to identify and quantify the isotopes present in a specific implantation.

At ISOLDE a Canberra Cryo-Pulse 5 HPGe Detector was used and the results were analyzed with

the Genie 2000: Gamma Acquisition & Analysis v.3.2.1 software. This detector has a built-in

refrigerator which presents a big advantage towards other HPGe detectors where no periodic

liquid nitrogen refillings are necessary.

2.3.2 Online methods: tape station

After proton impact, due to the release delays described in subsection 1.3.1 on 27 (diffusion

and effusion), the isotope release time-structure has a pulse shape, as schematized on figure

2.7c. The pulse shape length can sum up to milliseconds, tens of seconds or even hours de-

pending on the TISS, isotope element released and its t1/2. The release time-structure is very

important to document since it can give an idea of the TISS condition, can be used to compare

different TISS and even to extract effusion and diffusion time constants (as described in this

thesis outlook in subsection 6.2.2 on 153). However, for simplicity, this pulse shape is normally

fitted to a 3 exponential formula, which is given on page 137 in the article included on section

5.1.

Due to the limitations of ion-counting techniques, such as Faraday cups, which can’t detect

low quantities (< 1×106 s−1), radiation detection techniques are necessary. With radiation
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(a) ISOLDE Tape Station with tape repre-
sented in blue.

(b) ISOLDE Tape Station Beta detector.

(c) Representation of the pulse shape of a ra-
dioactive ion beam after proton impact.

Figure 2.7 – ISOLDE tape station and its beta detector and representation of the pulse shape
of a radioactive ion beam after proton impact.

detection techniques one normally needs to implant the isotopes so they can be measured. If

several measurements are needed in a short times, the same implantation spot can’t be used

or it would have a contribution to the next measurement. For that, a tape station can be used,

like the ISOLDE tape station represented on figure 2.7a. This device uses a tape which is made

to go through different bearings and rolls, passing through the beam spot and detection spot

and rolled onto two tape reels at its ends which are used to move the tape. The advantage of

this system is to move the implanted isotopes from the collection point into the detection

zone so they can be measured and at the same time clear the implantation zone for a new

collection. The tape is long such that so many measurements can be made, rolling the tape

between the tape reels where the implanted isotopes decay, making the tape reusable.

The tape station also allows great control of its timings, where one can control the:

• td , delay time, the time at which the beam gate opens after proton impact, allowing to

scan the full release profile;

• tc , collection time, the amount of time the beam gate will remain open after td , which is

normally set to the minimum possible value, to avoid isotope decay losses and increase

the release curve resolution;

• tt , transport time, the time it takes for the tape to move, after the beam gate closes
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(td + tc ), from the implantation spot to the measurement spot where the detector is

located (see figure 2.7), which is 900 ms at the ISOLDE tape station;

• tm , measurement time, the time that the detector measures the radioisotopes activity

implanted on the tape.

After data recording, the activities need to be corrected for tc , tt and tm and also isotope

daughter corrected.

The tape station uses a beta detector and a gamma detector (described above). When an

electron passes through the plastic of a scintillator, it emits visible light in a process called

fluorescence [132]. In this process, an electron from an atom or molecule gets excited (by

means of electromagnetic radiation or particles) and emits a photon when relaxing to its

ground state [132, 3]. The light generated in the scintillator is very weak so, they are generally

associated with a photomultiplier tube. In this device the photons are initially converted into

low energy electrons through a photocathode (using the photoelectric effect) and this electron

signal is amplified many orders of magnitude in order to be detected[132]. The beta detector

used at the ISOLDE tape station is a plastic scintillator type with a 4π steradians solid angle, as

seen on figure 2.7b, where detection efficiencies close to 100 % can be reached. This detector is

also fully shielded to reduce background and ambient radiation. Background levels at ISOLDE

are usually around 5 - 10 counts/s while the detector saturates at around 27000 counts/s.
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This chapter is divided into four main sections which correspond to the three phases while

developing the TiC-C nanocomposites. Section 3.1 describes the first tests and the reason

why TiC was chosen for this work from the Ti-based materials. In section 3.2, a manuscript is

included which describes the synthesis method developed to produce TiC-C nanocomposites

in order to stabilize TiC up to 1500 ◦C. In the section 3.3 selected nanocomposites from section

3.2, in another manuscript, are tested up to 1800 ◦C and in-depth crystalline phase analysis is

performed. Finally, in section 3.4 the main chapter conclusions will be summarized.
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3.1 TiO2 and TiC preliminary studies

The titanium element has good production cross sections of Ca, Sc and K which are requested

for physics studies at ISOLDE1. There are 3 refractory materials which are good ISOL material

candidates: TiC, TiO2 and Ti metal. TiO2 has been used in form of micrometric fibers as

mentioned in subsection 1.3.2 (page 29) but was discarded. A Ti metal foils target is used at

ISOLDE (see table 1.1, page 19), however it shows reduced beam intensities over time due

to foil melting/sintering. Finally, TiC has been studied for its release properties but never

implemented as a target material, attributed to very slow release [84, 62]. A literature review

is done for the Ti-based material at ISOL facilities is included in the introduction of the article

on section 5.1 (page 127).

Due to the potential of the sub micron or nanometric materials (section 1.3, page 26), com-

mercial nanometric TiO2 and TiC were acquired and evaluated. The Ti metal is excluded

since, metallic foils thicknesses are limited to a few tens of μm and metallic powders sinter

too fast [48]. The sinterability of nanometric TiC and TiO2 was assessed in terms of specific

surface area, relative density and morphology and selected microstructures were studied in

terms of isotope release properties at the ISOLDE facility.

3.1.1 Sintering studies

Nanometric TiO2 (< 100nm), 99.5 % pure nanometric, composed majorly by anatase and also

by rutile 2, was obtained from Sigma Aldrich (ref. 534662). TiC in nanometric form (80 to

130 nm) was obtained from Goodfellow (ref. LS 396999/1) with 99 % purity.

The powders were pressed into compacts of 14 mm and 1-2 mm of thickness in a manual

hydraulic press with 57 MPa and heat treated in the Carbolite STF 15/450 vacuum adapted alu-

mina tube oven (oven A) at different temperatures for 2 h. Different thermal treatments for 2 h,

from 800 to 1300 ◦C every 100 ◦C were conducted for TiO2, and at 1200, 1300, 1400 and 1450 ◦C

for TiC. The samples were characterized according to their geometrical density (obtained from

weight and size) which was used to calculate the relative density3. SSA, morphology through

SEM, EDS and XRPD were conducted as well.

The microstructures of the starting materials which can be seen in figure 3.1a for TiO2 and

below in figure 1a of the following article (page 71) for TiC, show that both powders are heavily

agglomerated. EDS analysis has shown a 1 at.% of Si for the TiO2 material, which, as reported

by the supplier, comes from the production procedure. SSA of 33.7 m2 g−1 and 18.6 m2 g−1

were obtained for TiO2 and TiC, respectively. From the SSA, the particle sizes calculated were

1For cross section simulation results with ABRABLA see figure A.4.2 in appendix, page 173
2Anatase is a low temperature TiO2 phase (up to 1200 ◦C [133]), which transforms into rutile. They both have a

tetragonal crystal structure but have different lattice parameters and space groups, which bring sightly different
properties [133].

3Relative densities were calculated assuming theoretical densities of 4.93 gcm−3 for TiC and 4.23 gcm−3 for
TiO2 [35].
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42 and 65 nm, for TiO2 and TiC, respectively, which agree relatively well with those observed

on the microstructures of figures 3.1a and 3.a1a (page 71).

(a) TiO2 as supplied. (b) TiO2 sintered at 900 ◦C for 2 h. (c) TiO2 sintered at 1000 ◦C for 2 h.

(d) TiC sintered at 1200 ◦C for 2 h. (e) TiC sintered at 1300 ◦C for 2 h. (f) TiC sintered at 1450 ◦C for 2 h.

Figure 3.1 – SEM microstructures obtained for the TiO2 and TiC sintering studies.

The results SSA and density results for TiO2, as a function of the sintering temperature, can

be seen on figure 3.2a. In this figure, TiO2 shows net sintering effects, specially at 1000 ◦C,

where there is a drastic increase in density and decrease in SSA. This is also confirmed from

the microstructures of figure 3.1b which shows the TiO2 sintering at 900 ◦C and figure 3.1c

showing the same material but sintered at 1000 ◦C, where a large difference in grain size is seen.

XRPD results revealed that the anatase/rutile phase ratio remains unchanged until 1000 ◦C,

where after, the anatase completely transforms into rutile.

(a) TiO2. (b) TiC.

Figure 3.2 – TiO2 and TiC specific surface area and relative density evolution as a function of
the 2 h heat treatment temperatures.
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The phase transformation of rutile to anatase is known to accelerate sintering due to the

higher atom mobility [134], which is observed here, from 900 to 1000 ◦C. Furthermore, the

Si doping of TiO2 is known to significantly shift the anatase/rutile transformation to higher

temperatures and to arrest grain growth [135]. Even though the Si impurity acts in favor of

delaying sintering, after 1100 ◦C the surface area is almost zero and relative densities are close

to 1.

The TiC microstructures after 1200, 1300 and 1450 ◦C can be seen on figure 3.1d, e and f,

respectively. In here, the sintering of TiC is much lower than TiO2 case but, nonetheless, the

nanometric structure is lost at 1300 ◦C, where at this temperature and above, a submicrometric

structure is seen (figures 3.1e and f). The increase in particle size is accompanied by SSA

reduction down to 1.0 m2 g−1 and density increase up to 78 % at 1450 ◦C. The samples sintered

at 1400 and 1450 ◦C showed a light brown color in the surfaces exposed to the vacuum (where

TiC is normally black). The sample at 1450 ◦C revealed the presence of the element O, which

shows that the TiC samples are oxidizing in the current conditions. In this case, even though

the oven was under vacuum the samples were just deposited on an alumina surface, which

was likely the reason for such oxidation. (In this case graphite crucibles should have been

used.)

3.1.2 Release studies

For isotope release studies only samples produced at a temperature > 1000◦C, with acceptable

densities (< 80 %) and with at least a submicrometric structure were selected. In the TiC case,

all samples were selected, whereas for TiO2, only the one sintering at 1000 ◦C was selected.

From 1 to 3 samples of each temperature were used for in release studies, to increase the

statistical validity of the experiment.

The experimental method to study isotope release properties is explained in detail in section

materials and methods of the article included in section 5.1 (page 133), where here, only a

short description will be made: (i) the samples are first irradiated with protons at ISOLDE

to produce the radioisotopes in the bulk of the material; (ii) the activity of each isotope is

measured through gamma spectroscopy for each sample; (iii) a heat treatment is done for

a short time (5 min), for each sample, with fast heating/cooling rates to promote release of

the isotopes; (iv) the sample is measured again for radioisotope activity. The temperature

for the isotope release is the same at which the sample was thermally treated, in order to

limit microstructure evolution. The obtained activities are corrected for decay losses and

compared before and after the thermal treatment. The corrected difference between the two

activity measurements will dictate if a certain isotope was released and in which quantity.

The final results obtained for the release studies can be seen on figure 3.3, where the percent-

ages of Be, Na, Mg, K or Sc released (released fraction, F ) from each sample are shown. Ca was

also monitored, but due to the very low activities the uncertainty in the results was too high

to draw any conclusions. As observed from TiO2 on figure 3.3, there is practically no release
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of any elements at 1000 ◦C. Peräjärvi et al. [136] reports similar results for TiO2 (for Mg) where,

even when going up to 1380 ◦C there was no release (even though they saw very good release

of sulfur at temperatures higher than 1000 ◦C, an element not studied here).

Figure 3.3 – Released fraction for Be, Na, Mg, k, Sc for TiO2 at 1000 ◦C and for TiC from 1200 to
1450 ◦C.

TiC showed more promising results where even at temperatures as low as 1200 ◦C, which

corresponds to the structure with the highest porosity and smallest grain size, there was some

release. Sc is not released at any temperature likely due to the formation of scandium carbide

with carbon from the TiC lattice. The release of TiC increases for all elements except Sc, with

increasing temperature up to 1300 ◦C. Whereafter the release barely increases, within the

error bars, compared with the increase from 1200 to 1300 ◦C. We believe that the TiC surface

oxidation and/or the higher density (78 %) may be hindering the release.

When comparing the results obtained here, with those obtained in the literature for micromet-

ric TiC (1-50μm) at 2300 ◦C [84], indicates a big potential for our fine TiC. Release fractions

of 30 % were obtained from K at 2300 ◦C [84] after 5 min, where in here release fractions

up to 14 % were measured. Since diffusion has an Arrhenius dependence with temperature

(equation 1.5, page 27), the result obtained shows great potential if the TiC particle size can

be stabilized at higher temperatures. It was also the first time that Mg and Na release was

reported for a Ti-based ceramic material [84, 62, 136].

3.2 Article: Development of a processing route for carbon allotrope-

based TiC porous nanocomposites

Due to difficulties in stabilizing TiO2, high sinterability and low release profile, this material

was discarded from this work. TiC nonetheless, shows great potential and if a way is found to

successfully stabilize the TiC particle sizes at higher temperatures this can make it a suitable

and promising material for ISOLDE.

In the article draft presented in this section, a synthesis route is developed where the TiC
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used so far is mixed with graphite, carbon black and multi-wall carbon nanotubes (MWCNT)

in order hinder the TiC sintering and obtain smaller particles sizes than those obtained at

1500 ◦C. Precautions were also took in order to avoid oxidation of the TiC.

The article below, included in this thesis, is a draft to be submitted for publication in the

Journal of the European Ceramic Society. The author of the thesis (first author) has written the

manuscript (which was reviewed by the co-authors), did the great majority of the experimental

work and analysis of the results. The figures and tables from this article are present in the list of

figures and list of tables of the thesis with the numbering form of 3.ax, where x is the number

of table/figure in the article. The supplementary materials of this article can be found starting

on page 160 on the appendix section A.1.
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porous nanocomposites

J.P. Ramosa,b,∗, A.M.R. Senosc, T. Storab, C.M. Fernandesc, P. Bowena,∗

aLaboratory of Powder Technology, École Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne,
Switzerland

bEuropean Organization for Nuclear Research (CERN), CH-1211 Genève 23, Switzerland
cDepartment of Materials and Ceramics Engineering, Universidade de Aveiro, CICECO, 3810-193 Aveiro, Portugal

Abstract

Due to the enhanced release rates, porous nanomaterials are being studied as spallation target

materials for radioactive ion beam production at CERN. These materials are operated under

extreme conditions which include very high temperatures (up to 2300 ◦C) and high energy proton

bombardment. Titanium carbide is a material with a very high melting point and thermal shock

resistance making it an interesting material to replace the Ti foils currently used. The latter

are usually operated very close to their melting point bringing sintering and/or melting which

decreases the radioisotope production rates over time.

Because of sintering, porous nanometric TiC can’t be maintained at very high temperatures.

To overcome this, a new processing route was developed where TiC was co-milled with graphite,

carbon black or multi-wall carbon nanotubes in different volume ratios in order to hinder the

sintering of TiC. The influence of milling on the particle size distribution was studied for all

materials using laser diffraction analysis and the best conditions were chosen to prepare the com-

posites. The obtained nanocomposite particle sizes, density, specific surface area and porosity

were characterized and compared using ANOVA - analysis of variance. All carbon allotropes

mixed with the TiC, were able to successfully stabilize the nanometric TiC (primary particle size

of 48 nm), hindering its sintering up to 1500 ◦C. At this temperature, the best composite was

TiC-MWCNT with TiC grain sizes of 62 ± 26 nm and 37 % density followed by TiC-carbon

black and TiC-graphite which were roughly 50 % dense and had grain sizes of 58 ± 29 nm and

85 ± 42 nm, respectively.

Keywords: nanocomposites, titanium carbide, spallation target, porous ceramics, high

temperature applications

1. Introduction

Titanium carbide (TiC) is a well known FCC interstitial carbide and had its properties studied

mainly during the 50s and the 60s [1]. Due to its high melting point (3067 ◦C), high hardness
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and strength, good thermal and electrical conductivities, thermal shock resistance, and low evap-

oration rate it is mainly used as a refractory ceramic. It is used in the aerospace industry (rocket

and aircraft materials) and in super-hard and wear-resistant tools (as a cermet and as a coating

material) [1, 2].

For nuclear applications, TiC has been studied as a coating material [3] or as a reinforce-

ment in carbon for plasma facing materials [4] for future fusion plants. TiC has also been sub-

ject to numerous irradiation studies as a potential material for nuclear fuel coatings in fission

power plants [5]. In the past, at the ISOLDE (Isotope Separator OnLine DEvice) facility at

CERN [6], TiC was studied as a potential spallation target material for production of radioactive

ion beams [7, 8].

ISOLDE relies on the on-line isotope separation method (Isotope Separator OnLine, ISOL) [6]

to produce radioactive ion beams for nuclear, atomic, solid state and bio-physics studies. In this

method, a target material kept at high temperatures in vacuum, is irradiated with energetic parti-

cles which will induce nuclear reactions in the material, producing isotopes. These isotopes have

then to diffuse out of the material bulk to the surface where they evaporate and effuse through

the material porosity. They then effuse through a transfer line into an ion source. The ion-source

finally transforms the released isotopes into ions and shape a beam for physics experiments [9].

The target materials used for ISOL vary from liquids (low melting point metals or salts) to

solids in powder, pellet or fiber form (carbides or oxides) or metallic foils [10]. The materials

should be as pure as possible, since impurities can produce unwanted isotope contaminants,

either through nuclear reactions or vaporization as radiologically stable contaminants. High

target material operation temperatures are needed to accelerate diffusion and effusion processes

while being limited by the material melting point, vapor pressure and sintering rates. A highly

porous microstructure with the smallest particle size is desired, so the diffusion distances are

shortened but it has to be stable at the highest operation temperature. Reducing the particle size of

the target material either to submicrometric [11, 12] or nanometric [10, 12–14] has shown in the

past, enhanced isotope release and, consequently, higher beam intensities. However nanometric

materials tend to sinter readily so a particle size which allows for high diffusion/effusion and at

the same time poor sinterability has to be found [13, 14].

In the past, micrometric TiC (1-50 μm) was discarded as a target material due to slow release

of isotopes even at 2300 ◦C [7, 8]. Micrometric SiC (1-50 μm) was discarded as well for the

same reasons [8], and in recent developments, by reducing SiC particle size to the sub-micron

level (0.6 μm) the release of isotopes was shown to be improved [11, 12]. We believe that the

same methodology can be used on TiC by reducing its particle size down to the submicron

or nanometric level. Additionally, particle size stabilization mechanisms can be employed, so

higher operation temperatures can be reached. Such mechanisms can be achieved by doping

the TiC or by introducing a second highly-refractory inert phase, such as carbon, to reduce the

coordination number of TiC particles and hinder its sintering.

Dual-phase sintering or constrained sintering is used in ceramics to prevent grain growth by

having two homogeneously mixed and interpenetrating phases which have limited or no solid

solubility with each other [15, 16]. There are examples in the literature where grain growth and

densification was successfully hindered in ZnO-SiC [17] systems, Al2O3-ZrO2 [16], and Al2O3-

Cu [18]. For the TiC-C system a study done by B. Manley et al. [19] shows that additions up

to 14 at.% (3.2 wt.%) of C, hinder the sintering of submicrometric TiC by reducing the relative

volume changes by more than a factor of 2. Furthermore, in SiC, it has been shown that the

addition of very small quantities of carbon (up to 3 wt.%) promote sintering (with 0.5 wt.% B)

while further additions, studied up to 16 wt.%, successfully hinder its grain growth [20].
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TiC-C (nano)composites can be found in the literature in a wide range of sizes (4 nm to

tens of micron), shapes (fibers or particles) and different TiC volumes (5 vol.% to almost 100%

TiC) [4, 21–32]. A considerable amount of the TiC-C studies are found for fiber shape where

normally the carbon is a by-product from the TiO2 carbothermal reduction with C. Such fibers

are used in reinforced polymers (with 300 nm fiber diameter [21]), semiconductor films (tens

of micron diameter fiber [22]), filtration membranes (120 nm mesoporous fibers with 19 nm TiC

crystallites [23]), solar cells (200-400 nm fiber diameter with 20 nm TiC crystallite size, 70wt.%

TiC [24]) and for supercapacitors (280 nm diameter fibers, TiC crystallite size 20-50 nm, 40 wt.%

TiC [25]). In the rest of the studies found, TiC-C composites include application in electrodes

and catalysis (4 nm TiC, 30 wt.% Ti as membranes [26] or 35 nm TiC-C core-shell particles [27]),

fuel cells (25-75 wt.% of micrometric TiC in C as coating [28]), as high temperature structural

material (tens of micron TiC with 2-40% of C, 15% porous to fully dense [29–31] or with 100 nm

TiC crystallite size, 30% porous with 9/1 - Ti/C molar ratio [32]) and for nuclear applications

(5 vol.% ≈100 nm TiC inclusions in graphite [4]).

The sintering driving force is provided by the decrease of the free energy of the system

which depends on the total free surface and particle radius and curvature. As such, the sintering

kinetics of nanomaterials are enhanced when compared to conventional materials, because of

their intrinsic high surface areas. While conventional powders are expected to sinter at about 0.5-

0.8 Tm (Tm being the material melting point), in nanomaterials this can happen at 0.2-0.4 Tm [33].

In the literature, TiC powders with 140-170 nm primary particle size, reached 91 % density

at 1627 ◦C while 5 μm TIC powders needed 2797 ◦C for the same density [34]. Furthermore,

nanopowders are often found in an agglomerated form, having a bimodal pore size distribution:

small intra-agglomerate and large inter-agglomerate pores [35]. While the small pores from

the intra-agglomerate porosity are easily eliminated during sintering, the large inter-agglomerate

pores require significantly higher temperatures to be removed. The sintering temperature of

nanomaterials often scales up with the agglomerate size, rather than with the primary particle

size [33].

Although, TiC-C composites already exist in the literature their processing is either too com-

plex or not suitable for the application described here. Moreover, the structure required is one

which should be stable at high temperatures (at least 1500 ◦C) while keeping nanometric TiC,

which wasn’t found in the literature. Additionally, the simplest processing route should be used

to reduce and control the possible sources of contamination to the target material. Since the

titanium is the element of interest (selected due to the high isotope production cross-sections),

one wants the highest concentration as possible while keeping acceptable levels of open porosity.

Also, the processing route must be easy to scale up, since TiC targets are expected to have up

to 100 g of material depending on the TiC % present. As a result, in order to stabilize nanomet-

ric TiC (≈100 nm) a new processing route is developed here where different carbon allotropes

(graphite, carbon black and carbon nanotubes) with different volume ratios were added to the

TiC. The TiC-C composites obtained were characterized before and after heat treatments in or-

der to assess the degree of stabilization of nanometric TiC.

2. Materials and methods

2.1. Materials

Commercially available nanometric TiC powder was acquired from Goodfellow, 99.9% pure,

with nominal particle sizes between 80-130 nm (Ref. LS396999/1). The carbon allotropes used

3

3.2. Article: Development of a processing route for carbon allotrope-based TiC porous
nanocomposites

69



were: graphite (Alfa Aesar, Ref. 40798, 325 mesh - <44 μm), carbon black (Orion Engineered
Carbons, Printex A Pulver, 40 m2 g−1 - 40 nm primary particle size) and multi-wall carbon nan-

otubes, MWCNT, (Nanocyl, Ref. NC3100, >95% purity, 10 nm diameter, 1.5 μm length). The

mixtures were done in isopropanol, IPA, (from Reactolab SA, Ref. 99295, 99 % pure) using

polyvinylpyrrolidone, PVP, (Fluka, K-30 mol.wt 40k) as a dispersant for the TiC and the al-

lotropic carbon materials [36]. The characteristics of the raw materials can be found in table 1

and scanning electron microscope microscopy (SEM) microstructures on figure 1.

Table 1: Characteristics of the raw materials used in this study, where SSA is the specific surface area, PS is the median

pore size, vP,BJH is the pore volume (both determined by BJH) and Dv,50 is the average particle size.

Characteristic TiC Graphite Carbon Black MWCNT

Density (g cm−3) 4.93 [37] 2.16 [37] 1.85 a 2.16 b (0.15 a - bulk )

Dimensions 80-120 nma <44 μm a ≈40 nm a 9.5 nm×1.5 μm a

SSA (m2 g−1) 25.1 2.1 36.9 293.1

GBET - kS
c 48 nm - 6 5.3 μm - 24 88 nm - 6 -

PS (nm) 41 62 70 38

vP,BJH (cm3 g−1) 0.07 0.02 0.43 2.70

Dv,50 (μm) 1.70 33.17 0.46 42.79

AF
d 35.4 6.3 5.2 n.a.

a Given by supplier.
b Graphite density assumed for MWCNT theoretical density.
c GBET = kS /(S S A∗ρt), where GBET is the particle size and kS is a parameter depending

on the shape; kS = 6 - for spheres; kS = 24 - for 1:10 flakes [38].
d AF = Dv,50/GBET and represents the agglomeration factor [38].

2.2. Methods

2.2.1. Processing
The TiC-C composites were co-milled using an attrition mill (Union Process, 01HD) at

800 rpm in a small volume grinding bowl (70 ml) using 1.5 mm yttrium-stabilized-zirconia (YSZ)

milling balls. The milling suspension was added to the grinding bowl with 2.6 vol. % of solids in

IPA containing 0.5 wt. % PVP and 130 g of YSZ balls were added to fill the grinding bowl up to

90 %. Preliminary studies on the milling of the raw materials were done interrupting the milling

process at defined times to take small samples. After these studies and optimizations, 2 h was

defined as milling time to produce the TiC-C composites. In the case of the MWCNT, the bulk

density (see table 1) was used to calculate the MWCNT solid volume, because they dominate the

mixing behavior. The carbon volumes tested were 25, 50 and 75 vol. %.

In the case of the MWCNT composites an additional composite was produced where the

MWCNT were not co-milled with the TiC. This composite, was produced by milling the TiC for

2 h separately and later mixed with MWCNT which were treated by ultrasonication for 15 min

beforehand. The TiC milled suspension was added to the MWCNT suspension and sonicated for

a further 30 min.

After the milling/mixing process, the suspensions were dried using a rotary evaporator (Buchi
Rotovapor R-114), at 80 ◦C in vacuum with constant agitation to avoid segregation of the TiC

from the carbon. The obtained powder was deagglomerated manually using an agate mortar and

pestle, and pressed into 12 mm cylindrical compacts with 1-2 mm thickness, in a hydraulic press

at 62 MPa.
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Figure 1: SEM microstructures of the raw materials used in this study: TiC (a), graphite (b), carbon black (c) and

MWCNT (d).

In order to remove the PVP, the powder compacts were pre-heat treated under a flowing

argon atmosphere at 450 ◦C for 3 hours (3 ◦C min−1, heating and cooling) in a quartz tube which

was inserted in an horizontal alumina Heraeus oven [36]. The samples were then heat treated at

1500 ◦C in vacuum with holding times of 2 and 10 h with 8 ◦C min−1 heating/cooling ramps. The

oven used was a Carbolite STF 15/450 horizontal alumina tube oven, adapted with in-house made

flanges to allow vacuum, which was connected to an Agilent TPS-mobile TV301 pumping station.

Overall, the pressure reached at 1500 ◦C was around 10−3 - 10−4 Pa. To protect the samples from

oxidation and minimize carbon losses (due to residual presence of oxygen), in addition to the

vacuum atmosphere, a specially built double layer graphite crucible was designed to introduce

the samples (see figure A.1.2 in supplementary material).

