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ABSTRACT

The reprocessing of nuclear spent fuel generaggdyhradioactive liquid wastes
(HLW) that must be isolated from biosphere in veéuyable solid matrices. In the
first part of this chapter, generalities are préséron the radionuclides occurring
in HLW and on the main characteristics and prepamanethods of waste forms
(glasses, ceramics, glass-ceramics) for the imimakibn of separated or non-
separated wastes. In the second part of this ahapt characteristics of two
categories of long-lived radionuclide§°Cs and minor actinides Np, Am, Cm)
and the main matrices proposed for their specifimobilization are reviewed.
Results are presented on ceramic and glass-ceraatiices developed for the
conditioning of Cs (hollandite) and minor actinidesconolite, zirconolite-based
glass-ceramic) and studied in our laboratories. ¢&gium, BaCs,Tiig-MO16
hollandite ceramics (M: Af, CP*, Fe*, G&") prepared by oxide route are
characterized by different methods. The effect obthe single phase character
of hollandite and on its capacity to incorporate i€studied. External electron
irradiation experiments performed on a simple hawlite composition
(Bay.16Ti5.68A12.3016) to simulate the effect @-irradiation due to radioactive Cs
decay are presented. Structural changes and ddteastion are studied by
different spectroscopic techniques such as Elecffanamagnetic Resonance
(EPR). The stability with temperature of titaniufi®{) and oxygen (@)
paramagnetic defects is studied. For selective inmlmation of minor actinides,
results concerning both zirconolite ceramic (noryneCaZrTiO;) and a

zirconolite-based glass-ceramic are presented. Bamhs (mainly neodymium)
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and Th are used as minor actinide surrogates. t8tedlcand microstructural
results concerning the incorporation of Ndons in CaNdZrTiz-AlO; (X <
0.6) zirconolite ceramics prepared by oxide route presented. The local
environment of N& ions in zirconolite ceramic samples is studiedBBR and
optical absorption spectroscopy. A zirconolite-lsagéass-ceramic consisting of
small zirconolite crystals homogeneously dispenseds bulk and prepared by
controlled crystallization of a parent glass beloggto the SiG-Al,O3-CaO-
TiO,-ZrO,-Nd,O3 system is studied. The effect of different paramseseich as the
crystallization temperature on the nature of thgstads (bulk + surface), their
structure and their microstructure is developedas&lcomposition changes are
performed in order to increase the amount of ziotien in the glass-ceramic
samples and to incorporate preferentially minoringd¢ surrogate in the

zirconolite crystals (double containment principle)



[. INTRODUCTION

Today more than 7% of all the energy consumed éwlorld is produced by
nuclear power reactors (440 reactors were in agtiwi 2004 around the world).
Nuclear energy is essentially used to produce reddgtand represents about 16%
of the electricity produced in the world. For thigplication, about 50 000 tons of
natural uranium are consumed every year producin@0D tons of nuclear spent
fuel [1]. For several countries (France, Belgiunthuiania), the contribution of
nuclear energy to electricity production is highlean 50% (e.g. nearly 80% for
France) [2]. Even if a few number of countries ir&térn Europe have made the
choice not to develop nuclear energy (Italy, A@dtor to give up progressively
their nuclear power activity (Germany, Sweden, Betg for political reasons,
other countries have decided either to continueig® nuclear reactors (France,
Finland, Switzerland) or to significantly increabe part of nuclear energy in their
electricity production (China, Japan, United Statassia, South Korea, India).
The rising demand for energy, the risks of looswmifj and gas sources of
procurement and the need to reduce green-housergassions are among the
reasons of current and future nuclear energy dpwatat. Moreover, the building
of a new type of nuclear reactor (EPR, Europeasderezed water Reactor) more
efficient than current PWR (Pressurized Water Reads in progress in Finland
and is envisaged in France. As for PWR, this newl kif reactor -belonging to the
third generation- will use UOX (uranium oxide, Y)@Gnd MOX (mixed uranium
and plutonium oxides) fuels. All these consideraioabout nuclear energy
demonstrate that increasing amounts of highly madiee nuclear wastes will be
produced in the future. Today, according to eachntry, two options exist
concerning nuclear spent fuel:

(i) Reprocessing with the Purex process to extPacand remaining U for reuse in
new fuel and conditioning of residual wastes thaattain fission products (FP) and
minor actinides (MA: Np, Am, Cm) in highly durabigasses (closed nuclear fuel
cycle) [3] followed by interim storage and thenpdisal of waste forms in deep
geological formations [4].

(i) Direct disposal in deep geological formatiored spent fuel without

reprocessing (opened nuclear fuel cycle).
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Today, about 30% of the nuclear spent fuel is reggsed in the world [1]. The
high level radioactive liquid wastes (HLW) producaitier reprocessing are made
of a complex mixture of both radioactive (fissiorogucts, minor actinides) and
non-radioactive elements (for more details see. $§ they contain long-lived
radionuclides (and/or long-lived daughter produéts)which half-lives can reach
thousands to millions years [5] (MA®*Cs, *°Tc, ®*zr...,Table 1), HLW must be
isolated from the biosphere for very long timeorfirthousands to hundreds of
thousands years), at least until their radiotoxidiével drops back to the
radiotoxicity level of the initial uranium oreFigure 1). For instance HLW
obtained after UOX1 (U©with 3.5%%%%U) spent fuel reprocessing, decay to return
to a level close to the original fuel after approately 2 000 yearg-(gure 13a).

For a very efficient immobilization, a multi-banrieoncept is envisaged (waste-
form < container < engineered barrier < geologhirier) around the radioactive
waste to limit the release of radionuclides inte #mvironment through the action
of the underground water. The increasing needunddmental and applied studies
on HLW and nuclear waste forms for their conditi@nis thus obvious. This last
point is the main topic of this Chapter.

Currently, after water evaporation and calcinatwdrHLW solutions, wastes are
incorporated by dissolution into the structure tfsge$ (mainly calcium alkali
borosilicate glasses but alumino-phosphate glaasseslso used in Russia [6,7])
melted in metallit or ceramic meltefsat temperature not exceeding 1100-
1150°C for technical reasons. Borosilicate glassatrices are also used to
immobilize the defence wastes obtained after tipeomessing of military spent
fuel [7]. Moreover, new glassy matrices are alswisaged to immobilize old
HLW solutions stored in stainless steel tanks ahdVHsolutions that will be
produced in the future in commercial reactors afegrocessing of new spent
fuels. For instance, in France, in order to impraeactors performance, the
proportion of”**U fissile isotope in fuel will grow in the futur@igh burn up U@
fuel) [1]. Today in France, uranium oxide fuel usedWR contains 3.5 or 3.7 %
2% (UOX1 and UOX2 fuels respectively). In the fututhe concentration of
2% will reach 4.7-4.9 % (UOX3 fuel) [1]. As a consemce, new glass

! Due to the lack of long range order in glassy ines; glasses are the best waste forms for
immobilization of complex waste mixtures.
2 Such as the AVH process (see §lll) used in Frafige Hague) and in United Kingdom
(Sellafield).
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compositions are under development to efficientlyorporate and immobilize the
highly concentrated HLW solutions that will be abhtd after reprocessing of
these new spent fuels [8]. For instance, a new earth-rich glass composition
which enables greater waste volume reduction tharet borosilicate nuclear
glasses has recently been proposed to immobiliegsetmew wastes [9,10,11].
Indeed, as rare earths represent the most abufataity of FP [12] Table 111 ),
their concentration in these new wastes will behhégd rare earth-rich glassy
waste forms appeared as the best candidate far itheiobilization. Another
example of glassy matrix has been recently develdpethe immobilization of
old HLW solutions containing high Mo and P concetitns. These solutions
were recovered after the reprocessing -in the simgeim France- of UMbspent
fuel [13]. The new waste form developed for UMo HLawnditioning must be
more properly called glass composite material ratih@n glass because the melt
partly crystallizes on cooling (s€&eégure 5in 8lll). The use in the future of a new
melting technology with cold crucible melter innfication nuclear plants will
enable to melt glass compositions with higher iy character than current
borosilicate nuclear glasses [14,15,16]. Thus, gssy waste forms that could
not be melted in classical metallic or ceramic erslt(such as the waste forms
envisaged above to immobilize concentrated HLW @id,P)-rich wastes) can
be now envisaged

To minimize the potential long-term impact of HLWI@tions, investigations are
currently in progress in several countries suchina§rancé on the enhanced
separation of several long-lived radionuclides (MECs, *#, °°Tc) from HLW
followed by their transmutation (into short-liveadionuclides or stable elements)
or their immobilization in specific host matriceach as ceramics and glass-
ceramics [17,18,19,20,21] more durable than cumeictear glassed-igure 2).
These long-lived radionuclides may have a majoitrdmution to the long term
potential radiotoxicity of HLW. This is the case for MA which are longdiva-

emitting radionuclides and that will be mainly respible for the potential

 LFCM (Liquid-Fed Ceramic Melter)are in use in Ras$/nited States and Japan.
* UMo is a metallic alloy containing U and Mo thaasvused in gas cooled reactors in France in
1960's.
® Research programs are in progress in France $8&% (following the French Act of December
1991) to reduce the toxicity and quantity of nucleastes recovered after spent fuel reprocessing,
their conditioning, storage and deep disposal.
® The potential radiotoxicity of radionuclides capends to their activity multiplied by ingestion
dose factors.
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radiotoxicity of HLW after 2-3 hundred years dispbgFigure 1). Even if
experiments have shown the possibility to transnM#ein neutron reactors [22]
to reduce the radiotoxic inventory, the specifiariabilization of MA is still
considered as a possible alternative to transnoutatror MA immobilization,
several ceramics such as zirconates, titanatespbhodphates may incorporate
higher amounts of MA in their structure than glassed also exhibit better
chemical resistance against water [18,19,23]. @nhyil highly durable matrices
have also been developed for the conditioning loéohighly radiotoxic actinide-
rich wastes such as Pu-rich military wastes in &thfbtates and Russia [@ther
long-lived radionuclides (fission products) such'&€s, **% and **Tc have a
lower contribution to the long-term radiotoxicity spent fuel than MA but are
more soluble in water and more mobile in geologedma [24,25,26[Table II).
Their selective separation and immobilization iregfpc and highly durable
matrices (hollandite, apatite...) would thus reduwe risks of migration towards
biosphere during disposal. After enhanced separatfothe most problematic
radionuclides occurring in HLW, it is planed to irahilize the remaining wastes
(consisting of non radioactive elements, shortdivadionuclides and long-lived
radionuclides with low mobility and very slightlyolsible in water) in glassy
matrices Figure 2). These glassy waste forms will lose their radiatiby
relatively rapidly in comparison with current nuateglasses. Indeed, after a few
centuries, their radiotoxicity level will drop tbdt of the initial fuel. Radioactive
Sr is known to have one of the main contributionitfw*’Cs) to the
radiotoxicity and radioactivity of HLW during thédt centuries Sr, 28.5 years
half-life), is highly water soluble and may haveteong impact on biosphere [27].
However, because of the lack of long-lived stramtilsotopes its separation from
radioactive solutions followed either by transmiatator specific immobilization
is not envisaged contrary to Cs. Studies on enlthseparation, transmutation or
specific immobilization of other long-lived FP suals **Zr occurring in HLW
(Table 1) have not been performed because these radiorsdic not mobile in
geological environmenfl@ble II') and have only very low solubility in water.

In this Chapter, we will firstly present generafit about the HLW recovered
after nuclear spent fuel reprocessing (8l1). Thiegdples of their immobilization
in different kinds of waste forms (ceramics, glassamics and glasses) for mixed

or separated radionuclides will be presented ih 8ésults concerning ceramic
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and glass-ceramic matrices developed for the speaoiimobilization of Cs and
MA that have been studied in our laboratories bélithen presented (81V):

- Bals/(M,Ti)gOs6 hollandite ceramics (M: trivalent cation) for Cs
immobilization.

- CazZrTiO; zirconolite ceramics for MA immobilization.

- Zirconolite-based glass-ceramics containing smaitconolite crystals
homogeneously dispersed in a glass for MA immadatiian.

[I. Composition of HLW recovered after spent fuel repr@essing

During the burning of nuclear fuel in nuclear reastto produce electricity or
military Pu, different elements (radioactive or )hebnsidered as wastes are
produced under the flux of neutrons:
- Fission products (FP), produced by fissior"8f and fissile Pu isotope&*{Pu,
41py). More than 300 radionuclides (which gremitters and sometimes algo
emitters) were identified, but more than 60 % aénthwill have disappeared
several times after spent fuel discharge. Thederdiit FP correspond to nearly
40 elements of the Mendeleyev classification frora ® Dy and belong to
different families Table IIl'). They are all considered as wastes. An example of
composition of HLW recovered after UOX1 reprocegsthat illustrates this
chemical diversity is showitable IV [28]. However, the majority of FP are
stable isotopes (for instance all Mo isotopes amel najority of rare earth
isotopes occurring in significant amounts in HLW atable) and will thus not
contribute to radioactivity. Nevertheless, radibaefP (among which*’Cs,*°Sr
and °°Tc) will represent -during the first centuries- theain source of
radioactivity and radiotoxicity of HLW solutions taf Pu and U separation
(Figure 1). The main long-lived FP are given ifable |. Studies have been
performed concerning the possibility to isolate arahsmutate the more mobile
of these long-lived FP (I, Cs, Tc) or to find vetyrable specific waste forms to
immobilize them.
- Pu and MA isotopes produced by neutron capturaslgnby *®U. They are all
long-lived a-emitters and sometimes algeemitters. MA are all considered as
wastes. This is not the case for Pu in countrieshvieprocess their spent fuel to
extract Pu and produce MOX fuel. If civil spent Ifug not reprocessed, it is
7



considered as a waste and Pu will be the main nssiple for spent fuel long-term
radiotoxicity Figure 1). More details about MA in HLW and their specific
immobilization are given in 8IV.

- Activation products are radioactive elements lisas™Fe, °°Co, **Ni, *Ni, **zr,
14C) [1] produced by transmutation of non radioactive elémpresent in the fuel
or in surrounding structures. The amount of aciraproducts is very small in
comparison with the two previous kinds of wasteB, (MA).

Even if FP and MA occurred in all nuclear spentldu¢heir composition may
strongly depend on:

- The isotopic composition of the fuel, i.e. thedkof >*®U enrichment before its
introduction in reactors (from 0.7 % for naturaltt) about 4.5-4.9 % in the
future). Classically, the amount 8fU in the UOX fuel used nowadays in PWR
is about 3.5-3.7 %.

- The chemical composition of the fuel (U@ metal, metallic alloys with U).

- The burn-up level when spent fuel is dischargethfthe reactor.

- The time after discharge.

Consequently, the composition of HLW solutionsttlze recovered after
reprocessing of spent fuel by the Purex procesk,stwongly depend on these
different parameters. For instance, the conceontratof FP and MA are relatively
low in HLW solutions originating from the reprocess of military spent fuels or
civil spent fuels with natural uranium becausehdrt low burn up in comparison
with the HLW solutions originating from PWR rea&dr]. Indeed, the amount of
FP increases proportionally with the burn-up of Jf@el. However, the amount
of MA increases more rapidly than the amount of(Eémpare the compositions
of UOX1 (Table 1V) and UOX3 Table V) spent fuels and ségable VI). The
concentrations of short live radionuclides (for tamee **‘Cs) will strongly
decrease several years after spent fuel dischargebacome negligible. For
instance, UOX1 spent fuel is generally reprocesseears after discharge. The
time before reprocessing also enables to reducéehe power of spent fuel. In
the future, for high burn up spent fuels, this timéd increase Table VI). The
chemical composition of nuclear fuel has also angrimpact on HLW
composition. For instance, the high quantity of ybdenum in UMo fuel is
mixed with FP and MA in HLW solutions.



In the Purex (Plutonium Uranium Refining by Extran) process, the spent fuel
Is dissolved in hot nitric acid. U and Pu are theolated from FP, MA and
impurities by solvent extraction using tributylibigsphate (TBP). This process
initially developed in the United States, is usedustrially for more than 50
years. During dissolution of the spent fuel in hdtic acid, several volatile FP
evaporated among which I, Kr and Xe [12]. Xe isradioactive #Kr is a short
live B-emitter (half-life10.7 years). Kr and Xe are disaled in the atmosphere.
127 (19.4 %) is non radioactive but the majority ofline (80.6 %) occurs as the
long-lived radioactive isotop& (half-life 1.57 10 years). lodine is a volatile
element that can be incorporated with difficulty ¢rassical glassy matrices.
Moreover, it is highly mobile in geological enviraent Table 1) and soluble in
ground water. During spent fuel dissolution, gas evaporates, is purified as
lodide salt and is then discharged into the seadjpte of isotopic dilution with
127 occurring in sea water). However, this solution mow regarded as
unacceptable for instance in Japan and in Franus.i3 the reason why studies
have been performed concerning iodine transmutatiots specific incorporation
in highly durable matrices. A¥" transmutation does not appear as technically
possible [22], its immobilization in ceramic mag® [19,29,30] or by
encapsulation in a metallic matrix [31] have beewigaged. For instance, it was
shown that a composite apatitic ceramic made 0fy(P04)s.8POy)1.2l2
encapsulated in a KWO,4)1.6(POs)0.4 Matrix prepared by hot pressing at 580°C
exhibited good chemical durability [19{ is interesting to notice that a flux of
about 184 kg of iodine is produced every year ianEe during spent fuel
reprocessing [32].

It must be underlined that the proportions of FRl &MA in spent fuels are
relatively small in comparison with the quantity ofanium remaining after
burning. For instance, the evolution of the compasiof UG, fuel (enriched with
3.5%2%U) after 3 years in a PWR reactor is showifrigure 3 [33]. In this case,

it appears that the amounts of FP and MA in speeit dre respectively about 4
wt% and 0.1 wt%. MA represent only 2-3 wt% of thastes (FP + MA) in HLW
solutions. Moreover, non radioactive but relativedpundant additional or

corrosion elements also occurred in the radioactlations such as P, Na, Fe,



Ni, Cr and zf (Tables IV and V). These elements originate from the Purex
process (P, Na) or from the corrosion of the tafles Ni, Cr) in which are kept
HLW solutions before conditioning.

Because of the risks of diffusion in the biosphefehe highly radiotoxic and
toxic elements occurring in HLW solutions that &ept in metallic tanks these
wastes must be conditioned in solid and highly digranatrices before deep
underground disposal. Due to both its low chemidatability, its very high
thermal power (produced by the high concentratiothermal radionuclides) and
its high specific area, the calcine that is obtdiater evaporation and calcination
of HLW solutions cannot be considered as a goodenfasm. We will see below
that calcine can only be considered as an interseg@roduct during vitrification
processes for instance. In the next paragraph Wemesent the different kinds of
matrices that can be envisaged to immobilize HL\Mtgans and separated long-

lived radionuclides.

[Il . Immobilization of non-separated or separated HLW: pinciples and

examples.

[II.A. Principles of immobilization.

Concerning the immobilization of both non-sepatateastes (HLW solutions)
and separated long-lived radionuclides, two kintisvaste forms are generally
proposed in literature [7]. Firstly, waste formsidze envisaged in which wastes
are dissolved in the atomic structure of glassysomgle phase or multiphase)
crystalline matricesHigure 4a). In these conditions, the elements of the wastes
are immobilized at atomic scale and the matrixagca solvent. This is the case of
the majority of specific and non-specific wastenierthat have been studied in
literature. It must be notice that all the nuclegasses produced industrially
belong to this categoty Secondly, waste forms can be envisaged in whieh t

totality or at least a high fraction of wastes mea@&psulated as particles in highly

" Additional zirconium originates from zircalloy dding but the majority of zirconium occurring
in HLW is produced during fission reactior&aples IV and V).
8 After several years, leaks of radioactive solutiomay appear due to tanks corrosion. Moreover,
as it is necessary to evacuate continuously theolggeh gas formed in tanks by water radiolysis
and to permanently cool the solution in order t@idvexplosion risks, the storage of HLW
solutions in metallic tanks can only be considexedemporary.
° It must be indicated that even if the high majodif elements of HLW solutions are dissolved in
the structure of nuclear glasses, noble metalas@trsoluble in the glassy matrix (see note 14).

10



durable glassy or (single phase or multiphase)taltyge matriceskigure 4b). In
these conditions, elements of the wastes are mammobilized at granular scale
and the waste form appears as a composite matétiaé. particles containing the
wastes exhibit good immobilization properties, thatrix can be considered as a
second barrier against dissolution by water. Thalmr of examples in literature
of such composite matrices is less important thHaat tn which wastes are
immobilized at atomic scale [7]. They can be pregany sintering a mixture of
powders of wastes (calcine powder, crystallinelasgpowders in which wastes
were previously dissolved) and ceramic or glass devw that will act as
encapsulating highly durable matrix after sinterirfipr instance, composite
materials prepared by sintering and made of pymyehparticles encapsulated in
borosilicate or lead silicate glasses have beesntBcproposed as Pu waste forms
[34]. Moreover, glass composite materials prepdreth glasses by controlled
crystallization (glass-ceramics) or by uncontrollggstallization during cooling
of the melt can also be considered as compositeevi@sns even if they were not
prepared by sintering of powders. Neverthelesshisicase a high proportion of
wastes may remain dissolved in the continuous glpkase. For instance, this is
the case of the glass composite waste forms that baen developed for the
immobilization of UMo wastes containing high contations of Mo and P. They
consist of crystalline molybdate and phosphateiglest formed during melt
cooling and dispersed in a glassy borosilicate imftB8,35] (Figure 5).

When looking for an efficient waste form for HLWIstbons or separated wastes,
several important points must be kept in mind camog both the properties of
the matrix and the difficulties that can be enceued for its synthesis in
radioactive environment.

Concerning the properties of the potential wastenfahe following points must
be considered:

- The matrix must incorporate all the elementsi¢active or not) of the wastes
with a high loading. Moreover, for radioactive eksms, the matrix must also
incorporate the daughter products. If high coneiuns of thermal radionuclides
occur in the wastes, loading is limited by the trdveating of waste forms. For
instance, the high concentrations'®Cs and®Sr in HLW solutions Table 1V)

is one of the points that limits the amount of wasthat can be incorporated in

classical borosilicate nuclear glasses. Nevertheleme earth-rich borosilicate
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glasses with higher glass transformation tempegatare currently under
development to increase waste loading [9].

- The incorporation capacity of the matrix must r sensitive to small
fluctuations of the wastes composition.

- The matrix must exhibit very good long term beabawoncerning both its
resistance against lixiviation by water and itsigtasice against self-irradiation.
Indeed, radioactive wastes must be isolated frarbtbsphere at least until their
radiotoxicity level will drop back to the radiotaiy level of the initial uranium
ore used to prepare the fuel. Even if structural@ions occur under the effect of
a-decays (amorphization of ceramics for instandag, ¢hemical durability and
the capacity of the matrix to retain radionuclideast remain very good. The
existence of natural analogues for a given potentiaste form is generally
considered as a good indication of its good lomgnteehavior. Natural analogues
are durable minerals that have high natural radibee contents (U, Th) and that
have been preserved in natural conditions for gpodd times (radionuclides
were retained in their structure for millions ofays). For nuclear borosilicate
glasses, there are not true natural glass analdgaefiave contained boron and
high concentration of natural radionuclides. Nevelgss, in spite of composition
differences, natural basaltic glasses are oftesidered as good natural analogue
of borosilicate nuclear glasses because of thenilasi chemical lixiviation
properties [36,37]. Most of the ceramic waste forpneposed for the specific
conditioning of long-lived radionuclides are basednatural analogues. In order
to evaluate the long term behavior of glass or ro@rasynthetic samples
envisaged as potential waste forms, numerous aatetetests of lixiviation and
irradiation are performed. For instance, in ordesitnulate the long-term effects
of self-radiation damages produced tydecays, samples can be prepared by
incorporating short-lived actinides such d%u (half-life 87.7 years) of*'Cm
(half-life 18.1 year) [38,39]. Nevertheless, extdrirradiation experiments with
charged particles (heavy ions;particles) are more frequently used to simulate
the effects of actinides self-irradiation-particles andx-recoils effects) because
it is not easy to prepare and to study highly radiive samples doped witf*Pu

or ?**Cm. The effects of~irradiation can be simulated using exterff&lo or
137Cs sourcegB-irradiation can be simulated by external irradiativith electrons

generated by a Van de Graaff accelerator. Conagrtia long-term chemical
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durability of potential waste forms, dynamic andtist lixiviation tests can be
performed under different conditions (temperatupéi, composition of the
leaching solution...). For instance, dynamic expentsevith a high flow rate of
renewed distilled water at 100°C (so-called Soxkebgberiment) are classically
used to determine the initial dissolution rageof samples in pure water. The
initial dissolution rate of the French nuclear glaR7T7 is 1.7 g.fiday’ at
100°C [40]. During static lixiviation tests (i.e.ithwout solution renewal), the
samples alteration generally drops by several erdemagnitude below, more
or less rapidly. For glasses, this decrease oblligsn rate (by 4-5 orders of
magnitude) is attributed to the formation of an gwhous gel layer with highly
protective properties that acts as a diffusion ibarf41]. Concerning nuclear
glasse, predictive modelling of long-term alterati@te is currently developed
[42].