2.2.2. Characterizations and data handling
The particle size distributions (PSD) and median volume diameter (Dv,50) during the milling

tests, were measured using laser scattering in a Malvern Mastersizer S. Before the measurements,

the suspensions were ultrasonicated for 15 min. For the laser scattering PSD measurements, the

refractive indexes used were 1.38 for the IPA [37], 3.05+2.67i for TiC [39], 1.84+0.46i for

carbon black [40], 2.13+1.11i for graphite [40] which was also used for the MWCNT. The cylin-

drical powder compacts were measured and weighed in all steps to check for geometrical density

(ρ) changes (Δρ/ρ0) and mass losses. Nitrogen adsorption-desorption isotherms were done in

a Quantachrome eNOVA2200, using the BET (Brunauer-Emmett-Teller) model [41] for specific

surface area (SSA) and the BJH (Barrett-Joyner-Halenda) model [42] to determine the pore size

distributions and pore volumes (vP,BJH) limited up to 200 nm from the desorption branch of the

isotherm. The pores were assumed to have a cylindrical shape and the average median volume

5
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diameter (DPv,50 or simply pore size, PS ) was determined from the cumulative size distribution

obtained from the BJH model. The sample microstructures were obtained using an in-lens de-

tector on a Carl Zeiss SMT Σigma scanning electron microscope (SEM). In selected samples the

particle size was measured directly from the SEM images (GS EM), measuring 400 particles per

sample, using ImageJ v1.50 [43]. The samples were also studied by dilatometry in an homemade

vertical graphite dilatometer, that could reach 1500 ◦C and was equipped with an LVDT sensor

(linear variable differential transformer) to measure sample linear variation with temperature -

shrinkage (Δl/l0). The oven was connected to a primary oil rotary vacuum pump that could

reach 1 - 10−1 Pa. The heating rate was 8 ◦C min−1.

Since all the composites have different initial characteristics, only a comparison in terms of

relative evolution of the initial characteristics is possible. Δρ/ρ0, the pore size variation below

200 nm (ΔPS /PS ,0) and SSA (S ) variation (ΔS/S 0) before and after the 2 and 10 h thermal

treatments at 1500 ◦C were calculated in the following way:

ΔX/X0 = (X − X0)/X0 (1)

where X is replaced by either ρ, S or PS , the measured value after heat treatment and X0 can be

replaced by ρ0, S 0 or PS ,0, the same characteristic before the heat treatment.

The experiments were organized in a statistical design with 2 samples for each thermal treat-

ment (1500 ◦C - 2 and 10 h) for each composite. A schematic with the statistical design can

be found on figure A.1.1 on supplementary materials. The results were analysed by factorial

ANOVA, statistical analysis of variance [44] in order to study the evolution of the described

characteristics with the carbon allotrope and volume ratio added to the TiC.

Samples were named X{carbon} where X is vol. % of carbon added and {carbon} is the car-

bon allotrope added: CB, Gr, CNT and TiCm standing for the carbon black, graphite, MWCNT

and TiC milled without carbon, respectively. So, for example, 50Gr corresponds to the 50 vol. %

graphite mixed with TiC. For the case where the MWCNT were not co-milled with the TiC this

sample will have a {Carbon} name as CNTb.

3. Results and discussion

The carbon allotropes were chosen in order to have as different a size and morphology as

possible. This was done in order to be able to assess the TiC sinterability when mixed with the

carbons. The GBET value obtained for TiC (48 nm) and carbon black (88 nm), on table 1, confirm

the nanometric nature given by the suppliers. As expected, MWCNT present the highest pore

volume below 200 nm - vP,BJH - (2.70 cm3 g−1 on table 1) followed by carbon black (0.43 cm3 g−1)

and titanium carbide (0.07 cm3 g−1) where PS , in all values don’t differ too much. Graphite

was obtained in micrometric form so it presents very little vP,BJH (0.02 cm3 g−1 and high GBET

(5.3 μm).

In total, during this study, 11 materials were produced and heat treated (sintered) at 1500 ◦C
for 2 and 10 h: TiC, TiCm, 25Gr, 50Gr, 25CB, 50CB, 75CB, 25CNT, 50CNT, 75CNT, 75CNTb.

Only 5 of the produced materials were selected to be discussed in this article: TiC, TiCm, 50Gr,

50CB and 75CNTb (and partially 75CNT). The results of the other composites, which don’t add

value to the discussion, can be found in supplementary material, A.1.2.

In the following subsections the milling optimization will be firstly discussed, as well as its

influence on the agglomerate size of TiC, which affects its sinterability. Then, in order to serve

as a comparison for the nanocomposites, the sintering behavior of TiC at high temperatures will
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be discussed. Finally, the influence of each carbon allotrope (Graphite, CB and MWCNT) on the

sintering of TiC will be discussed independently and compared with the other composites. This

will be done by following the evolution of the composite characteristics, ρ, SSA and PS ,0 as well

as microstructure morphology together with dilatometry. Relative density (ρr) and porosity were

also used to characterize the nanocomposites. The porosity (Pr = 1− ρr) was divided in porosity

below 200 nm (Pr,<200 nm), determined from vP,BJH , and porosity above 200 nm (Pr,>200 nm), deter-

mined from the later and the relative density. The calculation of ρr, Pr,<200 nm, Pr,>200 nm can be

found in supplementary material A.1.1.

3.1. Milling influence on the raw materials

The lowest possible degree of agglomeration is desired to have homogeneous mixtures for

the synthesis of the nanocomposites. Laser scattering is able to detect agglomerates (assemblies

of primary particles) giving an agglomerate size distribution, represented by Dv,50. GBET is more

indicative of primary particle size since it is not very dependent on the degree of agglomeration

as it is determined from the total SSA. The ratio of these two parameters, Dv,50 and GBET , can be

used to determine the agglomerate factor, AF , as shown on table 1.

As seen in figure 1, all powders look to be in an agglomerated form, especially those with

higher surface areas (and of nanometric nature - namely TiC, CB and MWCNT, see table 1).

While both CB and TiC look to be heavily agglomerated in the SEM figures (figure 1a and c

respectively) their AF is quite different, 6.3 and 35.4 respectively as seen on table 1. This is

likely related with the nature of those agglomerates, where in TiC case they are more difficult to

break during the sample preparation for laser scattering by agitation and sonication.

The particle size distribution was used to follow the milling of the raw materials in order

to find the best parameters. The powders were individually milled up to 4 h and particle size

distributions were taken at the beginning and at 0.5, 1, 2, 3 and 4 h of milling, to assess the

agglomerate distribution. The results of these tests can be seen in figure 2.

During attrition milling, titanium carbide Dv,50 changes from 1.70 μm to 300 nm in the first

hour of milling, stabilizing in the 300 to 400 nm range for longer milling times, as seen in figure

2a. For graphite, Dv,50 keeps reducing for longer milling times, from 33.17 μm to 14.05 μm for

4 h (figure 2b). In the case of CB, the milling is very efficient in destroying the CB agglomerates,

where, after 4 h of milling, the Dv,50 (110 nm on figure 2c) almost matches the primary particle

size value on table 1 - GBET=88 nm.

There is a very significant impact of the milling on the MWCNT where, on figure 2d, the

Dv,50 is changing from 42.79 μm (an highly agglomerated state - as seen by SEM on figure

1d) to 0.06 μm only after 2 h of milling. At 2 h of milling of MWCNT, the cumulative size

distribution shows that around 50 % of the particles is below 50 nm, meaning that it can’t be

detected. Although this technique is not ideal to measure the MWCNT sizes, due to their shape,

figure 2d seems to indicate that the MWCNT are being destroyed ("chopped") during the milling

process, as has been seen in other studies [45].

When co-milled with TiC (75CNT) and heat treated at 1500 ◦C for 10 h, the MWCNT are

barely visible, in the SEM microstructures of figure 3a and b) before and after the heat treatment.

In order to overcome this, another mixing method for the TiC-MWCNT composite was tried:

mill TiC first and then add a suspension of MWCNT after without milling, just after agitation

and ultrasound. The resulting SEM microstructures are on figures 3c and d, which correspond

to as produced material (75CNTb) and heat treated at 1500 ◦C for 10 h. In both cases, before
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Figure 2: Particle size distributions for different milling times and respective Dv,50 values in μm for (a) TiC, (b) graphite,

(c) carbon black (CB) and (d) MWCNT.

and after the heat treatment, there are more MWCNT visible on 75CNTb than on 75CNT1. The

MWCNT milling ("chopping") has a detrimental effect on the TiC sintering hindering as well,

as will be briefly discussed later on. Thus, only 75CNTb nanocomposites were chosen to be

discussed further in this article.

A contamination of 3 to 6 % of ZrO2, determined by XRPD (X-ray powder diffraction), was

found in all as produced nanocomposites, coming from the wear of the milling media due to the

hard nature of TiC. After the thermal treatments at 1500 ◦C the ZrO2 was reduced to ZrC, as

expected due in the presence of carbon2. Although not in the scope of this paper, this reduction

is the cause of the somewhat high mass losses - 11,12 and 13 % for graphite, CB and MWCNT

nanocomposites, respectively, obtained after heat treatments, when comparing to TiC only, ≈6 %

mass losses.

The milling was seen to have an effect on the TiC sintering with no carbon addition. A TiC

sample was milled for 2 h (named TiCm), heat treated at 1500 ◦C for 10 h, together with a non-

milled sample. The results of the heat treatment can be seen on figure 4a) for TiC and b) for

TiCm. Although TiC and TiCm had the same thermal cycle, they have distinct morphologies.

TiC have GS EM of about 738±254 nm and TiCm around 314±108 nm which are close to their

1More information on the properties of 75CNT can be seen on figures A.1.8 and A.1.4 and table A.1.1 on supplemen-

tary material A.1 and can be compared with 75CNTb presented throughout this article.
2Refer to figure A.1.3 in the supplementary materials A.1.2 for an XRPD characterization

8

Chapter 3. TiC-carbon nanocomposite development

74



Figure 3: SEM microstructures of 75CNT as produced (a) heat treated at 1500 ◦C for 10 h (b) and of 75CNTb (MWCNT

not milled) as produced (c) and heat treated at 1500 ◦C for 10 h (d). For the latter, GS EM is 62±26 nm.

Dv,50 values as measured by laser scattering: 1.70 μm for TiC and 0.37 μm for TiC milled for 2 h

(figure 2a - milling times of 0 h and 2 h). The discussion of this phenomena will be done in the

next subsection.

In the case of TiC milled for 2 h (hereinafter TiCm), the SSA was determined (29.4 m2 g−1),

from which the GBET is calculated to be 41 nm. This gives an AF for TiCm of 9.0 showing a

significant reduction of the TiC agglomeration (AF of 35.4 for TiC) through attrition milling.

Since little influence on TiC Dv,50 was seen at longer milling times, these milling settings were

chosen for the nanocomposites production.

Figure 4: SEM microstructures of TiC heat treated at 1500 ◦C for 10 h (a) and of TiC milled, TiCm, for 2 h and with the

same heat treatment (b). GS EM is 738±254 nm for TiC and 314±108 nm for TiCm.
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3.2. Titanium carbide sintering behaviour
Milled and non-milled TiC was subjected to the same heat treatments as the produced nanocom-

posites, as control samples. In figure 4 the milling seems to have an hindering effect on the grain

growth of TiC at 1500 ◦C. Both show grain sizes similar to the agglomerates size measured by

laser diffraction, indicating that the primary particles in the agglomerates sinter and then sintering

between, the non dense agglomerates starts.

The control chart of figure 5a was built using analysis of variance (ANOVA), in order to

assess statistical significant differences on the characteristics studied. Δρ/ρ0 is shown for TiC and

TiCm for the heat treatments at 1500 ◦C for 2 and 10 h and the rest will be discussed later. In this

figure the average values (triangle), the adjusted values from ANOVA (column) and respective

95 % confidence intervals (column error bars) are represented. In figure 6, the obtained ρr and Pr,

for TiC and TiCm can be found (the nanocomposites will be discussed later). In this figure, the Pr

was divided accordingly to pore size: porosity below (Pr,<200 nm) and above 200 nm (Pr,>200 nm)3

(also presented on table 2).

Figure 5: TiC, TiCm, 50Gr, 50CB and 75CNTb Δρ/ρ0 (a) and ΔPs/Ps,0 (b) for heat treatments at 1500 ◦C for 2 and 10 h.

The error bars correspond to the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted values

(columns) obtained by ANOVA - analysis of variance.

In the control chart of figure 5a there is a significant difference between the TiC and TiCm

density variations (Δρ/ρ0), being about 4 times smaller in the case of TiCm. This is seen as

well in the values of the relative density, ρr in figure 6: while TiC ρr goes from 48 to 73 % for

10 h, TiCm densifies much less, from 46 to 53 % (absolute densities are found in table 2). In

the dilatometry of figure 7 both TiC and TiCm seem to start sintering at the same temperatures,

≈1100 ◦C. While TiC reaches linear shrinkage values of 12 %, TiCm shrinks much less, up to

≈4 %. TiC sinters continuously with no rate decrease while TiCm shows some shrinkage before

1100 ◦C and rate changes around 1200 and 1400 ◦C which is likely due to mass losses due to the

presence of ZrO2 milling contaminants (to be addressed in another publication [46]).

In order to discuss the porosity evolution, a simple phenomenological 3 stage model is pro-

posed:

1. as known for nanomaterials, sintering starts predominantly within the agglomerates, due to

the high free energy and particle coordination number, reducing and eliminating the small

3For details about the calculations of Pr,<200 nm and Pr,>200 nm please refer to the supplementary material A.1.1
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Figure 6: Relative density and porosity ratios (below and above 200 nm) for the TiC, TiCm, 50Gr, 50CB and 75CNTb as

produced and heat treated for 2 and 10h.

Figure 7: Dilatometry of TiC, TiCm, 50Gr, 50CB and 75CNTb up to 1500 ◦C.

intra-agglomerate porosity ( Pr,<200 nm); this will likely happen with small changes to ρr

(coalescence - surface diffusion) [33, 35, 47, 48];

2. when the intra-agglomerate porosity is reduced or gone, and a network of big pores is

formed (once inter-agglomerate porosity, here Pr,>200 nm), stabilizing the structure, sinter-

ing will progress at a slower rate; an increase in the BJH pore size (PS ) may be seen

because large pores shrink into sub 200 nm pores and thus they can be detected by the

technique;

3. the microstructure densification will continue, bringing further reduction of relative pore

volumes (Pr,>200 nm and Pr,<200 nm) and size (PS ); if the temperature is high enough, sinter-

ing will continue until full densification is achieved.

For 2 and 10 h at 1500 ◦C for both TiC and TiCm cases, almost all of Pr,<200 nm is disappearing,

which points to the stage 1 of the model proposed. However, in the case of TiC for both 2 and

10 h there is significant densification (as seen in figure 6) which point to the stage 2 of the

model already. In both cases, from the as produced sample to the heat treated for 2 h Pr,>200 nm
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Table 2: Density (ρ), SSA, median pore size (PS ), BJH pore volumes (vP,BJH), SEM particle sizes determined with

ImageJ (GS EM) and mass losses (Δm/m0) of TiC, TiCm, 50Gr, 50CB and 75CNTb as produced and after heat treatments

at 1500 ◦C for 2 and 10 h.
TiC TiCm 50Gr 50CB 75CNTb

ρ (g cm−3)

As produced 2.37 2.27 1.87 1.60 1.41

1500 ◦C - 2 h 3.19 2.44 1.89 1.69 1.65

1500 ◦C - 10 h 3.61 2.64 1.81 1.70 1.79

SSA (m2 g−1)

As produced 25.1 29.4 32.6 37.5 49.8

1500 ◦C - 2 h 1.5 3.2 13.1 21.2 27.0

1500 ◦C - 10 h 0.5 2.1 11.9 21.1 23.6

PS (nm)

As produced 41 27 27 33 27

1500 ◦C - 2 h 35 39 44 40 27

1500 ◦C - 10 h 11 27 34 37 28

vP,BJH (cm3 g−1)

As produced 0.07 0.16 0.17 0.27 0.30

1500 ◦C - 2 h 0.01 0.01 0.10 0.20 0.21

1500 ◦C - 10 h 0.00 0.01 0.05 0.16 0.21

Δm/m0 (%)
1500 ◦C - 2 h 6.2 6.6 9.4 10.9 10.6

1500 ◦C - 10 h 6.9 7.2 10.5 11.3 12.8

GS EM (nm) 1500 ◦C - 10 h 738±254 314±108 85±42 58±29 62±26

increases (especially for TiCm), which seems to indicate that at some point, there is coarsening

of the microstructure with little densification. This phenomena is common during the initial stage

sintering of nanometric particles, due to the large surface areas, through surface diffusion [33,

35, 47, 48].

On figure 5b the pore size evolution (ΔPS /PS ,0) treated by ANOVA is also shown. For TiC

and TiCm the ΔPS /PS ,0 is distinct: while in TiC it reduces for 2 h at 1500 ◦C and further reduces

for 10 h, for TiCm it first increases for 2 h and is zero for 10 h (showing a decrease relatively to

2 h value). The absolute PS can be seen in table 2. For the TiCm heat treated for 2 h, this seems

to indicate that we just passed the 1st stage (pore size increase) and for 10 h we are going towards

the 3rd stage. In contrast, since the inter-agglomerate pores of TiCm are expected to be smaller

(smaller agglomerates), once agglomerates sinter, they shrink to sizes below 200 nm and can be

detected BJH. This could give an idea of an increase in pore size as seen in figure 5b, for TiCm

2 h. In the case of TiC, for both heat treatments, where constant reduction of pore size is seen on

figure 5b, the 3rd stage is dominant, confirmed by the large relative density values on figure 6.

Although in the literature reducing the agglomerate size of nanometric powders is known to

increase their densification [35] (and so sintering kinetics), such is not seen in the data presented

here. In our case TiC densifies more than TiCm, even though it has a larger agglomerate sizes.

When the agglomerates sinter, this will create a network of large pores (once inter-agglomerate

pores) which reduce the sintering rate. As in the TiCm case this is likely to happen faster (at

lower temperatures), since the agglomerates are smaller and the rate is reduced sooner, because

a network of large pores is created. If higher temperatures would be used, very likely the TiCm

would densify sooner than TiC, because of the smaller grain sizes. Furthermore, the introduction

of Zr in the case of TiCm, could act as a dopant that hinders the sintering, thus explaining the

lower densities obtained, however no studies in the literature can be found in this subject.

The SSA evolution (ΔS/S 0) with heat treatment for 2 and 10 h can be seen on figure 8, and

the absolute SSA values are in table 2. For both TiC and TiCm the ΔS/S 0 are negative (SSA

reduction) and very high (>90 %), especially for TiC. In the case of TiCm heat treated for 2 h

at 1500 ◦C, SSA reduction of ≈90 % is accompanied by small densification - from 46 to 49 %
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(figure 6). Large SSA reductions and small densifications are a sign of prevalent coarsening of

the structure, which shows that a non-densifiying sintering mechanism, such as surface diffusion,

is dominant in the sintering. As referred before, this is very common in initial stage sintering of

nanomaterials [33, 35, 47, 48].

Figure 8: TiC, TiCm, 50Gr, 50CB and 75CNTb ΔS/S 0 for heat treatments at 1500 ◦C for 2 and 10 h. The error bars

correspond to the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted values (columns)

obtained by ANOVA - analysis of variance.

3.3. TiC-graphite composites
The 50 vol.% graphite-TiC composite (50Gr) SEM microstructures as produced and heat

treated at 1500 ◦C for 10 h can be seen in figure 9a and b respectively. Comparing these mi-

crostructures, it can be seen that the TiC has grown in particle size, but not even near to the

TiC or TiCm cases (figures 4a and b). Furthermore, GS EM was determined to be be 85±42 nm.

Consequently, already with the SEM microstructures it is clear that TiC sintering is hindered by

a large extent by graphite.

Since the graphite SSA is small when compared to TiC (table 1) and graphite particle size

isn’t drastically affected during milling, the main contribution to the SSA of 50Gr (32.6 m2 g−1

- table 2) comes from the TiC. When heat treating the 50Gr (2 and 10 h), the ΔS/S 0 values

(figure 8) are both around −60 %. This SSA reduction can only be due to the TiC sintering,

since graphite particles are not expected to sinter. Although reduced, the percolation of the

TiC particles in 50Gr is still present in between the graphite particles, as can be seen in the SEM

microstructure of figure 9a. As a result TiC-TiC contacts will have a constrained sintering, which

results in a reduction of the SSA (ΔS/S 0). Furthermore the ΔS/S 0, from 2 to 10 h at 1500 ◦C,

is not changing much which indicates that the TiC is not sintering anymore. As a result, TiC

particle size of GS EM = 85±42 nm seems to be stabilized at this temperature.

Regarding the composite densification behavior, there is no appreciable densification of the

50Gr composites as seen from the Δρ/ρ0 values (figure 5a) which are close to zero. The dilatom-

etry of the 50Gr also confirms the very low shrinkage, below 2 % in this case. The almost non

existent densification of 50Gr is very likely due to the size of the graphite particles which are

around 2 orders of magnitude larger than the TiC, creating a very stable, non-sinterable skeleton

for the microstructure.
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Figure 9: SEM microstructures of 50Gr before (a) and after (c) heat treatment at 1500 ◦C and of 50CB before (b) and

after (d) the same heat treatment. For 50Gr and 50CB after 1500 ◦C, GS EM is 85±42 nm and 58±29 nm, respectively.

The small Pr,>200 nm of 50Gr before heat treatment is low (figure 6) which shows that the

mixing was successful since there is a good filling by TiC of the big pores created by the graphite

particles. Otherwise, one would expect large pores from the graphite micrometric size. The

relative surface area ΔS/S 0 values don’t change from 2 to 10 h (figure 8), whereas the Pr,>200 nm

and Pr,<200 nm, increase and decrease respectively (figure 6). This shows that there is still sintering

happening among the TiC particles which can only progress where TiC-TiC contacts exist but

progresses slowly due to the reduced TiC coordination number. In addition, on figure 5b, both

50Gr ΔPS /PS ,0 are seen to be positive, where the 10 h value is smaller. The increase in the pore

size for 50Gr sintered for 2 h, shows that we are on the 1st stage of the model proposed, where the

agglomerates are sintering, but slower than in the case of TiCm, due to a lower TiC coordination

number. A reduction in the pore size is seen for 50Gr at 10 h (when comparing to 50Gr 2 h)

showing that sintering is now on the 2nd stage of the model (network of big pores formed). Here

the sintered TiC agglomerates are sintering with each other, which, once again, is hindered by

the presence of graphite.

3.4. TiC-carbon black composites

Figures 9c and 9d show, the microstructures of the 50CB before and after 1500 ◦C - 10 h,

respectively. It is difficult to identify the TiC from the carbon black particles, due to their similar

particle size. Furthermore, little to no changes are seen before and after heat treatment, showing

that CB is very effective hindering the TiC sintering. Even though CB could not easily be dis-

tinguished from the TiC, the GS EM was still determined - 58±29 nm. Although the later value is

affected by the carbon black particle size, observing figures 9d no considerable big particles are

seen, so the determined value can work as an estimate for the TiC. Since both TiC and CB are
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similar in particle size, if homogeneously mixed CB should reduce the TiC coordination number

significantly which, as seen, hinders its sintering.

Similarly to the 50Gr, the density variations, Δρ/ρ0, are quite small (up to 8.5 % in the case

of 50CB for 10 h). Curiously, the dilatometry of 50CB on figure 7 shows small shrinkage but

close to the ones of TiCm. Both, at around 1400 ◦C, present changes in the shrinkage rate: in

the case of TiCm the shrinkage rate is increasing while for 50CB it is decreasing (effect of the

carbon black addition).

High values of Pr,<200 nm are kept at 1500 ◦C for 2 and 10 h for the 50CB composites, as

seen on figure 6. Also, the BJH pore size of 50CB is not changing much with the heat treatments

(figure 5b). As both materials are nanometric and the mixture homogeneous, one does not expect

big changes either in pore volume or pore size since the structure is sintering little. Nonetheless,

in figure 6, there is a small increase of the Pr,>200 nm towards higher heat treatment times, showing

that TiC-TiC contacts still exist.

As seen before, SSA is a very sensitive parameter to assess the sintering of TiC in the com-

posites since the SSA reductions are mainly due to the TiC sintering. SSA variations, ΔS/S 0,

of the 50CB composites are presented on figure 8, while the absolute SSA values are on table 2.

50CB presents the lowest ΔS/S 0 of all composites (≈-45 %) and quite high absolute SSA after

2 h of heat treatment, (21.2 m2 g−1), which is not changing for 10 h, showing the stability of the

structure at 1500 ◦C.

50CB is more effective than 50Gr hindering the sintering of TiC, where the TiC coordination

number reduction is expected to be higher. After 1500 ◦C - 10 h, 50CB presents a surface area

2 times higher than 50Gr (21.1 vs 11.9 m2 g−1 - table 2 - likely coming from the carbon black

higher SSA (table 1)). SEM microstructures (figure 9) clearly show that TiC particle size is

smaller in the case of 50CB. The GS EM obtained for 50CB , 58±29 nm, is considerably lower

than the one determined for the TiC on 50Gr, 85±42 nm (see table 2). In terms of porosity after

1500 ◦C - 10 h, 50Gr presents larger Pr,>200 nm than Pr,<200 nm where in the 50CB it is the inverse,

as seen in figure 6. This is due to the nature of the carbons added and how well they are expected

to reduce the TiC coordination number.

3.5. TiC-MWCNT composites
From the MWCNT composites, only 75CNTb will be discussed here - where the TiC was

milled independently and added later to the MWCNT in a suspension (see more in the sub-section

2.2.1 of the Materials and Methods and figures 3b and 3d). In the other MWCNT composites,

the milling had a detrimental effect on the MWCNT. The 25CNT, 50CNT and 75CNT character-

izations can be found on supplementary materials on A.1.2.

When comparing the Δρ/ρ0 of 75CNTb on figure 5 with the other nanocomposites it is no-

ticeable that 75CNTb presents the highest density variation (17 and 28 % for 2 and 10 h respec-

tively). Although these density differences are high, they are likely to be related with mass losses

of carbon which can easily collapse the very porous structure of the composite (ρr = 31 % for

75CNTb, figure 6). Furthermore, although these density differences are quite high in absolute

terms (figure 5a), ρr values at 10 h of heat treatment are still the lowest of all the composites.

In the dilatometry of 75CNTb on figure 7 its shrinkage is as high as TiC. By looking at the TiC

microstructures after 1500 ◦C - 10 h (figure 4a) and 75CNTb (figure 3d), the shrinkage in the

case of 75CNTb is not due to sintering of TiC, since nanometric TiC is present on 75CNTb and

not on TiC, so it must be related to the mass losses (see table 2) and rearrangement.

Regarding the ΔPS /PS ,0 (figure 5b) there are virtually no changes, probably due to the nano-

metric porous nature of the nanotubes which dominates the pore sizes before and after the thermal
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treatments (75CNTb, see table 2). Also, the successfully hindered TiC sintering will contribute

as seen in figure 6 where Pr,<200 nm is higher than in any other composite.

The 75CNTb composites before and after heat treatments have the highest SSA: 49.8 m2 g−1,

before and 23.6 m2 g−1 after - table 2. Furthermore, in the 75CNTb case, ΔS/S 0 on figure 8, is

on the same level as 50CB after thermal treatments. However, the contribution from the huge

MWCNT SSA (293.1 m2 g−1) makes SSA a poor metric to evaluate TiC sintering. In the SEM

microstructures obtained (figure 3d) nanometric TiC can be seen, where the TiC particles are

GS EM = 62±29 nm. It can be concluded that MWCNT also successfully hinders the sintering of

TiC. It is also relevant to mention that in the case of 75CNT volume calculations, a much lower

density was used for the MWCNT than for graphite and carbon black. If calculated in mass,

for 50Gr and 50CB the TiC/Carbon ratios initially added are respectively, 2.3 and 2.7 while

for 75CNTb it was 10.9. Thus, with small quantities of MWCNT when not co-milled, is very

efficient in hindering the sintering of TiC.

The statistical analysis employed in this work for the evolution of parameters like density,

pore size and specific surface area, allowed us to have great confidence in the results obtained,

with minimum experiments conducted.

4. Conclusions

Even though TiC-C composites are present in the literature, their characteristics are not suited

for the application as ISOL target materials. A new processing route had to be developed in order

to stabilize nanometric TiC under high temperatures.

TiC as supplied (48 nm sinters at 1500 ◦C to grain sizes of 738±254 nm. When milled for

2 h TiC sintering was hindered, where with the same heat treatment as TiC the grain sizes were

about 314±108 nm. Even with milling nanometric TiC could not be maintained at 1500 ◦C, so

carbon addition was investigated to keep the nanometric structure at high temperatures.

A successful processing route was created to produce three different TiC - Carbon nanocom-

posites: TiC - Carbon Black, TiC - Graphite and TiC - multi wall carbon nanotubes (MWCNT).

Attrition milling was used to co-mill the nanocomposites in isopropanol, except for the TiC-

MWCNT composite where MWCNT were added later to the TiC (to avoid destruction of the

MWCNT). The obtained composites were heat treated at 1500 ◦C for 2 and 10 h to assess TiC

sintering hindering.

All 3 different carbon allotropes used were successful hindering the sintering of nanometric

TiC where the most successful was the TiC-MWCNT, followed by TiC-carbon black and finally

TiC-graphite. At 1500 ◦C for 10 h TiC-MWCNT showed TiC particles of 62±26 nm, and 37 %

density, with only 8.4 wt.% C addition to TiC. Where in the others around 30 wt% of C addition

to TiC, after the same heat treatment conditions, gave grain sizes of 58±29 nm and 85±42 nm

with densities around 50 %, for TiC-carbon black and TiC-graphite composites, respectively.

In the current tests we aimed for stability of nanometric TiC at 1500 ◦C. Since for the ap-

plication in sight can benefit from higher temperatures (such as 1800 ◦C) to bring faster isotope

releases, these nanocomposites will be tested at higher temperatures and presented in another

article [46]. Furthermore, the zirconium oxide (and carbide) and respective mass losses need to

be studied in detail to know its impact on the nanocomposites and phase stability, a key factor

for production of stable and high intensity radioactive ion beams.
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3.3 Article: Stability of nanometric TiC-carbon composites: effects

of carbon allotropes and Zr milling impurities

As shown in section 1.3 (equation 1.5, page 27) the diffusion has an Arrhenius relation with

temperature, which means that if the same particle size is kept, big gains on diffusivity can be

obtained by increasing the temperature. This will have a direct impact on the beam intensities

in the ISOL method. Due to the successful nanometric TiC stabilization by all the carbons at

1500 ◦C obtained in the section above, it was decided to test them at even higher temperatures.

Since oven A could only reach up to 1500 ◦C, oven B was used4. The main difference between

the two ovens is the global geometry which influences the conductance making pumping

more or less efficient and the oven materials. Oven B could reach slightly lower pressure than

oven A, and the surrounding materials were tantalum instead of alumina. This may bring dif-

ferences in the local oven atmosphere which may or may not influence the nanocomposites.

In order to find out if the ovens produced samples that were not statistically different (95 %

confidence interval), an experimental design with a 22×4 factorial ANOVA was done [137]. The

experimental design had three factors - oven, repetition and composite - with 2 levels for

the first 2 factors - oven: A or B; repetition: sample 1 or sample 2 - and 4 levels for the later

one - composite: TiCm, 50Gr, 50CB, 75CNTb. Thermal treatments of 1500 ◦C for 10 h were

done in both ovens for the samples and the system response was evaluated on mass evolution

(Δm/m0 [%]), SSA evolution (ΔS/S0 [%]) and density evolution (Δρ/ρ0 [%]) results can be

seen in figure 3.4.

(a) Δρ/ρ0 (b) Δm/m0 (c) ΔS/S0

Figure 3.4 – TiCm, 50Gr, 50CB and 75CNTb results for heat treatments at 1500 ◦C for 10 h in
two different ovens. The error bars correspond to the standard error of the mean (ErrS) - 95 %
confidence intervals - for the adjusted values (columns) obtained by ANOVA - analysis of
variance.

As can be observed from figure 3.4a and c, there is no statistically relevant difference between

4Both ovens are described in detail in subsection 2.1.2, page 45.
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the ovens in terms of obtained sample Δρ/ρ0 and ΔS/S0 but there is a small difference on

Δm/m0, as seen from figure 3.4b. The Δm/m0 values show a slight difference, where in oven B

there is less mass losses than in oven A. This is likely due to the oven atmosphere where in oven

B the optimized geometry for conductance and the hot Ta tube will act as an oxygen getter.

This, all together, will reduce the partial pressure of oxygen in oven B where less carbon will

be burnt. Even though this slightly affects the mass losses, it doesn’t seem to affect the Δρ/ρ0

and ΔS/S0, the important sintering parameters. It can then be concluded that the two ovens

are similar enough, since the hypothesis of the ovens being different was rejected. Therefore,

oven B was used in the article following to test the nanocomposites at higher temperatures.

Even though stable nanometric TiC up to 1500 ◦C was obtained, the mass losses measured

in the TiC and composites still remain unexplained and to be characterized. In the following

article that will be done together with the study of the ZrO2 impurities and their influence

in the nanocomposites phase composition and evolution as a function of the temperature.

These are important features as impurities or secondary phases can significantly influence

isotope release and their intensities.

The article ahead, included in this thesis, is a draft to be submitted for publication in the

Journal of the European Ceramic Society. The author of the thesis (first author) has written

the manuscript (which was reviewed by the co-authors), did all the experimental work and

result analysis. The figures and tables from this article are present in the list of figures and list

of tables of the thesis with the numbering form of 3.bx, where x is the number of table/figure

in the article. The supplementary materials of this article can be found starting on page 165

on the appendix section A.2.
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Abstract

In the ISOL (Isotope Separator OnLine) method a target is bombarded with high energy

protons in order to produce isotopes through nuclear reactions. The isotope extraction happens

simultaneously with irradiation (OnLine) where the target is kept hot enough (up to 2300 ◦C to

promote isotope diffusion and effusion from the material grains into an ion source to form a

radioactive ion beam. Due to the enhanced isotope release properties of nanosized materials,

titanium carbide-carbon porous nanocomposites have been developed at CERN and tested up to

1500 ◦C. The carbon was in the form of graphite, carbon black or multi-wall carbon nanotubes

(MWCNT).

In the interest of the ISOL application, in this study we extended the range of temperatures

up to 1800 ◦C, to test the sintering hindering capabilities of the nanocomposite carbons. Carbon

black was the most effective carbon hindering the sintering of TiC, where the smallest TiC crys-

tallite size was found: < 80 nm at 1800 ◦C. Nonetheless TiC-graphite and TiC-MWCNT also

had a great effect on the TiC sintering hindering with crystallite sizes smaller than 140 nm at the

same temperatures. This finding makes the stability of some of the composites against sintering

sufficient for eventual use as a target material.

Additionally, using thermodynamic modelling, ex-situ X-ray powder diffraction and in-situ

gas phase analysis, we show that there are interesting phase and lattice parameter changes due

to the ZrO2 impurities from the attrition milling. In all nanocomposites the ZrO2 was reduced

to ZrC and gradually solubilized into the TiC lattice, where at 1800 ◦C there is no more ZrC

phase. This was accompanied by lattice unit cell increase, which is also influenced by the TiCx

stoichiometry and oxygen and nitrogen impurities.

Keywords: porous nanocomposites, high temperature applications, lattice parameters, solid

solution, zirconium carbide-titanium carbide

1. Introduction

Radioactive ion beams are used all over the world for nuclear, atomic, solid state and bio-

physics studies. ISOLDE (Isotope Separator OnLine DEvice) at the European Organization for
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Nuclear Research - CERN has developed beam technologies since its start in 1967, with almost

1000 isotope beams available of 74 chemical elements (from Z=2 to 92) [1]. ISOLDE uses the

ISOL (Isotope Separator OnLine) method to produce radioactive isotopes where high energy

particles (in this case protons) are used to bombard a target to induce nuclear reactions which

transmute a fraction of the target material atoms into different isotopes of lower mass number [2].

Such isotopes are then trapped in the bulk of the target material and have to diffuse to the surface,

evaporate and effuse through the material porosity and to a transfer line connected to an ion

source. Here the isotopes are ionized and made into a beam which is then conducted to a mass

separator where the they are separated according to their mass with a magnetic field thanks to the

Lorentz Force. The separated beam is then finally conducted to the experimental setup where it

will be used for physics research.

As in the ISOL acronym the process is online, that is to say, by bombarding the target which

is kept at high temperatures, in vacuum, to promote diffusion and effusion of the isotopes, which

are continuously being released, ionized and mass separated. In such an extreme environment the

target materials are required to have high resistance to radiation damage, high production cross-

section of the isotope of interest, being inert in respect to the isotope to be produced and have

low diffusion and effusion times. Commonly, target materials at ISOLDE are made of metals,

oxides or carbides. While the metals are usually in the form of thin foils, the oxides and carbides

are in powder (or pressed powder) form.

Usually, in order to have the highest release efficiency, target operation temperatures are

brought close to the material melting point. The material microstructure degradation, due to the

proximity to the melting point, is given as the main reason for beam intensity reduction over time.

Such degradation is assumed to happen through sintering of the target material, bringing changes

in porosity and increase in grain size, which increases diffusion distances. Besides temperature

increase, diffusion times can be reduced by reducing the material grain size. However, if no

microstructure stabilization mechanisms are employed, reduced operation temperatures have to

be used since nano and submicrometric particle materials sinter faster than conventional ones.

Furthermore, in order to produce beams of exotic isotopes (with very short half-lives - down to a

few tens of milliseconds), the isotope release times (diffusion and effusion times included) must

be below or in the same order of magnitude of the isotope half-life. The achievement of such

operation parameters is not trivial, requiring investigation and engineering of stable and ultra fine

microstructures.

1.1. ISOL target nanomaterials state of the art
It was only during the last decade that special attention has been given to the target material

microstructure and its influence in the isotope release efficiency and stability over time [3–8].

Before, large particles were favored with the justification that smaller particles (below 5 μm)

would sinter too fast and would not provide a stable structure for the target material [9].

It was found that by reducing the material particle size of silicon carbide (SiC) from ≈10

to ≈0.6 μm and having high porosity, generally an increase by a factor of 5 to 10 was seen for

magnesium beam intensities [3, 4]. Consequently, this material is currently operated at ISOLDE

even though after having been incorrectly discarded in the past because of its very poor release

properties, in its micrometric form (≈10 μm) [10].

Calcium oxide (CaO) targets were also known to have unreliable beam intensities and often

decreasing over time. By synthesizing a nanometric CaO and studying its sintering characteris-

tics [6], stable argon beam intensities over time, and about five fold higher in intensity could be

produced despite the low operation temperature needed to avoid material sintering [5].

2
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Uranium carbide targets are usually produced through carbothermal reduction of uranium

oxide with excess graphite. By replacing the graphite as the carbon source with multi-wall carbon

nanotubes (MWCNT) and milling the uranium oxide down to ≈180 nm a very porous MWCNT

and uranium carbide nanocomposite was obtained [11]. This target material has shown improved

release rates up to a factor of 10 higher without any decrease during operation time. Furthermore

the MWCNT hinder sintering so the material can be operated at higher temperatures.

1.2. TiC as a target material

TiC has also been evaluated as an unsuitable target material when it was studied in micro-

metric powder form (1-50 μm) for isotope release at 2300 ◦C [9] and at 1900 ◦C when mixed with

graphite [10]. TiC composite targets are used at ISAC-TRIUMF (TRI University Meon Facility

– Isotope Separator and Accelerator in Canada’s National Laboratory for Particle and Nuclear

Physics - an ISOL facility in Canada) to produce radioactive isotopes [12–14]. The targets are

produced by mixing 1 and 7 μm TiC particle sizes (1:1) by milling, followed by slip casting on a

graphite foil and sintered up to 1900 ◦C. The final material is said to be in between 1-10 μm and

the TiC layer to be 50 % dense [12].

Currently at ISOLDE for targets, the element Ti is used in the form of metallic titanium.

Rolled foils loaded in a 2 cm internal diameter, 20 cm long cylinder, are used as a target, however

the beam intensities produced from such configuration, often decay over time due to sintering of

the foils, when the operation temperatures is often higher than 1200 ◦C. Titanium oxide (TiO2)

has also been studied and used at ISOLDE to produce radioactive ion beams, in the form of

micrometric fibers, however they are outperformed by other oxides (such as CaO) [1, 15, 16].

1.3. Previous work

We have made preliminary studies on the processing and sintering to 1500 ◦C of nanosized

TiC powders and TiC carbon composites [17]. The results showed that when nano-TiC powders

were mixed and/or milled with different carbon allotropes - graphite, carbon black and MWCNT

- stable porous nanocomposites could be formed at 1500 ◦C even after 10 h at these elevated tem-

peratures. Without the carbon allotropes the nanosized TiC powders sintered to higher densities

with significant grain growth. Interestingly, attrition milled nano TiC showed lower sinterability

than the as-received powder. This was hypothesised as being due to ZrO2 impurities introduced

from the milling media during the attrition milling. For the TiC-carbon nanocomposites, the

carbon is assumed to act as an inert second phase that reduces the coordination number of TiC

and thus hindering the sintering. To test the suitability of these nanocomposites for application

at ISOLDE, higher temperatures, up to 1800 ◦C, are investigated here. These higher tempera-

tures can only be beneficial for isotope release as long as the target microstructure is stable at the

defined operation temperature. To this end we study in detail the phase composition and mass

losses at these elevated temperatures, not previously reported. Using thermodynamic modelling,

ex-situ X-ray powder diffraction, in-situ gas phase analysis, and scanning electron microscopy

we show that there are interesting phase changes (including interaction with the ZrO2 impuri-

ties from the attrition milling) and the stability of some of the composites against sintering is

sufficient for eventual use as a target material.
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2. Materials and Methods

2.1. Processing
The processing used for the composites was developed in a previous study [17] and will

be only briefly described here. Nanometric TiC was mixed with graphite, carbon black and

MWCNT1, in an attrition mill in isopropanol with 0.5 wt.% polyvinylpyrrolidone, PVP, as a

dispersant. The mixtures where then dried, manually deagglomerated, pressed into cylindrical

compacts and heat treated at 450 ◦C in argon, to remove the PVP. An in-house built vacuum-

oven was used, consisting of a thermally shielded tantalum tube ohmically heated. The oven

was operated in vacuum (10−3 - 10−4 Pa) and heat treatments of 10 h at 1500, 1650 and 1800 ◦C
were conducted with ramps of 8 ◦C min−1. The samples selected for the higher temperature

studies were the ones with the best results obtained in our previous investigation [17]. These

were 50 vol.% graphite-TiC (50Gr), 50 vol.% carbon black-TiC (50CB), 75 vol.% MWCNT-

TiC (75CNTb, bulk density, given by the supplier) and TiC milled with no carbon (TiCm) for

comparison. Other samples with different carbon volumes were also developed but not used in

this study. The starting powders characteristics can be found on table A.2.1 in supplementary

materials.

2.2. Characterization and data handling
Samples dimensions and weight were determined before and after thermal treatment in order

to check for mass losses and follow any evolution of the geometrical density (ρ). Specific surface

area (SSA) and pore size volume and distribution below 200 nm, assuming cylindrical pore shape,

were determined by nitrogen adsorption isotherms in a Quantachrome eNOVA2200. The average

median pore size, PS , was determined from the cumulative size distribution. Microstructures

were observed in a Carl Zeiss SMT Σigma scanning electron microscope (SEM) with an in-lens

secondary electron detector. Considering that the composites had different initial values of ρ,
SSA and PS , the respective variation for each sample and sintering condition was determined

through the formula:

ΔX/X0 = (X − X0)/X0 (1)

where X corresponds to the characteristic after heat treatment (ρ, S or PS ) and X0 is the char-

acteristic before the heat treatment (ρ0, S 0 or PS ,0). The influence of the thermal treatment

temperature and carbon allotrope added to TiC were analysed on the variation of SSA - ΔS/S 0,

density - Δρ/ρ0 and pore size below 200 nm - ΔPS /PS ,0. A repetition for each test (2 samples)

was done and statistical analysis of variance (factorial ANOVA) [18] was done - the statistical

design schematic can be found on figure A.2.1 in supplementary materials).

X-ray powder diffraction (XRPD) was made using a PANalytical X’PERT PRO diffractometer

with a X-ray Cu source, from 20 to 125◦ of 2θ with 0.013 step size (measurement 98 s/◦2θ)
for good statistics. The PANalytical HighScore Plus v4.1 software [19] was used for Rietveld

refinement in order to extract lattice parameters and quantify phase ratios. The Williamson-

Hall method (W.H.) is used to evaluate both crystallite size and microstrain in the TiC [20].

However, the peaks did not present either a Lorentz shape (linear W.H.) neither a Gaussian shape

(quadratic W.H.), they had a contribution from both (Voigt function). Hence, a variation to the

1TiC - Goodfellow (Ref. LS396999/1), 99.9 % pure, 80-130 nm; Graphite - Alfa Aesar, Ref. 40798, 325 mesh,

<44 μm; Carbon black - Orion Engineered Carbons, Printex A Pulver, 40 m2 g−1, 40 nm primary particle size; MWCNT

- Nanocyl, Ref. NC3100, >95 % purity, 10 nm diameter, 1.5 μm length
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W.H. method to account for this proposed by J. Langford [21] was used (hence forward called

LWH). The instrumental broadening was determined with a LaB6 standard material.

Residual gas analysis (RGA) was used in order to study the mass losses of the composite

over temperature. A Pfeiffer Prisma Plus QMA200 quadrupole mass spectrometer (QMS) con-

nected to a Agilent TPS-mobile TV81 pumping station was used. The samples were heated in a

Carbolite STF 15/450 horizontal alumina tube oven, adapted with in-house made flanges to allow

vacuum, which was connected to an Agilent TPS-mobile TV301 pumping station. The QMS was

connected to the oven through a small chicane with reduced conductance to reduce the gas sup-

ply rate. This was done in order to keep the pressure in the QMS as low as possible as required

for its proper function. The oven was heated to 1500 ◦C, where the QMS was recording a mass

spectrum (1 � A � 100) every 2 minutes during the 8 ◦C min−1 heating ramp. Additionally to

the mass spectrum, the pressure was also recorded during the heating ramp, which can be directly

correlated with the mass losses (Δm/m0). All the results obtained were corrected for the system

and crucibles outgas without any sample.

3. Results and Discussion

3.1. Phase evolution
Mass losses (Δm/m0) at the end of each thermal cycle for each sample were followed using

ANOVA which results can be seen on figure 1. In this figure, Δm/m0 is represented with triangles

(Obs. Val.) while the columns represent the ANOVA adjusted values (Fit. Val.) and the error

bars, the standard error of the mean for a 95 % confidence interval. The analysis show a clear in-

crease of -Δm/m0 with temperature for all cases which is related with favorable thermodynamics

to carbon burning (Boudouard reaction, C + CO2(g) � 2CO(g)). In the case of TiCm, the free

carbon comes from the raw material and the carbonaceous deposit from the PVP burning during

processing. Overall, the TiC-carbon nanocomposites have generally higher mass losses related

to the higher amounts of carbon. The nanocomposites produced from higher SSA carbons (see

table A.2.1 on supplementary materials), present higher mass losses, due to higher amount of

adsorbed oxygen or water on the carbons.

In order to clarify the mass losses and check for phase evolution, XRPD and evolved gas

phase analysis were conducted to the materials as produced and thermally treated. ZrO2 is found

in all milled materials, typical example, for 50Gr on figure 2, with quantities from the XRPD,

that vary from from 2.6 to 5.7 wt.%, (table 1). This contamination arises from the milling media

and, during the thermal treatments, reacts with carbon producing ZrC, as detected in the 1500 ◦C
diffractogram. At 1650 ◦C, the ZrC peaks are still present but reduced in intensity and at 1800 ◦C
they disappear completely.

The residual gas analysis (RGA) was made as a function of temperature up to 1500 ◦C. All

of the carbon composites showed similar behaviour (A.2.2 SM) and a typical result is illustrated

for the 50 CB in figure 3. In figure 3, the ion current in [A] is shown a function of mass, A=1 to

100 and temperature. The pressure, proportional to the mass losses, in function of temperature

can also be seen. The RGA allows the identification of the temperatures at which certain volatile

compounds are released from the samples. Mass 44 - CO2, 32 - O2, 28 - CO (or N2 - not really

expected) and 18 - H2O were followed, where the other masses below A = 50 are either isotope

combinations of the referred molecules (such as 12CO and 13CO), fragments due to molecular

breakup during ionization or minor leaks in the system. Above A = 50 the fragments found are

likely due to decomposed PVP which wasn’t fully removed from the sample at 450 ◦C. At tem-

peratures >600 ◦C, CO represents most of the gases released from the sample when comparing

5
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Figure 1: Mass losses (Δm/m0) of TiCm, 50Gr, 50CB and 75CNTb for heat treatments at 1500, 1650 and 1800 ◦C for

10 h. The error bars are the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted values

(columns) obtained by ANOVA - analysis of variance.

with the intensities obtained for other masses. CO2 is not expected in large quantities, even if it

is produced, since the Boudouard reaction is spontaneous at T>700 ◦C.

The pressure for TiC, TiCm and 50CB obtained during the RGA are plotted as function of

temperature, in figure 4. Only 50CB is shown as a representation of all the composites since they

all show the same trend with only a slight shift in the highest temperature peak position. Figure

4 shows 3 peaks, the first at 870 ◦C, the second at 1100 ◦C and a third at 1400 ◦C, not present for

TiC and TiCm.

The first peak is attributed to the reaction of carbon burning either from the free carbon

present in the TiC and/or that resulting from the PVP burnout - which leaves a carbonaceous

deposit on the TiC when carried out in an inert atmosphere. X-ray photoelectron spectroscopy

(XPS), which allows for element identification at surfaces (0 - 10 nm) identified 17.4 wt.% of

oxygen, in the TiC as supplied, likely in the form of TiO2, probably from the powder production

process. Since no TiO2 was identified in XRPD it can be concluded that TiO2 must be present in

very low quantities and at the surface of the particles. The second peak at 1100 ◦C, which was

seen in all cases, is likely to due to the conversion of the titanium oxide into titanium carbide

releasing CO (as seen in figure 3), through the reaction TiO2 + 3C→ TiC + 2CO(g). The third

peak at 1400 ◦C is attributed to the reaction of ZrO2 with the carbon in the composites forming

zirconium carbide (ZrC), again with release of CO (as seen on figure 3), through the reaction

ZrO2 + 3C→ ZrC + 2CO(g).

Thermodynamic phase stability diagrams were computed using HSC 7.11 Chemistry Soft-
ware [22] for Ti-C-O and Zr-C-O at 1200 ◦C and are shown on figure 5 (and also for other

temperatures on figure A.2.3 in supplementary materials), showing where TiC and ZrC are sta-

ble in terms of PCO and PO2
. From the conversion of ZrO2 into ZrC which only starts after

about 1200 ◦C (main peak of gas release curve), the approximate oven atmosphere conditions

can be pin pointed in terms of O2 and CO partial pressures, as marked on figure 5: PCO = 10−11

to 10−3 atm and PO2
= 10−28 to 10−20 atm. The upper limit for PCO = 10−3, 10−3 atm, is an

approximation and is limited by the vacuum system. In another study [23], an XRPD done to

two 50CB samples thermally treated only until 1400 and 1200 ◦C, respectively, and immediately

6
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Figure 2: Diffractograms obtained through XRPD for the TiC as supplied and 50Gr as-produced and heat treated for

1500, 1650 and 1800 ◦C.

cooled down, revealed the presence of ZrO2 and no ZrC in the 1200 ◦C sample and ZrC and no

ZrO2 at 1400 ◦C, confirming the observations of this study.

3.2. TiC lattice parameters

Due to the possible TiCx broad range of composition where 0.5 � x � 1, there is a consider-

able variation in the lattice parameter which is a function of x [24–26]. In the literature [24, 25]

the TiCx lattice (a) is minimum for TiC0.5 where a = 4.299 Å, increases up to TiC0.85 where

a = 4.331 Å and decreases slightly in stoichiometric TiC, down to a = 4.326 Å. It is also

known that O and N contamination, down to tens of a percent decreases the TiC lattice consid-

erably [25]. In order to determine C, N and O concentrations in TiC, combustion with infrared

adsorption spectrometry [27] was used for C, and carrier gas hot extraction analysis [28] for N

and O. The results of these analysis can be seen on table 2, where Ti quantity was deducted from

C, N and O concentration and no other contamination were assumed to be present.

A lattice reduction from 4.315 to 4.310 Å is seen on table 1, matching the oxygen at.%

decrease in table 2, from the as-supplied to the thermally treated sample. The decrease of the

C/Ti ratio seen on table 2 confirms the free carbon present in the sample which burns at low

temperatures, seen at 870 ◦C in the mass losses. The real C/Ti ratio is the one of the TiC sample

thermally treated at 1500 ◦C, 0.68 from table 2. The TiC lattice determined in this work, a =
4.310 Å, is slightly lower from the lattice predicted by Storms et al. [25] for TiC0.68 of 4.324 Å.

This can be due to the O and N contamination in the sample.

The ZrO2 milling contamination reacts with the carbon present in the nanocomposites and

forms ZrC at 1400 ◦C. As the heat treatments temperature increases, the newly formed ZrC

quantity is reduced at 1650 ◦C and vanishes after 1800 ◦C for all cases, as seen in table 1. The

TiC-ZrC phase diagram shown in figure 6 (reproduced from [29]), shows that ZrC forms a con-

tinuous solid solution with TiC (Ti(1 − x)ZrxC). At low temperatures this solid solution presents

an immiscibility asymmetric dome, where the solid solution segregates into 2 phases. Since our

ZrC mol.% is generally quite low (up to 5 mol.%, ca. from table 1), phase segregation is not

expected. It should be noted that the wt.% determined by Rietveld has some error since except

for 50Gr, the carbon peaks were often too low or not visible. In any case, it is clear that the ZrC is
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Table 1: Crystallite sizes and stress determined by XRPD using the LWH method and lattice parameter and phase ratios

determined from Rietveld refinement of the XRPD diffractograms.

Composite Temperature Crystallite size Stress Unit Cell ZrO2 ZrC TiC C

(◦C) (nm) (%) (Å) (wt.%) (wt.%) (wt.%) (wt.%)

TiC
As supplied 51 0.25 4.315 - - 100 -

1500 252 0.01 4.310 - - 100 -

TiCm

As produced 48 0.26 4.316 4.3b - b 95.7 -

1500 107 0.02 4.323 - b - b 100 -

1650 122 0.03 4.324 - b - b 100 -

1800 277 0.02 4.322 - b - b 100 -

50Gr

As produced 43 0.20 4.316 5.7 - 66.8 27.4

1500 59 0.16 4.323 - 3.4 72.4 24.2

1650 64 0.30 4.326 - 1.1 49.5 49.4

1800 134 0.23 4.355 - - 64.8 35.1

50CB

As produced 43 0.20 4.313 5.7 - 68.5 25.8

1500 52 0.10 4.322 - 4.1 80.3 15.6

1650 58 0.12 4.325 - 1.1 61.2 37.7

1800 76/68a 0.22/0.11 4.361/4.330 - - 48.3/44.3 7.8

75CNTb

As produced 46 0.26 4.316 2.6 - 87.1 10.3

1500 52 0.10 4.321 - 1.3 89.8 -

1650 47 0.20 4.336 - - 100 -

1800 138 0.07 4.340 - - 100 -

a Sample presented phase demixing with two TiC phases. More information in the text.
b Energy-dispersive X-ray spectroscopy (EDS) reveals the presence of Zr in 4.4±0.4 wt.% in all samples.

Table 2: C, N and O concentrations in TiC and TiC thermally treated at 1500 ◦C determined by combustion with infrared

adsorption spectrometry and carrier gas hot extraction analysis.

As supplied 1500 ◦C
C (at. %) 40.55 40.46

O (at. %) 4.54 0.04

N (at. %) 0.06 0.07

Ti (at. %) 54.77 59.33

C/Ti 0.74 0.68

gradually dissolving in the TiC lattice which seems to be diffusion limited since only at 1800 ◦C
it is totally integrated.

XRPD made on the composites revealed a small gradual shift (see figure 7) in the TiC peak

position which was inversely proportional to the ZrC phase quantity present in the XRPD. 50Gr

was used to show the shift on figure 7 since it presents an intense carbon peak which conveniently

serves as an internal standard. Rietveld refinement was conducted to all samples in order to

quantify the lattice parameter change, as can be seen on table 1. Looking at this table it is clear

that for all cases there is an increase of the lattice from around 4.315 Å (as supplied TiC) to a

maximum of 4.361 Å for 50CB, 4.355 Å for 50Gr and 4.340 Å for 75CNTb. In solid solutions

the host species is distorted, especially where there is a significant difference between the solid

solution atoms radii: in our case Ti, 1.40 Å, and Zr, 1.55 Å [30]. It is also seen that in the samples,

like 75CNTb, where lower amounts ZrO2 was present, lower lattice distortions were observed.