- The matrix must exhibit very good mechanical gmdies in order to avoid
fracturation risks during manipulation and transpMoreover, the matrix must
have a low porosity for chemical durability reasdnsgleed, a high porosity would
increase its specific area and would thus incre@seeactivity with aqueous
solutions.

- The matrix must be stable under the heating preduby the decay of
radionuclides. For instance, nuclear glasses mudtibié transformation
temperatures grabout 100°C higher than the temperature in thé lodl the
containers to avoid crystallization risks duringmbsal.

- The volume of the matrix must be several timealin (5-6 for glasses) than
that of HLW solutions.

Concerning the synthesis of the potential wasteafor

- The process to incorporate the wastes into theimmust be as simple as
possible. The number of steps must be small inrdal@void the production of
high amounts of secondary radioactive wastes andethuce the cost of
immobilization.

- The temperature of synthesis must not be too.higis is particularly the case
for the wastes containing high quantities of végatadionuclides such as Cs, |
and Ru. This is one of the points that limits thelting temperature of nuclear
glasses.
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[11.B. Glasses, ceramics and glass-ceramics wastns.

In order to illustrate the previous paragraph, ssvexamples of waste forms
belonging to the glass, ceramic or glass-ceramiegcaies will be presented.
Today, glass and ceramic matrices are generallgined to immobilize

respectively non separated and separated wastegertheless, multiphase
ceramics were also proposed as waste forms for KHblWtions. Glass-ceramic
matrices constituted of crystals dispersed in asgylamatrix were mainly
envisaged for the immobilization of non separateastes. But recently, glass-
ceramics were also studied as potential waste foffiors the specific

immobilization of separated MA [20,43,44].

[11.B.1. Glassy waste forms

Even if several studies have been performed ors glasmpositions in order to
immobilize separated long-lived radionuclides swuh Cs, MA or Pu (see
8IV.A.2.a and 8IV.B.2), more durable single phaseamic matrices (such as
zirconolite for MA and hollandite for Cs) appead#&y as better candidates for
this application. Nevertheless, for reasons thditlveé developed below, glasses
remain the best waste forms for the immobilizatioh non separated
radionuclides. Indeed, glasses are still todayotiig kind of waste form produced
industrially in nuclear plants for the immobilizati of HLW solutions originating
from civil or military spent fuel reprocessing.

The first potential use of glass as nuclear waste fwas proposed in Canada in
the 1950s [7], but the first industrial plant taguce borosilicate nuclear glasses
was developed by the CEA and started in Franc®7i8 With the AVM® process
using metallic melter for the immobilization of HLWriginating from the
reprocessing of gas cooled reactors spent fueteSinis date, others industrial
vitrification plants have been developed over th@lavusing either metallic or
ceramic melters [7,16,45]. In 1989 and 1992 at lagu¢ (France), two other
vitrification plants called respectively R7 and $arted to produce a nuclear
borosilicate glass (so-called R7T7 glass) for tiemobilization of HLW

originating from the reprocessing of PWR reactgsns fuel. This process (so-

10 AVM: Atelier de Vitrification de Marcoule
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called AVHY) is also used in UK by BNFL to vitrify HLW solutis in the
Sellafield Vitrification Plant. The AVH process igry similar to the AVM
process and vitrification of HLW solutions is cadiout in two steps={gure 6)
[15,16]. In the first step, the concentrated radiva solutions are evaporated and
calcined in a rotating kiln (500°C). The calcineafte essentially of oxides and
nitrates) is then introduced simultaneously witlglass frit into an induction-
heated metallic melter at about 1150°C for meltiirggure 7). After melt
homogenization and fining, the glass is poured g#pisters (containing 400 kg
of glass). As there is no glass former (§i8,03;, Al,O3) in the composition of
the waste¥, it is necessary to introduce simultaneously agylisit containing
SiO,, By03, Al,O3, NaO, CaO, NgO, ZnO and LiO. This glass frit contains
alkali and alkaline earth elements which are walbkn in glass chemistry and
technology for their role as fluxing agents durimglting and for their structural
role as modifiers near non-bridging oxygen anid¥B@) or charge compensators
near [AlQ)] and [BQ] entities in the glassy netwdrk[46,47] Figure 8). To
illustrate the chemical complexity of nuclear gesaused to immobilize non
separated radioactive wastes, the compositioneoRIfiI 7 glass is given ihable
VII [48]. It is the flexibility of the glass structuend the availability of charge
compensators (such as alkali and alkaline eart¥) ithrat enables the dissolution
of such a variety of chemical elements in the wéste. This glass composition
was optimized according to the points developegrevious paragraph. The
amount of wastes incorporated in this glass rafrges 12 to 18 wt% [14]. Since
1989, using this vitrification process, more thdh0D0 glass containers (which
represents less than 2006 af glass) have been produced at La Hague [8]. The
world production of all nuclear vitrification plamby the end of 2000 was about
10 000 tons of radioactive glass in 20 000 carssfg@6]. As indicated in the
introduction of this Chapter, a new kind of metalinelter so-called cold crucible
melter (CCM) will be soon installed in the vitrifiton plant of La Hague [13]. It
enables to melt glass compositions at higher teatpes than the AVH and AVM
processes and suppresses the problems of corrokithe metallic pot by the

melt. In CCM, the glass melt is heated directly ibgluction currents and is

L AVH: Atelier de Vitrification de La Hague
2 There is only a small amount of phosphorugO{As a glass former) in the HLW solutions
recovered after the Purex proceSalfle IV).
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preserved inside a cooled volume of glass-batclemaatisolating the melt from
the water cooled cold metallic crucible transparémtelectromagnetic field
[14,16,27]. As the crucible is not corroded by theolten glass, glass
compositions with higher refractory character tokassical nuclear glasses can be
melted with this melter.

There are three main reasons that can explainubeess of glasses for HLW
solutions immobilization:

- The first point is the relative simplicity of vification processes: melting (waste
+ glass frit) and casting [27,49]. The preparatafnceramic waste forms is
generally more complex and may need grinding aott (or hot) pressing steps.
For instance, even if an inactive demonstratiomtpphlas developed for the
Synroc multiphase ceramic fabrication [50], proess® prepare ceramic waste
forms have never been used in nuclear industry.eblaer, as nuclear glasses
fabrication is industrialized since almost 30 ye#éns nuclear industry has a very
good knowledge of this technology. This techniqls® @&nables to prepare glass
composite materials by controlled or natural caplof the melt Figure 5).

- The second advantage of glasses concerns theiphous nature which enables
to incorporate a very large range of elements (tlagority of the elements
occurring in HLW solutions except noble metaldor instance [51]) by
dissolution at atomic scald-igure 4a) because of the flexibility of the glassy
structure. Moreover, glass waste forms are ableatoept larger waste
composition fluctuations than ceramics. Due toléiok of long range order, alkali
aluminoborosilicate nuclear glasses can be coresidas a 3-dimensional random
network of tetrahedra (SKD[AIO4]", [BO4]") and triangles (Bg) linked by their
corners by bridging oxygen (BO) aniorfsiqure 8). The other elements of the
glass and particularly the ones coming from wasgeserally play the role of
modifiers (i.e. they form non bridging oxygen (NB@pions, this the case for
instance of Nj Cs, SF*, B&*, Nd®*, La®"...) or charge compensators near
negatively charged polyhedra. A schematic picturewsng the insertion of
several of these cations in a rare-earth rich ga2k envisaged to immobilize

highly concentrated HLW solutions is shownHigure 8. For this rare earth-rich

13 For more details concerning glass structure aaddte of the different oxides, see for instance
[46,47,112]
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glass, it was shown that Ridions play a modifier role (creation of NBO) rather
than a role of charge compensator [11,52]. In ordldiustrate the effect that may
induce wastes (such as rare earths which are tls¢ amndant FP) on glass
structure, we will give another interesting resabitained for this rare-earth rich-
glass. It concerns the effect of rare earth comagah (LgO3) on the relative
proportion of BQ and [BQ]" units in the glass and was obtained usiBgMAS-
NMR spectroscopy (Figure 9). Study of this figure clearly shows that the
fraction of BQ units strongly increases at the expenses of,]B@its as LgOs
concentration increases. This effect can be exgthihy the existence of a
competition between the rare earth and boron feir tissociation with both Na
and C4&" ions for local charge compensation in the striecfrthe glassRigure

8). Such a competition induces a decrease of tletidraof [BOy]™ units (initially
compensated for instance by Na C&* ions) when LgO; increases.

- The third reason concerns the good long term\behaf nuclear glasses due to
their resistance to irradiation and their high cloain durability. As very
numerous studies have been performed and publishethemical durability of
nuclear glasses [40,41,53,54,55], this point wallimt developed in this Chapter.
Concerning resistance to irradiation of glassetgrimal and external irradiation
experiments simulatingi-decays showed only very small evolution of their
density [38]. For instance, the density’8fCm doped R7T7 glass only decreases
by 0.6 % after more than 4 34@isintegrations/g (this simulates the effect ofutb
10 000 years ofti-decays in the R7T7 nuclear glass) [56]. This tescan be
explained by the fact that the structure of glassesalready disordered
(amorphous) before irradiation and by the easescbnstruction of the broken
bonds very rapidly aftex-recoils as shown by molecular dynamics simulations
[56]. Only small effects were observed under exdketectron irradiation used to
simulatef—decays: migration of alkali ions accompanied byralt decrease of
the number of NBO and formation of moleculas @ the glass network [57].
Nevertheless, no significant effect on the chemdwahbility of nuclear glasses

was observed after— or B-irradiation experiments [56].

4 Nevertheless, a small amount of elements suctua®® Rh and Te, that are not soluble in the
melt occurred as crystalline phases such as,Rar@ polymetallic (Pd,Rh,Te) inclusions in
borosilicate nuclear glasses (less than 3 vol%q) [51
5 MAS-NMR: Magic Angle Spinning-Nuclear Magnetic Resnce
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One of the main drawbacks that is frequently giabout glasses concerns their
thermodynamic instability in comparison with the/stalline state. Indeed, they
can be considered as frozen undercooled melts @nthas in non-equilibrium
state [58]. In spite of intrinsic instability oféhglassy state, numerous examples
of very old natural glass samples exist on thelzand on the Moon that have no
crystallized [59]. For instance, most of the volcaglasses found on Earth are
more than 65 million years old. The apparent thelynamic stability of these
glasses even for geological periods could be exgthiby both a high kinetic
barrier to crystallize and a low crystallizationivitng force'® [60]. The risk of
instability of these glasses is mainly chemicaligiation by water for instance).
Concerning the French nuclear R7T7 glass, an istiege study concerning the
risks of crystallization for very long periods atdd temperature was performed
by Orlhac [61]. An important point of this work {og experimental results and
modelling), was that even for heating periods highan several thousands years
at a temperature 180°C higher than the glass temstion temperature {T~
510°C), the amount of crystals formed in the glasd remain small. The
formation of crystals may also occur during coolofghe melt after casting (as
shown inFigure 5 for a glass composite waste form). Indeed, jugrafboling,
the temperature in the bulk of the canisters dee®alowly at about 1°C/min. It
is important to underline that nuclear glass (sashR7T7 glass) compositions
used for the immobilization of classical HLW sotuis were optimized in order
to avoid significant crystallization during coolinipdeed, the formation of high
amounts of crystals in nuclear glasses may affaeir tcapacity to retain
radionuclides and their long term behavior. Newddss, if the tendency of
particular melt compositions to crystallize candmmtrolled, the preparation of

glass-ceramics waste forms can be envisaged (He& 3).

[11.B.2. Ceramic waste forms.

Ceramics are multiphase or single phase polyctystaimaterials generally
obtained after pressing and sintering of precusmwvders at relatively high
temperature. Numerous examples of multiphase arglesphase ceramics have
been reported in literature for the conditioningHdfwW solutions or to immobilize

separated long-lived radionuclides [62,63,64,6%, Mévertheless, as shown in

16 Concerning the crystallization of glasses seénfstance [60].
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previous paragraph, only glass waste forms areesotlyr produced industrially.
However, ceramics may exhibit several importantaativyges in comparison with
glasses:

- Ceramics may exhibit superior mechanical propert

- Ceramics are more stable thermally (glasses naagiafly crystallize under
heating and for T>¢ their viscosity rapidly decreases) and their tra@rm
conductivity is generally higher than that of gkess

- Ceramics may be more durable by several ordensagfnitude than borosilicate
glasses because of the occurrence in there congoosfthigh amounts of oxides
with very low solubility in water such as ZsgOMoreover, the existence of very
old natural analogue samples for several of thesantics shows that in spite of
metamictization phenomena (i.e. amorphization eirtbtructure as a result of the
self-radiation damages associated with dh@ecay of U and Th), these samples
still exhibit very good durability.

- Ceramics can accommodate in their structure higbecentrations of particular
kinds of wastes such as MA and Pu which generalhbit limited solubility in
borosilicate glasses.

For an efficient immobilization, it is expected tladl the elements of the wastes
are incorporated in the crystalline structure @& tlurable phases of the ceramics
and not in minor phases segregated along graindaowigs. Consequently, all the
constituent crystalline phases must provide sitesolid solution for the variety of
ion sizes of all radionuclides and non radioactelements of wastes. lonic
substitution may be generally possible if the iaaidii difference between cations
does not exceed 15 % [63]. Moreover, the overadrgh balance must be
maintained in the crystals. In order to maintainaloelectroneutrality multiple
substitutional schemes can be envisaged. For igestianzirconolite (CaZrt0y),
the partial substitution of Gaions by trivalent actinides or rare earths can be
achieved by substituting partially “fiby A** ions in order to compensate the
positive charge excess in calcium sites (see SLVIBs, in this example, it
appears that in order to incorporate preferentialiyalent actinide or rare earth
ions in calcium site it is necessary to add@lto the precursors mixture. All
these crystal chemical considerations clearly stiew ceramics structure is less
flexible than that of glasses to accommodate idngdous size and charge and
waste composition fluctuations.
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[l1.B.2.a. Ceramic waste forms for the immobilizat of non separated
radioactive wastes

To immobilize the wide spectrum of elements ocagiin HLW solutions, ideal
ceramic waste forms must have relatively complexcttire with a high number
of different coordination polyhedra of various siaad shape. Moreover, for
charge balance, multiple substitutional schemest mxist. Several single-phase
ceramic formulations with high structural flexilyi were proposed for
conditioning HLW solutions such as solid solutidresed on sodium zirconium
phosphate NaZ(PO,); (NZP) [765]. However, the main examples of ceramics
envisaged to immobilize the complex HLW solutionsrevgenerally multiphase
assemblages (tailored ceramics) with unequal pariitg of radionuclides and
non radioactive elements between the phases [6G/6™jupercalcine ceramics,
the complex mixture of elements of HLW was modifiagd minimum chemical
additions of Ca, Sr, Al and Si salts to encourdgeformation of an assemblage
of crystalline phases able to incorporate all thestes. About eight phases were
reported in literature [65,67] such as silicate tigpafor MA and rare earths
immobilization) and pollucite (for Cs immobilizatip However, because of the
presence of Sig) a liquid phase may exist at high temperaturendusintering
that may persists after cooling as an undesirableich glassy phase with lower
leach resistance than the crystalline phases. Alamch multiphase ceramics
containing for instance magnetoplumbite, spinel arghinite phases were also
envisaged to immobilize HLW defence wastes in UWhiBates [63,66]. For both
Supercalcine and alumina-rich ceramics the prieciphs to take the greatest
possible advantage of HLW in order to minimize #@@ounts of constituent
added in the mixture before sintering. This was itbé case for the
thermodynamically stable Synroc titanate-basedneesafor which the additives
introduced with wastes were employed to producectimstituent phases in which
all the radionuclides and non radioactive elemevdre dissolved in dilute solid
solution.

Different kinds of Synroc (Synthetic Rock) wasternfio formulations were
developed in Australia in the 1970s to immobilipglor military HLW solutions
[7]. The reference form of Synroc (Synroc-C) laygdkeveloped by Ringwood

and co-workers [50,68,69] consisted of an assereblafgfour main titanate
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crystalline phases: zirconolite, hollandite, pekitesand titanium oxideTable
VIII'). These phases have the capacity to incorporatesalall the radioactive or
not elements present in HLW. Examples of the m&@ments incorporated in
zirconolite, perovskite and hollandite are givenTable VIII . Detailed crystal
chemical information on these phases and on therpocation schemes of the
main radionuclides were given by Fielding and WHii®]. The work of
Ringwood and co-workers [E®]was based on a geochemical approach of waste
immobilization. Indeed, very old and stable natwahlogues of zirconolite and
perovskite phases exist in nature [50]. After sgstb under reducing conditions
with some added Ti metal, minor amounts of metalyalare also present in the
multiphase Synroc-C ceramic. This metal alloys ipocating elements such as
noble metals, molybdenum and also probably tectimetire microencapsulated
by the primary titanate phases. Literature repiids because of the large number
of incorporation schemes, the mineralogy of Synn@s able to adjust within
certain limits to the fluctuations of the compasitiof the wastes [7]. In the early
stages of the research program on Synroc, cerameics prepared by oxide route
(i.,e. a conventional ceramic method using oxidesb@aate and hydroxide
powders as precursor materials). In order to irsgdsth the homogeneity of the
mixture of precursors and the densification of tteramic, wet chemistry
processes were then developed mixing alkoxide awmhlokide precursors with
simulated HLW solutions [50]. The slurry thus obtd was then dry, calcined
under reducing conditions and hot pressed in gtapties. Such a preparation
method is thus more complex than glass melting. él@r because of the
occurrence of high amounts of T@nd ZrQ, Synroc ceramics have better
chemical durabilities than nuclear glasses [50]véhneless, the presence of
impurities may lead to the formation -near grairumaaries- of water soluble
phases containing radioactive species. Althougmr@&y ceramics were never
used in nuclear industry to immobilize HLW solutsotwo of the titanate phases
(zirconolite and hollandite) are currently envisdgas single-phase for the
specific conditioning of separated long-lived radiolides. Moreover, a
zirconolite-rich Synroc formulation was proposedr fexcess weapons Pu
immobilization [71].
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[11.B.2.b. Ceramic waste forms for the specific inwhilization separated long-
lived radionuclides
It was mainly in 1990s that begun intensive redeart ceramic matrices for the
immobilization of separated long-lived radionucBdender both the impulsion of
the disposal option of excess weapons Pu in Urftiedles and Russia and the
French law concerning the reduction of the poténliiag-term impact on
biosphere of HLW recovered after nuclear spent fiegggfocessing.
Concerning Pu conditioning, mainly single-phaseangcs were proposed to
incorporate high amounts of plutonium. In this ¢asé very important that the
crystalline phase can also incorporate high amoahtgeutron poisons (Gd, Hf)
to avoid criticality risks. Different matrices (nmdy zirconate and phosphate
phases) were proposed as potential waste formangi@ance, zircon (ZrSig), in
spite of its high tendency to swelling undeiradiation [39], is an extremely
durable phase that can incorporate*'Pand Hf" ions in zirconium site was
proposed as an interesting candidate for this egibn [72,73]. Zirconia (Zrg)
was also proposed for Pu conditioning becauseitsf &xcellent resistance to both
chemical alteration and-radiation (lack of amorphization), the existendeao
total solid solution between Zg@nd both Pu@and HfQ, and the possibility to
incorporate Gif in zirconium site [74,75,76]. A more considerablember of
studies were performed on zirconolite (as singlasghor in zirconolite-rich
multiphase Synroc) and pyrochlore ceramics. Faams, it was shown that Pu,
Hf and Gd could be incorporated in the zirconolilease of zirconolite-rich
Synroc ceramics containing up to 80 wt% zircondlite]. Vance et al. justify the
choice of a multiphase ceramic rather than singlsp zirconolite for Pu
immobilization by the that zirconolite-rich Synramuld accommodate more
easily variations in the ratio Pu/precursors areldbcurrence of other crystalline
phases than zirconolite would reduce grain sizas Bmall grain size would
reduce the risks of microcracking under éwadiation in the zirconolite phase
and would increase the mechanical properties oténamic. Another advantage
was that it could be envisaged to incorporate demegously highly radioactive
137Cs in the hollandite phase of zirconolite-rich Synrin order to reduce
diversion risks. Nevertheless, the titanate pyrehphase (U, Pu, Hf, GA),0;
was finally retained by the Americans as the basidate for Pu conditioning
[6,77]. It must be underline that these pyrochlaaste forms were not single-
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phase. Even if pyrochlore was the major phase, mphases such as zirconolite,
brannerite, and rutile were also prespt@]. Other phases such as apatite and
monazite were also proposed to immobilize Pu [7However, the program
concerning the immobilization of Pu excess was dbaad in 2002 in United
States in favor of conversion of Puidto MOX fuel [77].

Concerning the conditioning of the long-lived raticlides (MA,**Cs,*?9) that
can be separated from HLW solutions, several ceracompositions were
proposed. These studies were mainly performedande (CEA) and in Australia
(ANSTO). Examples of highly durable ceramics caatkd for I, Cs or MA
immobilization are presented inTable IX [19,23,18,79,80,81]. Waste
incorporation amounts of 7 wt% (1), 5 wt% (Cs) ddwt% (MA) can be reached
respectively for the iodoapatite, the hollanditel @he three matrices developed
for MA conditioning givenTable IX [82]. The case of* specific conditioning
was already presented in 8ll. Detailed results eoning the synthesis and the
properties of hollandite for radioactive cesium ditioning are presented in
8IV.A. Zirconolite is able to incorporate both wient and tetravalent minor
actinides mainly in the calcium site of its struetsee 8IV.B). Britholite is a
fluorophophosilicate apatite also able to incorpotavalent and tetravalent MA.
The studies performed on this apatite ceramic vbased on natural analogues
such as the mineral phases crystallized duringntiteral nuclear reactions at
Oklo (Gabon) [83]. Moreover, the phosphosilicatatédp structure seems capable
of annealing the defects created by self-irradmtieven at low temperatures.
Moreover, external irradiation experiments (simulgta-particles and recoils
nuclei) clearly demonstrated that this capacitamfealing of britholite increased
with the P/Si ratio [84]. Another highly durable qdphate ceramic (TDP), but
without natural analogue, was envisaged for MA irbitipation [81]. However,
this matrix is only suitable for tetravalent MA inoimlization by substitution at
thorium site [23]. In this case, TPD/monazite cosif@ceramic waste forms are
envisaged to immobilize simultaneously tetra- amdalent MA [23,85]. Indeed,
monazite (LnPQ) is a highly durable matrix able to incorporatalent MA
following the scheme LIkMA PO, [86] (Ln: lanthanides).

I11.B.3. Glass-ceramic waste forms.
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[11.B.3.a. Definition and principles of preparatiorof glass-ceramics
Glass-ceramics are composite materials generalltairedd by controlled
crystallization (nucleation + crystal growth stefd)a glass (so-called parent
glass) between its glass transformation temperaflgeand its liquidus
temperature i (i.e. in the region of undercooled méftH)A schematic illustration
showing the relative position of nucleation | (ntenif nuclei/time.volume unit)
and crystal growth u (average crystals size/timé& curves are shown kigure
10a,c In this figure, two cases are envisaged, eithand u curves are well
separatedKigure 109 or there exists a temperature field in which talgscan
both nucleate and grow (grey zone kigure 10b). A scheme showing an
example of nucleation and crystal growth thermehatiment to prepare a glass-
ceramic from a glass is shown kigure 10b. More rarely, the preparation of
glass-ceramics can also be envisaged by contraiteding of the melt (i.e.
without decrease the melt temperature belgub&fore nucleation and crystals
growth stepsFigure 10d,9. Such a method of glass-ceramic preparation I on
possible if | and u curves are not well separafégiufe 109.