The Vegard’s law [31] is an empirical law used to predict the lattice of a solid solution, A1−xBx

of phases A and B, originally in ionic salts:

aA1−x Bx = (1 − x)aA + xaB (2)
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Figure 3: Mass spectrum shown in mass (1 � A � 100) vs ion current, obtained by residual gas analysis of 50CB from

350 to 1500 ◦C (a - bottom) and respective pressure evolution over temperature (a - top).

where aA and aB are the lattice parameter of the component A and B respectively, x is the mol.%

of B in A and aA1−x Bx is lattice parameter for the solid solution. Using the lattice obtained in this

work for TiC (a = 4.310 Å, table 1) and 4.698 Å for ZrC [24], the Vegard’s law predicts a lattice

of 4.329 Å for Ti0.96Zr0.04C (which is the case of 50Gr) where in our case a value of 4.355 Å

was obtained (table 1). Even though the Vegard’s law is normally used for alloys, Li et al [29]

obtained a lattice parameter for Ti0.80Zr0.20C which was relatively close to the one predicted

by the law. In our study, this difference might be due to the possible error in determining the

absolute ZrC phase ratio from XRPD or more likely to the increase of the TiC lattice which can

be dissolving carbon from the allotropes, which increases its lattice [25]. In any scenario the

values present the right tendency - increase of the lattice with addition of ZrC - shown by the

Vegard’s law.

In the case of TiCm the ZrC disappears after 1500 ◦C, contrarily to what has been seen

for the carbon composites, as seen on figure 7. Additionally, no clear RGA signal for ZrO2

transformation into ZrC was seen on figure 4. Energy-dispersive X-ray spectroscopy (EDS) re-

vealed the same quantity of Zr element in all TiCm samples (as produced and thermally treated),

4.4±0.4 wt.%, showing that Zr is still present in the samples. The XRPD systematic peak shift for

higher temperatures on the composites is not seen for TiCm (figure 7). Instead, an increase of the

TiC lattice parameter (from 4.310 to 4.323 Å) already at 1500 ◦C is seen which doesn’t change

at higher temperatures. With the current evidence, we believe that the Zr from the ZrO2 is being

introduced into the TiC lattice, increasing the lattice parameter from the as produced sample to

the 1500 ◦C one, which wasn’t seen for TiC as supplied to the heat treated one at 1500 ◦C (table
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Figure 4: Mass losses evolution with temperature extracted the RGA pressure evolution for TiC, TiCm and 50CB for

comparison.

Figure 5: Thermodynamical Ti-C-O (black) and Zr-C-O (grey) overlapped phase stability diagrams at 1200 ◦C, showing

the calculated range of CO and O2 partial pressures in the experimental setup: PCO = 10−3 = 10−3 to 10−11 atm and

PO2
= 10−28 to 10−20 atm.

1). ZrO2 reduction to ZrC is not seen in RGA and is likely happening slower and during the 10 h

dwell time, after the cooling ramp. This delay is caused by the lower carbon contents available

in TiCm.

Using the Vegard’s law for the TiCm case, which is Ti0.976Zr0.024C (c.a. from TiCm as pro-

duced, table 1) a lattice parameter of 4.319 Å is found very close to the one obtained experimen-

tally, a = 4.323 Å. The applicability of the law in this case, further supports the hypothesis that

the TiC must be increasing its lattice also from feeding from the C of the carbon allotropes.

Even though it is unlikely that our TiC-ZrC composition is in the immiscibility dome in the

phase diagram of figure 6, in one sample - 50CB heat treated at 1800 ◦C - we had phase segre-

gation with two different lattice parameters obtained as seen on table 1 (the XRPD diffractogram

obtained can be found on supplementary materials figure A.2.4. Phase segregation in the TiC-

ZrC system was seen in the study of Li et al. [29] for Ti0.80Zr0.20C where a higher lattice ZrC-rich

phase (a=4.68 Å) and a lower lattice TiC-rich phase (a=4.35 Å) were formed. The same seems to

be happening here where a lattice of 4.361 Å was found, likely the one with higher ZrC content

and a 4.330 Å, the one with less ZrC. Since we didn’t follow ZrO2 quantities sample by sample,

we believe that in this sample the initial ZrO2 quantity was higher due to a possible wear of the
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Figure 6: Phase diagram of TiC-ZrC. Adapted from [29]

Figure 7: Diffractograms obtained through XRPD for the TiCm and 50Gr as-produced and heat treated for 1500, 1650

and 1800 ◦C revealing TiC peak shift for higher temperatures.

milling elements, which would increase the ZrC content and cause phase segregation at 1800 ◦C.

On table 1 the lattice stress values are also presented. Lattice strain can be divided in two

categories: uniform strain and nonuniform strain [32]. Uniform strain is caused by uniform

changes in d spacing, causing a shift in the peak position, such as in solid solutions, as seen

before. The nonuniform strain is usually due to imperfections in the lattice such as defects,

which broaden the peaks and reduce the intensities. By looking at table 1, the initial TiC material

has already some degree of strain (0.25 %) likely from the production methods used (which

usually involve milling). As expected for the TiC without any additive, the strain on table 1, is

reduced during heat treatments, since the defects are annealed. Such does not happen for any

of the composites when heat treated at high temperatures. Both types of strain are present in

the TiC-C nanocomposites: uniform strain due to the incorporation of Zr in the TiC lattice and

nonuniform strain which likely arises from the sintering stresses [32] due to the TiC constrained

sintering.
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3.3. Microstructure studies
In order to use these materials for ISOL targets, their microstructure is of high importance

since the smallest particle size stable at the highest possible temperature is of interest. Important

sintering parameters such as Δρ/ρ0, ΔS/S 0 and pore size and volume evolutions were followed

for all samples as function of the heat treatments temperature. To have a reference, TiC without

any carbon (TiCm) to stabilize its particle size, was submitted to the same heat treatments.

TiCm microstructures thermally treated at 1500, 1650 and 1800 ◦C for 10 h, can be seen in

figure 8. When comparing them, grain growth is clear in the sintered samples where grain sizes

go from 48 to more than 500 nm at 1800 ◦C. As can be seen on figure 9, Δρ/ρ0 values increase for

increasing temperature and reach around 67 % for 1800 ◦C. The absolute ρ values can be found

on table 3 where TiCm is seen to reach a density of 3.85 g cm−3, approaching the theoretical one2

- 4.93 g cm−3, showing a non-desired high degree of sintering.

Figure 8: SEM microstructures of TiC milled, TiCm (a) and heat treated for 10 h at 1500 (b), 1650 (c) 1800 ◦C (d).

The high values of Δρ/ρ0 are accompanied by SSA reductions (ΔS/S 0), which can be found

on figure 9. ΔS/S 0 values for TiCm on this figure vary from more than 90 to almost 100 %,

where in the extreme case of 1800 ◦C SSA varies from 29.1 to 0.1 m2 g−1, as seen on table 3. In

the particular case of TiCm heat treated at 1500 ◦C, on figures 9a and b, small Δρ/ρ0, ≈ 9.7 %

(from 2.35 to 2.55 g cm−3 - table 3) are accompanied by large ΔS/S 0 values, ≈-91 % (from 29.1

to 2.1 m2 g−1 - table 3). In this case it is likely that a non-densifying mechanism, such as surface

diffusion is controlling sintering, as seen before for TiC [17]. Surface diffusion is usually a very

important transport mechanism in the early stage sintering, namely for nanomaterials [33, 34],

bringing increase in grain size and, from the contribution of secondary densifying mechanisms,

reduced densification .

The relative pore volumes were calculated from the relative density (ρr=ρ/ρt) using the vP,BJH

(represented on table 3). The porosity fraction below 200 nm - Pr,<200 nm - and above - Pr,>200 nm

- were calculated as well 3. These are represented on figure 10, where TiCm as produced has

2For simplicity the ρt was assumed not to vary with the TiC stoichiometry.
3The calculation method, also used as in [17], is reproduced in supplementary materials A.2.1 of this publication
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Figure 9: TiCm, 50Gr, 50CB and 75CNTb Δρ/ρ0 (a) and ΔS/S 0 (b) for heat treatments at 1500, 1650 and 1800 ◦C
for 10 h. The error bars are the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted values

(columns) obtained by ANOVA - analysis of variance.

53 % of porosity, the majority with a size below 200 nm (Pr,<200 nm=48 %). On the contrary,

after thermal treatment at 1500 ◦C, the TiCm density is slightly increased (from 48 to 52 %) but

accompanied by an enlargement of the pore size (Pr,>200 nm = 44 %). This transformation is

explained by the sintering of the nanometric TiC aggregates which, as referred before, is likely

controlled by surface diffusion, bringing coarsening of the particles with reduced densification.

After 1500 ◦C, the approximate ratio between Pr,>200 nm and Pr,<200 nm is kept while the total

porosity keeps reducing as expected for densification processes. Pore size (PS ) and its relative

evolution (ΔPS /PS ,0) can be seen on table 3 and figure 11, respectively. ΔPS /PS ,0 is positive for

1500 ◦C, doubles for 1650 ◦C and gets negative for 1800 ◦C. As discussed before, for 1500 and

1650 ◦C, there is mainly sintering of agglomerates eliminating the small intra-agglomerate pores

(Pr,<200 nm). Since coarsening is in place, an increase of the porosity between the aggregates is

expected, so the global pore size increases, whereas for the highest temperature of 1800 ◦C densi-

fication of the microstructure among the agglomerates occurs, bringing simultaneously reduction

of porosity and pore size.

Figure 10: Relative density and porosity (below and above 200 nm) for the TiCm, 50Gr, 50CB and 75CNTb as produced

and heat treated for 10 h at 1500, 1650 and 1800 ◦C.
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Table 3: Density (ρ), SSA, median pore size (PS ) and BJH pore volumes (vP,BJH) of TiCm, 50Gr, 50CB and 75CNTb as

produced and after heat treatments for 10 h at 1500, 1650 and 1800 ◦C.

TiCm 50Gr 50CB 75CNTb

ρ (g cm−3)

As produced 2.35 1.94 1.64 1.54

1500 ◦C 2.55 1.88 1.69 1.95

1650 ◦C 3.27 1.91 1.77 2.27

1800 ◦C 3.85 1.99 1.91 2.70

SSA (m2 g−1)

As produced 29.1 32.8 36.6 49.4

1500 ◦C 2.3 13.0 22.1 23.0

1650 ◦C 0.3 10.2 19.7 17.4

1800 ◦C 0.1 7.7 16.7 12.0

PS (nm)

As produced 27 28 30 28

1500 ◦C 42 35 35 28

1650 ◦C 55 39 28 24

1800 ◦C 13 33 32 24

vP,BJH (cm3 g−1)

As produced 0.16 0.17 0.19 0.31

1500 ◦C 0.01 0.07 0.18 0.20

1650 ◦C 0.02 0.06 0.06 0.13

1800 ◦C 0.00 0.04 0.09 0.08

The microstructures of the TiC nanocomposites based on graphite (50Gr), carbon black

(50CB) and MWCNT (75CNTb), as produced and heat treated, can be seen on figure 12. While

for 50Gr (figures 12a, d, g and j) and 75CNTb (figures 12b, e, h, k) there is a clear increase

of the grain size, there is no such evidence for 50CB, even after 1800 ◦C (figures 12c, f, i and

l). Relatively to densities, (table 3, ρ and figure 10, ρr), the 75CNTb had the lowest green den-

sity (1.54 g3 cm−1 - ρr=35 %) and the highest of the composites after 1800 ◦C (2.70 g3 cm−1 -

ρr=57 %) - which results in the Δρ/ρ0 values (up to 77 %), on figure 9a. On figure 9, Δρ/ρ0 was

close to zero for 50Gr and for 50 CB is up to 15 %. In 50Gr, the graphite which has large micro-

metric particles, form a stable non-sinterable skeleton where only TiC particles in between the

graphite grains can sinter, which has restricted influence on the overall sample density. The small

nanometric carbon black primary particles which are close to the sizes of the TiC ones (see table

A.2.1 in supplementary materials), blend well with TiC and greatly affect the TiC coordination

number, hindering sintering [17]. The large density changes on 75CNTb are likely related with

the carbon mass losses, which very likely partially collapse the very porous structure created by

the MWCNT.

On figure 9b, 50Gr and 75CNTb present the highest ΔS/S 0 of the composites (at 1800 ◦C,

77 and 76 %, respectively) while for 50CB, for the same temperature, ΔS/S 0 was only 54 %.

As seen on table 3, as produced 75CNTb has the highest SSA, followed by 50CB and 50Gr

(49.4, 36.6 and 49.4 m2 g−1, respectively), which is due to the carbon allotropes added to the

TiC (see table A.2.1 in supplementary materials). The final SSA at the highest temperature was

16.7 m2 g−1 for the 50CB followed by the 75CNTb with 12.0 m2 g−1 and 7.7 m2 g−1 for 50Gr.

The ΔS/S 0 is a very sensitive sintering parameter, since the growing necks between the TiC

particles and grain coarsening come with great SSA reductions. Despite the influence of mass

losses (figure 1), the SSA reductions on figure 9 indicate that carbon black is further confirmed

to be the most effective hindering the sintering of TiC.

Pore size evolution, ΔPS /PS ,0, in the composites in figure 11 doesn’t present any relevant

changes within the error (95 % confidence interval). It can be interpreted as no significant pore
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Figure 11: TiCm, 50Gr, 50CB and 75CNTb ΔPS /PS ,0 for heat treatments at 1500, 1650 and 1800 ◦C for 10 h. The error

bars are the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted values (columns) obtained by

ANOVA - analysis of variance.

size <200 nm changes, which can be attributed to the TiC sintering hindering by the carbons. Rel-

atively to the pore volumes on figure 10, the nanocomposites, with the exception of 50Gr, keep

higher Pr,<200 nm than Pr,>200 nm contrarily to TiCm, even at 1800 ◦C. For 75CNTb the Pr,<200 nm is

likely to be dominated by the CNT small porosity, while in the case of 50Gr, since the graphite

has a small vP,BJH (table A.2.1 in supplementary materials), the main contribution to the Pr,<200 nm

comes from the TiC. Although in all composites there is some evolution of Pr,<200 nm to Pr,>200 nm

this is not as high as in the case of TiCm. Together with ρr, this evolution is an indication of the

TiC sintering. Sintering of TiC will bring densification and/or increase the Pr,>200 nm relatively to

Pr,<200 nm, since carbon does not sinter (as seen for TiCm, and less in the nanocomposites).

The data presented allows for a quantitative assessment of the TiC sintering in terms of

grain/particle size, where conclusions can be drawn regarding the effectiveness of each carbon

allotrope in the TiC sintering hindering. In order to have a more qualitative approach and con-

firm these observations, XRPD was used to isolate and quantify the TiC crystallite sizes through

peak broadening using the LWH method, as seen on table 1. In this table, the crystallite sizes

calculated for the TiCm, 50Gr, 50CB and 75CNTb for the different thermal treatments can be

found. A good level of precision for the XRPD crystallite size is obtained since the 51 nm ob-

tained for TiC are consistent with SEM measured particles (64±29 nm [23]) and also with particle

size calculated from SSA (48 nm - table A.2.1 in supplementary materials). Furthermore good

reproducibility of the technique is shown through the consistency of the TiC crystallite size mea-

surements, which should be of similar size across all the as produced composites, as seen on

table 1. At 1800 ◦C the smallest TiC crystallite sizes obtained are: 76 nm for the 50CB, followed

by 75CNTb and 50Gr with 138 and 134 nm, respectively. The TiCm grains shown on the mi-

crostructure of TiCm on figure 8 at 1800 ◦C are larger than the XRPD crystallite size determined

on table 1 - 277 nm, likely due to limitations on the LWH technique which is normally up to

100-200 nm. With the XRPD crystallite size determinations, it is clear that the most effective

carbon allotrope hindering the sintering of TiC is carbon black in 50CB followed by CNT in

75CNTb and graphite in 50Gr. 50Gr present a slightly higher porosity, but 75CNTb presents

smaller pores, for the same crystallite sizes.
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Figure 12: SEM microstructures of 50Gr, 50CB and 75CNTb as produced (a, b and c respectively) and the same com-

posites but heat treated for 10 h at 1500 (d, e and f), 1650 (g,h,i) and 1800 ◦C (j, k and l).

4. Conclusions

Nanometric titanium carbide was successfully stabilized up to 1800 ◦C with addition of 3

different carbon allotropes: graphite, carbon black and MWCNT. The most effective carbon

allotrope hindering the sintering of TiC was carbon black, followed by MWCNT and graphite.

After heat treatment at 1800 ◦C, the TiC crystallite sizes without any carbon addition were more

than 0.5 μm while for 50 vol. % carbon black-TiC (50CB), 50 vol. % graphite-TiC (50Gr) and

75 vol. % MWCNT (bulk density)-TiC (75CNTb) the crystallite sizes were 76, 134 and 138 nm,

respectively. A relative density of 78 % was obtained for TiC sintered at 1800 ◦C while the

composites attained significantly lower densities: 55 % for both 50CB and 50Gr and 58 % for

75CNTb.

The processing route for the composites introduces a ZrO2 contamination (from 2.6 to 5.7

wt.%) that comes from the milling elements. This contamination converts at about 1400 ◦C, to

ZrC consuming carbon of the nanocomposites and releasing CO gas. The ZrC phase gradually
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solubilizes in the TiC lattice, where at 1800 ◦C there are no more ZrC XRPD phase peaks seen.

This was followed by XRPD where the lattice parameter of TiC increases, due to solubility of

ZrC, from 4.315 nm up to 4.361 nm. Although there seems to be an effect of the element Zr in the

sintering of TiC [17, 35], this is not the main mechanism responsible for hindering the sintering

of the nanometric TiC. The carbon addition is the controlling factor, reducing the coordination

number of TiC, as shown when comparing the sintering behaviour of the TiCm (containing Zr)

and the nanocomposites produced.

All of the produced carbon composites fulfill the microstructural requirements for ISOL tar-

get application (high porosity and nanometric particle size) to ensure smaller diffusion lengths,

which result in shorter diffusion times, while the high porosity makes effusion faster reducing

the probability of collision and or/trapping of the isotopes in the bulk of the material.
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3.4 Summary of the TiC-carbon nanocomposite development

In this chapter the preliminary studies and development of the processing route for the TiC-C

nanocomposites and respective full characterizations were presented.

In the preliminary studies section (3.1, page 62), Ti-based nanometric materials, TiO2 and TiC,

were studied in terms of sinterability and selected samples were studied for release, where the

main conclusions were:

• TiO2 sinters to submicrometric grain sizes, at 1000 ◦C, where the anatase to rutile trans-

formation accelerates sintering. The, transformation is delayed by Si contamination

which is also known to hinder grain growth;

• There was no isotope release at 1000 ◦C for any of the studied elements from TiO2, due

to the low temperatures used in order to keep its submicrometric structure stable;

• TiC loses the nanometric structure at 1300 ◦C but keeps submicrometric grains up to

1500 ◦C, however TiC oxidation is detected on the samples at T > 1400◦C;

• The TiC release properties were studied from 1300 to 1450 ◦C and showed increasing

released fractions, F , up to 1400 ◦C, e.g. F = 25 % for Na for 1400 ◦C, which at 1450 ◦C, F

starts to decrease, probably due to the sample oxidation;

• the TiC results show great potential as target material if the nanostructure can be stabi-

lized. The F was not much lower than those obtained in the literature for micrometric

TiC at much higher temperatures (2300 ◦C).

In the second section (3.2, page 65), to stabilize the nanometric TiC up to 1500 ◦C, a processing

route to produce TiC-C nanocomposites (where C is graphite, carbon black (CB) or MWCNT)

is developed, where:

• a processing route using attrition milling to co-mill the TiC and the carbons in IPA with

PVP to act as a dispersant was developed by first milling all raw materials individually.

In the case of TiC it reduces the agglomerate size by about a factor of 5 and introduces

a ZrO2 contamination in the materials from the milling media;

• three nanocomposites were produced, tested up to 1500 ◦C and characterized:

– TiC - to serve as a reference;

– TiCm - TiC milled for 2 h - to serve as a reference;

– 50Gr - 1:1 volume TiC-graphite nanocomposite;

– 50CB - 1:1 volume TiC-carbon black nanocomposite;

– 75CNTb - 3:1 volume TiC-MWCNT nanocomposite (MWCNT bulk density consid-

ered);

– and others which were not discussed - 25Gr, 25CB, 75CB, 25CNT, 50CNT, 75CNT -

their results can be found on appendix section A.1.2, page 162.

• milled TiC (TiCm) shows lower sinterability than the as supplied TiC, where either the

lower agglomerate size or the introduction of Zr are affecting the sintering phenomena;

• MWCNT is the most successful carbon hindering the sintering of nano TiC at 1500 ◦C,

where with a TiC/C weight ratio of 10.9 is able to keep low densities (37 %) and TiC grain

107



Chapter 3. TiC-carbon nanocomposite development

sizes of GSE M = 62±26nm (from primary particle sizes of 41 nm);

• graphite and carbon black are also able to hinder the sintering of nanometric TiC where

TiC/C ratios of 2.3 and 2.7, respectively, of the nanocomposites sintered at 1500 ◦C are

roughly 50 % dense and have GSE M values of 85±42nm and 58±29nm, respectively.

Finally, on the third section (3.3, page 86), the developed TiC-C nanocomposites were tested

at higher temperatures (up to 1800 ◦C) and the mass losses, phase evolutions and TiC lattice

parameters were studied in depth. It can be concluded from this section, that:

• using residual gas analysis, coupled with thermodynamic modeling and XRPD, the mass

losses, which were up to 14 % of the nanocomposites were determined to be due to free

carbon burning (≈ 870◦C, TiO2 (present in the TiC raw material, ≈ 1100◦C) reduction

into TiC and ZrO2 reduction into ZrC (≈ 1400◦C);

• through thermodynamic modeling the oven PCO was estimated to be between 10−11

and 10−3 atm and PO2 to be between 10−28 and 10−20 atm;

• the ZrC formed solubilizes slowly into the TiC phase, where at 1800 ◦C is totally solu-

bilized, forming a Ti(1−x)Zrx C which brings an increase of the TiC crystalline lattice

parameter;

• the stoichiometry of TiCx was determined to be TiC0.68 where the results suggest that

x may be increasing during the thermal treatments of the nanocomposites, since the

increase in lattice parameter can’t all be described by the ZrC solubilization, as predicted

by the Vegard’s law;

• TiC lattice parameter was found to be a = 4.315Å which agrees with those present in

the literature;

• the most effective carbon hindering the sintering of the TiC at 1800 ◦C was the car-

bon black, followed by MWCNT and graphite, where crystallite sizes were 76, 134 and

138 nm, respectively, and densities between 55 and 58 %; all fulfill the requirements to

be considered as ISOL target materials.
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4 TiC and TiC-carbon black sintering
kinetics

Contents

4.1 Article: Master sintering curve determination of nanometric TiC and a TiC-
carbon black nanocomposite . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

1. Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.2 Further discussion and summary of the TiC and TiC-carbon black sinter-
ing kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.1 Article: Master sintering curve determination of nanometric TiC

and a TiC-carbon black nanocomposite

In this section the sintering kinetics of TiC and TiC-carbon black are studied through constant

heating rate dilatometry in order to determine the Master Sintering Curve (MSC). Through

the MSC the apparent activation energy for the TiC sintering can be found and compared with

values in the literature, both with and without carbon addition (TiC-carbon black nanocom-

posite). Another major advantage of the MSC is adding a predictive power to the TiC and

TiC-CB sintering systems. An article draft is presented with the sintering studies and in the

section after (4.2) the discussion started in the article draft is further extended and the main

conclusions are presented for this chapter. For the sintering studies the dilatometer and data

analysis described in section 2.1.4 on page 48 was used.

The article below, included in this thesis, is a draft to be submitted for publication in a peer

reviewed journal. The author of the thesis (first author) has written the manuscript (which

was reviewed by the co-authors), did the experimental work and result analysis. The figures

and tables from this article are present in the list of figures and list of tables of the thesis

with the numbering form of 4.ax, where x is the number of table/figure in the article. The
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supplementary materials of this article can be found starting on page 169 on the appendix

section A.3.
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Abstract

A pragmatic approach to study sintering is through the use of the master sintering curve

(MSC) which contrarily to many other sintering models, has real predictive powder. The MSC

uses the combined-stage sintering model which can predict the sintering densities independently

of the temperature-time path chosen as well as give an apparent activation energy for sintering.

Titanium carbide pressureless sintering studies are scarce in the literature. Here we report on

the first MSC determined for (nanometric) TiC, using constant heating rate dilatometry under

vacuum, up to 1500 ◦C. An apparent activation energy of 390 kJ mol−1 was determined for nano-

metric TiC sintering using this method, which agrees with those determined in the literature.

The MSC was also determined for a TiC-carbon black nanocomposite, and compared to the

pure TiC MSC, with the objective of assessing the sintering hindering of TiC. The sintering

hindering was successful where the apparent activation energy was slightly higher for the TiC-

CB composite, 555 kJ mol−1. Furthermore, stops were made in both TiC and TiC-carbon black

runs in order characterize the density, particle size, specific surface area and pore size of the

samples. While in the pure TiC, at 1500 ◦C, the crystallite size grew up to 192 nm (from 51 nm)

and densities up to 66 % (from 45 %), in the TiC-CB, TiC crystallite sizes as low as 61 nm and

densities slightly increased up to 44 % (from 40 %).

Keywords: master sintering curve, titanium carbide, sintering, TiC-C nanocomposite,

dilatometry

1. Introduction

Titanium carbide (TiC) is mostly known for its very high melting point, high chemical stabil-

ity and very high hardness. It is used mainly in aerospace industry and in tooling - as a coating or

in cermets [1, 2]. TiC has an extensive homogeneity range - TiCx where x=0.5 to 1, which affects

its melting point, being the highest, Tm=3067 ◦C, for TiC0.86 [2]. Besides the referred character-

istics, TiC is also a good thermal and electrical conductor. The former make it also an interesting

choice for nuclear applications, in fusion and fission reactors [3]. TiC has been studied as well

as a spallation target material for the production of radioactive ion beams (RIB) [4–9].
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Pure TiC densification studies by pressureless sintering, seldomly appear in the literature,

due to its poor sinterability, where TiC is often found in sintering studies as a component in

composite materials. Cermets are such an example, where TiC is mixed with, among others, Co,

Ni, Fe, Mo and/or Cr to promote liquid phase sintering, allowing full densification at relatively

low temperatures [10]. For other types of composites, which include TiC with Al2O3, SiC or

graphite, mainly for tooling applications, hot-pressing consolidation is often used [11].

Pressureless sintering of pure TiC can be found in the literature for nanometric (70 - 200 nm) [12–

14], submicron [15, 16] and micrometric [17, 18] powders at temperatures in the range of 1200 to

2400 ◦C [19]. Titanium carbide sintering was also attempted, unsuccessfully, with the aid of ul-

trasonic vibrations with and without pressure [20]. Micrometric TiC has been sintered by spark

plasma sintering (SPS) and full densities were reached at relatively low temperatures, 1450-

1600 ◦C [11].

In the pressurless sintering of nanometric TiC (140-170 nm) densities of ≈ 91 % density at

1627 ◦C are reached while, to reach the same density with ≈ 5 μm TiC, 2797 ◦C were needed [12].

Such behaviour is expected for nanomaterials since generally the sintering temperature is around

0.2 − 0.4Tm, as opposed to 0.5-0.9Tm for micrometric materials [21]. This is also confirmed

from another study, where submicron TiC particles reached 95 % density at 1800 ◦C while

particles > 44 μm reached only 72 % at 2300 ◦C [16]. Additionally, higher sintering rates were

observed between 1250 and 1500 ◦C for the submicrometric TiC. The sintering of TiC is also

affected by the TiCx stoichiometry, where lower carbon contents (0.58 � x � 0.78) bring higher

densification rates at lower temperatures [15, 18].

To the best of our knowledge, very few studies can be found, in the literature, for tita-

nium carbide pressureless sintering kinetics. Chermant et al. [14] computed Ashby sintering

diagrams [22] from experimental results for nanometric and micrometric TiC (0.1 and 10 μm).

For both, grain boundary diffusion was found to be the predominant sintering mechanism for the

final stages of sintering with an activation energy of 192 kJ mol−1 between 1900 and 2400 ◦C.

In another study, Ordan’yan et al. [15], has determined that depending on the stoichiometry

of TiCx the activation energy for self-diffusion (determined from sintering studies) varied from

293 kJ mol−1, for x=0.6 to 468 kJ mol−1 for x=1. In the literature, sintering activation energies

of around 400 kJ mol−1 are found throughout the literature for TiC [13–15], independently of

the TiC size and sintering temperature. TiC grain growth as an isolated process (at full den-

sity) has also been studied and the activation energy found to be around half of the sintering Q,

200 kJ mol−1 [14]. All these values are summarized later in this article in table 1.