In glass-ceramic literature [87,88], glass com@sssamples that contain either
relatively big crystals (with size > several tema)heterogeneously dispersed in
the bulk of a glass (so-called residual glass)rgstals nucleating only from the
glass surface and growing towards the bulk, arecoosidered as true glass-
ceramics. Generally glass-ceramists called trussgteramic, samples obtained
by controlled crystallization of a parent glass aondtaining several tens vol% of
micrometric crystals homogeneously dispersed inesidual glass. For these
reasons, the samples shownFigures 5 and 12acannot be considered as true
glass ceramics. Very often, it is necessary to atteg parent glass composition
by adding nucleating agents to the batch befordimgeln order to favor the
nucleation of a very high amount of nuclei homogersty dispersed in the bulk
of the glass [87,88,89]. The nucleating agentsgareerally high field strength
elements soluble in glass melt at high temperdiutevhich tend to separate from

the glassy network in the undercooled melt by gilasglass phase separation or

" Below Ty, the undercooled melt transforms to a glass andstosityn becomes very hign(>
10"%-10" dPa.s). In these conditions, | and u rates arergéy considered as negligible.
'8 The field strength F of a cation in an oxide miateran be defined as F=Zdith Z the cation
charge and d the mean cation-oxygen distance.
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by formation of small crystals in the bulk that When serve as nucleation sites
(heterogeneous nucleation) for partial crystaliaratof parent glass. Glass-
ceramics can contain either only kind of crystalliphase or several different
crystalline phases. The development of detailedntbdynamic and kinetics
theories of nucleation and crystals growth in undeled melts is behind the
scope of this Chapter. For more explanations comogrthese points, the reader
can consult for instance [60, 89,90].

Even if the formation of crystals by thermal treatihof glasses is known for a
very long time by glass makers, the first tentativeuse this phenomenon for
practical application was published in literaturg Béaumur in 1739 [91].
Nevertheless, this tentative was unsuccessful Isecauthe glass compositions
studied by Réaumur, nucleation occurred essentfatlyn glass surface. True
glass-ceramics were discovered only in 1957 actadlgrby Stookey [92] from
the Corning Company. Since this date, glass-ceramaterials have found
numerous applications particularly for their exeetl thermo-mechanical
properties [87]. In nuclear waste management, glassmic waste forms were
initially envisaged in 1976 [93] in Germany, to irope the thermal stability and
mechanical properties of borosilicate nuclear gaslsy partial crystallization.
Since this date, different examples glass-ceramastev forms have been
envisaged mainly for the immobilization of non seped radionuclides of HLW
solutions recovered after civil or military nuclespent fuel reprocessing. The
amount of works reported about the immobilizatioh lang-lived separated
radionuclides is very limited. Several exampleglafss-ceramics will be briefly
presented in the next paragraph whereas an exarhglass-ceramic studied in
our laboratories and containing zirconolite crystaill be largely developed in
8IV.C.

[11.B.3.b. Glass-ceramics as nuclear waste forms fion separated HLW

As indicated in previous paragraph, for nuclear tesgmmobilization, glass-

ceramics were initially envisaged only to improvee tthermal stability and

mechanical properties of nuclear glasses. In tlaisec modified borosilicate

nuclear glass compositions containing simulated separated wastes were
selected to lead to the crystallization of différphases by nucleation and crystal

growth thermal treatments. Among the different cosifons that were studied,
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we can give the examples of barium aluminoborad#icglass-ceramics and
barium titanium silicate based glass-ceramics feadiespectively to the
crystallization of celsian (BaA%$i,0g) and fresnoite (BaTigDg) as major phases.
However, if we consider the ability of these mgybases to incorporate elements
of the wastes, celsian crystals were only ablentorporate Ba whereas fresnoite
crystals were able to incorporate Ba and Sr [9&ve\theless, additional minor
phases able to incorporate several elements ofiélsées were also observed such
as pyrochlore, scheelite (BaMgOand pollucite (CsAISDe) for the celsian-
based glass-ceramics. Detailed results concerriieget two kinds of glass-
ceramic waste forms were summarized in the papkidagward [94,95]. In
comparison with nuclear borosilicate glasses, tleehanical properties of these
glass-ceramics were improved. However, their chamaurability was not
enhanced. Thus, the development of these glaseimsras potential waste forms
was abandoned. One of the most important work pegd on glass-ceramics for
the immobilization of non separated HLW wastes wadormed in Canada by
Hayward and his colleagues [94,95,96,97,98,99,l06je1980s. Their objective
was to developed titant¥CaTiSiQ)-based glass-ceramics (i.e. with titanite as
major crystalline phase) for the immobilization LW solutions originating
from the eventual reprocessing of Canadian nualpant fuel (CANDUJ fuel).

In these glass-ceramics, the aim was to incorpaevagtes in the Ca and Ti site of
titanite crystals and in the residual glass. Titamr@s major crystalline phase in
these glass-ceramics was selected for differesbrea

- The capacity of its structure to incorporate mlevrange of the elements
occurring in wastes (An, Ln, Sr, Ba....)

- Its good chemical durability and its thermodynanstability in the saline
environment that was envisaged for waste formsodasipn Canada

- The existence of metamict natural analogue sasnpl

In their work, the parent glass compositions chdsgrCanadians belong to the
Si0,-Al,03-CaO-TiG-NaO system. It was envisaged to immobilize between 10
and 15 wt% wastes in the glass-ceramics. Paressegawere melted in the
temperature range 1250-1450°C. They were then amatebetween 650 and
1050°C and crystal growth was performed between &% 1050°C. In these

19 Titanite is also called sphene.
20 CANDU: CAnada Deuterium Uranium
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glass-ceramics, titanite was the only or the majostalline phase that can
occupy 40 vol% of the samples and residual alunilinate glass was highly
durable. However, it appeared that crystallizatwbthese glass-ceramics was not
easy to control and all parent glasses undergod rg@ss-in-glass phase
separation during cooling from the melt. In composs containing no wastes,
the crystallization of titanite takes place eithky surface nucleation or
sporadically by heterogeneous nucleation in thé.blihe effect of individual
elements occurring in wastes and of the simulatedune of HLW wastes on
crystallization was also studied. Some of the imhlial elements such as rare
earths and uranium exhibit major influence on ratbm and crystallization
processes. Concerning partitioning of wastes betwigite and residual glass, it
appeared that lanthanides and Y strongly partilanehe titanite crystals, where
they replace calcium ions. Two charge compensatitiemes were envisaged for
trivalent lanthanides in order to compensate thgtipe charge excess in Ca site
of titanite, either (C, Ln®*" + N&)TiSiOs or (C&", Ln*")(Ti*"AI*"Si0s. This
could indicate that trivalent MA would preferenlyapartition in titanite crystals.
Similarly, Zf** ions from wastes preferentially partitioned initariite. However,
U®*, B&* and C$ ions from wastes remained into the residual glasspite of its
relatively good properties as waste forms for HLWugons immobilization,
titanite-based glass-ceramics were never used timallys The reason was that
Canada finally decided (as United States) not ppoeess its nuclear spent fuel.
Nevertheless, the results that were obtained anit&-base glass-ceramics were
very interesting and helpful for our own studies mnconolite-based glass-

ceramics.

[11.B.3.c. Glass-ceramics as nuclear waste formsrfgeparated long-lived
radionuclides

Most of the work performed on glass-ceramics foclear waste management
concerns non separated wastes (HLW solutions). ieless, several studies
were realized in France and in United States toolihze respectively MA and
Pu in glass-ceramics. As these wastes aremitters, they may induce
amorphization and swelling of the crystals in whibky are incorporated. In this
situation, the swelling of crystals in residualggiaan result in microfracturing of
the waste form, which can greatly increase theaserfarea for radionuclide
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release. Such microfracturations were observedinfstance in glass-ceramics
containing ***Cm doped apatite and pyrochlore big crystals [38].order to
reduce local constrains around crystals and thes 0§ microfracturation during
disposal, their size must not exceed several pm.

Examples of specific and highly durable single ghasramic waste forms for
conditioning relatively high amounts of separated r Pu were presented in
8lll.B.2. However, one of the main drawbacks of ioadtive single-phase
ceramic waste forms is that they remain more diffito prepare (grinding +
sintering) than radioactive glasses (melting + ing¥tin nuclear facilities. To
benefit at the same time from the ease of glagsapation and from the very good
long term behavior and high incorporation capaoityceramics, the preparation
of glass-ceramic waste forms consisting of smajhlyi durable crystals (which
would preferentially incorporate MA or Pu) homogeunsly dispersed in a
durable glassy matrix - acting as a second bawfercontainment (double
containment principle) - appears as an interesltegnative to ceramics for MA
and Pu conditioningRigure 2). The principle of immobilization of MA in glass-
ceramics is illustrated iRigure 11 Nevertheless, for such an application, MA or
Pu must be incorporated preferentially in the aiste phase (i.e. the
partitioning ratio of MA or Pu between crystals aedidual glass must be high).
Moreover, due to the existence of a residual glagsse embedding the crystals,
such waste forms could accommodate more easilyeveashposition fluctuations
and impurities than single phase ceramics. Indeedause of the crystalline
structure of ceramics, impurities and waste conjoosifluctuations could
generate low durability parasitic phases containmagioactive elements in
ceramic waste forms. Two examples of glass-cerafoicMA immobilization
containing either zirconolite or rare-earth silecaipatite as only crystalline phase
in their bulk will be firstly presented.

By controlled crystallization of a parent glassdmgjing to the Si@AIl,Os-CaO-
TiO,-ZrO,-Ln,03 system (where Ln such as Nd simulates trivalent) MiAhas
been shown that it was possible to prepare glassyies with zirconolite as only
crystalline phase in their bulk [101,102]. In thegiconolite-based glass-
ceramics, the highly durable zirconolite crystalsrevshown to incorporate MA
surrogates (Ln) [103,104]. For instance, the comntipos of the zirconolite

crystals was GaINdy 1Zr1.05Ti1.77Al0.1707 for a parent glass containing 6 wt%
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Nd,Os. Such waste forms were envisaged as potentialidaied for the specific
immobilization of MA. The effects of parent glassngposition, of surrogate’s
nature and of preparation method on the microstraadf the glass-ceramics and
on the structure and the composition of the crgdtamed either in their bulk or
near their surface were studied in our laboratosied the main results of these
studies are presented in 8IV.C of this Chapter. ddbeless, in these glass-
ceramics a significant amount of Ln remains inrggdual glass after zirconolite
crystallization.

During the optimization of a rare earth-rich glassmposition for the
immobilization of highly concentrated HLW solutiof@], a glass composition
was found that could be melted at 1300°C and #&d kasily to a glass-ceramic
constituted of a high density of small crystalsrafe earth-rich silicate apatite
homogeneously dispersed in the bulk of the sanmgdtes controlled nucleation +
crystal growth heat treatments [2Gfdure 12b). The composition of parent glass
is given in the legend ofFigure 12 and the composition of crystals was
approximately CaNdg(SiO4)602. A shown by X-rays diffraction (XRD), apatite
was the only phase nucleating and growing in thHk &od near the surface of this
glass-ceramicHigure 13). As Nd is generally considered as a good trivialMA
surrogate, such glass-ceramics could also be eyedstor MA conditioning. By
slow cooling of the glass melt, a smaller numbebigfcrystals with typical shape
were formed Figure 12g. These crystals were also identified by XRD as
neodymium silicate apatitd=igure 13). The strong decrease of the number of
nuclei between the two methods of crystallizatitwoven in Figure 12 can be
easily understood considering the relative pos#tiohu and | curves ifigure
10. These apatite-based glass-ceramics were moreieetfi to concentrate
lanthanides in the crystalline phase than the mptite-based glass-ceramics.
This is not really surprising because neodymiunsioocupied a smaller fraction
of the cation sites in zirconolite crystals. Indeld®** ions occupied about 20% of
the C&" sites in zirconolite whereas Ridions occupied 80% of the cation sites
available in the apatite crystals according todbmposition of the crystals given
above. Nevertheless, according to literature, eamth silicate apatite crystals do
not exhibit as good long term behavior as zircaaqli05].

Among, the different options that were initially visaged for immobilizing

excess Pu in United States, it was envisaged ®olges plutonium in a glassy
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matrix along with enough fission productB-émitters) for non-proliferation
reasons. Considering the solubility of Pu in stkcglasses as problematic, it was
also proposed to immobilize Pu at the same timenegron absorbers (for
criticality control) in highly durable crystals giersed in a glass-ceramic waste
form. A glass-ceramic composition containing numoer crystalline phases and
able to immobilized 17 wt% PyGncorporated mainly in zirconia and zirconolite
phases was proposed [106]. It was also envisag@tttoporate simultaneously
highly radioactive HLW wastes in this glass-ceratucdiscourage recovery of
the Pu.

IV. Studies on specific matrices for the immobilizéon of long-lived

radionuclides

As shown in 8l of this chapter, after 2-3 hundrgdars disposal, minor actinides
(Np, Am, Cm) will have the main contribution to patial radiotoxicity of HLW
(Figure 1). If the transmutation of these long-lived radioldes (after selective
separation) into short-lived or non-radioactive nedats appears as the best
solution to minimize the potential long-term impaof HLW on living
environment, their immobilization in specific hosatrices— such as ceramics or
glass-ceramics- with greater chemical durabiligntmuclear borosilicate glasses
can also be envisaged as an alternative methashti rthis objective. Moreover,
even if long-lived fission products such’a¥s and"*1 have a lower contribution
to long term radiotoxicity of spent fuel than MAyese radionuclides are more
mobile in geological media than MA because of tipdiysicochemical properties
(Table 11). These FP may thus reach the biosphere befondisamt decrease of
their radioactivity if they are incorporated in lowurability phases. As
transmutation of**Cs and® does not appear feasible for technical reaso? [2
the specific conditioning of these long-lived radiclides in very durable waste
forms will minimize their potential impact on bidsgre. The case of radioactive
iodine (which does not occur in HLW solutions) gpecimmobilization was
presented in 8lIlI.

In this part are presented the main results weimddaconcerning synthesis,
microstructural and structural characterizationd aaveral properties (effect of
external irradiations to simulateor 3 self-irradiation during waste forms storage
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and disposal, thermodynamic stability of glass-ececa...) of three different
matrices that have been envisaged to specificaflynabilize either cesium
(hollandite) or minor actinides (zirconolite cerameirconolite-based silicate
glass-ceramic). Examples of other matrices propasdierature to immobilize

these long-lived radionuclides will be also preednt

IV.A. The specific immobilization of radioactive ceium

Cesium is one of the most abundant fission prodadtd W (Table IV) in which

it occurs both as non radioactiVéCs) and radioactive isotopes with short half-
life (**'Cs, *°Cs, **'Cs) or long half-life ¥**Cs) (Table 1). Because of the short
half-life isotopes, cesium is also one the maipoesible (with°Sr and***Am)
for the heating power of HLW. The high thermal powécesium thus limits the
amount of cesium that can be incorporated in sigetiftrices. Cesium will have
also one of the highest contributions (with Pupttential radiotoxicity of spent
fuel during the first centuries after discharge.ofkrer important problem with
cesium is the high mobility of Csons in geological environmenit4ble 11) due
to its big size, low charge and low electronegatij25,107]. Currently, cesium is
conditioned simultaneously with all FP of HLW inagby matrices but glass and
wastes compositions must be adapted in order tml dlve formation during melt
cooling of poorly durable parasitic crystalline pha (called “yellow phases”) that
can concentrate cesium [108,109]. All these comatdms clearly point out that
dispersion of radioactive cesium in biosphere nbestabsolutely avoided even
after long periods of waste form disposal becadgbeoccurrence of*Cs. All
Cs isotopes can be selectively extracted (simubasig with Rb) from HLW
solutions using enhanced separation process wltkaoenes crown molecules
[110] complementary to the Purex prodds§igure 14). As transmutation of
13Cs is not achievable reasonably without isotopipasation [111], the
conditioning of radioactive cesium (mixture of &btopes) in specific ceramic
waste forms with greater leach resistance thansilmate glasses, appears as an
interesting alternative to transmutation. The geledmmobilization of cesium in
a specific highly durable matrix would reduce ttsks of***Cs migration towards

biosphere. However, it must be kept in mind thatabse cesium is a big alkali

2L Extraction of Cs can be done either immediateljoteeor after extracting MA from HLW
solutions.
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cation with low electronegativity, it has a highlatdity at high temperatures
[27,112] during waste form fabrication (becausetted small strength of Cs-O
bonding) and tends easily to form water-soluble poamds.

In the following paragraphs we will give more pseiinformation about
radioactive cesium and we will briefly review thiéferent kinds of matrices that
have been envisaged as potential candidates fonmmbilization. We will then
present the main results (microstructural and airat study, stability unde-
irradiation) we obtained concerning aB8,(M,Ti)gO16 hollandite type matrix
(with x + y < 2, M being a trivalent cation) whielppears today as one of the best
matrix for Cs conditioning [79,113,114,115,116,11B]. Indeed, ferriferous
hollandite ceramics (with # = Fé* or M** = F€* + AI*") have been retained as
the potential candidate for specific immobilizatiofiradioactive cesium in the
framework of the French law passed in 1991 conngriine research on long-

lived radioactive waste management [18,79].

IV.A.1. Radioactive cesium in HLW

In France, a flux of about 2.8 tons of cesium isiegated every year after
reprocessing of 800 tons of nuclear spent fuel.[BRthe world, 46 kg of cesium
are produced every day in nuclear reactors [119jeMas naturally occurring
cesium is entirely non-radioactivé®Cs), five main Cs isotopes are present in
nuclear spent fuelf@ble X) [120]. The relative proportions of these isotopes
HLW solutions depend on the nature of the fueljterburn up and on the time
before reprocessing. Examples of proportions ofisosopes in different UOX
spent fuels 4-5 years after discharge are giveraiole Xl [121]. It appears that
135Cs represents approximately 14% of all the cesemtopes in U@spent fuel
which corresponds to an amount of about 39@dwerated every year in France
after reprocessing. Because of their short ha#fdj¥*°Cs rapidly disappears and
134Cs concentration strongly decreases before coniitio During the first three
centuries after spent fuel discharge, the cesiuhoaativity will be dominated by
137Ccs which then will become negligible in compariswith that of ***Cs.
Consequently, the radioactivity of cesium will biestfy controlled by**'Cs
during storage and the beginning of disposal aed tnly by**Cs.**'Cs will be
thus the main responsible of heating in waste faimseng all cesium isotopes. In
order to limit the temperature in the bulk of waiiams (T < 300°C), no more
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than 5 wt% Cg£0 must be incorporated in specific matrices. InFhench nuclear
glass R7T7, the amount of £&xis about 1.29 wt%. The decay of radioactive
cesium isotopes {’Cs, *°Cs, *'Cs) involves the emission oB-particles
(electrons) with energy E ranging from 0.089 to5#.MeV,y rays (0.47< E <
1.168 MeV) and the transmutation of Cs to stable[B22,123]:

1 + il 13x 2+\* — 13x] 2+ —
oCs" OF - (3Ba”") +e (I »Ba™ +y (x=4,5,7)

In Figure 15 are shown the disintegration schemes of the maghioactive
isotopes ¥°Cs, 1*'Cs) that will be present in waste forms during disgl. The
energy ofp-particles will not exceed 1.176 MeV and 95% ofntheill have
energy of 0.514 Me\W-particles are only emitted By'Cs with energy of 0.662
MeV. 1*'Cs emitted3-particles with energy ranging from 0.089 to 1.48dV but
its concentration will become negligible 10 yeafteraspent fuel discharge in
comparison with others radioactive Cs isotopes]124

Therefore, Cs-host forms must be stable un@gj-(rradiation (i.e. its capacity to
retain cesium in its structure must not be sigaifity affected by irradiation) and
must accommodate the valence and ionic radius esargpulting from cesium
decay to barium. As the energy of the recoilingrBalei resulting from CB-
decay is very low (2-4.6 eV [125]) in comparisonttwthat of actinideso—
recoil, 70-100 keV), it cannot involve atomic dspéments and will be no more
considered in this Chapter.

Rubidium is also an alkali element (fission progumtcurring in HLW solution
but its concentration represents only about 10 vaf%hat of cesiumTable 1V).
However, C§ and RD ions are co-extracted during the enhanced separati
process by calixarene molecules [126] and if a itmming matrix is selected for
cesium this one must also accept rubidium in igcstire. It must be underlined
that, except fof'Rb (half-life 4.88.1¢° years), all rubidium radioactive isotopes
are @.y) emitters with very short half-life and will rapyddisappear before
separation and conditioning. In HLW solutio?4Rb and®Rb (stable isotope)

represent respectively 70.2 and 29.8 %.
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As radioactive®’Rb will be co-extracted with cesium during enhanseparation
process, it is interesting to consider its decays hon radioactivé’Sr during

disposal:
8TRb* OF - (8,Sr2+)" +e- (1Y - &ISr2+ +y

Due to both the very long half-life and small comtation of’Rb in HLW, only

a very small quantity of strontium will be formeeéfbre all radioactive cesium
will decay to barium. Nevertheless, when dealinthwpecific waste forms for Cs
conditioning, it is also interesting to consideeithcapacity to accept both Rb

and Sf* ions in their structure.

IV.A.2. Specific waste forms for cesium conditioimg

Literature indicates that different kinds of solidatrices were studied for
radioactive cesium conditioning: silicate and ph@p glasses, single or
multiphase ceramics. In this paragraph, we wilieevseveral examples of these
potential cesium waste forms and different methtalsprepare them. The
possibility to immobilize cesium in glass-ceranwvadl be also envisaged. For all
these matrices, the criteria used to select thes moitable waste form for cesium
immobilization were generally: synthesis possibteair without hot pressing,
very low Cs vaporization during heat treatmentsk laf Cs-rich parasitic phases

of low durability and very low leach rates.

IV.A.2.a Glass and glass-ceramic matrices for cesn conditioning
Currently, after nuclear spent fuel reprocessingdiaactive cesium is
incorporated in the structure of borosilicate gégssuch as the R7T7 glass. In the
glass structure, Csons (as other alkali ions such a$'INa" and RB) can act as
network modifier in the borosilicate network or esarge compensator near
tetrahedral B@ or AlO4™ units for instanceRigure 8). The R7T7 glass contains
about 1.3 wt% G® and is melted in a metallic melter (AVH proceSgure 6)
at 1150°C [28]. However, the possibility to prepameclear glasses at higher
temperature in CCM enables to envisage glass cdadtiggass with higher
refractory character than borosilicate nuclear sggas(and thus also more leach
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resistant) to immobilize Cs. In this context, Batrtal. [127] synthesized different
aluminosilicate glasses at temperatures betwee® B@ 1600°C containing
from 3 to 10 wt% C£. To increase chemical durability, neither,8anor BO;
were introduced in these glasses. This lack ofirilghagents was responsible for
their high melting temperature. It appeared that thlative CgO losses were
always less than 5 wt%. Moreover, almost all glassere homogeneous and a
ten-fold improvement in leach rates over currenbbiicate nuclear glasses was
observed. In spite of these good results, the irgment of chemical durability
of these glasses in comparison with that of curmmtlear glasses was not
considered high enough to retain them as potespakific waste forms for
cesium. In another context, iron phosphate glatsascan be melted at lower
temperature (950°C) than current nuclear borosdicgasses were envisaged to
incorporate radioactive cesium chloride in USA [[LZBven if very little cesium
volatilized during melting of these phosphate gtasshe improvement of leach
resistance was only about one tenth of that ofdilicate glasses.

Because of the capacity of pollucite (CsA(%) crystals to incorporate cesium
and the good chemical resistance of this phase §8éé\.2.b), glass-ceramic
waste forms containing pollucite crystals in thbulk formed by controlled
crystallization of a parent glass may appear asdgoandidates for Cs
conditioning (concept of double containment barri@gure 11). Indeed, it was
shown that pollucite-based aluminosilicate glagsitécs could be prepared after
melting at very high temperature (1850-1900°C ingas-fired furnace and
rhodium crucibles) glasses belonging to the ;SM303-Cs,0 system [87,129].
Losses of cesium ranging from 5 to more than 20¥ewbéserved after melting.
After quenching and controlled crystallization dasg, pollucite crystals were
formed coexisting with mullite (ABi,O13) crystals and residual glass. Such glass-
ceramics that were initially envisaged for appimas associated with their high
refractoriness and their relatively low thermal ampion exhibit also good
chemical durability [87,129]. Cesium ions incorgerhinto the pollucite crystals
of the glass-ceramic benefit from a double containinbarrier. Unfortunately, no
information was given in literature about the antooihcesium remaining in the
residual glassy phase. However, due to the verh Iniglting temperature of
parent glass and Cs vaporization occurring durirgdting, such glass-ceramic

cannot be considered as good candidate for Cs intizaiion.
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IV.A.2.b Crystalline matrices for cesium conditioing

Different kinds of ceramic matrices (silicates, pploates, titanates) were studied
in literature as specific waste forms for Cs imnhiabtion such as: pollucite
(CsAISLOg) [130], CsZP (CsZPQy)3) [131], Synroc-type barium hollandite
(BaCs/(Ti,Al) ** 244y Ti*5.2¢yO16 (x+y<2)) [115] and iron-rich barium hollandite
(BaCs/(Fe, Al oy Ti**g 244016 (x+y<2)) [79]. Other matrices such as phosphate
apatites or rhabdophane (CaCsNd{ROwere also tested for their capacity to
incorporate cesium but difficulties were encourdete obtain single phase
samples [121]. Considering both the possibility poepare well densified
hollandite samples, the ability of this matrix tworporate Cs Ba*and RB and
SP* ions [132,133,134] and the occurrence of Tons in the structure that can
act as electron traps durifgrdecay (Tt + €(B) - Ti*"), hollandite-type
matrices appear today as the best candidates funeceimmobilization in
comparison with silicate and phosphate ceramic icestr Indeed, even if
pollucite is an aluminosilisicate phase with higfractory character (melting
point > 1900°C) that can accommodate more than 86 @s into its structure
and exhibits good chemical durability [135], it wdifficult to obtain single phase
pollucite ceramic samples with high density [1368Joreover, other cesium
aluminosilicate secondary phases such as CsAl&itch is poorly durable can
formed during synthesis and coexist with polludite ceramics. Contrary to
hollandite, none of the cations of pollucite TAISI*") can act as efficient electron
trap duringp-decay. Concerning CZP, for which only a small nembf studies
were performed, a fraction of Zrions can probably be reduced td*Zpns under
B-decay but the ability of this matrix to incorpaaB&* ions was not

demonstrated to the best of our knowledge.