The master sintering curve (MSC), is a tool used to study sintering and to predict densification

independently of the temperature-time path used [23]. We will, in this study, determine the TiC

MSC and its respective apparent activation energy where to the best of our knowledge, is non

existant in the literature. Furthermore, we will determine the MSC of a 1:1 volume ratio TiC-

carbon black nanocomposite (TiC-CB) and compare it to the pure TiC sintering. The TiC-CB

composite was developed in previous studies [7, 8] to hinder the sintering of nanometric TiC, in

order to keep a nanometric TiC grain size and high porosity which are stable at high temperatures

(� 1500 ◦C) [9].

1.1. Master Sintering Curve
The classical 3-stage sintering models are good approximations to the sintering phenomena,

however, they have many geometrical assumptions. This makes them only useful to interpret sin-

tering in a qualitative way and, in most practical cases, have no predictive power [23]. Sintering

is a very complex phenomena, which apart from the material, depends on the pore and particle
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sizes and respective size distributions, chemical impurities, particle shape, agglomeration de-

gree and other factors. The MSC was proposed by Su and Johnson [23] to allow for practical

prediction of the density independently of the thermal path.

The MSC was derived from the unified stage sintering model final equation [23, 24]:

− dρ
3ρdt

=
γΩ

kT

(
ΓυDυ
G3
+
ΓbδDb

G4

)
(1)

where ρ is the sample density, t is the time, γ is the surface energy, Ω is the atomic volume,

k is the Boltzmann constant, T is the absolute temperature, G is the mean grain size, δ is the

grain boundary width and Dυ and Db are respectively the volume and grain boundary diffusion

coefficients. Γυ and Γb are scaling parameters that represent volume and grain boundary diffusion.

From equation 1, assuming that only one dominant diffusion mechanism is active and that the

microstructure evolution (which G and Γ describe) is a function of density with no regard for

thermal history, one can rearrange the terms in the following way [23]:∫ t

0

1

T
e−

Q
kT dt =

k
γΩD0

∫ ρ

ρ0

[
G(ρ)

]n

3ρΓ(ρ)
dρ (2)

where Q is the apparent activation energy, R is the ideal gas constant, D0 = Dυ,0 (pre-exponential

factor in the Arrhenius formula) and n = 3 for volume diffusion and D0 = δDb,0 and n = 4

for grain boundary diffusion. In equation 2, the left hand can be called the work of sintering,

Θ [t, T (t)], only dependent on Q and the time-temperature profile, such as:

Θ [t, T (t)] ≡
∫ t

0

1

T
e−

Q
kT dt (3)

The right hand side of equation 2 only depends on the microstructural and material charac-

teristics, and can be called Φ(ρr), where overall Θ [t, T (t)] = Φ(ρr) and ρr is the relative density.

The relative density is described from the relation ρr = ρ/ρt, where ρt is the theoretical density

of the material. The MSC is obtained by the relation of ρr with Θ [t, T (t)].
A simple way to determine the MSC is through the use of a dilatometer which records instan-

taneous linear shrinkage over temperature. This can be done by recording 4-5 constant heating

rate (c) curves which can be converted to density over temperature [23]. For this case, c=dT/dt
and equation 3 becomes:

Θ ≡ 1

c

∫ T

T0

1

T
e−

Q
kT dT (4)

where T0 is the temperature up to which no sintering happens. The density can then be plotted

with the computed Θ [t, T (t)] curves for each heating rate assuming a Q value. The MSC is

finally obtained when all curves converge into one by iterating Q [23]. The MSC has several

assumptions in order to be applied: (i) it can only predict sintering of the same green-body (same

powder and same green processing); (ii) the microstructural evolution (grain size and geometry)

depends only on density - which is true normally below ρr=1 and (iii) one diffusion mechanism

(volume or grain-boundary diffusion) dominates the sintering [23].

2. Materials and Methods

Nanometric TiC was acquired from Goodfellow (Ref. LS396999/1 99.9% pure, 80-130 nm)

and pressed into rectangular section bars of about 15×5×2 mm with applied pressure of 62 MPa.
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A TiC-carbon black nanocomposite (TiC-CB) was also produced as described elsewhere in de-

tail [7, 9]. Briefly, carbon black was obtained from Orion Engineered Carbons (Printex A Pulver,

40 m2 g−1 - 40 nm particle size). The TiC was mixed with carbon black in 1:1 volume ratio1 in

an attrition mill in isopropanol with 0.5 wt.% polyvinilpyrrolidone (PVP) to act as a dispersant.

Yttria stabilized zirconia was used for milling elements. The obtained slurry was dried in a rotary

evaporator, deagglomerated and pressed in the same way as the pure TiC. The TiC-CB powder

compacts were thermally treated to 450 ◦C in a flowing argon atmosphere in order to remove the

PVP.

The samples were then introduced one by one in a dilatometer made in-house. The dilatome-

ter cell and oven were entirely made in graphite and were connected to a rotary oil pump that

could maintain a 1 - 10−1 Pa vacuum. The sample was in contact with a graphite bar that was con-

nected to a linear variable differential transformer sensor (LVDT), to measure sample shrinkage

(Δl/l0) at all times. In order to build a MSC, different heating ramps, 4, 8, 16 and 30 ◦C min−1,

were used until 1500 ◦C (oven maximum temperature).

All dilatometer curves were corrected for the blank, a curve made with a graphite sample.

Corrections were also made for thermal expansion difference of TiC and graphite. This was done

using the cooling part of the Δl/l0 signal which, after blank correction, can only be due to thermal

expansion. Usually the corrected Δl/l0 can be directly converted into relative density, assuming

no mass losses. In our case significant mass losses occurred and thus these were used to correct

data as described below.

TiC and TiC-CB mass losses were found to be on average 6.1 % and 8.4 %, respectively. To

calculate ρr vs T , mass loss curves over temperature were taken from a previous article [8], and

can be found reproduced in the supplementary materials. At high temperatures (>800 ◦C) these

mass losses were attributed to burning of free carbon (peak around 900 ◦C), TiO2 conversion

into TiC (peak around 1100 ◦C) and ZrO2 conversion to ZrC (peak around 1350 ◦C for the case

of TiC-CB). TiO2 is present in the starting TiC at the surface, while the ZrO2 comes from the

milling elements during the processing of the TiC-CB. Densities were calculated using the mass

loss curves and assuming isotropic shrinkage, Δl/l0 to correct for sample dimensions at all times.

While the different phases and respective changes will affect the theoretical density during the

dilatometries, their amount is reduced, in the order of a few percent. Consequently, to simplify

the data treatment, ρt was maintained at 4.93 g cm−3 for TiC and for TiC-CB the calculated value

of ρt = 3.39 g cm−3 was used.

The Θ [t, T (t)] - ρr curves were computed for each heating rate for a large range of Q values

using Wolfram Mathematica v10.4. The convergence of the curves - best Q - was found, by

minimizing the reduced χ2 using Origin Pro 2016 to fit to a sigmoidal function, as proposed by

Teng et al. [26]:

ρ = ρ0 +
a[

1 + exp
(
− log(Φ)−log(Φ0)

b

)]c (5)

where a, b and c are constants, ρ0 is the initial density and log(Φo) is the abscissa coordinate in

the reflection point of the curve.

To follow the microstructure evolution during sintering, some TiC and TiC-CB samples were

obtained by heating up to certain temperatures at 8 ◦C min−1. Morphology was evaluated on

the sample fracture through scanning electron microscopy (SEM) in a Carl Zeiss SMT Σigma
using an in-lens secondary electron detector. ImageJ v1.50 software was used to measure the

1Theoretical densities considered: TiC - 4.93 g cm−3 [25]; carbon black - 1.85 g cm−3 (given by the supplier)
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particle size/grain distribution, measuring 375 particles in each SEM microstructure [27]. Spe-

cific surface area (SSA), through nitrogen adsorption was determined with a Quantachrome eN-
OVA2200. X-ray powder diffraction (XRPD) was made in a PANalytical X’PERT PRO diffrac-

tometer. Phase ratios were quantified by Rieveld refinement using the PANalytical HighScore
Plus v4.1 software [28]. Using the same software, crystallite size was extracted using the modi-

fied Williamson-Hall method proposed by Langford [29]. Mercury intrusion porosimetry (MIP)

was done to assess pore size distribution with a Thermo Scientific Pascal 440 Series and a mer-

cury contact angle of 140◦ was assumed for the data treatment of all samples.

3. Results and Discussion

3.1. TiC Master Sintering Curve
The dilatometric curves (ρt vs T ) of TiC and respective derivatives (dρ/dT ) for 4, 8, 15

and 30 ◦C min−1, can be found on figure 1a) and b), respectively. The maximum densification

reached for TiC was ≈ 66 % at 4 ◦C min−1, on figure 1a), while green densities were around 45 %.

Furthermore, no plateau on the ρr values was reached for TiC, showing that sintering is far from

complete at 1500 ◦C. The derivative curves on figure 1b) show an almost continuous increase

of the sintering rate with the temperature, except for 1200-1300 ◦C. This behavior is likely due

to the conversion reaction of the residual TiO2 with the free carbon present forming TiC, which

come with a density reduction as pointed on [8]. Since the dilatometer pressure was around 1

- 10−1 Pa and the setup where the mass losses were determined was around 10−3 - 10−4 Pa [8],

this can produce a shift in the reaction thermodynamics to higher temperatures, due to higher

partial pressures of CO (TiO2+3C→ TiC+2CO). A small density decrease around 1100 ◦C is

also noticed on figure 1a), which is likely burning of free carbon before sintering starts, delayed

for the same reasons as described before.

Figure 1: Dilatometric curves for nanometric TiC (a) and respective derivative (b) for different heating rates: 4, 8, 15 and

30 ◦C min−1.

From the dilatometries of figure 1a) the equation 4 was used to compute Θ vs ρr for different

Q values. The sigmoid function (equation 5) was used to fit the best Q value, obtaining the MSC

seen in figure 2. Due to the fact that the top part of the sigmoid is unknown, the fit did not

converge unless ρ0 from equation 5 was fixed to the minimum value of the curve. The apparent

activation energy found for TiC sintering was Q=390 kJ mol−1 with a reduced χ2 of 1.66 × 10−6,

as seen in figure 2 and its inset. Even though ρ0 was fixed, a good reduced χ2 was achieved and
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as seen on figure 2, the fit function follows the Θ values reasonably well especially for increasing

densities - when sintering is occurring.

Figure 2: MSC of nanometric TiC and reduced χ2 minimization (inset). The parameter values for the sigmoid function

(equation 5) were ρ0=0.447, θ0=3.623 × 10−12, a=0.551, b=2.573, c=1.173.

As no other MSC curves exist for TiC in the literature for comparison, the apparent activa-

tion energy found can be compared with those found for pressureless sintering of TiC [13–15], as

summarized in table 1. Literature nanometric TiC Q values of 389, 458 [13] and 460 kJ mol−1 [14]

(position 2, 3 and 4 on table 1), are very close to the one determined in this work, even when,

in the later case, the temperatures used were much higher (1900-2100 ◦C). Although on line 4

of table 1, TiC is submicron, that didn’t significantly change its Q, 468 kJ mol−1 [15] which was

obtained for stoichiometric TiC.

In a previous study, the stoichiometry of the titanium carbide used in this study was deter-

mined to be TiC0.68 [8]. In the literature the TiCx stoichiometry affects the sintering behaviour

of TiC [15, 18]. Ordan’yan et al. [15] reported increasing Q values with x on TiCx, where a TiC

with exactly the same stoichiometry of the one used in this study (TiC0.68) had Q = 297 kJ mol−1

(line 6 of table 1). This value was significantly lower than the one obtained in the same study for

stoichiometric TiC, Q = 468 kJ mol−1 (line 5 of table 1) and also significantly lower than the one

obtained in this study for the same stoichiometry. Activation energies for grain growth (lines 7

and 8 of table 1) were found significantly lower [14] than the ones obtained for sintering in this

work and others.

In addition to the values of Q for sintering and grain growth, the activation energies of C and

Ti self-diffusion on TiC are also presented on lines 9 and 10 in table 1. With respect to single

crystal diffusion of Ti in TiC (Q = 740 kJ mol−1), our value is smaller, as would be expected

for polycrystalline materials where high concentration defect zones facilitate diffusion though

surface and grain boundary diffusion mechanisms. Carbon self-diffusion Q is close to the one

of this work, where the high number of carbon vacancies present in TiC [30–32] make it not

depending on the sample structure. Nonetheless, Ti is still expected to control the sintering as

the largest atom (Ti - 1.40 Å, C - 0.70 Å), and consequently is also the slowest - ≈ 104 slower

than C [30, 31].

Where noticeable changes in dρ/dT were seen (figure 1b), stops at 1250 and 1400 ◦C in the

8 ◦C min−1 dilatometric runs were made in order to assess the TiC microstructure. Characteriza-
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Table 1: Activation energies for pressureless sintering of TiC, for C and Ti self-diffusion in TiC and for the MSC curves

for TiC and TiC-carbon black composites (TiC-CB).

# Form Q Technique Temperature Reference

(kJ mol−1) (◦C)

1 Nanometric TiCa 390 MSC 1000-1500 this work

2 TiC (12.4 m2 g−1 ca. 98 nm)b 389 ± 20 Sintering 1197-1472 [13]

3 TiC (13.6 m2 g−1 ca. 89 nm)a,b 458 ± 13 Sintering 1155-1456 [13]

4 Nanometric TiC (75 nm) 460 Sintering 1900-2100 [14]

5 TiC (>4 m2 g−1 ca. 304 nm)a,b 468 Sintering 900-1900 [15]

6 TiC0.68 (>4 m2 g−1 ca. 304 nm)a,b 297 Sintering 900-1900 [15]

7 Nanometric TiC (75 nm) 192 Grain Growth (ρr=1) 2250-2400 [14]

8 Micrometric TiCa 251 Grain Growth (ρr=1) 1900-2400 [14]

9 Single Crystal TiC 740 ± 15 Residual activity (44Ti) 1920-2215 [30]

10 Single and polycristalline TiC 399-447 Residual activity (14C) 1450-2280 [31, 32]

11 TiC-CB nanocomposite 555 MSC 1000-1500 this work

a Commercially available.
b GBET = 6/(S S A ∗ ρt), assuming spherical particles, where GBET is the particle size.

Figure 3: Cumulative pore size distributions for the 8 ◦C min−1 dilatometry curves, as supplied, 1250, 1400 and 1500 ◦C,

for TiC (a) and TiC-CB (b).

tions were also done before sintering and at the end (1500 ◦C). MIP was done for each sample

as represented on figure 3a and SEM microstructures can be seen in figure 4. The mean particle

size and standard deviation from the size distribution measured with ImageJ v1.50 from the SEM

pictures, can be found on table 2, together with the results from SSA, calculated GBET , XRPD

crystallite size and MIP median pore diameter.

On the microstructures of figure 4 sintering through neck formation can clearly be seen,

leading to crystallite size growth. The crystallite size determined by XRPD and the one observed

in SEM, on table 2, agree very well with each other. In here TiC crystallite size evolves from

≈ 60 nm to ≈ 200 nm, accompanied by large surface area reductions (≈1/10 of initial SSA) as

seen on table 2. From room temperature to 1250 ◦C large surface area reduction, from 25.1

to 11.7 m2 g−1, is accompanied by a very small densification (figure 1a). This points to the

controlling of early stage sintering by surface diffusion, which leads to coarsening of the structure

with reduced densification.

The median pore size, determined by MIP, increases for higher temperatures, from 62 nm as
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Figure 4: SEM fracture microstructures for the TiC 8 ◦C min−1 dilatometry curves: as-produced (a), 1250 (b), 1400 (c)

and 1500 ◦C (d).

supplied to 131 nm at 1500 ◦C, as seen on table 2. The respective normalized pore size distribu-

tions, on figure 3a, show this tendency together with an increase of small pores fraction (<50 nm).

A fraction of around 50 % of the porosity of the as supplied TiC has been reported to be of pores

larger than 200 nm (related with intra-agglomerate porosity) [7], contrarily to what is reported by

MIP. The large pores are not detected by MIP due to the assumption of the technique that each

pore is accessible through larger pores or from the surface, which is obviously not the case here.

Nonetheless the observed increase of the small pores fraction is expected from sintering of the

TiC particles while the general increase in pore size can be explained by the coalescence of these

particles within the agglomerates which increase the overall pore size.

Table 2: SSA, SEM particle size, XRPD crystallite size, for the TiC as supplied and heated at 8 ◦C min−1 up to 1250,

1400 and 1500 ◦C as well as for the TiC-CB as produced and heat treated at the same rate up to 1200, 1400 and 1500 ◦C.

Material Temperature ρr
a SSA SEM particle size XRPD crystallite size MIP Median Pore Diameter

(◦C) (m2 g−1) (nm) (nm) (nm)

TiC RT 0.46 25.1 64 ± 29 51 62

1250 0.51 11.7 71 ± 32 57 70

1400 0.51b 5.4 129 ± 54 120 94

1500 0.60 2.7 192 ± 72 220 131

TiC-CB RT 0.41 30.0 54 ± 29 48 62

1200 0.42 23.2 47 ± 30 45 79

1400 0.46 20.4 50 ± 24 50 91

1500 0.44 13.0 58 ± 28 61 93

a Determined through the geometrical density.
b Sample partially broken.
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3.2. TiC-CB nanocomposite Master Sintering Curve

As in the TiC case, the densification curves and respective derivative from the dilatometric

experiments of TiC-CB nanocomposite were obtained at the same heating rates as for TiC (4,

8, 15 and 30 ◦C min−1) and are plotted on figure 5a and b, respectively. The green densities

were close to 40 % and densification was very small, reaching at 1500 ◦C, only ≈ 44 % (figure

5a). Similarly to TiC, there is a negative derivative up to 1100 ◦C on figure 5b) which is likely

linked with losses of carbon reacting with residual oxygen as pointed out on [8]. Additionally,

the reaction of TiO2 to TiC is also seen but in this case at slightly lower temperatures (between

1125 and 1275 ◦C) than the TiC. The temperature shift is likely due to the reductive environment

created by carbon black present in the sample’s microstructure.

Figure 5: Dilatometric curves for TiC-carbon black nanocomposite (a) and respective derivative (b) for different heating

rates: 4, 8, 15 and 30 ◦C min−1.

Similarly to TiC, stops were made during the dilatometric runs in the 8 ◦C min−1 curves where

dρ/dT (figure 5b)) would present significant changes: at 1200 and 1400 ◦C. Characterization was

also conducted on the as-produced TiC-CB material and at the end of the dilatometry (1500 ◦C).

XRPD was done to all the TiC-CB samples to assess the crystalline phases, where ZrO2 and ZrC

were found, as seen on figure 6. Although ZrO2 is not found in the as-produced TiC-CB, likely

due to the low contents and poor crystallinity, it appears at 1200 ◦C on the XRPD diffractograms.

The ZrO2, coming from the milling elements, reacts with the carbon to form ZrC, as seen on the

diffractograms of the 1400 and 1500 ◦C samples on figure 5, and in other studies done before [8].

ZrC quantities at 1500 ◦C, calculated by Rietvelt refinement, are ≈ 2.5 wt.%. This reaction is

also detected in the dρ/dT curves (figure 5) starting at 1275 ◦C for 4 ◦C min−1 and 1450 ◦C for

30 ◦C min−1, slowing down the apparent sintering rate due to density losses.

The MSC of TiC-CB nanocomposite was computed from the dilatometries of figure 5 and

can be found on figure 7. The MSC curve follows very well the computed Θ [t, T (t)] - ρr values

except for the lowest and highest density parts, both likely due to mass loss shifts in temperature.

In the case of TiC-CB, the apparent activation energy found was 555 kJ mol−1 with a reduced χ2

of 1.47 × 10−7. There are no sintering kinetics studies on TiC-carbon composites for comparison

with the Q obtained in this work. However, the TiC-CB Q obtained is higher than the one

obtained for TiC (390 kJ mol−1). The carbon in the TiC microstructure, acts as a non-sintering

inert phase, reducing the TiC-TiC coordination number, hindering the sintering process, thus

increasing Q.
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Figure 6: Diffractograms obtained through XRPD for the TiC-CB 8 ◦C min−1 dilatometry curve stops: as-produced (a),

1200 (b), 1400 (c) and 1500 ◦C (d).

No qualitative size difference between the TiC and CB in the TiC-CB microstructures of

figure 8 is observed. But, with careful analysis, particle sizes determined from the TiC-CB SEM

microstructures, show very coherent results with those crystallite sizes determined by XRPD on

table 2. There is barely any evolution of the TiC-CB particle size values as seen on table 2,

which sit around its initial value, 50-60 nm. In the same table, TiC-CB SSA values are reducing

to slightly less than to 1/2 of the initial SSA. The SSA losses are likely due to necking, where TiC

contact points transform into grain boundaries, pore coarsening (as seen from the MIP values on

table 2 and figure 3b) and surface smoothing.

The pore sizes for TiC-CB can be found on table 2 and respective distributions on figure 3b.

On table 2 TiC-CB median pore size increases from 62 nm as produced, to 93 nm at 1500 ◦C,

showing an expected smaller variation when comparing to TiC, due to sintering hindering by

the CB. The pore size distribution of TiC-CB as produced, contrarily to TiC as supplied, shows

around 12.6 vol.% pores higher than 200 nm which agree quite well with the 9.6 vol.% deducted

from a nitrogen desorption isotherm in a previous study [7]. The large pore fraction is then

reduced significantly at 1200 ◦C as seen on figure 3b, disappearing at 1400 and 1500 ◦C, where

small increases in the median pore size are seen. In another study of TiC-CB at 1500 ◦C for 2 h

the volume ratio of pores above 200 nm is increasing [7] and not decreasing. Since it is unlikely

that such big pores are closing at low temperatures and the MIP basically determines the pore

entry size, the large pore size reduction is likely due to TiC sintering.

4. Conclusions

In this work, the master sintering curve, MSC, of nanometric TiC was determined through the

use of a graphite vacuum dilatometer, building different relative density vs temperature curves at

different heating rates. From green densities of 0.45, relative densities up to 0.66 were reached

during the dilatometries. The determined apparent activation energy, Q=390 kJ mol−1, from the

MSC analysis describe well the sintering of TiC inside the interval of densities studied. This Q
value is close to reported literature values for TiC pressureless sintering.
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Figure 7: MSC of TiC-CB nanocomposite and reduced χ2 minimization (inset). The parameter values for the sigmoid

function (equation 5) were ρ0=0.404, θ0=7.586 × 10−20, a=0.038, b=2.022, c=1.654.

The sintering of a 1:1 volume ratio TiC-carbon black was studied as well using the master

sintering curve. The Q in this case was higher (555 kJ mol−1) since the carbon acts as an inert

phase, hindering sintering of TiC and reducing its coordination number, where very low densi-

fications are reached during the dilatometries (up to 44 % from 40 %). Furthermore, while in

the pure TiC, at 1500 ◦C, the crystallite size grew from 51 nm to 192 nm, in the TiC-CB, TiC

crystallite sizes were up to 61 nm.

The MSC is a very useful tool which can be used to predict the microstructure independently

of the time-temperature profile. The MSC obtained here can be of value to predict the sinter-

ing behaviour for the use of this TiC in other fields, such as tooling and ultra-high-temperature

materials.
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4.2. Further discussion and summary of the TiC and TiC-carbon black sintering kinetics

4.2 Further discussion and summary of the TiC and TiC-carbon black

sintering kinetics

In the figure 4.a7, of the the article just presented, the MSC obtained for the TiC-CB composite

and respective Q, reflects more the initial sintering of the TiC-TiC contacts and, to some extent,

density variations are affected by the mass losses (reaction of TiO2 and ZrO2) rather than the

later stabilization of TiC with carbon. On figure 4.a5a, towards T �1350 ◦C sintering of TiC-

CB seems to slow down (reduction of the dρ/dT , figure 4.a5b) and ρr vs Θ turns into an

approximately straight line, steadily increasing the density. This effect is less and less visible

for high heating rates, as expected due to delayed sintering kinetics, where at 30 ◦Cmin−1 it

is not seen anymore. The TiC-CB MSC determined on figure 4.a7 does not reflect very well

this later regime, since the points seem to start to diverge from each other for ρr values higher

than 43 %.

Isolation of small sections of the MSC has been done before to obtained activation energies

for different stages of sintering [138]. Since a different regime is probably in play here, these

sections were isolated and a new Q computation was done, as seen in figure 4.1. In this case,

since the sections are straight, instead of the sigmoid equation, a simple line (ρ = mΘ+ yi ,

where m is the slope and yi is the y-intercept) was used to study the points convergence with

different Q values. The result on this computation can be found on the inset of figure 4.1

where the darker points in this figure represent the isolated heating rate sections used for the

fit. The best Q was found to be 3.0 MJmol−1 with a reduced χ2 of 6.00×10−10. This Q value is

extraordinarily high and, to our knowledge, far from any activation energy in the literature for

sintering. Nonetheless an activation energy of 1.3 MJ for a composite of ZrO2+3 mol % Y2O3

was found in the literature using the MSC [138].

Even though, this Q can be outside of the assumptions of this model and is only indicative

of the sintering stage where all the TiC-TiC contact points have sintered and very few or no

TiC-TiC contacts exist anymore. In this later stage, the majority of contacts are TiC-C where

for sintering of TiC to happen (or other microstructural changes), large amounts of energy are

necessary, explaining the very high Q obtained.

In a study which is presented later (in section 5.1, page 127), XRPD crytallite sizes of 115 nm

at 1800 ◦C were determined for 10 h and 119 nm at 2000 ◦C for 14 h using the same TiC-CB

composite. These results show how effective CB is in stabilizing nanometric TiC even at such

extreme temperatures, which goes in the direction of the high effective Q obtained.

The determined Q in this latter case, could be further investigated using a dilatometer which

allows for higher temperatures to add more points and improve its precision. In our case,

the dilatomter used only allowed up to 1500 ◦C, so the Q obtained serves as an indication

only. Another approach would be to carry out further sintering modeling and/or simulation,

allowing a prediction of the coordination number of TiC and other sintering parameters for

the double phase structure.

125



Chapter 4. TiC and TiC-carbon black sintering kinetics

Figure 4.1 – MSC for late stage sintering of TiC-CB nanocomposite and reduced χ2 minimiza-
tion (inset). The red line represents the best fit for the dark points which represent the later
stage (see text), while the grey points are the remaining points. The parameter values for the
linear function fitted in the linear-log plot are m=0.0015 and yi =0.574.

To summarize the main conclusions of this chapter are:

• dilatometry was successfully used to compute the master sintering curve (MSC) of nano-

metric TiC and the nanocomposite TiC-carbon black up to 1500 ◦C, data which was not

available in the literature (particularly in the case of TiC);

• TiC green bodies with relative densities of 45 % were sintered up to 66 %, where the

microstructure was followed through morphology, grain size, SSA and pore size and an

activation energy of 390 kJmol−1 was obtained, which agrees well with literature values

for pressureless sintering of TiC;

• TiC-carbon black starting densities were about 40 % which were sintered up to 44 %,

where the TiC crystallite size barely grew and MSC was also computed where an activa-

tion energy of 555 kJmol−1 was determined.

• even thought it is reported in the literature that sintering of TiCx with low values of x,

such as the one of this work (TiC0.68), have higher sintering rates and lower Q values

than for those with x close to 1, this was not verified in this work;

• an apparent activation energy of 3.0 MJmol−1 was obtained, isolating the dilatometry

sections of TiC-carbon black, above 1300 ◦C. Even though this value is very likely outside

the assumptions of this model it serves as an indication of the hindering effect of the

carbon black on the sintering of TiC.
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5.1 Article: Constant isotope release properties measured for an on-

line prototype TiC-carbon nanocomposite target material

This project culminates with the test of the studied nanocomposites for isotope release and

ultimately the operation of a prototype target material at the ISOLDE facility at CERN. In this

section we present an article with the isotope release studies which allowed the selection of

the most promising TiC-C nanocomposite to be used at ISOLDE, as well as its production

scale up to build a full target and, the results of the prototype target beam time at ISOLDE.

In the next section (5.2) the discussion is further extended and the main conclusions for this

chapter are presented.