IV.A3. BayCs/(M,Ti)gO16 hollandite ceramic as waste form for Cs

immobilization

IV.A.3.a General characteristics of hollandite
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Historically, (Ba,Al)-hollandit&? (nominally BaAbTiO16) Was initially envisaged
as one of the four main crystalline phases in tyre&-C ceramicTable VIII ).
To control the redox state of multivalent eleme(ts Mo...) during Synroc
synthesis, a small quantity of titanium metal wddeal to the mixture before hot
pressing [116]. This induced the partial reductifi** ions into Tf* ions which
facilitates -by substituting partially Al ions- the incorporation of ¢sons into
the tunnels of the hollandite structure [137] (§#¢.A.3.b). Indeed, because of
the small size of Al ions, it is very difficult to incorporate signifiat amounts of
cesium in the hollandite structure without parjiakducing titanium. After partial
reduction of titanium and cesium incorporation, 8yaroc (Ba,Cs,Al)-hollandite
has the following composition: Bas(Ti,Al)* 2y Ti*’s 204016 (x+y<2) [138].
Chemical durability tests performed on single pHageroc-hollandite showed its
very good resistance to water attack over the pige®-13 [113].

Recently, in France, in the context of enhancedarsgipn and specific
immobilization of radioactive cesium, an iron-rickand single phase
(Ba,Cs,Al+Fe)-hollandite B&s,(Fe, Al sy Ti**g.2x4O16 ceramic with x = 1 and
y = 0.28 that could be easily prepared under aic{cation at 1000°C and natural
sintering at 1250°C) by an alkoxide route, was peggl by CEA as specific
waste form for radioactive cesium immobilizatior®].7/No Cs vaporization was
noticed during synthesis of this hollandite composiand the amount of g3
incorporated (5 wt%) was chosen to limit the terapee in the bulk of the waste
form during storage and disposal. By introduciraniin hollandite composition,
it was not necessary to prepare the samples uadacing conditions contrary to
Synroc-hollandite. After sintering under air, irions occurred mainly as Fe
ions in hollandite as shown by Mdssbauer spectmsfb?0,139]. As ferric ions
have ionic radius only slightly smaller thar®*Tions, they would also facilitate
Cs' ions incorporation in the tunnels of the structgsee §IV.A.3.b). Static
alteration tests by water showed that the chemichlrability of
Ba.Cs/(Fe,AlY* o, Ti*s.2xyO16 hollandite was as good as that of Synroc-
hollandite [79] and was about two orders of magtetthigher than that of
borosilicate nuclear glasses [140]. The alterat@thanism of hollandite begins

with an initial release of cesium and barium folemlvby a severe drop of the

?2n this chapter, we will refer BESM>*5.,Ti*5 24016 hollandite samples as (Ba,Cs,M)-
hollandite.
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alteration rate (8.Ify.m%day" at 90°C under static conditions) [140].
Moreover, recent calorimetric measurements perfdrme on

Bay olCS.2dF& 82Al 1.46Ti5.7016 hollandite ceramic showed that its thermodynamic
stability was of the same order as that of rutitbich indicates the good stability
of (Ba,Cs,Al+Fe)-hollandite [141everal studies were also performed recently
by ANSTO on (Ba,Cs,M)-hollandites (with M=Fe, Mn..prepared either by
alkoxide route or by melting [142,143].

IV.A.3.b Structure of BayCs,(M,Ti) gO16 hollandite

Natural hollandite has the formula BaMhes where manganese can occur under
various oxidation states (Mh Mn**, Mn*"). However, there are a lot of structural
isotypes, includingitanatehollanditesBa,Cs/(M,Ti)gO16 (X+y<2) in which Mn of
natural hollandite is replaced by M + Ti. In ouudies (8IV.A.3.c2.), M was a
trivalent cation or a mixture of different catiofsl®* + F€* for instance). The
Ba.Cs/(M,Ti)gO16 type structure is shown iRigure 16. Approximately square
tunnels running parallel to the short axis of thraure are enclosed by columns
of two edge-sharing octahedra which then shareecserihe Ti and M cations are
located in these octahedral sites (site B). TheBaij and C3 cations Table Xl
[144]) are set in the tunnels in box-shaped cavitieeight oxygen ions (site A).
In spite of the relatively open-framework-type sture of (Ba,Cs,M)-hollandite,
Ba®* and C§ ions have to overcome a large energy barrier &sdowith passing
trough the square planar arrangement of oxygentmmngsigrate along the axis of
the tunnels and these compounds appeared as veriptia conductors [120].
Thus, the large cations are well immobilized inléwadite tunnels. Hollandite cell
symmetry may be tetragonal (14/m space group) onaulinic (12/m space
group). This mainly depends on the relative vahfethe radius of cations in sites
A (ra) and B (g) (ra and g being respectively the average ionic radii of {Ba
Cs") cations in site A and (f1, Ti*") cations in site B) [116,145]. Between these
two symmetries, the cross-section of the tunneklngbs from approximately
square in shape (tetragonal cell) to a rhombusesk@apnoclinic cell). The KB
cations in site B insured the charge compensatidheopositive charge excess in
the tunnels due to Csand B&" cations. In tetragonal hollandites, all octahedral
sites B are identical whereas in monoclinic hollsxltwo different types of sites
B can be distinguished [138]. Theoretically, a maxin of two (B&" + C<)
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cations per formula unit (i.e. x+y=2) can be inagied in the hollandite
structure. However, it is only for small univalerdtions (such as ' that the
box-shaped cavities (site A) in the tunnels of &adlite can be all occupied
(K2(Al;Tig)Ow) [133]. For hollandites containing only Baions (y = 0) or a
mixture of B&" and C% ions, tunnels are only partially occupied (x+yb2rause
vacant sites are necessary to accommodate botlsi@pbetween B4 ions and
local distortions that occurred after incorporatiof big CS$ ions. Moreover,
studies performed on various compositions showat dtable hollandite existed
only for x+y>1 [132]. Indeed, for each hollanditeste is a lower limit of (X + y)
below which the intended composition cannot beinobthas a single phase. For
instance, according tdandbergen et al. [132], BAI,Ti) sO16 hollandite can be
obtained as a single phase only for 1.16<x<1.28.

Concerning cations M in site B, it was shown thhatiit size had a strong effect on
the average (M,Ti)-O distance d, the cell volumand the box-shaped cavities
(site A) volume V as d, V and Yincrease with cation M radius [116]. The size of
tunnel walls of hollandite is mainly controlled legtions in site B and not by
cations in site A. This explains why partial redactof titanium ions in Synroc-
hollandite or partial substitution of &lions by bigger ions such as’F¢Table
Xll') facilitates cesium incorporation into the tunnelad thus avoids the
formation of parasitic phases with low chemical ahility such as CsAITIQ
[137]. The occurrence of this phase can be detatitedtly by EDX* on SEM*
images or by**Cs MAS-NMR for hollandite ceramics with low conceiion of
paramagnetic species (such a3'Fer*, Ti**ionsy° [146]. As'**Cs MAS NMR
(100% natural abundance, 1=7/2) spectra are seagiti CS ion environment in
materials, they can give the number of differente@gironments in hollandite
ceramics. By comparison with Cs-rich referencesl{sas CsAITIQ), signals
position (chemical shift) gives information abol thature of the phases in which
Cs' ions are located (hollandite or parasitic phafb$§,118].

Depending on hollandite composition and more paldity on the nature of the
M?3* cations in site B, the vacant sites and catio&'(ECS) in the tunnels may

take up an ordered arrangement (superlattice ong)efl16,147]. This ordering is

%3 Energy Dispersive X-ray analysis
24 Scanning Electron Microscopy
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at the origin of several broad and low intensityratines (superlattice lines)
observed at low angles on the XRD patterns {Sgare 18 in 8IV.A.3.c2.) of
hollanditeat angular positions incommensurate with hollandék [148,149]. A
XRD study performed on BasAl» 32Ti56402 and Ba 30Al g odF €1 28T 15 66016 Single
crystals prepared by a flux method in our laboia®t, revealed diffraction
patterns of a one-dimensional modulated incommemsustructure along the
tunnels direction and confirmed that the XRD einas were due to the ordering
of barium ions and vacancies in the tunnels [1Z8kse lines can be indexed in
the 14/m(0@)00 super space group. This ordering may extenwdset adjacent
tunnels (lateral correlation) and was shown to dddeoth on the size of cations
M in site B and on the amount of barium cationshie tunnels (occupancy level)
[116,150,151]. The size of ordered domains increasih the size of M. A
tentative of explanation of the dependence of andein tunnels with the nature
of cations M was proposed by Kesson et al.[134hagidboth structural and
electrostatic screening considerations. Comparigbrihe diffuse superlattice
spots on electron diffraction patterns of B#l,3:TisedO1s and
Bay 18 3211564016 Ceramics confirmed that substitution of aluminum ilgyn
ions in site B of hollandite led to larger ordedsimains [118,120].

IV.A.3.c Synthesis of BgCs(M, Ti) §01¢ hollandite ceramics
IV.A.3.c.1. Synthesis of hollandite by alkoxide r@uand by melting

Most of papers reported the preparation of singiasp BzCs,(M,Al) 3+2X+yTi4+8_
2xyO16 hollanditesvith M3 = Ti** [115,152] or M* = F€* [79] by alkoxide route
using alkoxide, nitrate or acetate precursors laotem before drying, calcination

and sintering as in the Synroc preparation methtds is the method generally

% High concentration of species with electronic sBin 0 generally leads to a strong broadening
and/or a displacement of NMR signals (see for exarfigl6] in the case of high concentration of
paramagnetic T ions in hollandite).
%0 Bay 16Al5.35Tis 660, and Ba 3Al god- e 2Tis66016 Single crystals were prepared by melting at
1400°C and slow cooling (12°C/h from 1400 to 90046d 240°C/h from 900°C to room
temperature) of 0.47BaF+ 0.53B0; flux containing 40 wt% of raw materials (oxides,
carbonates) in the stoichiometric proportions dfamalite. Hollandite crystals were then extracted
by dissolution of flux in hot acidified (HCI) waterollandite crystals have a needle shape (several
mm length) with ¢ axis along this direction. Atteiperformed to prepared hollandite single
crystals with cesium were unsuccessful probablyabse of cesium vaporization from the melt
during melting and cooling, or because of an inficgnt partitioning ratio of Csions between
the crystals and the borate melt during crystdiliza
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used by ANSTO and CEA to prepare single-phase rdilia or hollandite-rich
ceramic samples for Cs immobilization. For instanBart et al.[79] mixed
aluminum sec-butoxide and titanium isopropoxidetimanol with barium, ferrous
and cesium nitrates dissolved in water. After istgy drying, calcination
(1000°C), planetary ball milling and pressing, tb@mples were sintered at
1250°C in air and retained all the cesium (5 wt%QJsn hollandite structure.
Difficulties were reported by Carter et al. [14@]prepare by melting both single
phase hollandite and Synroc ceramics with Cs witlibe presence of the low
durability parasitic phase CsAITiOHowever, they were able to synthesize
hollandite-rich Synroc waste forms with about 786MCs0 and different metals
(Cr, Ni, Zn, Co, Fe...) in the site B of hollanditg melting in air (1450-1550°C
in Pt crucibles) calcined precursors prepared kgxddle route [143,143]. Their
ceramics contained hollandite (sometimes more Btmwt%) with zirconolite,
perovskite and rutile. For several compositions,e@tered only the hollandite
with little loss during synthesis. For these conipmss, chemical durability tests
showed that Cs leachate concentration was two ®mfemagnitude lower than

alkali leachate concentrations for a reference gibbcate glass.

IV.A.3.c2. Synthesis and characterization of holldite by oxide route

In the study we performed on hollandite waste formes tried to prepare single
phase (Ba,M)- and (Ba,Cs,M)-hollandite samples kigde route using oxide,
carbonate and nitrate powders without dissolving teactants before heat
treatments (natural sintering in air). We studikd effect of trivalent cation M
(A1, crt, Ga*, Fe', Sé of increasing sizeTable XIl) on the ease of
preparation of single phase ceramics and on cesaiemtion during synthesis.
Reagent-grade oxide, carbonate and nitrate powWaé&r®s, TiO,, BaCQ, Cr.Os,
Fe0s, Ga0s, S60;, CsNQ) were used for preparation. By increasing the sfze
cation M in octahedral sites of hollandite, the au&s to increase the section of
the tunnels in order to facilitate the entry of iges into hollandite structure
(Figure 16). In order to increase the reactivity of the porgdehe mixture was
ground by attrition milling after calcination anefbre natural sintering in air
(Figure 17). Attrition enables to reduce the particle sizgpmdcursor to less than
1 um. Indeed, after attrition, the mean particlee f our powders mixture was

about 0.5 pm as determined with the help of a Igssmulometer. To reduce the
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risks of cesium vaporization during the sinterirfgoellets (pressed at 30 MPa),
the temperature and duration were reduced to régplcl1200°C and 30h. Using
these sintering conditions, dense samples wereingotaonly if the calcined
precursors were previously finely ground by atinti(Figure 17). The main
results we obtained concerning the effect of cafibron hollandite ceramics
microstructure, structure and composition are gilbelow, for more details see
[117,118,120].

We first tried to prepare single phase@&Ti)sO6 hollandite ceramics without
cesium for x=1.18 for all the cations M (Ba (M2.35 Tises )O16). For each
single phase (Ba,M)-hollandite sample, we thendttie prepare single phase
(Ba,Cs,M)-hollandite samples with cesium {B&£ S 24M2.35Tis69O016), keeping
the same amount of cations M as in (Ba,M)-hollaegifi.e. 2.32 per formula
unit). For charge compensation reasons, it wasssacg to increase the total
amount of cations in the tunnels. Mixed hollandiezamics with M* = AI** +
Ga* and M* = AI** + Fe* were also prepared.

For M*=AI%*, Cr*, G&" and F&, single phase BadVl23:Tis 6016 hollandite
ceramics with tetragonal structure were obtainedge route. Mixed hollandite
ceramics BaygAl1.6458 9211544016 and Ba 26Al1 64 € 9271544016 Were also single
phase with tetragonal structure. XRD patterns of1B¥; 32Tis 66016 CEramicsare
shown inFigure 18 The corresponding lattice parameters and celimel are
given inTable Xlll . In agreement with literatuien hollandite structures [153],
the lattice parameters of BaM., 3:Tis64016 hollandites increased linearly with
the average radiug of cations in site BRigure 19). It is easy to understand that
increase of lattice parameters leads to an increbdee size of the box-shaped
cavities in tunnelgFigure 16)which is supposed to facilitate Cs incorporation in
the structure. Only a small amount parasitic pltasgaining P, Ba, Si and O was
detected by SEM in several samples (phasEigure 20. This phase was due to
pollution and could be suppressed by changing ratenals and the nature of
attrition  balls  (without Si). Contrary to BaFeslisedlis and
Bay16Gap 32lis 66016  Cceramics [Figure 20c,d, Ba16Al232lisedO16 and
Bay 16Cr32Ti5 66016 Samples were badly densified after sintering ab0ig

(Figure 20a,h. This difference of densification can be expldirgy the high

%" The choice of x=1.16 for all the (Ba,M)-hollandisamples was made according to the
boundaries of the single phase domains of holtanrdported in literature [132].
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melting point of hollandites (BaeAl2.32Tis6d016 1517°C, Ba16Cr2.32Ti56d016
1650°C) and of the corresponding oxides,(3l2054°C, CsO3 2330°C) [118].
Consequently, the occurrence of Al or Cr in holieed¢omposition slew down
densification processes. The strongest effect waereed for chromiumFjgure
20b). For (Ba,Al+Fe)- and (Ba,Al+Ga)-hollandites, théroduction of Fe and Ga
induced a decrease of ceramics porosity in compangth Ba 16Al2.32Ti5.6601
(pictures not shown). This result confirmed theitpes effect of FeO; and GaOs
on densification. The ceramic sample prepared @itby oxide route at 1200°C
was not single phase. This was probably due bottimegohigh melting point of
S60; (2485°C) and to the high radii difference betw@é and S&" ions in site
B (Table XII) slowing down crystals organization during simegr[118].

For M*=AI*, cr* and G&', (Ba,Cs,M)-hollandite ceramics retained only a
fraction of Cs in their structure and were eithertiphase and/or badly densified
after sintering at 1200°CF{gure 20e,). The composition of the hollandite
samples determined by EPNMfAare given inTable XlIl . The high refractory
character of both G®; and (Ba,Cr)-hollandite and the small size of*Abns
(Table XII) could explain the strong difficulties of C#ns to enter into the
(Ba,Al)- and (Ba,Cr)-hollandite tunnels. In thissea a high fraction of cesium
evaporated during synthesis and disturbed densdicaFor instance, more than
54% of cesium did not enter into the (Ba,Cs,Cr)dmalite tunnels. For the
(Ba,Cs,Ga)-hollandite sample, a Cs-rich parasitiase (CsGa&iTiosOs) was
detected both by SEM arld®Cs MAS NMR [118]. By analogy with CSAITi{
this phase exhibited probably low chemical durgpiliagainst water.
Consequently, the low densification of ceramics/andhe occurrence of low
durability Cs-rich parasitic phases show that (Bay-hollandite ceramics with
M3* = AI**, CP* and G&', prepared by oxide route at 1200°C, are not sigita
waste forms for Cs.

(Ba,Cs,Fe)-hollandite was shown to be dense andetain all cesium in its
structure Table XIII'). Even if a significant amount of iron-rich secangl phase
(FeTiOs) was detectedR{gure 209, the presence of this phase —that did not
concentrate cesium- is not a problem for the ug@ajCs,Fe)-hollandite ceramic
as Cs waste form. Contrary to (Ba,Cs,M)-holland#eamics with Al, Cr or Ga,

the introduction of cesium in (Ba,Cs,Fe)-hollanditad not strong effect on

28 Electron Probe Microanalysis
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ceramic porosity. Thus, introduction of88 in powders mixture and of Feions

in site B had favourable effects on densificatiowl &€s incorporation processes.
This can be explained both by the relatively lowitmg point of FeO3; (1565°C)
and by the high size of Feions in comparison with Af, C** and G&" ions
(Table XIl). The mixed (Ba,Cs,Al+Fe)-hollandite
(Bay.oolCo.20Al 1 a0 82Ti5.7016) prepared by oxide route was also shown to retain
almost all cesium (~ 90%) but its porosity was kigliFrigure 20h) than that of
the (Ba,Cs,Fe)-hollandite sample. According botth®high retention of cesium,
to the lack of Cs-rich parasitic phase of low liition resistance and to their low
porosity, the (Ba,Cs,Fe)- and (Ba,Cs,Al+Fe)-hollendcceramics prepared by
oxide route can thus be envisaged as good candidateradioactive cesium
immobilization. The oxide route with sintering atlatively low temperature
(1200°C) can be thus envisaged as an alternatitboshdo prepare hollandite

waste form suitable for Cs immobilization.

IV.A.3.d Local structure of BayCs/(M,Ti) gO1¢ hollandite

The knowledge of the hollandite local structuredoefand after external electron
irradiation (simulating3-decay of radioactive Cs) is an important element t
evaluate its long term behavior as Cs waste formndustorage and disposal.
XRD studies performed on ceramics and single cig/gfave only average local
information on the interatomic distances and posgifor sites A (occupied by
Ba®" and C%) and B (occupied by R and Tf*) in (Ba,Cs,M)-hollandite
structure. According to XRD studies of the (Ba,A#xd (Ba,Al+Fe)-hollandite
single crystals prepared by flux method (see §19.8), the modulated structure
along tunnels direction (corresponding to a modutatof the barium ions
occupancy and position in site A) induced a hightritiution of B&" ions
arrangement near the cations {4€") located in site B [120] . Thus, different
kinds of local environments of cations in site B axpected due to variations of
next nearest neighbors (barium ions and vacanci€s). detect different
environments for a given cation M, selective spstiopic methods sensitive only
to M must be used. In our cas€Al MAS NMR and *>’Fe Méssbauer
spectroscopies were used to study the local steiettound respectively Aland
Fe’* ions in the octahedral site of hollandifégure 16).
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/Al MAS-NMR was used to get information on the diffat kinds of
environments of AT ions in hollandite ceramics with or without Cs.rFRhis
study, performed in collaboration with T. Charpent(CEA Saclay, France),
Bay.16Al2.32Ti5.66016, Bay 26Al 1.64580.92T15.44016 and Ba odC0.26Al 1.46G @0 821157016
prepared by oxide route were selected because eoflatk of paramagnetic
elements (such as ¥®ns)in their composition [120F’Al (1=5/2, 100% natural
abundance) is a quadrupolar nucleus widely stubjefMAS-NMR in crystalline
and glassy materials. In order to increase theutsn of MAS-NMR spectra to
determine the number of nonequivalent sites occubjeAF" ions in hollandite,
triple quantum MQ-MAS (Multiple Quantum MAS)-NMR sgtroscopy [154]
was used. The triple quantum MAS-NMR spectrum of; B, 3:Tis 68016
ceramic is shown ifrigure 21a (isotropic dimension). At least three components
corresponding to three different Al environmentsfdrred as X, Y and Z on
Figure 218 were required to correctly simulate the spectrhittle et al. [152]
also observed at least two different Al environrseng?’Al MQ-MAS-NMR for

a (Ba,Cs,Al)-hollandite sample. In our case, three¢hcomponents correspond to
aluminum ions located in distorted octahedral s{gesording to their isotropic
chemical shifts and quadrupole coupling constab®]) of hollandite structure
but with three different kinds of local environmentspite the existence of only
one kind of crystallographic octahedral site (4 for tetragonal hollandite
(Figure 16). These different environments are due to differermbers of barium
and vacancies in the six next nearest positiorsl gFigure 22). Study of NMR
spectra of hollandite samples with Ga and Elgyre 21b) enable to assign X, Y
and Z Al environments as followsigure 22): one Ba and two vacancies as
second neighbors (X), two Ba and one vacancy amdegeighbors (Y), three Ba
as second neighbors (Z). Moreover; @ss appeared to be preferentially located
near the biggest cations in site B {8aThis result is not surprising because
tunnel section probably expands near big M cati@msl facilitates Cs
incorporation.

Hollandite samples with iron were studied Bife Mossbauer spectroscopiFe,
I=1/2, natural abundance 2.119 %) in collaboratiath F. Studer and N. Nguyen
(CRISMAT, Caen, France). This technique [156] easlib extract information
on the oxidation state and on the local structuoaurad Fe in materials, after

isotopic enrichment or acquisition for long timeg\{eral days for our samples).
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An example of transmission spectrum for a Fe-richollandite
(Bay 1dF& 32T1566016) Showing a quadrupolar doublet with its simulatiasing
two components corresponding to different iron emuinents (sites 1 and 2) is
shown inFigure 23a The corresponding hyperfine parameters are itetican
Table XIV. For the different hollandite samples studied lfvat without Cs and
Al), all isomer shifts were typical of Beions (no F&" ions were detected) and
sites 1 and 2 were attributed to different arrangi@siof barium ions in tunnels in
the close environment of iron [139]. According teetevolution of Mdssbauer
hyperfine parameters with hollandite compositio2dJl. Fé* ions in site 2 would
have three B4 ions as nearest neighbors wherea¥ Fesite 1 would have one

or two B&" ions in its neighborhood.