The article below, included in this thesis, is a draft to be submitted for publication in Nuclear

Instruments and Methods in Physics Research Section B: Beam Interactions with Materials

and Atoms. The author of the thesis (first author) has written the manuscript, organized the

experiment beam time, participated in the shift rotation and did the rest of the experimental

work and result analysis. The figures and tables from this article are present in the list of

figures and list of tables of the thesis with the numbering form of 5.ax, where x is the number
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of table/figure in the article. The supplementary materials of this article can be found starting

on page 170 on the appendix section A.4.
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Abstract

Through the Isotope Separator OnLine (ISOL) technique, radioactive isotopes are produced

by bombarding a target material with highly energetic particles. The isotopes produced in the

bulk of the material have to diffuse out, evaporate and effuse through the material porosity to a

transfer line into an ion source. Rolled and embossed Ti metal foils of 30 μm have been used

at ISOLDE to deliver beams of Sc, Ca and K. However, due to the high operation temperatures,

target degradation through foil sintering and melting happens, bringing reduced beam intensities

over time.

Highly porous target materials with nanosized grains have been successfully tested at the

ISOLDE facility at CERN, throughout the past 10 years, to deliver high and stable intensities

of several radioactive ion beams. These materials profit from short diffusion distances and high

porosity to enhance isotope release rates. TiC is a highly refractory Ti-based material with po-

tential to become an ISOL nanostructured material. In order to accomplish this, an offline in-

vestigation of isotope release properties was done on previously developed TiC microstructures:

a submicrometric TiC and two TiC-C nanocomposites, where C is in the form of carbon black

or multi wall carbon nanotubes. TiC-carbon black (TiC-CB) nanocomposite has shown the best

release properties and it’s production procedure was scaled up to produce a full target to be tested

at ISOLDE from 1300 to 2000 ◦C.

The TiC-CB nanocomposite target showed improved yields of Na and Li relatively to the Ti

foils target (at operation start), slighly lower yields K yields but low yields on Ca isotopes due to

reaction with the target carbon black. Furthermore, this target has shown no signs of degradation

during its operation time, which brings generally higher integrated yields over time. Even though

the yields are high, this target shows an apparently longer release time-structure for all isotopes,

as all nanomaterials operated at ISOLDE so far.

Keywords: titanium carbide, radioactive ion beams, target nanomaterials, CERN-ISOLDE,

isotope separator online
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1. Introduction

The ISOL (Isotope Separator OnLine) technique, invented in 1951 [1], allows the production

of beams of isotopes which can be used for physics research. The isotopes are produced by

transmutation of the atoms of a thick target by bombarding it with a beam of highly energetic

particles, also refered to as primary beam. The target material is kept at temperatures high enough

to promote the diffusion of the recently produced and thermalized products to the surface of the

grains. From here, the isotopes evaporate and effuse through the material porosity and escape

the target material. The isotopes then travel through a transfer line which connects the target

container to an ion source. Arriving at the ion source, they are singly ionized and extracted to

form a beam, also called secondary beam, which is mass separated and ready to be delivered for

physics experiments.

There are many ISOL facilities with different primary beams around the world [2], but among

the largest is ISOLDE at CERN2 using a primary proton beam of 1.4 GeV, 2.2 μA and ISAC at

TRIUMF3 using 500 MeV up to 100 μA. Even though all ISOL facilities have quite different

target and ion source systems to cope with the different primary beam properties, they need to

overcome very similar challenges.

Due to the limited isotope half-lives (t1/2), the process of creating a radioactive ion beam has

to be as efficient and as fast as possible in order to avoid losses which lead to lower radioactive

ion beam intensities or yields (Y [μC−1]):

Y = σ · I · N · nC · εrel · εis · εsep · εtransp (1)

where the total number of isotopes produced a.k.a in-target production, YProd[μC−1] = σ·I ·N ·nC ,

where σ [mb] is the isotope production cross section, I [μA] is the primary beam intensity, N
[dim] is the number of target material atoms exposed to the primary beam and nC [μC−1] is the

number of protons per μC: 6.242 · 1012 μC−1. The process then depends on the efficiency of

release from the target material (diffusion and effusion times), εrel [%], ionization efficiency, εis

[%], mass separation efficiency, εsep [%] and beam transport efficiency, εtransp [%]. The εrel is

usually, by far, the most liming factor in the production of radioactive ion beams due to slow

diffusion of the element of interest or chemical interaction between the target material and/or the

structural materials. By engineering the material microstructure, in the case of solid materials [3–

5] and studying the chemistry of the isotope element [6] one can gain orders of magnitude or even

introduce new ISOL beams.

ISOL target materials can vary amongst metals, oxides, carbides and others in powder (free or

compacted), molten or solid form [7]. Generally, they must have a high production cross section

for the isotope of interest, be refractory to be able to operate at the highest possible temperature

to promote the release processes, diffusion and effusion, which are thermally activated. The

temperature is limited by target degradation through decomposition, vaporization (of itself or

impurities) or sintering which can bring reduced beam intensities [8]. From the parameters of

equation 1, when developing a target material, one can only vary σ, by choosing the appropriate

element with the highest production cross section for the isotope of interest, N, by varying the

2ISOLDE - Isotope Separator OnLine DEvice, CERN - European Organization for Nuclear Research, Geneva,

Switzerland. http://isolde.web.cern.ch/
3ISAC - Isotope Separator and Accelerator, TRIUMF - TRI University Meon Facility: Canada’s national laboratory

for particle and nuclear physics and accelerator-based science, Vancouver, Canada. http://www.triumf.ca/
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density of the material and εrel by working on the target microstructure and/or isotope element

chemistry.

Diffusion and effusion characteristic times, must be in the same order or below the isotope

t1/2, especially for isotopes in the tens to hundreds of milliseconds range, in order to avoid ma-

jor losses. Since diffusion has an Arrhenius dependence with the temperature, the reduction of

the release times can be achieved by increasing the target temperature, which can bring target

material degradation. Shorter release times can also be achieved by reduction of the target ma-

terial grain sizes and increase of the open porosity [3, 4, 7]. Engineering of the target material

microstructure has been done at ISOLDE for SiC [3], CaO [4], UCx [7] and LaC2 [9] and multi

wall carbon nanotube [10] target materials. In all cases by reducing the grain size and having

a large fraction of open porosity, increased released efficiencies and stability over time were

obtained.

Nanostructured materials tend to sinter faster than micrometric ones [11], so unless stabilized

they have to be operated at lower temperatures. In the case of CaO, the decrease in operation

temperature was compensated by the reduction of the diffusion distances (by reduction of the

grain size), bringing high yields and stable intensities [4]. To stabilize a nanostructure, one can

either dope the material with other elements or introduce a second non-soluble phase which is in-

ert to sintering. This was done for the UCx target where multi wall carbon nanotubes (MWCNT)

were mixed with nanometric UO2 and heat treated to form UCx, which sintering is hindered by

the presence of MWCNT [5].

1.1. Ti element as a target at ISOL facilities

The titanium element has good spallation cross sections to produce (exotic) neutron defi-

cient Sc, Ca and K isotopes which are interesting for physics studies [12–14]. Titanium has 3

refractory forms which were studied as ISOL materials: Ti metal (melting point, Tm=1668 ◦C),

titanium oxide, TiO2 (Tm=1843 ◦C) and titanium carbide, TiC (Tm=3067 ◦C) [15].

Thin Ti metallic foils of 30 μm are currently used at ISOLDE, in rolls, as a target material

with a target thickness, X=16.3 g cm−2 on average4. Before being rolled and inserted in the Ta

target container the foils are embossed, to reduce the contact between the layers avoiding and/or

delaying sintering [16]. This target is used to produce neutron deficient beams of Ca, Sc, K and

Mg isotopes [17]. Operating the Ti target in a CF4 atmosphere, molecular beams of CaF and ScF

were seen but only at 2-3 and 10 % in intensity when compared with beams of atomic Ca and

Sc, respectively [18]. In another Ti foils target, the ratio between CaF and Ca was of 90 % [19],

where it is evident that larger variability exists in molecular formation. CaF was also extracted

at ISOLDE as 38CaF using a Ti rods target (X=93 g cm−2 but in this case the beam was between

10 and 30 % in intensity of 38Ca) [17, 19, 20]. Release studies on Ti, show general fast release

of all the studied elements (Mg, Sc, Na, Ca, K; in decreasing order of released fraction) [21–

23]. Release studies on Ti metal powder revealed it to be a poor target material due to fast

sintering [21]. Nonetheless, during operation, metallic foil targets are known to sinter fast [16]

and even melt [18, 19], bringing decreasing isotope yields over time.

Micrometric fibers made of TiO2 were used at ISOLDE as target material (X=7.2 g cm−2)

to produce Ne, Ar and CO beams [17, 24]. However, the produced beams were all below, in

intensity when comparing to CaO targets, mainly due to lower production cross sections. The

release of K, S, Ar and Cl isotopes from TiO2 in fiber form has shown to be higher than for TiO2

4Average over 6 Ti targets produced from 2002 to 2016, where 11.1� XTi �20.5 g cm−2.
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in powder form at 1380 ◦C [22], whereas no release was seen for either Sc or Mg. The TiO2

fibers are also reported to better release S and K than the Ti metal foils at 1400 ◦C [22].

TiC was never used as a target material at ISOLDE, but it was studied in the 70-80’s and

rendered as a poor release target material [25, 26]. In a release study done at 1800 ◦C, using

1-50 μm TiC powder, has shown slow release of K [25]. In another attempt, the same TiC was

mixed with graphite (1:3 mol, respectively) and the release at 1900 ◦C improved considerably

where Be, K, Ca and Sc could be seen, with the later two specially slowly released [26]. No

improvement was obtained for the release of Sc, when using an atmosphere of CF4 [26], to

promote ScFx molecular formation. Nonetheless, TiC is used in ISAC in TRIUMF to deliver

beams of K, Ca, Na, Li, Cl, He, Ne, Ar and O [27]. The target is produced by mixing 1 and 7 μm
(1:1) in a water based slurry with plasticizers, surfactant and binder additives which is then slip

casted in thin graphite foils and sintered at 1900 ◦C [28]. The final target material is 50 % dense,

1-10 μm and Ti target thicknesses varies from XTi=7.6 g cm−2 to 29.7 g cm−2 [29, 30].

1.2. Previous work

Since nanometric TiC5 easily sinters at temperatures as low as 1500 ◦C, sintering hindering

of TiC was studied by mixing it with different carbon allotropes [31]. The addition to TiC of

graphite, MWCNT or carbon black (CB)6 in selected quantities resulted, in all cases, a successful

stabilization of nanometric TiC, even after 10 h at 1500 ◦C [31]. The most effective hindering the

sintering of TiC was MWCNT, followed by carbon black and finally graphite. Here the carbon

allotropes reduce the TiC coordination number and act as an inert, non-soluble and non-sinterable

phase, hindering the sintering of TiC.

In another study the sintering of TiC and TiC-50vol.%CB composite (TiC-CB) were studied

in more detail through determination of their master sintering curves using dilatometry [32]. An

apparent activation energy of 390 kJ mol−1 was found for sintering of pure TiC and an higher

activation energy of 555 kJ mol−1 was found for TiC-CB [32]. The TiC apparent sintering activa-

tion energy was in agreement with the ones found in the literature for both sub-micrometric and

nanometric TiC. The TiC coordination number reduction due to the presence of CB increases the

sintering activation energy in the case of the TiC-CB.

Selected TiC-C nanocomposite samples from [31] were tested up to 1800 ◦C for 10 h, in

another study [33], to further evaluate the stability of nanometric TiC in the composites. In this

study, mass losses and phase composition was studied in detail, where the 4.3 - 5.7 wt.% ZrO2,

introduced during co-milling of TiC and carbon allotropes, is studied in terms of interaction with

TiC and the carbon allotropes [33]. At high temperatures this contamination transforms into ZrC

and solubilizes completely in the TiC at around 1800 ◦C, bringing an increase of the TiC lattice

parameter. The CB in 50 vol.% was found to be the best carbon allotrope hindering the sintering

of TiC up to 1800 ◦C where TiC crystallite sizes of 76 nm were measured.

In this study isotope release properties of selected samples from the previous studies [31, 33]

were evaluated and the nanocomposite with the highest isotope released fraction was selected

to be integrated in a full target. The production procedure of the selected nanocomposite was

upscaled to match the quantities needed to build a full target for ISOLDE. Finally, the prototype

target material was successfully operated at ISOLDE and online beam intensities and release

5TiC - Goodfellow (Ref. LS396999/1), 99.9 % pure, 80-130 nm
6Graphite - Alfa Aesar, Ref. 40798, 325 mesh, <44 μm; Carbon black - Orion Engineered Carbons, Printex A Pulver,

40 m2 g−1, 40 nm primary particle size; MWCNT - Nanocyl, Ref. NC3100, >95 % purity, 10 nm diameter, 1.5 μm length

4
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curves were extracted for several elements. Isotope effusion and diffusion release models were

applied to further understand this target material release properties.

2. Materials and Methods

2.1. Release studies

The method chosen to study the isotope release consisted in irradiating the material to be

studied to produce the isotopes in the bulk of the sample. Then, gamma spectroscopy was used

to measure the isotope quantities before and after a certain thermal treatment to check for isotope

release [25]. Two nanocomposites and one TiC sample was selected from [33] which characteris-

tics and microstructures can be seen in table 1 and figure 1, respectively. The sample preparation

is briefly described ahead, in subsection 2.2, and in detail in [31].

Table 1: Titanium carbide and the nanocomposiste TiC-CNT and TiC-CB characteristics to be used in the release studies.

Data extracted from [33]

TiC TiC-CNT TiC-CB

Sample name in [33] TiCm 75CNTb 50CB

Production heat treatment 1500 ◦C - 10 h 1500 ◦C - 10 h 1800 ◦C - 10 h

Carbon (vol. %)a 0 75 50

Density (g cm−3) 2.33 (52 %) 1.95 (44 %) 1.91 (56 %)

Specific Surface Areab (m2 g−1) 2.6 23.0 16.7

Crystallite sizec (nm) 107 52 76

Mass losses (%) 6.9 12.3 12.9

Ratio of pores <200 nmb (%) 14 86 54

Release studies at (◦C) 1500 1500 1740

a TiC density 4.93 g cm−3 [15], MWCNT bulk density from supplier used

0.15 g cm−3, carbon black density from supplier 1.85 g cm−3.
b Determined from nitrogen adsorption isotherm, see [31, 33] for more.
c Determined through X-Ray powder diffraction, see [33] for more.

Figure 1: Scanning electron microscopy microstructures of the selected samples: TiC-milled (a), TiC-CNT (b) and

TiC-CB (c). Reproduced from [33].

Before the irradiations, simulations had to be conducted using the Monte-Carlo particle trans-

port simulation code FLUKA [34, 35] in order to estimate the isotope inventory, irradiation times

and sample cool down times to have acceptable counting rates with minimum human exposure to

radiation. The final irradiation conditions were defined: the samples would be irradiated with a

total 1 · 1015 protons and would have a cool down of 24 h in order to be handled safely (ambient
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dose equivalent, H*(10) [μSv] at 10 cm below 100 μSv - see dose rate vs time figure A.4.1 in sup-

plementary materials). The irradiations were conducted using the MEDICIS (Medical Isotopes

Collected from ISOLDE) rail conveyor system at ISOLDE-CERN [36]. Since this was the first

time such system was used for sample irradiation, a special irradiation stand had to be designed

and built (see figure A.4.2 in supplementary materials).

After cooldown, the samples were extracted from the support and taken into the ISOLDE

experimental hall to be studied for release properties. Each sample was positioned with a fixed

geometry in front of a Canberra Cryo-Pulse 5 High Purity Germanium Gamma (HPGe) detector,

to acquire a γ-energy spectrum for 90 minutes, in order to identify and quantify the radioisotopes.

The samples were then subjected to a defined heat treatment to promote isotope release and a

second γ-energy spectrum was acquired. 152Eu and 133Ba sources were used for energy and

efficiency calibration of the detector. The isotopes and respective t1/2 and γ-ray energies used to

follow the release properties of the studied materials can be found in table 2. The results were

analyzed with Genie 2000: Gamma Acquisition & Analysis v.3.2.1 where isotope peaks were

identified, quantified and decay and daughter decay corrected.

Table 2: Isotopes and respective half-lives (t1/2), characteristic γ-ray energy (Eγ) and intensity [37] used in the release

studies of the different TiC microstructures.
Isotope t1/2 Eγ (keV) Intensity (%)

7Be 53.22 d 477.6 10.44
24Na 14.96 h 1368.6 99.99

2754.0 98.72
43K 22.2 h 372.8 87.10

617.5 80.40

396.9 11.41

593.4 10.97

220.6 4.09
44mSc 2.44 d 271.1 86.60

1001.8 1.23
47Ca 4.54 d 1297.1 75.00

The heat treatments were done in a special setup, named Fast Diffusion Chamber which

allowed for fast heating and cooling ramps up to 1740 ◦C. This setup is composed of an oven

with an automatic shutter and an automatic Z-feedthrough which can rapidly transport samples

in and out of the oven, all under a 10−3 Pa atmosphere. The feedthrough at its end had a graphite

piece specially designed to position the samples to be heat treated. An Al2O3 piece, between the

graphite piece and the metallic feedthrough was used to thermally isolate the feedthrough. The

samples were maintained for 5 minutes at the temperature up to which the properties referred in

table 1 are stable. Heating and cooling times were as fast as possible (in the order of 2 minutes)

which are essential to limit the isotope release at the defined temperature and time. For statistics,

a total of three samples of each material (table 1) was done.

2.2. Target Material Production - Process Upscaling

The TiC-CB composite, which was defined as the best candidate from the release studies,

was scaled up in order to produce enough material for a full target. The samples were produced

in batches of ≈2 g [31] whereas a target needs 50-70 g of material. The TiC-CB samples were

produced by co-milling TiC and CB, in 1:1 volume ratio, in 18 g of isopropanol (IPA) with

0.5 wt.% of polyvinylpirrolidone (PVP) as a dispersant. The co-milling was done in an attrition
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mill at 800 rpm for 2 h in an 80 mL grinding bowl with Yttria Stabilized Zirconia (YSZ) grinding

balls. After milling, the obtained slurry was dried under vacuum with constant agitation using a

rotary evaporator. The obtained powder was deagglomerated and pressed into cylindrical pellets

of ≈0.26 g, 12 mm diameter, 1.4 mm thickness at 62 MPa. The pellets were then heat treated at

450 ◦C under argon to remove the PVP and finally heat treated at 1800 ◦C in high vacuum for

10 h. The sample procedure details, as well as respective final characteristics after heat treatment

at 1800 ◦C can be found in table 3.

Table 3: Comparison of sample and upscaled material processing and respective main characteristics of the obtained

materials after 1800 ◦C for 10 h.
Sample Target

P
ro

d
u

ct
io

n Mass 2.06 g (1.50 g TiC + 0.56 g CB) 48.53 g (34.54 g TiC + 12.98 g CB)

IPA (0.5 wt.% PVP) 18 g (≈1:9 solids:liquid) 200 g (≈1:4 solids:liquid)

YSZ balls 138 g (≈1:67 solids:balls) 738 g (≈1:15 solids:balls)

Mill characteristics 80 ml griding bowl, 800 rpm, 2 h 500 ml griding bowl, 1700 rpm, 2 h

Pellet ≈0.26 g, 12 mm diam.× 1.4 mm thickness ≈0.50 g, 15 mm diam.× 2.0 mm thickness

C
h

ar
ac

te
ri

za
ti

o
n

Density 1.91 g cm−3 (56 %) 1.69 g cm−3 (50 %)

Specific Surface Area 16.7 m2 g−1 16.5 m2 g−1

Crystallite size 76 nm 115 nm

Mass losses 12.9 % 10.5 %

Ratio of pores <200 nm 54 % 64 %

Zr wt.%a 5.4 % 1.6 %

MIP Pore size b(BJHc) 71 nm (32 nm) 109 nm (47 nm)

a Determined by Energy-dispersive X-ray spectroscopy, see [33] for more.
b MIP - Mercury Intrusion Porosimetry, see [33] for more.
c BJH - Barrett-Joyner-Halenda, the authors of a method to determine pore sizes from nitrogen adsorption isotherms,

see [31, 33] for more.

The changed processing parameters from sample to target production are listed and compared

in table 3. The powder quantity was increased to a total of 48.53 g from 2.06 g and a different

mill with a larger grinding bowl (500 ml) was used. To match the empirically optimized pa-

rameters found in previous experiments for this mill, the ratios of solids:liquids and solids:balls

were adapted and larger milling speeds (from 800 to 1700 rpm) were used. The pellet size was

increased to 15 mm diameter to match ISOLDE requirements and the rest of the production pro-

cedure remained unchanged.

The microstructures and characteristics of the final materials obtained from sample and target

processing routes can be seen in figures 1c and 2a, respectively, and also in table 3. When com-

paring the microstructures of figures 2a and 1c and the specific surface areas (a parameter very

sensitive to sintering [31–33]) in table 3, one can see that the processing upscale was successful.

In the other characteristics there were slight differences as can be seen from table 3. The density

was slightly different, from 56 to 50 % which is related with the green body properties obtained

during the processing routes. Zr contamination was reduced from 5.4 to 1.6 wt.% which is due

to the smaller solids:balls ratio. The smaller %Zr, in the form of ZrO2, also result in lower mass

losses from the reaction with carbon, forming ZrC and releasing CO(g) [33], as seen from the

value of 10.5 % which was 12.9 % for the sample (a detailed study of the mass losses in the

composites can be found on [33]). The larger crystallite and pore sizes in the target seem to

indicate slightly more sintering for the later when comparing with the sample [32]. In previous

studies a reduction of the pore ratios below 200 nm was usually related with higher sintering of

the microstructures [31, 33]. In this case we see the inverse, where higher crystallite sizes, which

indicate sintering, are followed by higher pore ratios <200 nm (64 %). The larger crystallite
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sizes could be due to a slightly less homogeneous mixing in the upscaled processing which can

bring to a slight increase in the TiC coordination number. Another hypothesis is the that the

introduction of ZrC in the crystallite lattice of TiC can be influencing the sintering phenomena.

Figure 2: Scanning electron microscopy microstructures obtained for target material heat treated at 1800 (a) and 2000 ◦C
(b).

Since the target was firstly operated at the designed temperature of 1800 ◦C and later at

2000 ◦C, further characterizations at 2000 ◦C were done, which are presented in table 4 and figure

2b. The carbon black effectiveness in hindering the sintering of TiC is further demonstrated by

the very similar crystallite sizes (table 4) and microstructures (figure 2) obtained for both tem-

peratures. While there is a small difference in density for both samples, from 50 to 53 %, SSA

varies from 16.5 to 14.5 m2 g−1 and ratio of pores <200 nm increases from 64 to 78 %. While the

SSA evolution is expected for higher temperatures, the ratio of pores <200 nm should decrease,

as seen in previous studies [31, 33], but 2000 ◦C sintering temperature was never studied. The

higher mass losses are consistent with the favorable thermodynamics at higher temperature to

carbon burning as predicted by the Boudouard reaction.

Table 4: Characteristics of the TiC-CB nanocomposite heat treated at 1800 and 2000 ◦C.
1800 ◦C 2000 ◦C

Density (g cm−3) 1.69 (50 %) 1.79 (53 %)

SSA (m2 g−1) 16.5 14.5

Crystallite size (nm) 115 119

Mass losses (%) 10.5 11.2

Ratio of pores <200 nm (%) 64 78

The final target had around 100 pellets of TiC-CB, with a total final mass of 43.96 g which

were inserted into a graphite boat. The total target thickness including the boat was of 23.1 g cm−2,

where the Ti thickness was of 8.1 g cm−2 and carbon from TiC-CB was of 5.9 g cm−2.

2.3. Online and Offline Prototype Testing

The TiC-CB target prototype was labeled #527, and was assembled with a rhenium surface

ion source, a combined Na/Mg mass marker for beam tuning and a 2.2 · 10−4 mbar l s−1 leak to

inject tetrafluormethane, CF4, to promote molecular beam formation when needed. As usual for

all targets operated at ISOLDE, they are firstly tested in an offline separator, for quality control.

A mass scan recorded with target at 1800 ◦C and ion source at 2130 ◦C up to A=200, can be
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found in figure A.4.4 in supplementary materials. A picture of the assembled target and referred

components can be found in figure A.4.3 in supplementary materials.

The target was installed at the ISOLDE General Purpose Separator (GPS) frontend, in Novem-

ber 2014 and operated with the ion source at 2050 ◦C and target at the design temperature,

1800 ◦C. This target was used to deliver high and stable intensities of 37K to the successful

IS527 nuclear physics experiment [14].

The beam intensities and release time-structure after proton pulse were measured using the

ISOLDE tapestation [38] which contains a 4π β detector. Isotopes of Li, Na and K were measured

by varying the target temperatures: 1300, 1600 and 1800 ◦C while the ion source was kept stable

at 2050 ◦C. Beam intensities were also assessed with the target and ion source at 2000 and

2130 ◦C, respectively. In these conditions CF4 was injected into the target unit to promote the

release of Ca isotopes in the form of CaFx molecules.

The release time-structure for an isotope with finite t1/2, P(t) or Pλi (t) (where λi = ln 2/t1/2),

can be approximated by a triple exponential time-constant like function [39]:

Pλi (t) =
1

Norm
(1 − e−λr t)[αe−λ f t + (1 − α)e−λst] (2)

where λr [s−1], λ f [s−1] and λs [s−1] are the time constants of the rise, fast fall and slow fall of

the pulsed shape curve, α [%] is the weighting factor between the fast and slow fall components

and Norm is a normalization factor so
∫ ∞

0
Pλi (t)dt = 1.

In order to estimate the isotope release efficiency (εrel) of the new target material the isotope

production cross sections were estimated with the ABRABLA07v5 [40] spallation code using

1 · 109 events (see figures A.4.2 and A.4.4 in supplementary materials). The obtained cross

sections were then used to calculate the isotope inventory and respective production rates (YProd)

in the target material 7.

3. Results and Discussion

3.1. Release Studies
The materials for the release studies, were selected in order to have as different as possible

microstructures, as can be seen in the figure 1. Since the milling was seen to have a positive

influence in the sintering hindering of TiC [31] a sample was selected for release studies and

also to serve as a reference for TiC without carbon (TiC in table 1). The two composites which

insured the best stabilization of nanometric TiC were selected from previous studies[31, 33]:

TiC-CNT and TiC-CB. In terms of characteristics the samples studied were quite different mainly

in terms of SSA, crystallite size and ratio of pores <200 nm, as seen in table 1. The temperatures

chosen insured that no microstructural evolution would happen during the release studies since

the samples were pre-heat treated at temperatures higher or equal of those of the release studies

for long times (see table 1).

The released fraction (% of isotopes which were released from the sample during the 5 min

heat treatment) was calculated from the isotope activities from the γ-ray spectrum before and

after the heat treatment, and the final results can be seen in figure 3a. In this figure the average

7The result of the calculation of the cross sections for Ti and C and calculated YProd from equation 1, for all the

isotopes produced in this target material can be found on supplementary material in figures A.4.2 and A.4.4 and table

A.4.1, respectively.
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released fraction for each microstructure and each studied element (Be, Na, Mg, K, Sc and Ca)

can be seen. The error bars are relative to the error propagation of activity uncertainties over

3 measurements, where lower activities have larger error bars (due to the long half lives and/or

lower production cross sections). In figure 3b, TiC-CB is compared to literature values of other

release studies done in Ti-based materials [22, 25, 26].

Figure 3: Released fraction for Be, Na, Mg, k, Sc and Ca for three different TiC microstructures at 1500 (TiC and

TiC-CNT) and 1740 ◦C (TiC-CB) (a) and comparison of TiC-CB release fraction with literature [22, 25, 26] values (b).

The Be released fraction, in figure 3a for TiC is a lower estimate, since no Be peak was seen

after heat treatment so the detection limit was used. Nonetheless, the Be released fraction, is

higher for TiC than for nanocomposites, even for TiC-CB at 1800 ◦C. This may be due to the

presence of carbon in the case of the nanocomposites which can react with Be forming Be2C

(Tm=2127 ◦C [15]). However in an older study [26] Be is fully released at 1900 ◦C from a TiC

mixed with graphite, 1:3 mol ratio as seen in figure 3b). This difference is either due to the much

more reactive carbon used in this study (CB and MWCNT instead of Graphite) or due to the

higher temperatures used in the literature.