IV.A.3.e Irradiation of BaxCs,(M,Ti) 016 hollandite

We saw in 8IV.A.1 that the immobilization of radatize Cs isotopes (mainly
137cs and®**Cs) involved the emission d§-particles andy rays Figure 15).
Therefore, hollandite matrix envisaged as Cs-hastnf must bfi— ety-
irradiation resistant (i.e. its good immobilizatiperformances of radioactive Cs
existing at the beginning of storage must not $icgmtly decrease during storage
and disposal). (Ba,Cs,M)-hollandite compositionthvidl = Fe or Fe + Al can be
prepared easily (oxide route) and incorporate @dliuum in hollandite structure.
Moreover, these waste forms are able to accommdHbatehanges in chemistry
resulting from Cs decay to Ba because of their leigbacity to incorporate Ba
ions into their structure and because of the piigibf reduction of Tf* ions to
insure charge balance. Neverthel¢gssndy resistance of hollandite was not yet
proved. In the next paragraph, we will briefly rwi works than were published
on hollandite irradiation. We will then present th®in results we obtained
concerning the effects of external electron irradiaon hollandite structure. The
modification of local structure and the formatior paramagnetic defects

(mechanism of formation, thermal stability) will beinly presented.

IV.A.3.e.1 Stability of hollandite under irradiation
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Most of the crystalline matrices that can be ergash for MA or Pu
immobilization (zirconolite, zircon, apatite...) havery old natural analogues
containing actinides (U, Th) indicating the veryodaability of these matrices to
retain a, y radioactive elements for very long periods. Forhswaste forms,
actinides decay is known to induce a high numbeatoiic displacements that
may lead to total or partial amorphization of thetructure. Moreover, an
important number of studies concerning the effdcexternal irradiations by
heavy ions (simulatingi-decay) on their structure and chemical durabhiaye
been performed. However, due to the lack of natamlogues containing
radioactive cesium, (Ba,Cs,M)-hollandite radiatr@sistance was not proved as
yet. Indeed, natural analogues with hollandite cttme such as priderite
((K,Ba)«(Ti,Fex016) [157] and henrymeyerite (Ba(Fe;D;6) [158] were not
known to contain radioactive cesium. Moreover h® best of our knowledge, the
incorporation and the study of the effects of radive cesium in synthetic
single-phase hollandite has not been already peedr. Finally, literature
reports only external irradiation experiments thig@ not relevant to simulate the
effects of cesium decay on hollandite long-termawatr [70,159]. Indeed, the
stability under irradiation of hollandite cerammss initially studied within the
framework of the multiphase Synroc ceramics. Theseks mainly concerned the
effects on hollandite obi-radiation due to actinides decay in zirconolited an
perovskite adjacent phases [160]. For instancet fasutron irradiation
experiments were performed on single-phase Baifditaa [161] in order to
simulate the irradiation effects occurring in Synrand generated structural
changes. The effect of ion-beam {Awons) irradiation was also studied [162]. The
few works dealing with the stability of single-pka@Ba,Cs,M)-hollandite under
external electron irradiation, used to simulate fhieradiation of cesium, were
performed with intense electron irradiation in sBamssion electron microscopes.
In this case, strong structural evolutions wereeole=d such as the hollandite
rutile transformation [134] by loss of tunnel cai$o and microtwinning followed

by amorphization [159].

29 For pollucite (CsAISIOg, see §IV.A.2a), different experiments were repbiite literature by
incorporating radioactive cesium in its structu@nly small structural and chemical durability
variations were observed after several years odge[130,135].
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However it must be underlined that the electronedoste caused bf self-
irradiation in the radioactive Cs waste forms Wil low in comparison with the
electron dose rate received in electron microscopass, the latter overestimates
the real effects of Cs decay. To the best of owmktedge, no results concerning
the nature and the concentration of point defemtsiéd either by or y external-
irradiation of hollandite have been reported irerbature. Such studies were
neglected in the case of HLW immobilization compéwen-irradiation which
produces a high number of atomic displacementstia@ceffect off3-irradiation
due to radioactive Cs was often considered asgibtgiin hollandite but this was
not studied carefully.

In the next paragraph, our main results concerttiegeffects of external
electron andy-irradiations simulating C$-decay on single phase hollandite

samples (ceramic and single crystal) will be presgn

IV.A.3.e2 External irradiation of (Ba,Al)-hollandiée

Our study mainly focused on a simple (Ba,Al)-hotla@ composition
(Bayw.16Al2.32Ti566016) for external electron irradiation experiments drder to
easily allow the observation of irradiation-indugeatamagnetic defects by EPR
without be disturbed by high amounts of preexistpgramagnetic species.
Nevertheless, few results concerning hollandite masitions with high amounts
of paramagnetic ions (M = F€*, C*") will be briefly given at the end of this
paragraph. As Cs entered with difficulties into (& hollandite it was decided
to mainly study composition without cesium, onlyfeemarks concerning the
effect of C$ ions on the paramagnetic defects induced by wtidi will be given

in 8IV.A.6.c.

IV.A.3.e.2.a. External irradiation conditions andharacterization of irradiated

hollandite
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External electron irradiations (1.0, 1.5 and 2.5\ with a Van de Graaff
accelerator were used to simulate fhgarticles and Compton electrons generated
by y rays emitted by radioactive cesium. Indeed, caraiibns abouy-particles
interaction with hollandite showed that it was doated by Compton effect [163]
and that the 0.662 MeY rays emitted by*'Cs Figure 15) produced Compton
electrons with energies E 0.477 MeV [120]. Consequently, these Compton
electrons have energies of the same order as thatparticles (0.2-0.5 MeV,
Figure 15.) emitted by radioactive cesium and will genethte same defects as
B-particles in hollandite. Nevertheless, severakel y-irradiation tests were
performed with the help of &'Cs source (0.662 Me\Figure 15). (Ba,Al)-
hollandite ceramic and single crystalsamples 0.5-1 mm thick samples were
irradiated at almost room temperature (T<50°C). Haenple thickness was
chosen so that electrons go through the sample.s@hmles were subjected to
different electron fluences (quantity of incidereatrons per cf) between
3.4x13" cm? to 1.2x16° cm? with 1.0 to 2.5 MeV electron energies, giving
absorbed doses in the 1.481®.5x10 Gy range. The maximal fluence (7.5%10
Gy) corresponds approximately to 30 years of swragen 5 wt% GO
(recovered from the reprocessing of spent fuel) incerporated in hollandite
(Figure 24). At the beginning of Cs waste form disposal,ehergy of3-particles
will be mainly around 0.5 MeV/{'Cs) during several tens yeaFidure 15). The
energy off-particles will be then of 0.2 MeVV{Cs). It must be underlined that
during external electron irradiation experiments tose rate ranged between
26.10 and 75.10 Gy.h* whereas during disposal of Cs waste form, it il at
the beginning of 10Gy.h'! and then 3.10Gy.h! after one century. These dose
rate differences may induce defects accumulationun samples that will not
occur during disposal but this phenomenon is diffito evaluate.

It is important to note that two other importanffeliences exist between our
irradiation experimental conditions and the actaiditions in hollandite waste
forms containing radioactive cesium. First, eleatrdly through the sample to

avoid charge accumulation in hollandite for extéimadiation conditions, and

%0 Electrons with energy lower than 1 MeV were natitable with the Van de Graaff accelerator
used for this study. Thus, the energy of electied in our work was higher than the one of the
majority of  particles emitted b{*’Cs and***Cs Figure 15).
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thus electrons are not finally trapped by the hallee host. Consequently, these
experiments reproduce only the effect@particles and of Compton electrons
(produced by-rays) emitted by Cs along their path in the halltn structure,
and do not simulate the effect of electron captwe Cs transmutation to Ba.
Secondly, all our experiments were performed anrdemperature. However,
because of the high thermal power'8fCs and**‘Cs isotopes Table X), the
temperature in the bulk of hollandite ceramics daelach 300 °C during the first
years of storage for a 5 wt% loading 0£,QGs

The influence of irradiation conditions on the matand on the concentration of
point defects (electron and hole centers) in hditenwas estimated by EPR (X
band (9.5 GHz), temperature range 9-300 K). Forenu®tails concerning EPR
techniques and theory see for instance [164]. Mareo XRD, electron
diffraction, >’Al MAS NMR and *>’Fe Mossbauer (for hollandite samples
containing iron which cannot be studied by EPR)eexpents were performed

before and after irradiation in order to monitoustural evolution.

IV.A.3.e.2.b. Effects expected on hollandite of @l®n external irradiations

B-particles with energy in the MeV range can imparérgy to hollandite matrix
through elastic and inelastic interactions. Alomgit path through hollandite
samples, electrons will generate ionisations amdtelnic excitations but few
atomic displacements. Indeed, due to the small rahsise electron, the energy
transferred by ballistic collisions is quite smhalit could be even sufficient to
cause subsequent atomic displacements, notabightfdlements. Nevertheless, it
is possible to induce displacements of the heawg im a two-steps process
involving collisions with these displaced light elents. Damage depends on the
mass and the threshold displacement eneggfEeach ion, currently unknown
for hollandite. For instanc&igure 25 shows that the value of energy of electron
(2.0-2.5 MeV in this study) has a strong effect e probability of Ba
displacement in hollandite (whatever may hg¢B@A) the threshold displacement
energy of Ba) whereas the probability of oxygerpldisement is not so much
affected by the variation of electron energy. linieresting to notice frorRigure

31 (Ba,Al)-hollandite single crystals prepared byxfimethod (composition BasAl, 04Tis g1 as
determined by EPMA) were irradiated in order toph#ie identification of the paramagnetic
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25 that for electron with energy E=0.5 MeV (which re@sponds tg3-particles
emitted by**'Cs), Ba will be not displaced whereas oxygen cadisglaced (look
the vertical lines irFigure 25). On the other hand, as electron irradiations ympl
mainly electronic excitations, the creation of &les and hole centers, resulting
from the trapping of the produced electron-holergas expectedHgure 26).
These created defects have respectively the satueenas the bottom of the
conduction band (CB) formed by titanium orbitaldd)3r as the top of the
valence band (VB), comprised of oxygen orbitals) (2pth antibonding O-O
character [120]. The character of these bands (@BV&) was determined from
the hollandite electronic band structure calculagdthe Hickel tight-binding
method Figure 27) [120]. Therefore, it is expected that electrontees would be
Ti%" ions (after electron trapping by*Tiions)and hole centers would be of @

0O," (n < 4) type (after hole(s) trapping by oxygenspn

IV.A.3.e.2.c. Effect of external electron irradiain on hollandite

Comparison of XRD patterns of BaAl,s:Tis 8016 hollandite before and after
electron irradiation is shown iRigure 28 It appeared that XRD line width only
slightly increased after irradiation which indicatenly a small increase of
disorder in hollandite structure. Moreover, no figant evolution of Raman
spectra (not shown) was observed after irradiatibith shows that bonding was
not affected by irradiation. Nevertheless, an iaseeof disorder in tunnels was
put in evidence by electron diffraction and higkadlation transmission electron
microscopy (decrease of barium ions-vacancies irgleshowing that B3 ions
were displaced under electron irradiation [120].nparison of MAS NMR
spectra of BaysAl232Tised016 hollandite before and after electron irradiation
(spectra not shown) indicated that no significanblation was observed
concerning the relative proportions of sites X,nd& Figure 213 [155]. This
indicated that the arrangement of’Bins around Al" ions was not significantly
modified after irradiation in spite of Baions displacement in tunnels. However,
Figure 29 shows the appearance of a weak signal around pp#h after
irradiation corresponding to the chemical shift Aif in 5-fold coordination.
Consequently, oxygen vacancies have been produgedldztron irradiation
because of all Al was 6-fold coordinated beforadration.’’O MAS NMR

defects induced after electron irradiation of cacam
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(1=5/2, natural abundance 0.037 %) of & BAl.35Tised016 Samplé? confirmed
that the oxygen lattice of hollandite was affedvgcelectron irradiation [120]. For
the iron-rich hollandite Bade 3:Tis6¢016 the evolution of Méssbauer spectra
after electron irradiation is shown figure 23bandTable XIV . After irradiation

a new Fe site (site 3) was observed and the relgtigportions of sites 1 and 2
changed. However, partial reduction of Fim F€* under electron irradiation did
not occur within the Méssbauer sensitivity scalige S was identified as Fe in 5-
fold coordination because of its hyperfine paramsef{&20,139]. This indicated
oxygen displacement around Fe (initially al*Fens were in octahedral sites).
The evolution of relative proportions of sites ldah was attributed to atomic
displacement of B ions in tunnels [120].

Figure 30 shows the EPR spectra of pristine and electromdiated
Bay 16Al2.32Ti5 64016 hollandite samples for different fluences (electemergy of 1
MeV)*3. Three signals (T E;, E) corresponding to three kinds of paramagnetic
point defects are induced by irradiation. Otheredes (diamagnetic) may also be
induced by irradiation but cannot be detected biR ERuch diamagnetic centers
are probably formed because the sum of electroer®rconcentrations was
higher than the hole centers concentrations. Thee gaaramagnetic defects; (T
E:;, E;) were generated in hollandite aftedirradiation but with significantly
smaller concentrations. According to their magnéid position on EPR spectra
(Figure 30) and corresponding g factor, Bnd E signals were attributed to
electron centers (gegand T signal to hole centers (g9 Intensities of all

these signals increase with increasing fluenceowitlsaturation at least up to 1.4

%2 This sample was prepared by oxide route Wieh enriched Ti@ as raw material and sintered
under nitrogen to avoitfO-’O exchange with air oxygen.
% EPR concerns transitions between spin sublevelpacdmagnetic centers, arising from the
superposition of an external high magnetic fieldTBe resonance which gives rise to EPR signals
occurs when W=gBB, where h is the Planck’s constanthe microwave frequency, g the g-factor
(for a free electron, g=g2.0023),3 the electron Bohr Magneton. The signal positionagaiven
magnetic field B defines the g factor (without Yingharacteristic of the paramagnetic center.
However, because of the local structural anisotrgpyparamagnetic centers in crystalline
structure, the EPR signal position also dependtherorientation of the crystals of the ceramic
with respect to B direction. For a low symmetry tegninstead of an isotropic g-factor, the
spectrum will be described by a.(@,, g¢,) tensor (X, y and z corresponding to its eigeadlions
that are not necessary correlated with crystallgigiaaxis). The spectrum of ceramic samples
results from the sum of the signals of all the tlites oriented in every direction. Due to the
short spin-lattice relaxation time of several of freramagnetic centers induced in hollandite, EPR
spectra were recorded at low temperature to ertable detection. For instance; Bignal was
detectable up to room temperature whereasgaal vanished above 170 K.
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10" cm? but their relative intensities depend on flueno&ative intensity of
signal & grows notably with fluence) and electron energ®0]1 An increase of
the intensity of & signal with electron energy was observed in comparwith
that of & and T centers. This indicated that the formation etEnter was related
to Ba displacements upon electron irradiation atiogrto the evolution of the
calculated probability of atomic displacement wallectron energyRigure 25).

In order to assign all these signals, experimesgattra were simulated to extract
their corresponding (gg,, &) tensors and their lineshape and intensity evauti
was monitored upon variations of experimental patans (temperature, incident
microwave power...). Centers concentrations were atg@mntified. The
simulation of g and & signals is shown ifigure 31 and simulation parameters
of E;, E; and T centers are given ihable XV. T, signal can be simulated by the
superposition of at least three individual speot@esenting three hole centers of
the same type. According to the calculated holl@ndiectronic band structure
(Figure 27), it is expected that electron centers ard& Tons (after electron
trapping by Tf" ions)and hole centers are of 6 O, (n < 4) type (after hole(s)
trapping by oxygen ions). The details of identifica of the different
paramagnetic centers are given in [155,120] antbeilonly briefly summarized
below.

According to the value of their g tensors, holeteen (T, signal) cannot be
assigned to Otype centers but rather to superoxid¢ €enters in at least three
different type of environments. These different iemvments were tentatively
attributed to @ centers close to cations of different charges(B&*®* or Ti*") in
hollandite. Electron centers Bnd & were attributed to T formed in the bulk of
hollandite but with different local environments. é&enter has an axial symmetry
with the axial component of crystal field parallelthe crystallographic axis of
hollandite as shown by EPR study of an irradiatadle crystal. On the contrary,
E; center is located in a more distorted environnaet probably originates from
oxygen displacement during irradiation (the ocauree of oxygen displacement
in hollandite was shown b¥/Al MAS NMR and *>’Fe Mdssbauer spectroscopy,
see §IV.A.3.e.2.c). £center was attributed to an electron trapped By aon

adjacent to an oxygen vacancy¥Tin five-fold coordination). Ecenter probably

% Electron centers are formed by electron trappfog iastance, T (3d®) - Ti** (3d)). Hole
centers result from hole trapping (for instancé,(@p°) — O (2p°)). Depending on the number of
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originates from Ba displacements by elastic calhsi with electrons (the
occurrence of such displacements was shown byretediffraction). According
to identification results, the position of the emetevels of &, E; and T centres
with respect to CB and VB extrema are schematicaltyesented ikigure 32

A mechanism of formation of.EE, and T centers was proposed in [155] based
on electron-hole creation and displacement of Bh@mons. The proposed global
mechanism implies that the defects induced by baaad oxygen displacements
followed by electron and hole trapping are of twpets; (i) oxygen centers which
can be paramagnetic {QT, center) or diamagnetic ¢ or T, center), and (ii)
Ti%* centers which can be paramagnetis &Bd F centers) or diamagnetic {E
center). A maximum defect concentration of the pafel0*® cm® was obtained
with our irradiation conditions (simulating thedir30 years of hollandite waste
form storage and corresponding to about 40% of dbgse that will receive
hollandite during disposaligure 24) which is relatively low. However, the total
concentration of defects can be higher if diamagrtfects are also produced.

In order to study the impact on the nature of pagmetic defects created by
electron irradiation of the nature of*Mcations in site B and of the nature and
occupancy level of cations (Ba Cs) in site A, an EPR study of electron
irradiated Ba16Ga 32715 66016, Bay 21Al 2 42Ti5,66016 and
BaiCs20Al1 46Gay 52Ti5 7016 hollandite samples was performed. For all these
samples, paramagnetic defects of same nature as$ itduced in
Bay 16Al 2 32T15 68016 hollandite were formed: Otype hole centers were detected
in the three samples whereas &d & centers were clearly detected only for
Bay 21Al2 42Ti5 66016 and BaCs 26Al1 46Gan g2T15 7016 Samples. Esignal was not
detected for BmdGa3:lisedO16 Sample. These results showed that Cs
incorporation and occupancy level of tunnels ofldradite have no effect on the
nature of the paramagnetic defects induced byreleatradiation.

Chemical durability tests were conducted at 100 wontinuously flowing
water in a Soxhlet device before and after irraoie{electron energy 1.5 MeV,
fluence 1.2 18 cm® on a BaCgade sAl 1 4¢Tis 78016 ceramic sample prepared
by alkoxide route. Leaching rates indicated thacibn irradiation did not

significantly affect the capacity of the ceramiaétain cesium [120].

electrons or holes trapped, these centers canrbenpgnetic or not.
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IV.A.3.e.2.d. Thermal evolution of irradiation-indeced paramagnetic defects in
hollandite

At room temperature the electron and hole centBssussed in previous
paragraph were stable at least during more tharedsy(no concentrations
change). As at the beginning of storage, the teatper in the bulk of radioactive
Cs waste form will reach 300°C (5 wt% L8, the stability with temperature of
electron (g, E;) and hole (7) centers was studieBigure 33 shows the evolution
of the EPR spectra of an irradiated; B\l » 32Ti5 68016 hollandite sample at each
step after 15 min annealing at temperature in #mge 50-800°C. EE;and T
signals vanished at 150, 300 and 350°C respectiffébure 34). Thus, hole
centers are more stable than electron centershase tefects do not recombine
together. Annealing lead also to the formation@firsignals Gand E, shown in
Figure 33 in the temperature range 450-750°C and 350-70@%pectively.
These defects were not observed after annealirgpsfstine hollandite sample,
which shows that they result from irradiation. Sibtes is an electron center
(g<g) that was assigned to titanyl*Tions located at the surface of the crystals
of hollandite ceramic [120]. A mechanism was preubto explain formation of
these centers by migration of; EEenter towards surface of the crystals of
hollandite ceramic [120]. Ecenter probably vanished by liberation of the pesp
electron in the conduction band of hollandite. Bswsuggested that the defects
responsible for the £signal were light paramagnetic element (probaklygen)
segregated as aggregates [120]. These aggregategpwmwbably clusters of O
centers formed by migration in the bulk of the tays Figure 35b). A diffusion
mechanism was proposed for the migration @f €nters Figure 358 [120].
Nevertheless, contrary to what was observed by Rapactroscopy for electron
irradiated silicate glasses [165], the presence péak at 1550 cincharacteristic
of molecular @ was not detected on Raman spectra of the irratiiatel heat
treated hollandite samples studied in this work.
The scheme presentédgure 35b summarized paramagnetic centers formation
after electron irradiation and their evolution afeanealing. It was necessary to
heat the sample to 800°C to get a spectrum sitailtlre pristine oneFjgure 33).
Therefore at 300°C all the defects discussed pusiyowould not be annealed
and the formation of secondary defects #&d G) clearly indicated that a part of

the electrons and holes generated during irradiaticere separated after
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annealing. However, because of their small cona#atrs, these defects will have
probably no negative effect on the long term betrawf hollandite during

disposal. However, as discussed above, all thesenak irradiation experiments
were performed with electron energy higher than BI&V which probably

conducts to an overestimation of elastic collisi(Ba displacements). Moreover,
to compare our results (with irradiation at roormperature + annealing) with
real conditions at the beginning of disposal, ituldobe interesting to perform

directly electron irradiation of hollandite at 3@°
IV.B. The specific immobilization of MA

As indicated in the Introduction of this chaptdieaspent fuel reprocessing, the
contribution of MA (@,y)-emitters) will dominate the radiotoxic inventoof
HLW after 2-3 centuries because of their long ats in comparison with the
majority of FP Figure 1). After a brief overview on the MA occurring in ML
and on several kinds of matrices (glasses, ceraanidglass-ceramics) that could
be envisaged for their specific immobilization for Pu immobilization) after
selective separation, results will be develop camog more particularly single
phase zirconolite ceramics and zirconolite-basedsgteramics that have been
studied in our laboratories.

IV.B.1. MA in HLW

MA (Z'Np, 2*12*am, 2*32442%cm) are mainly produced in nuclear reactors
during fuel burn-up by neutron capture BU and 2% nuclei. Both the
concentrations of MA and the MA/FP concentratioasorin HLW depend on
spent fuel burn-up [1,11]T@ble VI). However, MA-rich wastes can also have
different origins. For instance, the decision tpsmilitary Pu production (for use
in nuclear weapons) lead to a necessary periodicliag of the existing military
Pu stocks in order to extratt’Am® formed from®*Pu bya-decay [166]. This
leads to Am-rich wastes that must also be immadailiz

In commercial nuclear reactors, MA represent onlgnaall weight fraction in

nuclear spent fuel (approximately 0.1 wt% for UOsfient fuel Figure 3) and of

% 24Am is a neutron poison that must be periodicallyaoted from military Pu after melting and
treatment with alkaline chlorides.
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HLW as compared to fission products (only 2-3 wt¥alb FP after Pu and U
extraction for UOX1 spent fuelable 1V). Nevertheless, about 1100 kg of MA
are produced in France every year in HLW solutiaftsr spent fuel reprocessing
[32]. The main properties of MA and their individdaixes are given inrable
XVI. In power reactors using natural uranium (0.7°%) and in military
reactord® used to produce Pu for nuclear weapons fabricatiom MA weight
fraction in spent fuels is still lower [7]. Neveeless, because of the expected
increase of nuclear fuel burn-up in commercial t@ac(Table VI), the weight
fraction of MA in spent fuel and in HLW after regessing will increase in the
future (Table V). In comparison with Np and Am, the amount of Gnsinall in
spent fuel (3.8 wt% of all MA in UOX1Figure 3). Moreover, because of the
highest half-life of*Np (2.14 16 years) in comparison with Am isotopes (432-
7370 years), the radiotoxicity of MA will be domied by Am during about
nearly 100 000 years [167]. After this long perittk radiotoxicity of neptunium
will dominate and will be lower than that of initiauclear fuel.

Because the high structural flexibility of glasses] MA are currently
incorporated by dissolution in glassy matrices vathFP and (U,Pu) traces not
extracted by the Purex process, additional elements corrosion products
occurring in HLW solutionsTable 1V). As MA are mainly responsible for the
long-term radiotoxic inventoryHigure 1), we saw above that studies on advanced
partitioning and specific immobilization (or transtation to short-lived or non-
radioactive elements) of MA in more durable masidban current nuclear
glasses are in progress in France. In nuclear licais glasses, MA represent
currently less than 0.4 wt% @ble VIl ) whereas concentrations of about 10 wt%
are aimed to be immobilized in new specific masic&he relatively high
proportion of Am (46.6 wt% of all MA in UOX1 spefutel, Figure 3), which has

a significant thermal powerTéble XVI), partly explains the limit of MA
concentration in waste forms in order to avoidrsgrbeating in their bufé. This
problem is still more crucial for Cs waste formséese of the high proportion of

the short-lived™*’Cs isotope Table XI). Concerning, the selective separation of

% In order to produce Pu with an isotopic qualitgpitdd to weapons fabrication, the burn-up of
military spent fuel must be low.
87 After 2-3 centuries, the thermal power of radioacnuclear glasses will also be controlled by
Am isotopes.
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MA from HLW solutions (for transmutation or sele&iimmobilization) it has
been demonstrated that it was successively poq2ih|268,169]:
- To separate Np in combination with U and Pu usingodified version of the
Purex process.
- To co-extract (Am + Cm + lanthanides) from alhet FP of HLW (Diamex
process).
- To separate (Am + Cm) from the high amount oftHanides (all lanthanides
represent more than 30 wt% of the wastes produtedwer reactorsfables 1l
and IV) (Sanex process).
- To finally separate Am from Cm.
Because of the close chemical properties (stabldat®n state and cations size)
of (Am, Cm) and the main lanthanides occurring ioWAsolutions (La, Ce, Pr,
Nd, seeTable IV), the separation of MA and lanthanides is not ®asy
Nevertheless, for transmutation of MA it is necegst separate MA from
lanthanides. However, for MA immobilization in sgec waste forms the
simultaneous occurrence of lanthanides and MA tsargerious problem. Indeed,
as it will be discussed below, in numerous matritesan be envisaged to
incorporate simultaneously lanthanides and MA. TiBislso the case for the
waste forms developed for military Pu immobilizatitor which addition of Gd
was envisaged as neutron poison to avoid criticebks during disposal.
Concerning the studies on MA or Pu waste formsabotatories that are not
able to work with radioactive materials containijeg y)-emitters, it is important
to point out that trivalent lanthanide ions (4freknts) are generally considered as
good surrogates for the heaviest transuranic elsm(@h elements) occurring in
HLW such as Am and Cm. For instance, as the mgjofitanthanides, these two
actinide elements occur as trivalent ions in gla$$@0,171] and have cation radii
r similar to that of N&" ion (for instance in six-fold coordination: r(Af)=0.0975
nm and r(Nd)=0.0983 nm [144]. In comparison, other actinide elements of
HLW (U, Np, Pu,Table IV) generally occur under oxidation state higher than
+lI in glasses and are not well simulated by tevé lanthanides. For instance,
plutonium mainly occurs as Plions in nuclear glasses prepared under neutral or

oxidizing conditions [172]. Thus, trivalent lanthdes are not good Pu surrogates
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except if the Pu containing glasses are preparederurstrongly reducing
conditions (using for instance strong reducing agerch as SN, in the melt,
almost all P{i" ions can be reduced to $uons [173]). The differences of
behavior between the heaviest and the lighteshides of HLW are due to the
increase of nuclear charge for the heaviest aeimi@ments which affects the
energy and the spatial extension of 5f orbitalscdBee of the possibility to
prepare materials with both €eand C&" ions, cerium is sometimes considered
as a good plutonium surrogate. Nevertheless, it tneisinderlined that cerium is
easier to reduce into its trivalent state thangulitm when the temperature is
raised during the synthesis of waste forms. Morgawveglasses prepared under
air, plutonium is essentially in tetravalent steteereas both Gé& and C&" ions
exist in these conditions [174,175,176]. Moreowar,neptunium exits mainly in
+IV oxidation state in glasses melted under air7[178] and in zirconolite
ceramics for instance [179], it is sometimes sitmdaby C&" or Th"ions [180].
Because of its very long half-life (>1.4 0years), naturat®*Th is an actinide
that can be manipulate in all laboratories but veitime precautions. Moreover,
thorium — which exits only in +IV oxidation stateis-often considered as a good
Pu** surrogate in spite of strong differences of sdibbetween Pt and TH" in

several ceramic matrices such as ZAid3].

IV.B.2. Specific waste forms for MA and Pu condibning

In France, after numerous studies performed cottyoiny CEA and CNRS,
different kinds of highly durable single phase oultiphase ceramic matrices
have been retained as potential candidates for MAditioning [3282]
(zirconolite [18,19], britholite [23], monazite/drantite [23], thorium phosphate-
diphosphate [23]) TTable 1X). These ceramics are more durable than current
nuclear borosilicate glasses used for the conditgrof non separated HLW
solutions. The case of zirconolite ceramic is depet below (8IV.B.3).
Zirconolite-based glass ceramics have also beguopeal for MA immobilization
[101,103]. The potential advantages of glass-caram@s specific waste forms in
comparison with ceramics were already given in.8lhe effect of parent glass

composition and crystallization thermal treatmemditions on the structure and

% |Indeed, as discussed below, trivalent lanthanifes isuch as Nid (neodymium is the most
abundant lanthanide in FPable 1V) are classically used as americium and curiunogaites for
inactive waste forms preparation.
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the composition of zirconolite crystals have beerdely studied in our
laboratories and the main results obtained arespted in §IV.B.4.

Other countries have also studied the possibibtymimobilize selectively MA
(Japan, Australia, Russia) or weapons Pu excesge(Ustates, Russia, Australia)
in highly durable matrices. For instance, in Unifdtes, an important amount of
work has been performed on titanate and zirconaeanucs for Pu
immobilization. In this case, the pyrochlore-typeape (La(Ti,Zr),O; with Ln:
lanthanide that can be replaced by actinides) dastified as one of the best
waste form candidate [181,182]. However, the AnaricPu disposition
programme was abandoned in 2002 [78]. Neverthetesgral studies seem to
indicate than zirconolite is more long term resistthan pyrochlore [183,184]
Moreover, zircon ((Zr,Pu)Sif) [185] and zirconia (Zr,Gd,Pu}]186] ceramics
are other examples of matrices that have beensaged in Russia for the
immobilization of Pu excess. It must be underlitiegk, zircon [72] and zirconia
[74] were also proposed in the United States for ifmobilization. The
comparison of these different crystalline wasteni®r(titanates, zirconates and
phosphates) will be not developed in this chapter.

We saw in part lll that, because of their very hagtuctural flexibility (due to the
lack of long range order), glassy waste forms reetiihe best candidates for non
separated HLW immobilization. Nevertheless, restuatliies were performed on
glassy waste forms for actinides-rich wastes caorditg. For instance, studies
were undertaken to get information on the solubllinits of actinides or of their
surrogates (lanthanides) in a simplified versiorthaf French nuclear glass R7T7
prepared in different conditions. It appeared thatas possible to raise actinides
and lanthanides concentrations in the glass byasing the melting temperature
and/or by using strong reducing agent during mgltio reduce tetravalent
actinides or lanthanid&s[174,173]. Other studies concerning the solubitfy
military Pu-rich wastes and Pu surrogates in sodonosilicate glasses were also
performed in United States [187,188]. Even if higncentrations of Pu or MA
surrogates can be incorporated in these glasskdbatatory scale, the risks of
uncontrolled crystallization of Pu- or MA-rich plesscould be important during
natural cooling of the melt in the metallic contm after casting. This could

modify the long term behavior of the waste form @omparison with

%9 Indeed, trivalent actinides and lanthanides areersoluble in glasses that tetravalent ones.
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homogeneous glasses. However, if this crystalbnatan be controlled in the
bulk, interesting glass-ceramic waste forms mayprepared. Glass compositions
containing lower fluxing agent (i. e. alkaline ogg] boron oxide) concentrations
(Tmeling>1450°C) and more durable than sodium borosilicajlasses
(Tmeling~1100-1150°C) were also proposed for actinide-richastes
immobilization: lanthanide aluminoborosilicate glas (LaBS) [189,190] and
lanthanide aluminosilicate (LnSIiAIO) [191] glasses.

The fact that glasses are generally considerecgsss durable than the titanate,
zirconate and phosphate ceramics seen above aedisitence of very old natural
analogues for the majority of these ceramics erplaihy a considerable amount
of experimental works (synthesis, characterizatstagdy of properties) have been
performed on ceramics for the specific immobiliaatiof actinides (MA, Pu) in

comparison with glasses.

IV.B.3. Zirconolite ceramic as specific waste fornfor MA or Pu

IV.B.3.a General characteristics of zirconolite

Zirconolite (CaZrT3Oy) is the most durable phase designed for the imratipn

of actinides and lanthanides in Synroc phase adage® Table VIII'). For
instance, zirconolite is more durable than perdeskCaTiQ) [192], the other
phase of Synroc able to incorporate actinides anth&nides and that can form as
parasitic phase during zirconolite preparation.

In the next paragraph, different incorporation sehg of trivalent or tetravalent
An or Ln (considered here as An surrogates or naytoisons) in the Ca and Zr
sites of the zirconolite structure will be descdbén order to avoid criticality
risks during disposal (particularly for Pu immobdtion), it is interesting to
notice that high amounts of neutron absorbers f@gdcan also be introduced in
zirconolite structure at the same time as actinifledeed, Gd and Hf are very
good neutron absorbers with thermal neutron capogs-sections of 49000 and
104 barns respectively.

The existence in nature of very old zirconolite enais (of sometimes more than
several hundred million years) that have succdgsfefained U and Th (up to 25
wt% UQO, and 18 wt% Thg) [193] even thought they have been rendered

61



metamict (i.e. amorphous undesself irradiation) [192,194,195] by alpha decay,
is generally considered as a good indication oif tvecellent long-term behavior
(i. e. the effects of radiation-induced damage logirtchemical durability were
minimal) and explains why such phases are envistgedcurely immobilize Pu
and MA for several thousands of yeaFor example, Lumpkin et al. [195]
indicated that 550 million years old metamict zitobte sample® from Sri
Lanka showed only minor signs of geochemical dii@na These samples were
known to survive even after the complete destractid their host rocks during
weathering. Moreover, recent laboratory experimentsults showed that
amorphization produced by external irradiation @y** ions, simulatinga-
recoils of actinides) did not significantly affdtte dissolution rate of zirconolite
[183]. This very good resistance of zirconolite veamfirmed both by leaching
tests performed oA**Pu-doped zirconolite (self-irradiation tests) [196]d by
leaching tests performed on inactive zirconolitbgpe irradiated externally above
the critical amorphization dose by 510 keV*Plons [18] (simulating alsa-
recoils of actinides). The study of self-radiatieffects on the structure of
zirconolite can be investigated by examination afural samples containing
ThO, and UQ that have experienced highdoses using XRD, HRTEM and X-
rays absorption spectroscopies (EXAFS, XANES) [19%3,198]. Molecular
dynamics simulation has also been used to studgiation damage in zirconolite
[199]. Various leaching tests performed at différdemperatures on non
irradiated zirconolite ceramics showed that théahalteration rate was at least
two orders of magnitude lower than that measured tfe most resistant
borosilicate and aluminosilicate glasses [19,2B8kr a few hours to a few days,
this alteration rate quickly decreased by sevadis of magnitudex(absence of
alteration) [19,200]. This excellent chemical duligbproperties was explained
by Leturcq et al. considering the existence of eattgfied zirconolite phase on
the surface of altered zirconolite samples whichl¢@ct as a passivation layer
with protective properties [201]. All these resulmiblished in literature
confirmed the very good long term performances iafonolite as MA or Pu

waste form.

IV.B.3.b Structure and incorporation capacity of zrconolite

4% These samples contained about 18 Wt%zTgléﬁDi 2 wt% UQ (EPMA study) [195]



Pure zirconolite (hominally Cagri;O; with 0.83< x < 1.36 [202,203] or more
simply written as CaZrgD; (x=1))*! has a monoclinic layered structure,{C
space group) referred as to zirconolite-2M polytgpasisting of alternate planes
containing either Ti ions or both C& and zf* ions [70,204,205]Rigure 36).
Nevertheless, the structure of zirconolite can geaaccording to its composition
and the kind of foreign elements that are incorgata These structural
transformations lead very often to the formatiorpolytypes that can be roughly
described from zirconolite-2M by a modification tfe stacking sequence: the
main ones are zirconolite-3T, zirconolite-30 andcamolite-4M [205]. In
zirconolite-2M, calcium and zirconium ions are aetewithin the planes in eight
and seven-fold coordinated sites respectively. &@eonly one kind of site for Ca
(called Ca(1)) and Zr (called Zr(1)Figure 36). However, titanium ions occupy
three distinct sites, two of which (called Ti(1)dafi(3) sites) are six-fold
coordinated whereas the third (called Ti(2) siteqlf-occupied, is five-fold
coordinated Figure 36). Oxygen anions occupy seven distinct sites refeas
O(i) with i=1 to 7. For x < 1, titanium excess iscammodated in Zr(1) site.
Whereas for x > 1, zirconium excess is accommodataily in sites Ti(1) and
Ti(2). It is interesting to notice than even fooishiometric zirconolite (i.e., X =
0), there exists a slight distribution of Ti and &atween Zr(1), Ti(1) and Ti(2)
sites.

Zirconolite is also well known for its excellentpaity to incorporate An and Ln
ions into the Ca and Zr sites of its structure. preferential incorporation in Ca
and Zr sites can be easily understood from iord@usaarguments: because of the
small size of the Zr site, incorporation of Ln aAd (in natural or artificial
zirconolite samples) in this site is very limiteddomparison with the amount of
Ln and An that can be incorporated in the Ca si#out structural changes
(Table XVII'). Four different incorporation schemes (1-4) canebvisaged — if
we exclude any vacancies in the structure - fovatent (L#*, An®") and
tetravalent (LA", An*") lanthanides and actinides into the Ca and Zrssite

zirconolite-2M:

3 .
[Caﬁ( ( Ln'An)XJr}Ca[Zr“}zr[T' 4% A|)3(+]Ti o, o

“I This solid solution range was shown to depenchersynthesis temperature.
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The subscripts Ca, Ti and Zr correspond respegtieethe Ca, Ti and Zr sites of
zirconolite-2M structure Kigure 36). Trivalent and tetravalent (Ln,An) cations
incorporation in the divalent calcium site needargle compensation with cations
such as Al" in titanium sites (incorporation schemes (1) a)). More precisely,
we showed [206,207] from XRD Rietveld structural refinementf o
CayNdo 2ZrTi1.7Al o707 (ceramic sample) that Alions mainly entered the Ti(2)
site of the structure. The preferential incorpamtof aluminum ions in the five-
fold coordinated Ti site of zirconolite was alssiomed recently by Vance et al.
[208].

The amount of (An, Ln) that can be incorporatedzirconolite-2M without
structural changes (which means without new zirttspolytype, pyrochlore or
perovskite formation for instance) strongly depems its nature and more
particularly on cation radius. Incorporation schefhgis the most efficient one.
For instance, following this scheme, approximat@#6 and 70% of the Ga
cations can be replaced respectively by*Ndnd Gd* ions keeping the
zirconolite-2M structure [209,71]. Using a diffetgoreparation method (oxide
route) than that used by Vance et al. (alkoxidgepwe confirmed that Ga
xNAZrTioAlO7 remained zirconolite-2M for x0.6 [206]. To the best of our
knowledge, the limit of incorporation of actinid@szirconolite is not well known
and may strongly depend on the processing atmospRer instance, Pu valence
state in zirconolite may change from completelyatalent (when firing in air) to
trivalent (when firing in reducing atmosphere) [R1W@ance et al. [71] indicated
that it was possible to incorporate 0.4Hans by formula unit in the Ca site and
0.15 Pd* ions by formula unit in the Zr site of zirconoli#d. This last result
was confirmed by Begg et al. [211]. According togBeet al. [179], neptunium
occurred predominantly as Npin zirconolite for oxidizing or reducing
conditions. Concerning americium and curium, byl@ga with the behavior of

these actinides in glasses [212], we may expettthiey occurred as Afh and
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Cm®" ions in zirconolite. Indeed, concerning curium3awt% 2*Cm doped
(apparently single phase) zirconolite-2M sample pr&pared by firing in air for
self-radiation study following the charge compeimatscheme (3) in which
2Cnt" ions replace 1G4+ 1Z¢** ions [213].

As Zr** and Hf* ions have nearly identical radii (respectively8R7and 0.76A in
seven-fold coordination [144] corresponding to tbee of the Zr site in
zirconolite) and belong to the same column of tleiqdic table, these two
elements have very similar chemical properties amd expected to be
incorporated in similar crystalline structures. déed, this was demonstrated for
natural or synthetic Zr-rich crystalline phaseshsas zircon [214,72], baddeleyite
[74] and zirconolite. For instance, natural zirclileosamples were shown to
incorporate 2.4 wt% Hf@[194]. Moreover, the possibility to prepare (Zr,Hf)
zirconolite? CaZp,HfTi,O; (0< x < 1) ceramic samples was reported in
literature [71,215,216,217]. As hafnium has a Higgrmal neutron capture cross-
section in comparison with zirconium (respectivef4 and 0.184 barns [218]), it
is considered as a neutron poison for fission r@ast This is why it would be
interesting to substitute either totally or pafyiakr by Hf in the zirconolite
crystals of the ceramics (and in zirconolite-bagkbss-ceramics, see 8IV.C) to
prevent criticality events in waste forms heavibaded with fissile actinide
isotopes such &°Pu. The possibility to incorporate both trivalentaetravalent
plutonium in Hf-zirconolite was also demonstrate?il(]. Concerning the
chemical durability of zirconolite containing hafim, several results reported in
literature indicated that there is only little @ifénce between the leaching
behavior of Hf and Zr [219,220].

In the following paragraphs we will present struattand microstructural results
we obtained in our laboratories concerning maihly incorporation of Nt ions

in zirconolite (following essentially scheme (1) thvialuminum as charge
compensator). In this case, Ndon will be considered as a simulant of trivalent
MA. Indeed, Nd* has a ionic radius similar to those of trivalenA kh eight-fold
coordination (corresponding to the coordination lof in the Ca site of
zirconolite): r(Nd")=1.109A and r(Am")=1.09A [144]. Several results will be

also given concerning the incorporation in zircitee2M of lanthanides of
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various size (Ce,Eu,Gd,Yb) to investigate the iafice of the ionic radius of the
lanthanide on the zirconolite cell parameters. Asiinide (TH*) was also
incorporated in zirconolite following incorporati@eheme (1). It must be noticed
that ytterbium cannot be considered as a goodidetsurrogate because of its too
small ionic radius, but it was chosen in order fimdpout the effect of lanthanide
lonic radius on zirconolite structure. Structuraésults concerning the
incorporation of Nd ions in CaHfTiO; following the charge compensation
scheme (1) will be also presented. The choice ®tttmpensation scheme (1) for
the majority of our samples partly relied on resubncerning natural samples.
Indeed, from the compositions of natural zircomoBamples, it was inferred that
the incorporation of lanthanides and actinides tgadocurred in the calcium site
of zirconolite structure [221]. In this case, laatide and actinide ions being 3+
or 4+, a charge compensation is always neededs wften ensured by the
substitution of Ti* ions of zirconolite by Fe**, AI** or M?* ions [222].

IV.B.3.c Synthesis of zirconolite ceramics

Because of the non-congruent melting of zircondR23], single-phase samples
cannot be obtained by melting + casting (using & awucible melter for
instance). Indeed, after melting at 1700°C andinga stoichiometric mixture to
prepare zirconolite, different authors showed ttieg material obtained was
multiphase. Zirconolite was the major phase (>90wdut important amounts of
other phases such as perovskite and zirconia weoef@med during cooling of
the melt [102, 200,224].

So, the preparation methods reported in literatoresynthesize single phase
zirconolite ceramics were sintering methods. Amtregse different methods we
can distinguished — as for hollandite ceramics a&jon (8VA)- the
conventional ceramic method with powders (oxidetepand the wet chemistry
method using alkoxide, hydroxide or nitrate preous in solution (alkoxide
route). The alkoxide route was largely used by ANSTO to prepare Synroc
[50], zirconolite-rich Synroc [225] and single pbkasirconolite [226] samples.
This wet chemistry method was initially developedarder to obtain a high

degree of homogeneity amongst the various chendoaiponents of Synroc

2 n this chapter, when we write zirconolite withauore indication, it means zirconolite with

only zirconium in the 7-fold site of the structyiee. without hafnium). In the text, Hf-zirconolite

means zirconolite with only hafnium and (Zr,Hf)enolite means samples with both Zr and Hf.
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before heat treatments. The CEA has also adoptednéthod to prepare single
phase zirconolite samples [19] hydrolyzing a migtof Al, Zr and Ti alkoxides
with Ca and Ln nitrates. The powder obtained was ttiried, calcined, pressed
uniaxially and sintered (1400°C 96h for instancer f@an inactive
CaygNdy 2ZrTip gAlo 20, sample). In order to prevent the formation of pskite
as parasitic phase (that could incorporate Ln angdaAsmall excess of Zr and Ti
was added in the precursors mixture but this leatheé formation of ZrTiQ as
minor phase in their ceramics [19]. An almost samivet chemistry method was
used by Advocat et al. [227] to prepare zirconaigeamic samples containing 10
wt% PuQ with AI** ions as charge compensators &R 1521 Ti174Al 0 2607).
XANES spectroscopy showed that plutonium occurregniy as P& in this
ceramic [196].

As in 8IV.A of this chapter, concerning the prepiama of hollandite ceramics, for
practical reasons we decided to use a conventjmeglaration method by oxide
route to synthesize zirconolite ceramic samplesie Tollowing samples were
synthesized:

- Ca,NdyZrTi Al O7, with x =0 to 0.8

- Cay79LNp 25Z1Tig 75Al 0 25807 for Ln = La, Ce, Nd, Eu, Gd, Yb

- Cap.oTho.1ZrTiz 6Al 0207

- CaxNdHfTi,Al O, for x =0 and 0.2

10-20 g ceramic of each sample were prepared hg-si@te reaction from
reagent grade powders. The starting materials wea€Q, ZrO,, HfO,, TiO,,
Al,03, CeQ, Nd,O3, E03, GAO3, Y03, ThO,. After drying at 400°C (1000°C
for rare earth oxides), powders were weighed, tinginamixed in an agate mortar
and uniaxialy pressed at 20 MPa. The pellets (diam2 cm) were fired in air at
1400°C for 100 hKigure 37). They were then ground, re-pressed at 20 MPa into
pellets and fired again in air at 1460°C for 10(Flgure 37). Theses conditions
of preparation enable to reduce the amount of ferghases and to increase the
density of the pellets. Contrary, to hollanditéigure 17), the heat treatment
temperature and duration selected for zirconolisgewhigher for two reasons:
there was no volatile element in the mixtures axidles such as Zrand HfGQ

have high refractory character.
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IV.B.3.d Structural characterizations of CaNdxZrTi 2,AlxO7 zirconolite
ceramics

IV.B.3.d.1 XRD study

Comparison of experimental XRD patterriSgure 38) with database indicated
that, for x < 0.6, CaNdZrTi,Al,O; samples are almost single phase and
corresponded to zirconolite-2M. Only very weak peakar = 38.6° and @ =
56° (not seen ofigure 38), attributed to a perovskite phase, could be disszkr
on XRD diagram¥. This parasite phase is often mentioned in litesatfor
preparation of zirconolite by solid state reacti®erovskite is one of the main
phases of Synroc ceramicgaple VIII ), able to incorporate Ln and An. Probably
for kinetics reasons [228], this phase could forasilg during heating of the
mixture of powders to prepare zirconolite, and wan difficult to destroy by
reaction with ZrQ that had no reacted to form zirconolite. To lithie amount of
perovskite in our ceramics, we selected high hgatates Figure 37).
Nevertheless, back-scattered electron images ooadir that CaNd«ZrTis.
xAlxO7 materials with x< 0.6 were almost single phadeiqure 39 and EDX
measurements showed that they had homogeneous sibiom® close to nominal
ones. The occurrence of perovskite traces wasdiffio detect by SEM probably
due to a lack of contrast with zirconolite, but lbacattered electron images
clearly shows the formation of a low amount of dmatonia crystals containing
Ti of composition close to ggTip10;, as determined by EDX, for all x values
(Figure 39). The occurrence of ggTio.10, crystals probably arises from the low
reactivity of ZrQ powder. In spite of the existence of small amowftgarasitic
phases it thus appears that almost all neodymiusniinearporated in the structure
of zirconolite-2M crystals. We will discuss belowore precisely the location of
Nd*" ions in the zirconolite structure using spectrgicoechniques.