There is a clear trend for the elements Na, Mg and K in figure 3a where TiC has the lowest

released fraction, followed by TiC-CNT and TiC-CB. In here, when comparing TiC and TiC-

CNT, where apart from the carbon (MWCNT), the main difference is the crystallite/grain size of

TiC (table 1). This result clearly show the influence of the grain size in the release of isotopes.

When comparing with TiC-CNT, the release of Na, Mg and K in TiC-CB is higher much probably

due to the higher temperature used for the release (1800 ◦C) for this nanostructure, since both

have similar grain sizes. In figure 3b TiC-CB has higher release for K, than other release studies

done with TiC in the literature [25, 26]. TiC-CB release of K is very close to the Ti foils in the

literature [22], which comes as a very positive result since Ti metalic foils are known to release

K very fast both offline and online [17, 22].

In figure 3a, Sc is not released at all from any of the microstructures/temperatures tested,

as has been seen before [25, 26]. A small released fraction (20 %) is seen for Sc in TiC-3C

in figure 3b at higher temperatures (1900 ◦C). It is hypothesized in [26] that the release of Sc

may be limited by slow in-grain diffusion in TiC, where Sc was very little released even when

in the presence of a CF4 atmosphere. Sc may be as well reacting with the carbon in the TiC

matrix forming scandium carbide. Titanium foils are known to release well Ca and Sc both

offline [21, 22] (as seen in figure 3b) and online [16, 17].

Ca release is not seen at all for TiC at 1500 ◦C (figure 3a). The reduction of the TiC grain size
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seems to have a large influence on the release of Ca, where in TiC-CNT, at the same temperature

the released fraction is more than 30 %. With TiC-CB, even at higher temperatures, contrarily

to what has been seen before (for Na, Mg and K) the release stays the same, which may be

indicating some trapping of the Ca isotopes within the TiC-CB microstructure.

Due to the higher released fractions of the TiC-CB microstructure of all elements(except Be),

this material was chosen to be tested at ISOLDE as a prototype.

3.2. Online Target Characterization
The yields of Li, Na and K isotopes measured at different target temperatures for the TiC-CB

target prototype can be found in table 5. In the same table, the current target is compared to other

Ti-based target materials at ISOLDE-CERN, YTi,IS OLDE . In general, when comparing the highest

yields obtained from the prototype (at 2000 ◦C in table 5) to the Ti foils target at ISOLDE [17],

the Na and Li yields are higher, while the K yields are lower. The higher yields for Li are mainly

due to the presence of carbon in the TiC-CB target which has higher production cross section for

Li production than Ti (see cross sections in tables A.4.2 and A.4.4 in supplementary materials).

The Na yields in table 5, are higher than for Ti-metal foils, even though YProd is estimated to

be a factor 2 lower when comparing with the Ti metal foils target due to the lower XTi (TiC-CB

XTi=8.1 g cm−2, Ti targets XTi=17.4 g cm−2).

In the case of K, the yields are systematically lower. Even though the Ti metal target yields

are higher for K, they are known to rapidly reduce over time due to target material degradation

(foil sintering or even melting) [16, 19]. A Ti-foils target operated at ISOLDE in 2016 (#562),

at 1450 ◦C with a tantalum ion source for less than 3 days (65 hours) has shown reduction of

the yield by a factor 2.4 for 8Li (from 1.8 · 106 to 7.4 · 105 μC−1), 4.7 for 26Na (from 2.7 · 106 to

6.3 · 105 μC−1) and 4.1 for 37K (from 2.3 · 106 to 5.6 · 105 μC−1). In comparison, for the TiC-CB

target, no yield variation was seen for any isotope/element measured, over the course of 5 days,

confirmed by measurements on the ISOLDE tape station and by the physics experiment using

the target.

When comparing the yields obtained with the ones at ISAC (YTiC,IS AC , in table 5) it can be

seen that the yields of Li and Na on the TiC-CB target are systematically higher and in most of

the cases more than one order of magnitude, than those at TRIUMF for the same proton current.

Since the two targets have similar XTi, there are only two fundamental differences in terms of

microstructure: (i) the size of TiC grains which is 1 to 2 orders of magnitude smaller for TiC-CB

and (ii) the nanometric carbon (carbon black) homogeneously mixed with TiC for TiC-CB. The

release seems to be enhanced by the reduction of the TiC grain size, as seen for other target

materials which microstructure has been engineered in that way [3–5]. K is on the same level

as in ISAC and Ca is below, where we believe that the carbon black and/or the small pore size

distribution may be hindering the release of these elements.

It should be noted that there are some fundamental differences at ISAC-TRIUMF (compar-

ing to ISOLDE-CERN): higher proton beam proton intensities, slightly lower production cross

sections (500 MeVprotons), different target temperature estimation and the presence of radiation

enhanced diffusion. Since the interest of this study is the material release efficiency, in order

to compare the yields of ISAC-TRIUMF we had to normalize them to the used proton intensi-

ties (40 to 70 μC). Production cross sections with the ISAC-TRIUMF’s primary proton beam of

500 MeV are up to a factor of 2 lower than those at ISOLDE, for the studied isotopes8. ISAC-

8See ISOLDE/ISAC cross section ratios for all isotopes on supplementary materials in figure A.4.3 for Ti and figure

A.4.3 for C
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TRIUMF target temperatures are highly dependent on the beam intensity on the target due to the

high proton currents used, where at ISAC-TRIUMF, the TiC target temperatures are estimated

to be 1700 ◦C with 70 μA of beam current and 1430 ◦C with 40 μA [30]. In any case these tem-

peratures have some a large source of error associated since they are defined in a combination of

empirical calibration, beam power deposition calculations and thermal simulations [30]. Finally,

radiation enhanced diffusion (RED) is reported at TRIUMF [41, 42], where the yields follow

a law with the primary beam intensity (i) between i3/2 and i2 while keeping the temperature

constant [41, 42].

Table 5: Summary of the online yields for the studied isotopes on the TiC-CB prototype target, with target temperatures,

in target production yield and comparison with ISOLDE [17] and TRIUMF [27] database yields (the later normalized to

proton current).

Isotope t1/2
Yield (μC−1) - Target temperature YProd (μC−1) YTi,IS OLDE (μC−1) [17] YTiC,IS AC (μC−1) [27]

1300 ◦C 1600 ◦C 1800 ◦C 2000 ◦C a

8Li 840.3 ms 9.7 · 104 8.5 · 105 1.5 · 106 6.0 · 106 1.4 · 109 1.7 · 106 c 1.2 · 105

9Li 178.3 ms 1.2 · 103 3.8 · 104 3.8 · 104 3.8 · 105 1.8 · 108 3.2 · 105 b

20Na 446 ms 1.0 · 104 8.9 · 104 1.5 · 105 4.9 · 105 2.1 · 106 5.3 · 104 b 1.3 · 104

21Na 22.48 s 6.6 · 106 3.6 · 107 2.0 · 107 5.0 · 107 1.5 · 107 b 8.8 · 105

25Na 59.6 s 1.1 · 108 2.2 · 108 2.1 · 108 2.3 · 108 8.9 · 107 b 9.0 · 105

26Na 1.07 s 3.9 · 105 5.0 · 106 4.8 · 106 7.6 · 106 5.2 · 107 3.0 · 106 c 3.6 · 105

27Na 301 ms 2.4 · 104 2.6 · 105 6.0 · 105 6.4 · 105 1.3 · 107 1.7 · 105 b 2.8 · 104

35K 190 ms 3.2 · 102 1.6 · 105 8.7 · 103 b 8.8 · 101, 1.1 · 102

36K 342 ms 3.1 · 103 6.9 · 103 8.0 · 103 4.9 · 106 9.0 · 104 b 6.1 · 103, 7.3 · 103

37K 1.22 s 1.8 · 104 3.9 · 105 5.3 · 105 1.1 · 106 1.0 · 108 2.3 · 106 c, 4.9 · 106 c 8.0 · 105, 1.6 · 106

46K 115 s 1.2 · 106 2.9 · 106 6.1 · 106 5.4 · 106 1.6 · 107 b 8.3 · 104 d

47K 17.5 s 2.8 · 105 1.9 · 105 4.5 · 105 1.7 · 106 1.3 · 106 b 4.3 · 104

39CaF 860.7 ms 1.4 · 102 1.8 · 108 1.7 · 103 b, 6.6 · 104 b,(2.0 · 104 e) 2.3 · 103 (7.5 · 102 e)

a Ion source at 2130 ◦C.
b ISOLDE old driver beam: CW 600 MeV protons (instead of the present pulsed 1.4 GeV protons).
c Measured on targets #529 (2014) and #563 (2016) at the beginning of operation - Ti metal foils with tantalum ion source.
d FEBIAD.
e Extracted in non molecular form (Ca+).

The in-target production yields for ISOLDE (YProd) are presented in table 5 to compare with

the obtained yields. Using equation 1, εrel · εis was calculated from YProd, since the values are

already corrected for εtransp, εsep ≈ 1 and the ionization efficiency is not known for each element.

The obtained εrel · εis values for K, Na and Li were plotted vs t1/2 for each temperature in figure

4a, b and c, respectively.

εrel in function of t1/2 can be determined by folding Pλi (t) (equation 2) with the exponential

decay function (e−λit where λi = ln 2/t1/2), obtaining the release function for an isotope with an

infinite t1/2, P∞(t), and integrating such as [43]:

εrel(λi) =

∫ ∞

0

Pλi (t)dt =
∫ ∞

0

P∞(t)e−λitdt

1

Norm

(
α∞

λr,∞ + λi
+

(1 − α∞)

λs,∞ + λi
+

−α∞
λ f ,∞ + λr,∞ + λi

+
(α∞ − 1)

λs,∞ + λr,∞ + λi

) (3)

where α∞, λr,∞, λ f ,∞, λs,∞ are similar to the parameters obtained on equation 2 but for the P∞(t)
function. P∞(t) is independent from the isotope t1/2 and usually describes the release of a chem-

ical element from a specific target and ion source system. In order to obtain P∞(t), the release

time must be shorter than the t1/2 (in other terms λs > λi), otherwise the isotope decays before it

is released and can’t describe the complete release time-structure.

The P∞(t) was obtained from data which was collected to fit the parameters from equation

3 for 25Na at 1800 and 1600 ◦C and εrel(t1/2) was computed and plotted in figure 4b. For the
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Figure 4: εrel · εis for K (a), Na (b) and Li (c). Equation 3 parameters for Na in (b) at 1800 ◦C, α∞=0.00, λr,∞=92.08 s−1,

λ f ,∞=0.09 s−1, λs,∞=0.09 s−1 and for Na at 1600 ◦C, α∞=1.00, λr,∞=105.49 s−1, λ f ,∞=0.05 s−1, λs,∞=0.04 s−1.

other cases (Na at 1300 ◦C and K), although statistics were high enough to extract a yield, the

statistical error is too large to deduce the P∞(t) release time structure.

From figure 4 it is evident that for all isotopes there is a large influence of the target tem-

perature on the εrel, as seen from the values from 1300 to 1600 ◦C. While for K εrel(t1/2) from

equation 3 could not be obtained, it is however clear that, for short lived isotopes, the release

efficiencies are more than one order of magnitude lower than for Na. This is shown in figure 4a

and b for 37K (t1/2 = 1.22 s), where εrel · εis = 0.5 %, comparing to 26Na (t1/2 = 1.07 s), where

εrel · εis = 9.2 %. For long lived isotopes of Na (25Na - t1/2 = 59.6 s) and K (47K - t1/2 = 115 s),

the εrel · εis are similar and close to 100 %. This shows that for Na and K the εis ≈ 100 %

which makes εrel · εis = εrel for these cases. For Li the ionization efficiencies are usually much

lower [44].

Kirchner [43] has established that for effusion dominated release the log(εrel) is directly pro-

portionality to the log(t1/2) while for diffusion dominated release, log(εrel) has a square root

relation with log(t1/2). Using the 1800 ◦C K and Na εrel values (from figures 4a and b, respec-

tively) in a log-log plot the obtained slope for Na was 0.51 while for K was 1.05. These results

show that the release of K is controlled by effusion and Na release is controlled by diffusion.

Diffusion is normally the controlling mechanism, since effusion is much faster (assuming short

element sticking times and limited reactivity [43]). In here, the low K yields and εrel (compared

with Na) are probably explained by long effusion times which are either due to the network of

small pores of this target (unlikely, since Na seems to be well released) or due to the reaction of

K with TiC or the carbon black, trapping the K or increasing its sticking times. In the release

studies of figure 3, K seems to have a similar release to Na, however the release was studied

after 5 min of heat treatment which is long enough to release most of the K as shown in figure 3b

where εrel is close to 100 % for longer t1/2.

In figure 5 the obtained Pλi (t) curves from equation 2 for 37K, 26Na and 8Li at 1800 ◦C for

TiC-CB are plotted against the Pλi (t) of same isotopes but from a Ti metal foils target at 1450 ◦C.

The isotopes of each element were selected in order to have an t1/2 as similar as possible in

order to be compared. While for Ti metal foils the release of K is faster and of Li is slower, for

TiC-CB there is no change. Also, the TiC-CB release is in general apparently slower, as seen for

other nanomaterials [5, 11]. Li, Na, K, in this order, have an increasing radii9 and reactivity and

decreasing boiling point10. Ti metal foils exhibit the normal trend where elements with lower

9The radii of K is 2.20 Å, Na is 1.80 Å and Li is 1.45 Å [45].
10The highest boiling point is the one of Li with 1342 ◦C followed by Na, 883 ◦C and K with 759 ◦C [15].
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boiling points are normally faster and easily released. It seems that in TiC-CB the trend is not

verified, which is probably related with the carbon black, or the nanometric nature of the target

material (larger surface areas bring higher reactivity).

Figure 5: Release profile, Pλi (t), for TiC-CB (1800 ◦C) and Ti foils (1450 ◦C) target materials for 37K (t1/2 = 1.22 s) (a),
26Na (t1/2 = 1.07 s)(b) and 8Li (t1/2 = 840.3 ms) (c).

Only when injecting CF4 in the target, Ca could be detected as 39CaF with 1.4 · 102 μC−1 as

seen in table 5. This yield is lower when comparing to other values obtained at ISOLDE and

TRIUMF (YTi,IS OLDE , YTiC,IS AC in table 5). CaF has been produced before at ISOLDE from a Ti

rod target, where CaF was 10 % of the total amount of Ca [19]. Using a Ti foil target, the CaF

side band was of 90 % of the total Ca, attributed to the larger surface available of the foils [19].

This is coherent with TRIUMF results and the TiC-CB results (see table 5, since only 39CaF is

detected and not 39Ca. εrel · εis is in the order of 10−6, which is extremely low and points to some

mechanism hindering the release, such as a chemical reaction. This trend was already seen in the

release studies, as referred before. The carbon black may be reacting with the Ca forming CaC2,

a refractory compound with a melting point of 2300 ◦C [15].

4. Conclusions

Titanium carbide (TiC) engineered nanocomposites developed in previous studies [31, 33]

were irradiated and tested for Be, Na, Mg, K, Sc and Ca isotope release at ISOLDE. The release

studies revealed that the release from such nanocomposites is higher than for submicrometric

TiC for almost all elements. From the two carbon nanocomposites tested, TiC-carbon black and

TiC-CNT, the former has shown the highest released fractions, especially for K, at 1800 ◦C.

Due to the release studies results, the TiC-carbon black material, which presented the higher

release, was chosen to be used as a prototype target at ISOLDE and the production procedure

was successfully scaled up in order to produce a full target. The final scaled up target material

had stable TiC crystallite sizes of 115 nm at 1800 ◦C and 119 nm at 2000 ◦C.

TiC-CB target was operated at ISOLDE as a prototype and yields of Li, Na, K and Ca were

extracted at target temperatures of 1300, 1600, 1800 and 2000 ◦C. When comparing with the

previous Ti-based targets (Ti metal foils) at ISOLDE and at ISAC-TRIUMF, the proton current

normalized yields of Li and especially of Na are higher, while the K yields were on the same

level or slightly lower and Ca ones are lower. Ca isotopes were only seen in molecular form

(CaF) and with low intensities, where we suspect that the carbon black may be hindering the Ca

release by forming CaC2, a refractory compound.

As seen for other nanomaterials, the release time structure for all isotopes is apparently

longer, where for example, Na yields which have longer release time characteristics that Ti metal
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targets, but where the yields are higher. Furthermore, the yields of Ti foils target are known to

decrease fast over time due to foil sintering and/or melting, which isn’t the case for this newly

developed Ti-based material. This will result in higher integrated yields over time, particularly

for the case of K.
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5.2. Summary of the isotope release properties from TiC-carbon
nanocomposites

5.2 Summary of the isotope release properties from TiC-carbon

nanocomposites

In figure 5.1 the results obtained in the preliminary TiC release studies (from 1200 to 1450 ◦C)

of section 3.1 are compared with the ones of TiCm (TiC milled) at 1500 ◦C obtained in the

article just presented.

Figure 5.1 – Released fraction for Be, Na, Mg, k, Sc for all the TiC materials used during this
work: TiCm 1500 ◦C corresponds to the one studied in article of section 5.1 and TiC 1200 to
1450 ◦C correspond to the ones in the preliminary studies of section3.1.

As can be seen the results obtained for TiCm are similar to those obtained in the preliminary

studies at higher temperatures (1300-1450 ◦C), as expected since their microstructures are

very similar, except for Mg and Be. Be release seems to be hindered in the case of TiC 1200

to 1450 ◦C, where it is likely that the presence of TiO2 may be supplying oxygen to form BeO

which has a very high melting point (2578 ◦C [35]). Furthermore in the release studies of the

preliminary studies the sample support was made of Al2O3, which could also be a source of

oxygen. Regarding the release of Mg we have not enough data to explain the high release of

the TiC materials in comparison to TiCm.

For this chapter the main conclusions are:

• TiC milled was selected to be tested at 1500 ◦C for isotope release to serve as a reference,

and TiC-MWCNT and TiC-carbon black were tested at 1500 ◦C and 1800 ◦C respectively;

• The release was notably higher for the TiC-carbon black than in the other two cases,

where K was almost as high as in the literature values for Ti foils known to have very fast

release of this element, Ca release was seen for both nanocomposites contrarily to the

TiC and Be was released in smaller quantities due to the presence of carbon;

• TiC-carbon black was selected as the prototype target material to be tested at ISOLDE

and the process was successfully upscaled where, relatively to the samples the upscaled

material had lower Zr contents and slightly higher crystallite sizes (115 nm instead of

76 nm);

• the difference between the crystallite sizes of the sample and upscaled material is either
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due to the processing itself generating a slightly different green body or due to the

different percentages of Zr (lower for the upscaled material), showing that Zr may have

an influence in the sintering of TiC;

• the prototype material delivered stable beams of Li, Na and K over the full operation

time and was tested from 1300 to 2000 ◦C;

• the yields obtained for Li and Na were higher than previous Ti-foils targets at ISOLDE

facility,the K yields were slightly lower than previous targets, and Ca yields were lower.

It is hypothesized that this might be due due to reaction with carbon black or due to

long effusion times in the case of K and Ca;

• relatively to the ISAC-TRIUMF proton current normalized yields, the protoype yields

were all higher with the exception of Ca;

• the release time-structure of all the isotopes in the TiC-carbon black nanocomposite

is apparently longer, as seen for all ISOLDE target nanomaterials and are generally,

nonetheless of the same level or higher in intensity.
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6.1 Conclusions

The ultimate goal for this work was achieved: to develop and test a novel nanostructured Ti-

based target material which brought generally high and stable beam intensities to ISOLDE

(with the exception of Ca). The work began with nanometric TiO2 and TiC materials, where

TiC was chosen through preliminary sintering and isotope release studied to be further de-

veloped. As such, a nanocomposite TiC-C was developed and fully characterized and tested

to temperatures as high as 1800 ◦C to successfully stabilize nanometric titanium carbide. A

master sintering curve was determined to study the sintering kinetics of TiC and a TiC-C

nanocomposite. At the end selected TiC-C nanocomposites were irradiated and their isotope

release was studied in order to determine the best candidate for a target material.

6.1.1 TiC-carbon nanocomposite development

During the preliminary studies of nanometric TiO2 and TiC materials it was concluded that

TiO2 sinterability was high even at temperatures as low as 1000 ◦C which limits its applica-

tion for ISOL target material, where additionally, low isotope release at these temperatures

was seen. TiC on the contrary, showed acceptable release of most of the elements studied
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(Be, Na, Mg and K where Sc and Ca were not released), even though the structures tested

were sub micron and at relatively low temperatures. TiC also revealed low sinterability up to

1450 ◦C, however the nanometric structure was lost at 1300 ◦C and TiC was very susceptible

to oxidation even under high vacuum atmosphere.

To stabilize nanometric TiC and avoid its oxidation a processing route was developed to pro-

duce nanocomposites with graphite, carbon black or MWCNT up to 75 vol.% of carbon. The

carbon allotropes addition revealed to be very successful in all three cases where nanometric

TiC was stable up to 1500 ◦C. At this temperature, the most effective carbon allotrope was

the TiC-MWCNT where with TiC:C ratio of 10.9 (where in the others was around 2.5), around

60 nm TiC grains were stabilized.

The processing route, which involved attrition milling, had an effect on TiC where the TiC

milled, without any carbon addition, had lower sinterability than TiC as-supplied. The pro-

cessing route chosen (attrition mill) introduced a Zr contamination in the nanocomposites,

in the form of ZrO2 from the milling media. This contamination was discovered to transform

into ZrC by reacting with the carbon and solubilize into the TiC, forming Ti(1−x)Zrx C, where at

1800 ◦C it was totally solubilized. This solubilization was discovered to come with a TiC crystal

lattice increase, which seems to be also increased by increasing the C:Ti ratio in the TiC.

The sinterability of the nanocomposites was further assessed at higher temperatures, up to

1800 ◦C, where in this case the TiC-carbon black nanocomposite was the most effective stabi-

lizing the nanosized TiC. Final crystallite sizes of the TiC in the TiC-CB nanocomposite were

76 nm with a ≈ 50 % density, while in the other two cases TiC crystallite sizes were around

130 nm.

6.1.2 TiC and TiC-carbon black sintering kinetics

Sintering kinetics of the nanometric TiC and the TiC-CB composite were assessed using the

master sintering curve, where constant heating rate dilatometry was used. The master sinter-

ing curve has never been determined for the TiC material (and also for the TiC-CB). While for

the TiC, densities up to 66 % (from 45 %) were reached, the nanocomposite only reached 44 %

(from 40 %). The apparent activation energy for TiC was found to be 390 kJmol−1 while for

the TiC-carbon black composite was 555 kJmol−1, which difference is due to the action of the

carbon black that reduces the TiC coordination number, reducing its sinterability. Isolating

dilatometry sections above 1300 ◦C and computing the master sintering curve an activation

energy of 3.0 MJ was obtained, which has to be confirmed with other experiments or through

modeling.

6.1.3 Isotope release properties from TiC-carbon black nanocomposite

Three selected TiC materials from the newly developed TiC-based materials were studied for

isotope release: TiC milled (1500 ◦C), TiC-carbon black (1800 ◦C) and TiC-MWCNT (at 1500 ◦C).
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The temperatures indicated are the ones at which the nanocomposites were tested for release

and correspond those where nanometric TiC (> 100nm) was stabilized, and TiC milled was

used to serve as a reference. TiC-carbon black had the highest release by far for all elements,

where K was almost as high as Ti foils values (which are known for fast release), except for Be

which release was reduced likely due to the presence of carbon.

The TiC-carbon black was selected as the target material and the processing was upscaled

in order to build a full target. The upscaling was successful where the material had the same

surface area, morphology and sintering behaviour, with a slightly higher TiC cyrstallite sizes

(115 nm instead of the 76 nm and lower Zr contamation.

The target prototype was successfully tested at ISOLDE where a surface ion source was used

to ionize alkali and alkaline earth elements produced from this target. Beam intensities and

release time-structures were assessed from Li, Na and K isotopes from 1300 to 2000 ◦C. While

the yields on Li and Na were higher than the previously Ti-foils ISOLDE target, the K yields

were on the same level and the Ca yields were lower. The lower numbers on K and Ca are

hypothesized to be effusion limited, where the carbon black interactions. The nanocomposite

TiC-Carbon black target prototype shows the same trend as all the nanometric targets studied

so far with apparently longer release time structure but high yields. Furthermore, contrarily to

the previous Ti-foils target where the yields decay over time, they were stable for the nanocom-

posite for the full operation period, where in all cases, except for Ca, the integrated yields over

time are higher.

6.2 Outlook

Nanomaterials for ISOL application is a niche research topic where the materials have very

specific requirements, rarely found in other research or applications. Having a very porous,

fine grained material for very high temperature applications is a nonsubject in the ceramics

research, with the exception of a few cases: as is for example high temperature catalysis and

ceramic filters for hot gas or liquid metal [139, 140].

Nonetheless nanomaterials for ISOL targets can be in principle deployed in any ISOL facility,

where the only limitation might be those facilities with high beam power deposition. Since

porous nanomaterials have lower thermal conductivities, this may turn to be an issue where

high thermal stresses will be generated that may cause a catastrophic failure of such targets.

On the other hand, less dense materials, will also have lower power deposition, so for these

facilities further investigations have to be done case by case.

The Li-based refractory blankets for fusion reactors have many similarities with the ISOL

targets [141]. The Li-blanket generates heat by absorbing the fast neutrons generated by the

fusion reactor in order to heat a coolant in an heat exchanger which is then used to generate

electricity. Apart from that, the Lithium blankets has a second function where from the nuclear

reaction between the Li and the neutrons, deuterium and tritium are produced, which have
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to be extracted from the material. The tritium is the reactor fuel, so extracting it with high

efficiency is of high interest. The concepts used in both techniques likely overlap where the

nanomaterials release can be of interest for the nuclear fusion materials community, and

vice-versa.

By increasing the nanometric TiC volume ratio in the composites, likely higher densities could

be reached, where these materials could be used for example on plasma facing materials for

future fusion power plants [142] or for ultra-high-temperature ceramics, since nanometric

materials densify earlier. Furthermore the obtained master sintering curve for TiC is surely

of interest for the tooling and ultra-high-temperature ceramics research communities due to

use of TiC in those fields.

The development of materials that enhance the release of radioactive isotopes produced in

bulk is also a nonsubject for the nuclear industry, where the release of isotopes is highly un-

desired, for example in fuel rods. In here, the expertise gathered on the release of isotopes,

can probably be used to avoid it and vice-versa. As an hypothetical example, the trapping of

certain elements in ISOL targets, as seems to be the case of Ca in the TiC-carbon black target,

which is undesirable at ISOLDE, could be desirable for nuclear industry.

Since Ca and K element release seem to be hindered by this target nanomaterial, an improved

iteration of the TiC-C composite is described and proposed below, for future use at ISOLDE.

Furthermore, modeling the release as is, in the literature, can be improved, especially in terms

of microscopic effusion and used to optimize the design of target materials. A small review of

the current models present in the literature is done together with suggestions for future work.

6.2.1 Future of TiC-based nanocomposites at ISOLDE

Even though the TiC has already provided a positive outcome to the Ti-based target materials

at ISOLDE, with stable beams over time and high intensities of Na, K and Li, the Ca beams

could only be extracted with very small intensities. The offline isotope release results reported

in the article included on section 5.1 (page 137) indicate that the carbon black might be

reacting with Ca, hindering its release, which doesn’t seem to happen for the TiC-MWCNT

composite.

In order to develop a performing TiC-MWCNT nanocomposite a subsequent thematic was

initiated. During the project a novel TiC-MWCNT processing route was designed and the ob-

tained composites were tested for sinterability in terms of shrinkage and mass losses [143].

Further characterization was carried in order to characterize the phase composition, morphol-

ogy, crystallite size and SSA of the new composites. The processing route was similar to the

one developed during the production of the nanometric UCx [51] (detailed on section 1.3.3,

page 30), but with less excess carbon. Therefore, instead of mixing directly TiC with carbon,

TiO2 was used as raw material with MWCNT and thermally treated to form TiC with excess

carbon through the TiO2 carbothermal reduction: TiO2 + 4C → TiC + C + 2CO (g).
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The results of this study are very promising (for details see appendix B, on 177), where nano-

metric TiC (132 nm) in a highly porous (84 %) composite, is stabilized up to 2100 ◦C and pos-

sibly at even higher temperatures. The TiC-carbon black nanocomposite used in the target

material had similar crystallite sizes but higher density (50 %) as seen on the article included

on the section 5.1 on page 135. If the release efficiency for Ca is high enough, this target may

be even able to produce the very exotic 35Ca (t1/2 = 25.7ms) and 35K (t1/2 = 190ms).