Qualitative analysis of the @gNdZrTi,AlO; XRD patterns indicates a clear
evolution of line positions versus x. Notably, steucture of the doublet a2
35,5° progressively disappears with increasing & laecomes unresolved for x =
0.6 (Figure 38). This indicates a strong evolution for sever#tida parameters as

shown inTable XVIII andFigure 40. A (nearly) linear evolution o, c andf8

43 A zirconolite ceramic sample of compositiono@ldo 1 Zro¢sTi-O; (i.e. following the charge
compensation scheme (3) without aluminium chargepamsator) was also prepared using the
same method. The amount of perovskite was highrethfe sample than for the samples prepared
following scheme (1).
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(Table XVIII') cell parameters is observed with increasingand S increase
whereas decreasefFigure 40). However x has no strong effects lmnA rough
interpretation ofc and S evolutions can be proposed on the basis of simple
considerations. From the comparison of ionic rablii’* ions incorporate into
Ca/zr planes while AT ions incorporate into Ti planes. Asdecreases with
increasing x in CaNdZrTi,,AlO7, it means that the distance between the
successive (001) layers decreases at the samdRignwge 36). This can simply
be explained by the fact that%Alions are smaller than “fiions (r(AF*)= 0.48 A
and r(Tf)= 0.51 A in five-fold coordination, r(&H= 0.535 A and r(T§)= 0.605

A in octahedral coordination [144]) whereas *Ndand C&" ions have
approximately the same ionic radifgble XVII ). Evolutions of the other cell
parametersa and b) are more difficult to understand because of tbmmex
interactions occurring between the linked polyhedr@f zirconolite in (001)
planes. It is interesting to notice that for thensaamount of neodymium by
formula unit (x=0.1), the lattice parameters ofy&Bdy 1Zr095Ti20; are larger
than that of CgNdy1ZrTi1Alg107; (Table XVIII). This difference can be
explained by the incorporation of Ridons in the small Zr site which induces an
expansion of the lattice. Nevertheless, becaustefifficulty of Nof* ions to
enter into the Zr site following scheme (3), a leglamount of perovskite was
detected by XRD in the GagNdy 1Zro.9sTi207 ceramic. It will be see below by
Rietveld refinement, that for GaNd,ZrTi,..AlO; (x=0.3) almost all N& ions
are located in the Ca site.

To identify which kinds of crystallographic siteeeaoccupied by N8 and AP*
ions, a Rietveld refinement was carried out on @& /Ndy3ZrTiy7Al307
ceramic from its XRD pattern. The refinement wasduhon the Cagp,Ti2.0407
structure determination of Cheary [229]. Resultsho$ refinement are presented
in Figure 41 and Tables XIX and XX. For more details concerning our
refinement procedure, see [207,206]. Site occupaesylts clearly demonstrate
that:

- Nd®* ions mainly enter into Ca(l) site (about 98.5 his result is in
agreement with the assumptions that can be made thhe comparison of ionic
radii (C&* and Nd* ions have very similar ionic radii whereas*Zions are

significantly smaller,Table XVII). The fact that only a very small amount of
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neodymium enter into the Zr site was confirmed kptical spectroscopy
(§IV.B.3.d.2).

- AI** ions occupy only the split five-fold coordinated(Z) site. As already
indicated above, this result is in agreement whh @ne of Vance et al. [208] for
CaxY xZrTioAlO; zirconolite (0.1< x < 0.3) samples. This result is consistent
with the solid solution limit x = 0.6 correspondirig Ca «NdZrTi,AlO7
zirconolite-2M. Indeed, as Ti(2) can only be hattopied, if AF* ions
exclusivelyenter into Ti(2) site, the solid solution limit siid be x = 0.5, which

is in fairly good agreement with the experimentalue (x = 0.6,Figure 398).
Ti(2) sites constitute the closest cationic site€#a ones. So, Ti(2) occupation by
Al** ions could be energetically favored, because itld/ensure more efficiently
the compensation charge necessary to the incorpomit Nd®* ions into Ca sites.
For x = 0.65, new XRD lines, whose the most charsstic are at @ = 36.5°
(Figure 38) and B = 60.5°. They cannot be indexed in the space grdup o
zirconolite-2M. From x = 0.7 to x = 0.8, the digtiive XRD lines of zirconolite-
2M disappear (notably the peak &=237.5°) whereas all the new lines appeared
for x = 0.65 remain. Most of the greatest XRD liréghis new phase remain in
common with the ones of zirconolite-2M so that thesv phase is probably a
polytype of zirconolite-2M. In fact, the XRD diffton patterns of Ga
xNGZITioAlO7 for 0.7 < x < 0.8 can be fully indexed on the basis of the
zirconolite-30 structure (space group Acam), arhatiombic polytype of
zirconolite [230]. Therefore, this range of compiosi seems to lead to the
formation of almost single-phase zirconolite-30. etReld refinement of
Cay aNdo 7ZrTip 3Alp 70, confirms that this composition leads to the cijigition

of almost single phase zirconolite-30 [207,206].

IV.B.3.d.2 Study of local environment of Ndlions in zirconolite-2M

The local environment of Nd ions in zirconolite ceramic samples (0 <X.6)
was studied by EPR and optical absorption speamsdSeveral results about the
evolution of the neodymium environment in o@8ddy ZrTi; gAlg0; samples
irradiated by heavy ions (P in order to simulate-recoils are presented in the
next paragraph.

EPR was shown to be a very efficient and sensitehnique to detect and to

identify the paramagnetic point defects formed Hgcteon irradiation in
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hollandite (8IVA). This technique is also very pow to study paramagnetic
rare earths such as Kdons and paramagnetic impurities in zirconolitel am
parasitic phases. Nevertheless, because of the ghiotlattice relaxation time;T
of neodymium due to its strong spin-orbit couplif€PR signals can be only
detected at very low temperature (near 10K, bectugssignal cannot be detected
for T = 60 K). Figure 42a (middle) shows the EPR spectrum of
Cay.g/MNdo 03ZrTi1 97Al 9007 sample recorded at T = 12 K. For this composition,
many paramagnetic elements can be detected, neaaly(m both the zirconolite
and the parasitic perovskite phases) as well asr gbaramagnetic transition
metals impurities (¥, F€") coming from the raw materials or the steel préss.
Cao.9MNdo.0aZITi1e7Al 0,007, the very wide signal due to Ridions in zirconolite-
2M is hardly visible. This signal dominates all iter contributions for heavily
Nd-doped ceramics (& 0.1, Figure 42 top). A relatively narrow signal
characteristic of Nt ions in orthorhombic symmetry site between 225@r@
3650 G was detected for £aNdo03ZrTizgo7Alp0d07 (Figured42a middle). This
signal was attributed to Ntlions in the perovskite parasitic phase by comparis
with the EPR spectrum recorded in the same comditidor a pure
CadNdo1Tio0Al0103 perovskite sample prepared by solid-state reacabn
1100°C Figure 42a bottom). Thus for low NgD; concentration, a significant
part of N&* ions is incorporated in the Ca site of perovskjteobably with
compensation charge insured by’Abns in Ti site) which is in agreement with
the results reported by Lumpkin et al.[231] abarerearth distribution between
zirconolite and perovskite phases in Synroc sampledeed, these authors
showed that for the biggest rare earths, the juarititg ratio of Li* ions between
perovskite and zirconolite was higher than 1. Was due to the fact that the size
of the Ca site in perovskite is larger than in @alite. Nevertheless, for higher
neodymium amounts & 0.15), the proportion of neodymium incorporatedhe
parasitic perovskite phase becomes negligible irzwaonolite ceramics.

An example of EPR spectrum for ® 0.15 is shown inFigure 42b
(Cay gdNdp 2ZrTiy gAlg07). This spectrum must be simulated with at leash tw
components C1 and C2 (i.e. two g-tens8rgprresponding to two different

environments for N¥ ions. Indeed, it is impossible to simulate thiecpm

4 Concerning EPR signals simulation and g-tensag, 8¥%.A.3.e.2.c. concerning the study of
paramagnetic point defects in irradiated hollandite
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considering only one component. Moreover, the isdatcontributions of
components C1 and C2 depend on the recording tatper(between 12 and
50K) which shows that they are associated witii"Nans in two different sites
having slightly different spin-lattice relaxatioimes T,. By double integration of
the EPR signals it is possible to estimate thetivelgproportions of the two
components: C1 (87%) and C2 (13%). As there is only Ca site in zirconolite
(Table XIX), the two components correspond to*Nidns located in two slightly
different calcium sites probably due to differenagmncerning their second
neighbors. Moreover, we will see below that neitbkethe two components can
correspond to N# ions in the Zr site.

Optical absorption spectra of Ridons were recorded at low temperature (T=15—
20 K). In this temperature range, only the opttcahsitions from the lowest Stark
doublet {19, ground state) to the excited states are obsehvetis work, the'lo,

— 2Py, transition - occurring in the 431-434 nm (2305@@3 cm') range - is
particularly interesting to study because the degmsy of the’Py, state is not
removed by the crystal field occurring around®Nibns Eigure 433. Thus, in
these conditions, each kind of neodymium envirortnecharacterized by only
one absorption band. For more details concerniagpiectroscopy of lanthanides
and more particularly of neodymium see for instareferences [232,233,234].
Optical absorption was very helpful to demonsttagg the very low amount of
Nd*" ions that are located in the zirconium site ofaiwlite Table XI1X) do not
give detectable absorption band on optical spebtr&igure 43b are shown the
optical absorption spectra of Ridions (loo — 2Py, transition) in
Cay.9Ndy1Zro.9sTio0; and CagNdo1ZrTip oAlp10; (zirconolite-2M) and in
perovskite CagNdp 1Tip Al o103 ceramics. The spectrum of €sd\do 1Zro.95T120;
shows two distinctive features in comparison withttof Ca gNdy 1ZrTi; oAl 105.
Firstly, for the ceramic GasNdy1ZroosTioO; prepared following charge
compensation scheme (3), a shoulder near 2313bisrobserved on the high
energy side of the main band centered near 23120 bmrcomparison with the
ceramic CagNdy 1ZrTi; 0Al o107 prepared following charge compensation scheme
(1), this shoulder can be attributed to°Ndbns in the Ca site of perovskite
occurring as parasitic phase in the zirconolitacec (Table XVIII ). Indeed, the
maximum of the®ly, — 2Py, absorption band of neodymium in pure perovskite

occurs at this energyigure 43b, top). Secondly, a broad and weak absorption
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band centered near 22945 tiis detected for GasNdo 1Zro esTi-O; and is not
detected for CgNdy 1ZrTis Al 9107 (Figure 43b, middle). This new band can be
attributed to Nd" ions in the zirconium site of zirconolite. Thus Nd** ions are
detected in the in the zirconium site of zircor®liCa dNdo 1ZrTi1 oAl 107
ceramic Figure 43b, bottom). The fact that th#, — 2Py transition of Nd*
ions in Zr site is displaced towards lower energgdmparison with that of N
ions in Ca site can be explained by an increastheofcovalent character of the
bonding between the 4f orbitals of neodymium and £p orbitals of the
surrounding oxygen anions. Indeed, as Zr site igllemthan Ca site, Nd-O
distance is shorter for neodymium in Zr sifBalfle XX) and the covalent
character of the Nd-O bonding increases. Howevieis known that an increase
of the covalency of the bonding between®*Nibn and its ligands induces a
decrease of the gap between their energy levelshéhauxetic effect) [233].
Consequently, this explains the displacement tosvéwdier energies of thle,

— 2Py, transition for Nd* ions in Zr site of zirconolite.

The optical absorption spectra®lofp — 2P transition of the
Ca./Ndy 3ZrTi; 7Al 9307 ceramic shown irFigure 43c can be simulated with at
least three relatively broad (half-width at halfsimum A=30 cni’) Gaussian
shape components 1GG, and G. This result shows that three different
neodymium environments in zirconolite are deteaisohg this technique (one
more than with EPREigure 42h) for all samples. This difference between the
results obtained using EPR and optical absorptam lee explained by the fact
that Nd* EPR spectrum in zirconolite is very anisotropite(main components
of the g tensors range from 0.80 to 3.21 [207]) lar@hd in comparison with the
optical absorption spectrum. If it is assumed thatoscillator strength (linked to
the transition probability) of the individudle, — 2Py, transitions does not
significantly vary from one Nd environment to armtlfdue to the occupancy of
the same basic Ca site in all cases), the areaahthe absorption bands; G5,
and G can be used to estimate the relative amounts 8f Mds located in the
three different environments. The; @nd G components which are the close
(Figure 43¢ are probably unresolved by EPR and would cornedpo the strong
C, component detected by EPR. The comparison ofellative surface area of the
C, component in one hand (87%) with the relative axgfarea of the G+ G

components in the other hand (83%) seems to cortffirsrhypothesis. Moreover,
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it must be underline that the Ridons optical absorption line width in zirconolite
(A = 30 cni') is relatively large in comparison with other dafne materials
such as Nd-doped #1501, (YAG) for which A does not exceed several trat
low temperature [235]. This indicates that in zirobte the neodymium
absorption line width is strongly inhomogeneouskpanlened which can be
explained by a disorder in the Kidons environment. The origin of this disorder
which would explain both the occurrence of morentltme environment for
neodymium in the zirconolite calcium site and thigé line width can be given as
follows. The structural data obtained by Rietvel@éfirement of the
Cay.Ndo sZrTis1.7Al 0 407 zirconolite clearly shows that the Ridons located in the
Ca site have two Ti(2) splitted sites in their negfirest neighborhoodrifure
44). These four Ti(2) positions are located at déferdistances from the Rid
ions and are statistically occupied by*Tor AP** ions (50 %) and vacancies (50
%). Consequently, it appears that the environmémeodymium ions (and thus
the crystal field around them) in the calcium sin vary from one site to
another. In this case, 16 possible different emvitents for neodymium can be

envisaged [207].

IV.B.3.d.3 Study of local environment of Nlions in irradiated zirconolite

The studies reported in literature on internatxternal irradiation experiments of
zirconolite mainly concerned the effect of irrahaton its physical and chemical
properties and the evolution of its amorphizatiafioived by XRD or SAD
183213,236,237. Nevertheless, several works were peed on natural
metamict (or annealed) zirconolite samples comagitd and Th to study the local
environment of several cations {Zr Th**, U*" Ti**, C&") using EXAFS and
XANES spectroscopies [1997,198].

Actinides a-decay induces damages in zirconolite mainly due-teecoil nuclei
and emission ofa-particles leading to a progressive amorphizatidntre
structure.a-particles transfer their energy of 4.5-5.8 MeV nhaiby ionizations
and electronic excitations [39]. They also inducevesal hundred atomic
displacements by ballistic processes along their pat mainly at the end of their
tracks (10-20 pum). The heawayrecoil nuclei have energies of 70-100 keV, move
over shorter distances (30-40 nm) and lose nedlrlthair energy by ballistic

processes producing a highly localized displacemastade with a high number
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of atoms (1000-2000 atoms) [39]. These ballistimdges can be simulated by
external irradiation experiments with heavy ionstsas AG* and PB'. In our
work, Ca gNdoZrTi; gAlg 07 zirconolite samples prepared by alkoxide route at
the CEA (Marcoule, France) were externally irragliaby PB* ions of 510 keV
(energy close to the one of heavy recoil nuclei}haee different doses: 10
2.10” and 16° PB** ions/cnf. These samples mimic several stages of zirconolite
amorphization, since the critical amorphization elis estimated around 240
PB** ions/cnt (nearly equivalent to 5.19a/g). First insights into the mechanisms
of zirconolite amorphization were obtained by Gngzilncidence X-ray
Absorption Fine Structure (GIXAFS) in fluorescendetection mode at room
temperature for the study of Nd local environmdny dge, 6208 eVj. The
principle of this technique is the same as EXAFS®IXAFS enables to record
the EXAFS spectrum of only a small thickness of glenmear the surface. The
depth of amorphization induced by>Phons external irradiation was estimated
around 400 A from numerical simulations, transnaisselectron microscopy
observations and grazing x-ray diffraction expenitseDue to the thinness of the
surface layer to be probed by X-rays, GIXAFS measients enabled to
selectively analyze the damaged zone of the sarpglegrking with a 100 mdeg
grazing angle. Because a large surface area mirkted by the X-rays beam at
glancing incidence, all experiments were perforrnadpolished ceramic pellets
of 25 mm in diameter (1 mm thick), in order to nmake the intensity collected
during GIXAFS experiments. As only a very smallctian of the thickness of
zirconolite samples was damaged in these experim@itout 0.004 %), other
techniques such as classical EXAFS detected byrision or fluorescence,
optical absorption spectroscopy and EPR were naptad to follow the
modification of Nd* ions environment.

In 8IV.B.3b we saw that zirconolite can be regarded as a ldysteicture in
which (Ca-Nd)/Zr and Ti-Al planes are stackdeéigire 36). From Rietveld
refinement results of GaNdy 3ZrTi1 7Al0307, Nd (substituting Ca) is expected to
be surrounded by 8 oxygen anions at distancesngrigbm [J 2.28 to 2.48 A
(mean distance 2.43 Aable XX). The second nearest neighbors consist of Ti-Al

cations from 3.2 A. But the contribution of othations of different kinds (Zr and

> These experiments were performed at the synchroffdNKA on the INE beamline
(Karlsruhe, Germany) with the help of M. DeneckeRdethe and K. Dardenne.
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Ca in addition to Ti-Al) from 3.55 A brings EXAFSutributions which strongly
interfere in the investigated EXAFS region (up tdA9). So, whereas the first
shell can be accurately analyzed, only pseudo-gatwe information can be
obtained concerning the second shell. For moreilsletancerning EXAFS
spectroscopy see for instance [238]. The GIXAFSiltegcoordination number
around Nd, mean distances between Nd and itsafiétsecond neighbors, Debye-
Walller factorso which include both vibrational and static disoredfects) are
presented ifrigure 45andTable XXI. Figure 45 shows a decrease (indicated by
arrows) of the Fourier transforms peaks correspando the first and second
shells around Nd with increasing irradiation doSaemulation of the first shell
(Table XXI) shows that Nd is eight-fold coordinated by oxy@emons in all the
samples, irrespective of their irradiation dose.rddwer these oxygen anions
always occur at the same mean distance 2.45 Apad ggreement with the
structural results of non irradiated @Gdy3ZrTii7Alo307 zirconolite {Table
XX). However, a significant increase of the Debye{#falactorso (from o® =
0.007 to 0.018 A is observed with increasing the irradiation dgEable XXI).
This evolution ofo indicates that the local order around Nd is keggpite the
amorphization of zirconolite structure (this is tbase at least for the sample
irradiated with10'® PB** ions/cnf). Only a broadening of the distribution of Nd-O
distances occurs with the irradiation dose. Theiumdange order around Nd is
much more sensitive to the irradiation dose. Abdhe critical dose of
amorphization (estimated to 222®bB"* ions/cnf), no second shell contribution is
even detectable iRigure 45. This phenomenon could be attributed to an inereas
of the distribution of Nd-O-M (M=Ti,Al) angles beegn polyhedra caused by
irradiation. The lack of strong modifications oktkhort-range order around Nd
tends to confirm the amorphization model proposgd-arges et al. [197] for
zirconolite. In their model, using EXAFS resultsese authors proposed that the
loss of the long range periodicity in metamict airolite was due to changes in
angles between polyhedra without strong modificetioof short-range
environment. Moreover, the slight increase of tistathice between Nd and its
second neighborsTable XXI) could contribute to the macroscopic swelling

reported in literature [213].
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IV.B.3.e Structural characterization of zirconolite ceramics with La, Ce, Eu,
Gd, Ybor Th

Among the different lanthanides (Lnh=La, Ce, Nd, Bd, Yb) used to prepare
Cay79n025ZrTiy 75Al 02507 samples (charge compensation scheme (1)), two of
them can adopt several oxidation states in ais: five case of cerium (&¢Ce™)
and europium (BU/EU*"). According to EPR results, to the high sintering
temperature (1460°C) and to the kind of charge @msation scheme, the major
part of cerium ions in GasCe »5ZrTi1 757l 02507 sample is expected to be in their
trivalent state [207]. Moreover, the fact thato@E U 2521Tis 757l 02607 sample
gives no EPR signal attributable to % means that europium occurs
exclusively as EY in this sample [239] . For Ln=Ce, Nd, Eu, Gd anHl, Y
qualitative analysis of XRD patterns indicates thtla@ samples were almost
single-phase zirconolite-2M. Nevertheless, as for=LNd, very weak XRD lines
attributed to perovskite traces could be deteabe@dch material. For lanthanum,
XRD analysis of the Galap 2ZrTi; gAlo 20, sample shows that it is composed of
a mixture of zirconolite-2M and perovskite and cainbe considered as single-
phase. The Ca site of zirconolite-2M is probablp tmall for an efficient
incorporation of lanthanum ionsTgble XVII) whereas the calcium site of
perovskite is significantly larger and more apprajg. So zirconolite-2M is able
to incorporate all trivalent rare earths smallantilanthanum following the Ga
xLNxZrTi»xAlO; charge compensation scheme.

The cell parameters,p,c,3) of Ca 7d-no 25ZrTis 757l 9 2507 increase with the ionic
radius r of LA ions [207]. As all the lanthanides (except La) aeey likely to
substitute the Ca site of the structure, it me&as the average size of cations in
Ca site affects all the cell parameters in a simitay. On the basis of an ionic
model, a linear evolution of Galng2sZrTip75Al02607 zirconolite-2M cell
volume V is expected versu$(Vegard’s law) which is in agreement wiigure

46. This linear evolution is extremely well verifiddr the following ions: Nd,
EF*, GdF* and YB*. However, it seems that the cell volume of
Cay 7L 2ZrTiy 75Al 02407 does not lie exactly on the same line as the ohdse
other compounds. This difference could be due ¢oottidation of a small part of

Cée* into Cé". Indeed, as Cé&ion is much smaller than &eion (in eight-fold

4% Contrary to Eti'ions (F, electronic state) that cannot be detected by ER®,ions £S;,
electronic ground state) are easily detected [239].
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coordination, r(C&)=0.97 A < r(C&"=1.143 A, Table XVII ), its occurrence into
the Ca site should reduce V in comparison with %06f CE".

Following the charge compensation scheme (2), @12 Ti1 gAl o207 sample
was also preparél As thorium is only tetravalent, the incorporatininone TH*
ion in Ca site needs two Elions in Ti site. According to literature [240], arige
compensation scheme (2) was more efficient tharereeh(4) to incorporate
thorium in zirconolite-2M probably because of thig bize of TH* ions (Table
XVII )*8, Kesson et &% indicated that no more than 0.24*Ttions could be
incorporated in the Ca site following scheme (2Qwdver, according to Fielding
et al. [70] this limit was certainly lower. In ogase, we showed that the XRD
pattern of CagThg 1ZrTi; gAlo 207 can only be indexed in the zirconolite-2M space
group and this was confirmed by HRTEM [242].

IV.B.3.f Structural characterization of Cai.xNdxHfTi . AlO7 zirconolite
ceramics

XRD and SEM show that Hf-zirconolite samples {NdHfTi,.AlO;
for x=0 and 0.2) are almost single-phase. Excegphall amount of perovskite, all
XRD lines can be indexed in the monoclinig&pace group of zirconolite-2M
(patterns not shown). The corresponding latticeaqpaters are given imable
XXII'. It appears that the cell volume V of Hf-zircatmlceramics is slightly
lower than the one associated with the correspgndinzirconolite ceramics.
This result can be explained by the fact that'ldation radius is slightly smaller
than Zf* one Table XVII ). Similarly to the evolution of the lattice paraters of
CaxNdiZrTioAlO; with x (Table XVIII'), Nd induces an increase @f
parameter and a decreasecq@farameter wheredsdoes not significantly change.
The composition of Hf-zirconolite samples was deieed by EPMA:
Cay.odHf0.08Ti2.0007 and Ca79MNdo 19dHf0.998T11.80Al 0.10407 respectively for x=0 and
x=0.2. The composition of Hf-zirconolite is thus ryesimilar to nominal
composition.
Using the same spectroscopic techniques as foir@rmwlite, the environment of
Nd®** ions in CagNdyHfTi1gAlogO; was studied and compared to that of
neodymium in CggNdoZrTi;gAlpgO;. It appeared that EPR and optical

" As discussed in §IVB.1, Thion is sometimes considered ag’Han surrogate.
“8 Th* jon is the biggest tetravalent ion of the periodassification.
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absorption spectra were very similar for the twoangcs. Simulations of EPR
and optical absorption spectra by respectively &wvd three components, showed
that both the g-tensors and the absorption bansli$iggo were not very sensitive
to the nature of tetravalent cation {Zor Hf**) in Zr(1) site. Moreover, the effect
of the crystal field on the splitting of the neodym “lg, state Figure 433 was
very similar in the two matrices [243]. As for Zreonolite, the different
neodymium environments can be attributed t6*Nohs in Ca sites with disorder
in their neighborhood. The existence of this disordround N&' ions is also
probably due to the statistical occupancy of tHiteg Ti(2) site by Af* and T
ions Figure 44). All these results confirm the absence of sigaffit effect of the
replacement of Zr by Hf in the zirconolite struetand more particularly on Rid
ions environment. Consequently, zirconium can b&llyoreplaced by hafnium to

prepare zirconolite ceramic waste forms.