6.2.2 Modeling of release properties

As detailed in subsection 1.3.3 (page 30) target nanomaterials have apparently longer release

times but with higher beam intensities for short lived isotopes. Modeling of the isotope release

properties is complex since many phenomena are involved during the release. The release

phenomena starts as soon as the isotopes are thermalized in the bulk of the target material

grains after production, until they reach the ion source, which is usually divided into two main

processes, diffusion and effusion, introduced in subsection 1.3.1 (page 27).

While diffusion is derived from the heat equations and is well described and treated in the

literature [144], that is not the case for effusion, where the large number of variables present

make it very difficult to model. Thus effusion is normally simulated [145, 146, 147, 148]

or experimentally measured [149, 88], fitted to non-physical parameters or empirically de-

rived [85, 67, 52] and convoluted with diffusion.

Kirchner in 1992 [70] derived the release model (Pμ,ν(t )) convoluting the diffusion delay equa-

tion derived for spheres geometry (Pμ(t )) with a one exponential describing effusion (Pν(t )) -

emptying a volume through an orifice:

Pμ(t ) = 6μ

π2

∞∑
n=1

e−μn2t (6.1)

Pν(t ) = νe−νt (6.2)

Pμ,ν(t ) =
∫t

t ′=0
Pμ(t ′)Pν(t − t ′)dt ′ =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

6μν
π2

∞∑
n=1

e−νt−e−μn2 t

μn2−ν

6μν
π2

[
te−νt +

∞∑
n=1

e−νt−e−μn2 t

μn2−ν

]
, if μ= ν

(6.3)

where μ [s−1] and ν [s−1] are the respective diffusion and effusion time constants which have

been described in equations 1.6 and 1.7 (pages 28-29). This function is fitted to the P∞ exper-

imentally obtained release curve. For foils geometry the equation needs to be adapted: the

factor 6 becomes 8 and the sum goes from n = 0 and μn2 becomes μ(2n +1)2, the particle

radius, r , in equation 1.6 becomes d , the foil thickness.

From equations 6.1, 6.2 and 6.3, the release efficiency equations were also deduced for the
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processes of diffusion and effusion, in a similar way as in equation 3 of the article included on

section 5.1 (page 140) [85]:

εr el ,μ(t1/2) =
∫∞

0
Pμ(t )e−λi t dt = 3

�
U coth

�
U

U
, with U = π2 ln2

μt1/2
(6.4)

εr el ,ν(t1/2) =
∫∞

0
Pν(t )e−λi t dt = ν

ν+ ln2/t1/2
(6.5)

εr el ,μ,ν(t1/2) =
∫∞

0
Pμ,ν(t )e−λi t dt = εr el ,μ(t1/2) ·εr el ,ν(t1/2) = 3

�
U coth

�
U

[1+ ln2/(νt1/2)]U
(6.6)

Pμ,ν(t ) and εr el ,μ,ν(t1/2) were plotted in figure 6.1 to study the influence of the diffusion and

effusion parameters on the isotope release where, in all cases, effusion is assumed to be faster

than diffusion. It should also be noted that, as per definition, all release curves (figures 6.1a

and b) have an integral normalized to 1.

(a) Pμ,ν(t ) for constant effusion and different
diffusion time constants.

(b) Pμ,ν(t ) for constant diffusion and different
effusion time constants.

(c) εr el ,μ,ν(t1/2) for constant effusion and dif-
ferent diffusion time constants, see (a).

(d) εr el ,μ,ν(t1/2) for constant diffusion and
different effusion time constants, see (b).

Figure 6.1 – Pμ,ν(t ) and εr el ,μ,ν(t1/2) Kirchner model [85] with different effusion and diffusion
time constants. μ and ν values are arbitrary.

From figure 6.1a it can be seen by keeping ν= 10s−1 and changing μ by two orders of magni-

tude (from 0.03 to 3 s−1) - which correspond to an inversely proportional variation of the same

magnitude in the grain size (100×) - the release fraction is larger at short times for higher μ,

which increases the overall εr el ,μ,ν(t1/2), as seen from figure 6.1c. By keeping ν= 0.3s−1) and

varying ν by two orders of magnitude (from 1 to 100 s−1), as seen on figure 6.1b the peak of the
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release time-structure is shifted in time where at high effusion times, εr el ,μ,ν(t1/2) increases

for shorter t1/2, as represented on 6.1d.

On figure 6.2a the Pμ,ν(t )×e−λi t , where t1/2 = 1s is plotted with μ and ν arbitrary parameters

to reproduce what is seen experimentally for nanomaterials in comparison with standard

materials at ISOLDE. As can be seen from figure 6.2a, by assuming a 200 times larger μ and

a 30 times smaller ν, with μ > ν (where normally μ < ν), release curves which reproduce

the cases shown on figure 1.19c and d (page 33), representative of nanometric and standard

ISOLDE materials, respectively. When looking into the εr el ,μ,ν(t1/2) generated with the same

parameters it doesn’t seem to correspond to the experimental data, where nanomaterials in

particular, seem to bring approximately the same ratio across a large range of t1/2 [50, 51, 54,

49].

(a) Pμ,ν(t ) (b) εr el ,μ,ν(t1/2)

Figure 6.2 – Kirchner model Pμ,ν(t ) [85] reproducing the release from nanomaterials (t1/2 =
1s) and respective εr el ,μ,ν(t1/2) obtained. Green represents a standard ISOLDE oxide/carbide
target, in blue a nanometric target and red the area normalized nanometric target release
shape. The μ and ν values are arbitrary and don’t represent any real case.

Even though the Kirchner model is appropriate for simple macroscopic geometry targets

such as foils [70, 145], this model wouldn’t be appropriate to describe the release shape for

nanomaterials, however it hints that in nanomaterials it is likely that μ> ν. In nanomaterials μ

is known to be small due to the drastic reduction of target grain size, however it is not possible

to reduce grain size without affecting the material porosity. Keeping the material with the

same relative density, smaller grains will bring smaller pores which will create a more complex

pore network, reducing the mean free path of the particles before colliding with a material

surface. One would expect an increase of number of collisions proportional to the grain size

reduction, where the former can reach several million of collisions [145].

As discussed above the current effusion phenomena describes relatively well the release from

simple geometries such as foil targets or similar for TISS without transfer lines. Nonetheless,

the foil target release model has been improved by replacing the Kirchner Pν with effusion

simulated profiles [145, 147, 146]. However, for modeling release from porous materials with

grains, an additional step between effusion and diffusion must be added. Diffusion describes

already very well the release of isotopes from the moment of production until the atoms reach
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the surface of the grain. At this point, the isotope has to effuse through the pore network

of the material until it reaches the powder envelope surface (pellet surface or the powder

bed surface). From here on, classical effusion can describe the isotope release through the

macroscopic spaces of the target container, through the transfer line until it reaches the ion

source. This intermediate step, here called microscopic effusion, needs to be assessed and

integrated into the general model of release.

An attempt was made to better parametrize effusion empirically by Bouquerel [66], where

a double exponential effusion release function was introduced (and later convoluted with

diffusion) to better represent the ISOLDE case which has a thick target with a transfer line:

Pν,2(t ) = (1−e−ν1t )e−ν2t (6.7)

where ν1 and ν2 are the empirical effusion time constants. The final double effusion and

diffusion constants release formula has been successfully applied in other works [52, 56].

Attempts to take in consideration the referred microscopic effusion have been made. Leit-

ner [145] has developed a Monte Carlo code, designated RIBO (Radioactive Ion Beam Op-

timizer) which simulates the release (diffusion, effusion) and ionization. In this code, the

microscopic effusion (referred as inter-grain diffusion) is simulated in a limited number of

structures - that can be interpolated to get intermediate values - which are then convoluted

individually with diffusion and fitted with the release curve. If the result is non satisfactory, the

whole process is repeated. This code is usually used to simulate release time-structures where

the huge amounts of variables and complexity of TISS make it applicable to very simpler cases,

or to simulate the influence of certain parameters on the release [150].

Alyakrinskiy et al. [148] has proposed a similar solution where a similar effusion approach

as before was used. In here Knudsen diffusion (which describes diffusion of particles, in low

pressure, with mean free path comparable to the pore size [151]) is used to describe micro-

scopic effusion and normal effusion is not simulated, where only one pellet is used for the

simulation. In this aproach, the effusion release efficiency is simulated in a randomly packed

partially overlapping monodispersed spheres, with 100 % open porosity and multiplied with

the diffusion release efficiency, to get the final release efficiency [148]. In here, the release effi-

ciency for a certain element t1/2, as a function of grain sizes and porosity is simulated where

part of the results are reproduced here for Ar in figure 6.3a and Ga in figure 6.3b [148].

In the study τs = 0s (sticking time) and μ= 0.336 for Ar, while for Ga, τs = 1.514×10−7 s and

μ = 3.55 [148]. The simulations on figure 6.3 predicted that while for Ar smaller grain sizes

bring higher release efficiencies, for Ga it was the inverse. Preliminary data on the release of Ga

on nanometric UCx targets (the same material used in the simulations) have shown a factor

3 to 5 higher yields for Ga isotopes (with t1/2 in the order of seconds), when comparing with

standard tens of micron targets [51], which disagree with the results presented by Alyakrinskiy

et al. The simulation as discussed by the authors assumes that effusion happens only through

Knudsen diffusion and no surface diffusion coefficients are taken into consideration, likely
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(a) Argon (b) Gallium

Figure 6.3 – Kr and Ga simulated release efficiency as a function of the target grain size. Repro-
duced from [148].

w

explaining the results obtained for Ga, where in nanomaterials surface diffusion is expected

to contribute to the release [148]. Even though the simulation is done for much shorter t1/2

than those determined experimentally, it is unlikely that the grain size reduction produces

such a drastic reduction of the release efficiencies. The results presented on figure 6.3a are

more in line with those obtained experimentally, likely due to the chemical inertness of Ar,

which simplifies the simulation.

As another approach, the gas permeability (equivalent to effusion), defined as the ability of a

gas to diffuse in a porous structure of a material, is investigated. An experimental setup has

been described to measure this parameter for ISOL target materials [149] and an increase

of total porosity by 25 % brought up to 2 orders of magnitude increase in the permeability

coefficients [88], showing the importance of target porosity. Such type of experiments can be

used to assist in the modelling of microscopic effusion.

In summary, there has been effort in the ISOL community to model the release from target

materials, even though this is a very complex phenomena. While the diffusion and macro-

scopic effusion are well studied and modeled, microscopic effusion modelling can still be

done. More than 40 years of ISOLDE release data and in-depth characterization of the target

materials can be used to refine the models and use them to design and optimize new targets

for current and future ISOL facilities.
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A.1. Supplementary Materials

Figure A.1.1: Statistical design used to study through ANOVA analysis of variance, the pore size variation (ΔPs/Ps,0),

specific surface area variation (ΔS/S 0) and density variation (Δρ/ρ0) of the materials produced.

A.1.1. Parameter derivation

Calculation of volume ratio of material vs porosity (larger and smaller than 200 nm)

Relative density (ρr) is calculated in the following way:

ρr = ρ/ρt (A.1)

where ρt is the theoretical density of the material and ρ is the geometrical density.

For the composites, the ρt of the composites (ρt,composite) was calculated assuming the volume

ratios and the respective theoretical densities as shown on table 1:

1

ρt,composite
=

mC,%

ρC
+

mTiC,%

ρTiC
+

mZrO2/ZrC,%

ρZrO2/ZrC
(A.2)

where mC,%, mTiC,% and mZrO2/ZrC,% correspond to the respective composite component mass

ratios and ρC , ρTiC and ρZrO2/ZrC to their densities, where in the case of ρC it is either the density

graphite, carbon black or MWCNT (non bulk).

Since there are phases changes and mass losses during the thermal treatments the ρt changes,

since the relative fractions of the composite components change (mC,%, mTiC,% and mZrO2/ZrC,%).

To correct for the ZrO2 → ZrC reaction, the ZrO2 contamination was estimated by XRPD and

assumed to convert all to ZrC at high temperatures (16.2% mass losses according to the molecular

masses). The carbon mass losses were due to burning of carbon and production of ZrC. Since
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Figure A.1.2: Especially designed double crucibles to avoid sample oxidation in the oven at high temperatures. In the

picture, two sets of these crucibles are seen.

TiC also presented mass losses the difference between mass losses of the heat treated TiC and the

composites was used to estimate the amount of carbon lost in the composite sample ([Δm/m0]C,%

in wt.%) after thermal treatment:

[Δm/m0]C,% =
[Δm/m0]Comp,% − [Δm/m0]TiC,% × mTiC,%

mC,%
(A.3)

where [Δm/m0]Comp,% and [Δm/m0]TiC,% are respectively, the experimentally determined com-

posite mass losses and TiC mass losses with the same thermal treatment. From the carbon mass

losses and the ZrO2 → ZrC reaction, the mC,%, mTiC,% and mZrO2/ZrC,% values from equation A.2

were recalculated to determine the ρt,composite after thermal treatment.

Both corrections of ZrO2 contamination and carbon losses contribute relatively little to the

final values obtained, as both happen in relatively small quantities. In the cases where the ZrO2

quantities were not determined (the cases in supplementary materials - 25CNT, 50CNT, 75CNT,

25Gr, 25CB, 75CB) the average over all samples was used, 4.6 %.

As for the porosity, the BJH technique, in our case, determined the pore volume below

200 nm (vP,BJH) in [cm3 g−1]. From the ρt one can deduce the porosity in [%] below 200 nm

(Pr,<200 nm), through the following relation:

Pr,<200 nm =
vP,BJH

vP,BJH +
1
ρt

(A.4)

Since the relative total porosity (Pr) and ρr (obtained from equation A.1) relation is defined

by:

Pr = 1 − ρr (A.5)

then we know the pore size above 200 nm (Pr,>200 nm), assuming no closed porosity, can be deter-

mined from:

Pr = Pr,>200 nm + Pr,<200 nm (A.6)
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A.1.2. Composites further characterizations

Figure A.1.3: X-ray powder diffraction showing the ZrO2 contamination and its reduction, exemplified with the 50Gr,

into ZrC.

Table A.1.1: Density (ρ), SSA, median pore size (PS ), BJH pore volumes (vP,BJH) and mass losses (Δm/m0) of 25Gr,

25CB, 75CB, 25CNT, 50CNT and 75CNT as produced and after heat treatments at 1500 ◦C for 2 and 10 h.

25Gr 25CB 75CB 25CNT 50CNT 75CNT

ρ (g cm−3)

As produced 2.20 1.97 1.18 2.22 2.05 1.68

1500 ◦C - 2 h 2.23 2.08 1.19 2.33 2.09 1.93

1500 ◦C - 10 h 2.22 2.17 1.21 2.24 2.07 1.91

SSA (m2 g−1)

As produced 30.3 32.4 46.2 32.3 37.1 52.7

1500 ◦C - 2 h 8.6 14.1 31.8 3.5 6.3 12.4

1500 ◦C - 10 h 8.8 14.0 32.0 2.5 5.7 13.2

PS (nm)

As produced 26 29 38 25 23 23

1500 ◦C - 2 h 38 37 47 38 41 32

1500 ◦C - 10 h 44 37 42 41 20 35

vP,BJH (cm3 g−1)

As produced 0.16 0.19 0.30 0.16 0.20 0.27

1500 ◦C - 2 h 0.04 0.15 0.37 0.01 0.02 0.09

1500 ◦C - 10 h 0.04 0.13 0.26 0.01 0.01 0.05

Δm/m0 (%)
1500 ◦C - 2 h 10.7 11.2 9.0 8.4 11.8 15.7

1500 ◦C - 10 h 11.6 12.1 9.2 7.4 12.7 15.5
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Figure A.1.4: Relative density and porosity ratios (below and above 200 nm) for the TiC, TiCm, 50Gr, 50CB and 75CNTb

as produced and heat treated for 2 and 10 h.

Figure A.1.5: Dilatometry of 25Gr, 25CB and 75CB up to 1500 ◦C. TiC and TiCm are present for the sake of comparison.
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Figure A.1.6: TiCm, 25Gr and 50Gr Δρ/ρ0 (a), ΔS/S 0 (b) and ΔPs/Ps,0 (c) for heat treatments at 1500 ◦C for 2 and

10 h. The error bars correspond to the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted

values (columns) obtained by ANOVA - analysis of variance.

Figure A.1.7: TiCm, 25CB, 50CB and 75CB Δρ/ρ0 (a), ΔS/S 0 (b) and ΔPs/Ps,0 (c) for heat treatments at 1500 ◦C for 2

and 10 h. The error bars correspond to the standard error of the mean (ErrS) - 95 % confidence intervals - for the adjusted

values (columns) obtained by ANOVA - analysis of variance.

Figure A.1.8: TiCm, 25CNT, 50CNT, 75CNT and 75CNTb Δρ/ρ0 (a), ΔS/S 0 (b) and ΔPs/Ps,0 (c) for heat treatments

at 1500 ◦C for 2 and 10 h. The error bars correspond to the standard error of the mean (ErrS) - 95 % confidence intervals

- the adjusted values (columns) obtained by ANOVA - analysis of variance.
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A.2. Supplementary Materials

Table A.2.1: Characteristics of the raw materials used in this study, where SSA is the specific surface area, PS is the

median pore size, vP,BJH is the pore volume (both determined by BJH) and Dv,50 is the average particle size.

Characteristic TiC Graphite Carbon Black MWCNT

Density (g cm−3) 4.93 2.16 1.85 a 2.16 b (0.15 a - bulk )

Dimensions 80-120 nma <44 μm a ≈40 nm a 9.5 nm×1.5 μm a

SSA (m2 g−1) 25.1 2.1 36.9 293.1

GBET - Fc 48 nm - 6 5.3 μm - 24 88 nm - 6 -

PS (nm) 41 62 70 38

vP,BJH (cm3 g−1) 0.07 0.02 0.43 2.70

Dv,50 (μm) 1.70 33.17 0.46 42.79

AF
d 35.4 6.3 5.2 n.a.

a Given by supplier.
b Graphite density assumed for MWCNT theoretical density.
c GBET = F/(S S A∗ρt), where GBET is the particle size and F is a parameter depending

on the shape; F = 6 - for spheres; F = 24 - for 1:10 flakes [36].
d AF = Dv,50/GBET and represents the agglomeration factor [36].

Figure A.2.1: Statistical design used to study through ANOVA analysis of variance, the pore size variation (ΔPs/Ps,0),

specific surface area variation (ΔS/S 0) and density variation (Δρ/ρ0) of the materials produced.
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Figure A.2.2: Mass spectrum shown in mass (1 � A � 100) vs ion current, obtained by residual gas analysis of TiC (a),

TiCm (b), 50Gr (c) and 75CNTb (d) from 350 to 1500 ◦C (bottom) and respective pressure evolution over temperature

(top).
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Figure A.2.3: Thermodynamical Ti-C-O (a) and Zr-C-O (b) phase stability diagrams at temperatures from 1200 to

1800 ◦C.

Figure A.2.4: XRPD diffractograms obtained for 50CB heat treated at 1800 ◦C for 10 h, showing phase segregation.
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A.2.1. Parameter derivation
Calculation of volume ratio of material vs porosity (larger and smaller than 200 nm)

(Reproduced from the supplementary materials of [17])

Relative density (ρr) is calculated in the following way:

ρr =
ρ

ρt
(B.1)

where ρt is the theoretical density of the material and ρ is the geometrical density.

For the composites, the ρt of the composites (ρt,composite) was calculated assuming the volume

ratios and the respective theoretical densities as shown on table A.2.1:

1

ρt,composite
=

mC,%

ρC
+

mTiC,%

ρTiC
+

mZrO2/ZrC,%

ρZrO2/ZrC
(B.2)

where mC,%, mTiC,% and mZrO2/ZrC,% correspond to the respective composite component mass

ratios and ρC , ρTiC and ρZrO2/ZrC to their densities, where in the case of ρC it is either the density

graphite, carbon black or MWCNT (non bulk).

Since there are phases changes and mass losses during the thermal treatments the ρt changes,

since the relative fractions of the composite components change (mC,%, mTiC,% and mZrO2/ZrC,%).

To correct for the ZrO2 → ZrC reaction, the ZrO2 contamination was estimated by XRPD and

assumed to convert all to ZrC at high temperatures (16.2% mass losses according to the molecular

masses). The carbon mass losses were due to burning of carbon and production of ZrC. Since

TiC also presented mass losses the difference between mass losses of the heat treated TiC and the

composites was used to estimate the amount of carbon lost in the composite sample ([Δm/m0]C,%

in wt.%) after thermal treatment:

[Δm/m0]C,% =
[Δm/m0]Comp,% − [Δm/m0]TiC,% × mTiC,%

mC,%
(B.3)

where [Δm/m0]Comp,% and [Δm/m0]TiC,% are respectively, the experimentally determined com-

posite mass losses and TiC mass losses with the same thermal treatment. From the carbon mass

losses and the ZrO2 → ZrC reaction, the mC,%, mTiC,% and mZrO2/ZrC,% values from equation B.2

were recalculated to determine the ρt,composite after thermal treatment.

Both corrections of ZrO2 contamination and carbon losses contribute relatively little to the

final values obtained, as both happen in relatively small quantities.

As for the porosity, the BJH technique, in our case, determined the pore volume below

200 nm (vP,BJH) in [cm3 g−1]. From the ρt one can deduce the relative porosity in [%] below

200 nm (Pr,<200 nm), through the following relation:

Pr,<200 nm =
vP,BJH

vP,BJH +
1
ρt

(B.4)

Since the relative total porosity (Pr) and ρr (obtained from equation B.1) relation is defined

by:

Pr = 1 − ρr (B.5)

then we know the pore size above 200 nm (Pr,>200 nm), assuming no closed porosity, can be deter-

mined from:

Pr = Pr,>200 nm + Pr,<200 nm (B.6)
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A.3. Supplementary Materials

Figure A.3.1: Relative mass losses for TiC and TiC-CB. Reproduced from [8].
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A.4. Supplementary Materials

Figure A.4.1: FLUKA [34, 35] simulation which estimates H*(10) at 10 cm of 3 pellets of 12 mm diameter and

1.5 mm thickness. Irradiation with 1 · 1015, 1.4 GeV protons. Materials simulated: TiC with theoretical density

(4.93 g cm−3 [15]), carbon with 2 g cm−3 and a mixture of TiC and carbon in 1:1 in volume.

Figure A.4.2: Irradiation stand design in 3D (by Matteo Vagnoni) (a), built (b) and sample tube opened showing the 9

samples for irradiation (c). The sample tube fits in a selected position hole in the white container in (b).
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Figure A.4.3: Target unit #527 with target, ion source, mass marker and CF4 leak identified (a), TiC-CB pellets as-

produced (b) and graphite container with TiC-CB pellets ready to be inserted in the target unit oven (c).

Figure A.4.4: Mass scan of the TiC-CB unit (#527) - target at 1800 ◦C and Re ion source at 2130 ◦C.
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Table A.4.4: Isotope production cross sections in C, in mb, when bombarding it with 1.4 GeV protons. Simulation done

with ABRABLA07v5 with 1 · 109 events, accounting both C isotopes and respective ratios.

Table A.4.5: Ratio between the isotope production cross sections, in a C target, at CERN (1.4 GeV protons) and at

TRIUMF (500 MeV protons). Simulations done with ABRABLA07v5 with 1 · 109 events, accounting for both C isotopes

and respective ratios.
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B TiC-MWCNT - carbothermal reduction
from TiO2 and MWCNT

In order to develop a better quality TiC-MWCNT nanocomposite, a CERN Summer Student

Project was submitted and approved by CERN and a graduate student, Silvain Badie, was

hired for 2 months and supervised by J.P. Ramos (the thesis author) and T. Stora [143]. In

this study a processing route was developed TiC-MWCNT which was produced from the

carbothermal reduction of the TiO2, through the reaction: TiO2 + 4C → TiC + C + 2CO (g).

Further characterization was carried after the project concluded in order to characterize the

phase composition, morphology, crystallite size and SSA of the new composites, since only

densities were determined.

The starting powder was the Sigma Aldrich TiO2 used1 in section 3.1, page 62 which was

suspended in IPA with a liquid:solid volume ratio of 12 for milling. Systematic milling studies

were done in order to find the best milling conditions in a Fristsch Pulverisette 6 high energy

planetary mill in a 250 ml WC grinding bowl with 95 g of WC balls. The final conditions chosen

for the milling were 600 rpm for 56 min. MWCNT were suspended in IPA with a liquid:solid

volume ratio of 720 (assuming graphite density for MWCNT) and sonicated with agitation for

30 min. After, the milled slurry of TiO2 was added to the MWCNT suspension and left under

agitation and sonication for another hour. The suspension was dried, deagglomerated and

dry pressed in cylindrical compacts of 15 mm of diameter and 2 mm of thickness at 111 MPa.

The obtained pellets were thermally treated at 1700 and 2100 ◦C for 1 h and 2100 ◦C for 15 h

in Oven B, to assess thermal stability of the nanocomposite.

After all thermal treatments no more TiO2 was detected in the XRPD diffractograms, where

during the heating ramp the carbothermal reduction was noticed (from the pressure evolu-

tion) to start around 1200 ◦C and finish before 1600 ◦C. The results for the as produced and

thermally treated samples, in terms of SSA, ρ and ρr and XRPD determined crystallite size are

presented on table B.1 and respective microstructures can be seen on figure B.1.

As it can be seen, from table B.1 there is a large reduction of SSA from the as produced material

1Another TiO2 raw material was tried, but yielded very similar results, which are not presented here. For more
information refer to [143]
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Appendix B. TiC-MWCNT - carbothermal reduction from TiO2 and MWCNT

Table B.1 – SSA, density and XRPD crystallite size of the as produced samples and thermally
treated at 1700 ◦C for 1 h and at 2100 ◦C for 1 and 15 h.

Sample SSA ρ (ρr ) a Crystallite size Δm/m0

m2 g−1 gcm−3 nm %
As produced 138.9 0.71 (23 %) 22
1700 ◦C - 1 h 81.8 0.65 (16 %) 121 43.5
2100 ◦C - 1 h 75.0 0.66 (16 %) 102 43.0

2100 ◦C - 15 h 62.9 0.66 (16 %) 132 43.8
a Assuming theoretical density of 4.93 gcm−3 for TiC [35] and

graphite density, 2.16 gcm−3 [35], for MWCNT.

to the 1700 ◦C thermal treatment, likely due to the consumption of C from CNT to form TiC.

There are SSA changes during the heat treatments at 2100 ◦C (1 and 15 h) but they are not

drastic, where XRDP crystallite size is also not changing much (table B.1).

Furthermore the mass losses of ≈ 43−44 %, seen on table B.1 for the thermally treated sam-

ples, are matching the predicted mass losses for the carbothermal reduction of TiO2 into TiC,

which is 43.8 %. The relative densities on table B.1 were calculated are very low (16 %), and

completely stable at high temperatures. The stability of the nanometric TiC is also seen on

the SEM pictures of figure B.1b, c and d, where in all thermal treatments there is barely any

significant change in the TiC.

(a) As produced (TiO2 + MWCNT) (b) 1700 ◦C - 1 h (TiC + MWCNT)

(c) 2100 ◦C - 1 h (TiC + MWCNT) (d) 2100 ◦C - 15 h (TiC + MWCNT)

Figure B.1 – SEM microstructures of the as produced TiO2 + MWCNT and resulting microstruc-
tures after thermal treatments (TiC + MWCNT) at 1700 ◦C and at 2100 ◦C for 1 h and 15 h.
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The results from this study are very promising, where nanometric TiC is stabilized up to

2100 ◦C and very likely also at even higher temperatures. As seen from the article included in

the section 3.3, table 3 (page 102), the 75CNTb thermally treated 1800 ◦C for 10 h has an SSA

of 12.0 m2 g−1 and a density of 2.70 gcm−3. The much lower density can be very beneficial for

effusion due to the larger mean free path for the isotopes. However due to lower density the

mass of Ti target thickness will also be lower, which will reduce the YPr od . But as described

in 1.3.3 (30), nanomaterials have often lower target thicknesses but bring higher yields, thus

this material needs to be tested online. In any case this target will be able to operate at higher

temperatures which can bring increases in the yields due to the Arrhenius dependence of dif-

fusion and effusion on temperature - equations 1.5 (page 27) and 1.8 (page 29), respectivelly.
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