IV.C. Zirconolite-based glass-ceramic as specifievaste form for MA
immobilization

In this part we present the main results concertinegstudies performed in our
laboratories on zirconolite-based glass-ceramidge d@efinition and the main
principles of glass-ceramics preparation were gimeglll (Figure 10). Examples
of glass-ceramic waste forms for the immobilizatocdmon separated or separated

wastes were also given in 8lil.

IV.C.1 Previous works on glass-ceramics containingirconolite crystals

Several studies reported in literature on glasspomite waste forms shown that
zirconolite could crystallize in the bulk of diffamt glass compositions containing
relatively high amounts of T and ZrQ. However, in all these studies,
zirconolite crystals generally occurred with numeyathers crystalline phases.
One of the first works published on such matemalscerned iron-enriched basalt
with TiO, and ZrQ envisaged for the conditioning of high-level deferwastes
[244] An optimum composition and cooling cycle from tineelt enabled
crystallization of zirconolite but also of pseudmtkite and augite. Moreover,
using results of lixiviation tests, the authorghaé paper [244] indicated that Am,

Pu and Cm were incorporated into the zirconoliteasghwhereas neptunium
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probably remained in the residual glassy phase.eMacently, Kong et
al.[245,246] also published a study on the cryigagtilon of zirconolite in iron-
enriched basalt glasses by isothermal treatmentweba 1000 and 1200°C
(without nucleation stage) or by controlled coolofghe melt in order to develop
waste forms to immobilize transuranic elements (&ted by lanthanides in their
work) occurring in low-level wastes. The aim ofskeauthors was to incorporate
actinides into the zirconolite phase. They showat ttirconolite was formed in
the bulk of their samples but additional crystaliphases (spinel, pyroxene, and
plagioclase for instance) were also observed inrdsidual glass. However,
actinide surrogates were preferentially incorpatateo zirconolite crystals. A
complex borosilicate glass-ceramic waste form dairtg zirconolite crystals was
also proposed for the immobilization of Pu [106]this work, about ten different
crystalline phases were identified coexisting wainconolite. Moreover, the
authors indicated that Pu was mainly incorporatedzirconolite and zirconia
crystals. Other complex glass-ceramic materialstasoimg zirconolite were
developed by Feng et al. [247]. The crystallizatminzirconolite with others
phases (such as Zx(ZrTiO,, ZrSiO,, TiO,) was also observed by Lin et al. [248]
in B,O3-Si0,-Al,03-Ca0-ZrQ-TiO, glasses.

Nevertheless, to the best of our knowledge, prejoaraf glass-ceramic samples
with zirconolite as the only crystalline phase it bulk was reported for the
first time by Fillet et al. [101,102] in the contewf the French research on
enhanced separation and conditioning of long-livadionuclides occurring in
HLW solutions. These materials were developed dento immobilize separated
MA. In their study, neodymium was used as trivalegiit surrogate. Their parent
glass composition belonged to the StOAl,03 — CaO — TiQ — ZrO, system and
the glass-ceramics were obtained by controlledntbetreatment of the parent
glass. Using starting glass compositions closé¢odnes developed by Fillet et
al. [101,102], numerous studies were then performealr laboratories in order
to improve both the amount of zirconolite in theagg-ceramics and the
partitioning ratio of MA surrogate between residgklss and zirconolite crystals.
These works that concerned mainly the study of buié surface crystallization,
the effect of parent glass composition and of thystal growth temperature on

the nature and the structure of the crystals, ffecteof the concentration and
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nature of MA surrogates on bulk and surface criygéions are presented in the

next paragraphs.

IV.C.2 Synthesis and characterization of zirconol#-based glass-ceramics

In the next paragraph, we present the compositaom$ the method used to
prepare parent glasses and zirconolite-based géasiics. Results concerning
the effect of heat-treatment temperature and aériaglass composition changes
on both the microstructure of glass-ceramics antherstructure and composition

of the crystals formed, will be largely developadhe following paragraphs.

IV.C.2.a Synthesis of parent glasses and prepanaiid glass-ceramics

In this paragraph, two glass compositions (A andeBying to only zirconolite
crystals in their bulk after appropriate thermatatments will be considered
(Table XXIII'). Glass A is a composition without neodymium wiasren glass B,
6 wt% NdO; were added to simulate trivalent MA (see §IV.B.Cdncentration
ratios between the other oxides were kept constantthe two glasses.
Composition B is very close to that reported byleFiket al. [101].It must be
noticed that if we consider molar concentrationsyt® NdOs; (1.27 mol%,
Table XXIII ) is equivalent to 9 w % Ap®s which is approximately the amount
of MA (= 10 wt%) aimed to immobilize in specific waste farm

If we consider only the three oxides $i\,0O3; and CaO, the corresponding
glass) composition is located near the Sich eutectic point of the ternary SIO
Al,03-CaO phase diagram [249]. The glasses belongitigjgddernary system are
known to be easy to melt, to exhibit a good chehueaability and a low bulk
crystallization tendency [|89,250]. This last poimés important in our case
because we wished to avoid the nucleation and ¢rofvsilicate crystals in the
bulk of the glass at the expense or at the same dsgrzirconolite crystal3.able
XXIII shows that TiQand ZrQ were added to the SjAl,0s-CaO basic ternary
composition in a molar ratio [Ti)/[Z82.2. This ratio is only slightly higher than
the molar ratio corresponding to stoechiometricaolite (CaZrTiO;). The high
TiO, and ZrQ concentrations in glasses A and B were introduoedrder to
promote zirconolite crystallization. The lack ofrbo, the very low concentration
of sodium and the high concentrations of zirconiurtgnium, calcium and

aluminum in glass compositions suggest a high ctandurability both for the
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parent glass and for the corresponding glass-cesambtained after partial
crystallization. In parent glasses, silica is oelpected to dissolve the main
oxides (CaO, AlO;, N&O, ZrO, TiO;) and N@Os, but SIQ is expected to
remain totally in the residual glass after partigistallization of zirconolite in the
bulk because %iions do not enter into the zirconolite strucfdr&his kind of
glass-ceramic is thus different from classical ofedonging for instance to the
Si0,-Al,03-MgO-Li,0 system) for which Si@is one of the main components of
the crystalline phases formed after thermal treatsaél'he occurrence of alumina
in parent glass compositions is also very usefultfie charge compensation of
neodymium ions in zirconolite crystals (see chargmpensation scheme (1) in
8IV.B).

Powder mixtures (50 g) were prepared by thoroughkingi of reagent grade
oxides (SiQ, Al,Os, TiO,, Zr0O,, Nd,O3) and carbonates (CaGONaCOs),
melted and refined at 1550°C for 10 h in Pt cresbfigure 47). Melts were
poured in water in order to obtain a glass friguyrd and melted again for 4 h at
1550°C to ensure glass homogeneity. The melts Wwesp cast in cylindrical
metallic molds and the glass samples were annedl&@@5°C for 2 h (i.e. at a
temperature slightly higher thany)Tand slowly cooled to room temperature in
order to relieve internal stresses. The glass sssnpére fully transparent and x-
ray amorphous Higure 48). Chemical analysis of glasses did not reveal
significant deviations from nominal composition$idis not surprising because
(except a small N® amount) none of the oxides present in glass csitipas
were volatile. The glass transformation temperaforeglasses A and B were
similar: T@=760°C. This temperature is more than 250°C highen tthat of
borosilicate nuclear glasses. This strong diffeeeten be explained by the lack of
B,O; and the very small amount of alkalis in parensgleompositions.
Concerning the structure of parent glasses, severgleriments using
spectroscopic techniques were performed in ordesttmly the environment
around four cations (Yi, zr**, Nd&®*, AI*") occurring in parent glass B. For
instance, EPR study of the small amount of paraetigii** ions formed during
glass melting at 1550°C, revealed that titaniumsiamvironment could be

described by a £ or Dsn symmetry [207]. This could correspond to a square

9 Nevertheless, it will be show below that two cajfiie silicate phases (titanite, anorthite) may
form near glass surface by heterogeneous nucleptawess.
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pyramidal O=TiQ or to a six-fold coordinated octahedron axiallyngoessed.
The coordination numbers involved in such geometaee close to the ones
encountered in zirconolite (6 and 5) which is aintedcrystallize by heat
treatment of the glasses. Moreover, Zr-K edge EXAp8ctra showed that Zr
ions occupied well defined 6-7 coordinated sitesolsygen at 2.2G: 0.01 A,
close to the ones of zirconolitdgble XX) [251]. These results concerning
titanium and zirconium are in agreement with theleating role of TiQ and
ZrO, reported in literature [88]. Indeed, in the cadezioconolite-based glass-
ceramics, the similarities between the sites oamliply titanium and zirconium in
parent glass and in zirconolite could predisposeergaglass to zirconolite
nucleation. Concerning Ntlions, optical absorption spectroscopy and EXAFS
results agree to describe Nd environment as beomgtained by the glassy
network with coordination number and Nd-O distasmmificantly greater than
Ca-0 and Zr-O distances in zirconolieaple XX) [251]. Indeed, Nd occupied a
highly distorted 8-9-fold coordinated site in thergnt glass with oxygen atoms at
2.53+ 0.02 A. Therefore, N ion cannot act as a nucleating agent for zircomoli
crystallization. Moreover, no second neighbors dobé clearly identified by
EXAFS at distances lower than 4 A around Nd. Howetree study of Nd optical
fluorescence decays in glass B suggested a stmection between N ions
which is likely to originate from a mean Nd-Nd diste lower than the statistical
one [207].%’Al MAS-NMR study of glass A (without paramagnetia¥ ions)
showed that aluminum seems to enter glass netwediominantly in four fold
coordination [252]. This result suggests that mieditations such as &aand
Na’ ions are present in sufficient concentrations lisg A to compensate all
[AIO 4] units. Indeed, as the molar ratio ([CaO] + {88/ [Al.O3] = 3.11 > 1 for
glass A Table XXIll ), the calcium and sodium oxide contents in thasglare
higher than that needed for ensuring a full comatois of [AlO,]" units.
Nevertheless,”’Al MQ-MAS-NMR (Multi Quanta-Magic Angle Spinning-
Nuclear Magnetic Resonance) experiments are inr@ssgin order to study if
small amount of 5- or 6-fold coordinated aluminum present in glass A.
Moreover, C&" and N4 ions are also expected to act as charge compessetar
the negatively charged titanium and zirconium pebtita in glass structure
[253,254].
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IV.C.2.b Preparation and characterization of zircolite-based glass-ceramics
The zirconolite-based glass-ceramics were prepayeal two step heat treatment
(nucleation + crystal growth, see §l11.B.3.a.d&fidure10) of parent glasses. After
annealing, parent glasses were firstly nucleateha810°C for 2 h [Figure 49).
This temperature was slightly higher thag (¥60°C) and Tax (790°C). Thax
corresponds to the temperature at which the zildenaucleation rate is maximal
(Figure 50). After nucleation, the samples were immediateinsferred in a
furnace preheated at. F 1050 or 1200°C for crystal growth during 2 All
furnaces were preheated at the corresponding riocieand crystal growth
temperatures in order to avoid embarrassing chiggtibn phenomena that can
occur during a slow heating or cooling of sampletwieen [ and Tiq. The
opaque glass-ceramics obtained were then directheaed at 775°C for 2h
(Figure 51). After cooling, the samples were cut in ordersmate the bulk from
the surface to study separately by XRD, SEM and HDX nature and the
structure of phases crystallizing in their bulk auedr their surface.

After cutting, a difference was observed visuallgtvieen bulk and
surface. A crystallized surface layer with a thieks depending on. TFigure 52)
grown inward from the surface (heterogeneous diigston) and was clearly
different from the bulk (internal crystallizationffor instance at F1200°C, the
thickness of the crystallized layer was about 960gnd decreased to 200 pm at
T.=1050°C. XRD and SEM studies confirmed that differerystalline phases
nucleated and grown in the bulk and from glass $snpurface. The XRD
patterns recorded for the bulk and the surfacerlagparated after cutting are
shown inFigure 53, for glass A heat treated at=1.200°C. For the two parent
glasses, zirconolite was the only crystalline phaseeating and growing in the
bulk for T;=1000 and 1200°C. However, crystallization of titar{CaTiSiQ) and
anorthite (nominally CaABi,Og) occurred near sample surface for these two
temperatures. Small crystals of baddeleyite (nollyiraO,) were also observed
near sample surface at=IL.200°C. The contribution of residual glass to XD
pattern (presence of a broad diffusion at low arglethe pattern, as iRigure
538 was still important for the bulkF{gure 539 whereas crystallization was
stronger for the surface laydfigure 53b). These results are confirmed by SEM
observationsKigure 54). For T.=1200°C, elongated zirconolite crystals grown in

the bulk. However, for F£1050°C zirconolite crystals have a dendritic shape
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(Figure 53a). Using EDX, it was possible to analyze the compositof the
crystals formed in the bulk and near the surfacd:afl200°C (the very fine
microstructure of the zirconolite crystals formadl850°C prevented to perform
accurate analysis of their composition by EDX):

- Glass A: zirconolite (Ga7Zrio7Ti1oAloosO7) in the bulk; titanite
(Can.99Ti0.782r0.23Al 0.025l0.960s) and anorthite (GargdNao.17€0.0sAl1.735k.270s Where

€ represents calcium vacancies) in the crystalliagdr.

- Glass B: zirconolite (GaNdo16Zr105Ti177AI01707) in the bulk; titanite
(Can.8dNdo 11Ti0.692r0.22A10.11Si0 960s),  anorthite  (CazANag 16€0.04Al 1.7351.270s)
and baddeleyite (b3Ti0.0702) in the crystallized layer.

These results show that Kidions enter preferentially into the calcium site of
zirconolite crystals (in the bulk of the glass-ceies) and the calcium site of
titanite crystals (in the surface crystallized lgyeFor these two crystalline
phases, the charge compensation was ensured [syntbh#aneous incorporation
of AI** ions in titanium sites. Consequently for glassH®, charge compensation
scheme (1) is more efficient to enable incorporatiof neodymium into
zirconolite than scheme (3) by self-compensatidns Ppreference was confirmed
by spectroscopic studies. Thus for glass B heatedde at 1200°C, nearly 20% of
the Ca site of zirconolite crystals are occupiedNaly the charge compensation
being insured by the partial substitution of*Tions by AP* ions as in ceramics
(see 8IVB.3.).

Moreover, EDX results indicate that titanite is t@y crystalline phase of the
crystallized layer that incorporates neodymium, bota less extend than
zirconolite. We can consider that the presencetarite near the surface of the
glass ceramic is not a serious problem for theiegpbn envisaged here. Indeed,
we saw in 8IIl.B.3.b that titanite-based glass-oeca were envisaged by
Canadians to incorporate HLW solutions and titamsteknown to be a good
actinide-host phase [94]. It appears that'Lions are only incorporated in the
calcium site of the titanite structure (there isyoone type of calcium site in this
structure and this site is 7-fold coordinated vaikygen anions [255]) because the
tetrahedral silicon and the octahedral titaniurassdare too small. This result is in
agreement with the results of Higgins et al. fotura titanite samples [256]. In

our glass-ceramic samples, the positive charge sexaue to L¥ ions
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incorporation in the calcium site of titanite isngeensated by the simultaneous
incorporation of A}* ions probably both in the titanium and silicoresit

EDX results also showed that neodymium did notreinte the anorthite crystals.
Anorthite has a totally polymerized (tri-dimensibsdicate) structure constituted
of SiOy and AIQ, tetrahedrawithout non-bridging oxygen atoms [257This
compact structure could explain the difficulty tocorporate neodymium in
anorthite. Moreover, the lack of heavy elementariorthite crystals explains why
they appear as black crystals on the back-scatt®kdd images Kigure 54d).
EDX also showed that for A and B compositions, lye20 % of the calcium sites
of the anorthite crystals (nominal composition G&#l0s) were occupied by
sodium ions. Therefore, this silicate phase must be more rigayoualled
plagioclase rather than anorthite [25Hpwever, for practical reasons, we will
continue to use the name anorthite for this phagkis chapterlt is interesting to
notice that this phase was the only crystallinespita incorporate N&dons in our
glass-ceramics.

Area integration of zirconolite crystals in SEM igas Eigure 549 indicated that
no more than 13 vol% zirconolite formed in the bofkglass B at F1200°C.
This value is lower than the one calculated by masg that all ZrQ of parent
glass was used to form crystals (17 vol%) becaupardof ZrQ remains in
residual glass as shown by ERSIO, (46.59), AbO; (13.38), CaO (20.26), TKO
(8.53), ZrQ (4.22), NdOs (5.84), NaO (1.14) in wt%). In order to increase the
amount of zirconolite crystals formed in the bulktlee glass-ceramics and the
concentration of neodymium in these crystals, hpatrent glass composition and
crystallization conditions (temperature and duratiof crystal growth) were
modified (see §1V.C.2.d,e).

The crystallization of glass B was also followed DYA. This technique is
classically used to study glass crystallizationcpsses (which occur in the bulk
and from the surface during heating, exothermiea$) and crystals melting
(endothermic effects). In order to investigate patbn mechanisms
(surface/bulk) occurring during heating of glasstBe as quenched glass was
crushed and sieved to obtain four different paetmize fractions (<20, 125-250,
400-800, 1600-2000 um). A massive sample was aistiesl. In this last case,
the number of surface crystallization sites wasim@h Figure 55 indicates a
strong evolution of the position and width of exatnal effects C1, C2 and C3
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when the particle size increases. In order tobattel the main exothermic effects
observed on the DTA curves, 200 to 400 mg of ascjued glass B with same
particle size were heated (at the same heating matethe corresponding
temperatures in a classical furnace and were thenajped to room temperature.
The partially devitrified samples obtained werentheharacterized by XRD.
Details results of this study are reported in [258}e main conclusions of this
DTA study are the following:

- The most intense exothermic peaks C2 @Bdare respectively due to titanite
and anorthite crystallization from sample surfaftereheterogeneous nucleation.
The crystallization sequence observed during hgafiif‘titanite and -
anorthite) seems to indicate that anorthite begingrow in the residual glass
remaining between the elongated titanite crystdlse activation energy E
associated with crystal growth of titanite and #mite (493 and 405 kJ.nibl
respectively) were determined using the Kissinggdzawa methods [258,259].

- The small and broad exothermic effect C1 is na deither to titanite nor to
anorthite crystallization. It is more probably adated with zirconolite
crystallization from sample surface. The low crygieowth rate of zirconolite
u(Z) in comparison with titanite and anorthite ptkmsespectively u(T) and u(A)
(see below), may explain the weak amount of zirttsdormed in the surface
crystalline layer [258]. It is important to undesi that no thermal effect
associated with crystallization events in the botkthe glass was detected by
DTA for glass B even for the massive sample. Thidue to the low zirconolite
nucleation and crystal growth rates in glass budk this composition in
comparison with the ones of silicate phases grovitom surface [260]. Thus,
during DTA runs, the energy evolved by zirconolitgystallization in the bulk
was too weak to be detected. The endothermic sffg@aserved near 1260°C are
associated with the melting of titanite and andetlrystals.

For glass B, two other methods (without nucleastep at 810°C) were used
to study the crystallization tendency of undercdateelt. The results obtained are
widely detailed in [20] and show that for=T050°C, zirconolite can nucleate
heterogeneously on samples surfdegre 56b) or on sporadic sites probably
preexisting in the meltFjgure 56d. Thus, for B1050°C, }"™"(T)=0 and
1"(T)>>1"°T), 1"°™(T) and L"{(T) being respectively the zirconolite
homogeneous and heterogeneous nucleation ratesiratcdmposition B. This

87



result is in agreement with the nucleation ratevewf zirconolite in the bulk
(homogeneous nucleation) showigure 50. Consequently, in these conditions
(i.e. without nucleation step), the number of ziralite crystals in the bulk is low
and crystals are bid-{gure 563. Such methods are thus not efficient to prepare
zirconolite-based glass-ceramic waste forms. Thallssize of the zirconolite
crystals obtained using nucleation and crystal ¢nosteps from glass samples
(Figure 49 is more adapted to MA immobilization because il veduce the
risks of microfracturation of the waste form under self-irradiation. (see
8lIl.B.3.c.). Another interesting result of thisudy, is that for B1050°C:
1I"(T)>>18(T), 18 (T)=0  (1™(T) and K"{T) being respectively the
heterogeneous nucleation rates of titanite andtlhit®mat T) [20]. Indeed, neither
titanite nor anorthite crystals were detected ia sarface crystallized layer for
T>1050°C if the melt is transferred directly from 086 to T in a preheated

furnace Figure 56b). It was also shown that &'Flae>1""ax and

LA™ > 2" o Where the subscript max refers to the maximumeai@n rates
[20]. This last result indicates that the heter@gers nucleation of titanite and
anorthite on surface may occur very quickly dumnelt quenching and/or during
glass heating. It is likely to happen in a tempaeatrange slightly higher than, T
where nucleation rates are generally known to leehilghest. This implies that
even a short stay of the undercooled melt in theperature range wherg"f{(T)
and h"®(T) are very high would then induce a strong effattthe nature of the
crystalline phases growing from the surface atThis can be one of the reasons
why zirconolite was not observed in the crystatlizayer Figure 54b,d) for the
glass-ceramics samples prepared using the metlowandfigure 49. Moreover,
concerning the crystal growth rates of zircono{ilg), titanite () and anorthite
(ua), it was also demonstrated thats(T)>ua(T)>>u(T) at least for
1050°CxT<1200°C [20]. Consequently, in order to favor thestallization of a
high number of zirconolite crystals in the bulk the samples it is absolutely
necessary to perform a nucleation step. Then, guha crystal growth step, the
growth of zirconolite crystals in the bulk will stigly limit the development of

titanite and anorthite from the surface towardsthk of the samples.

IV.C.2.c Stability of glass-ceramics after prolongjdeating at 1050 or 1200°C
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The evolution at high temperature (1050°C or 120Q06€ the nature of the
crystalline phases formed in the bulk and nearstiméace of the glass-ceramics
prepared following the method describedFigure 49 are reported inrable
XXIV for different thermal treatment durations (2-30Cit) T.=1050°C and
1200°C. At 1200°C, these results clearly showed titenite crystals, occurring
initially in a thin crystallized layer near samglerface after 2 h thermal treatment
(Figure 54d), have grown towards the bulk at the expense rebablite which
almost totally disappearedrigure 573. This indicated that the zirconolite
crystals formed initially in the bulkHgure 549 were unstable with respect to
titanite and anorthite in the presence of the asibxcess of the residual glass at
T.=1200°C. Thus, at high temperature and for longatiom heat treatments,
titanite crystals grown from the surface towards bulk leading to progressive
disappearance of zirconolite crystals. In this célse excess of ZrO(which is
only partially incorporated in the titanite crystalsee EDX results above)
precipitated as baddeleyite crystals in the residless Figure 578). The same
phenomena could explain the origin of the badd&eyiystals observed above in
the surface crystallized layer £1200°C,Figure 54d). The growth of titanite at
the expense of zirconolite could be explained ey ¢kistence of a competition
between these two phases to incorporate Ti, as @ne of the main elements
constituting these two crystalline phases. At 1@50the progress of titanite
crystals towards the bulk became very slow in camepa with anorthiteKigure
57b). This can be due to the increase of melt visgasit1050°C, slowing down
diffusive processes in the undercooled melt. Eviggar 800 h at 1050°C, a high
amount of zirconolite remained in the bulk [20].

Thus, the results obtained for glass B for différdarations of heat treatment
showed that the zirconolite crystals initially faethin the bulk were not stable.
Indeed, titanite appears as the most stable phasegporating Ti in this case. For
kinetics reasons due to its relatively high homagers nucleation rate"P™(T),
zirconolite is the only crystalline phase which leates and grows in the bulk.
However, studies performed by Vance et al. [26Tkimy and firing (at 1280°C
for 2 days) titanite and zirconolite phases (withather silica-rich phase),
showed that these two phases were compatible. incase (glass B), it is
probably the occurrence of a silica-rich residuakg coexisting with zirconolite

crystals which is at the origin of their instahjiliin comparison with titanite
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crystals that are able to incorporate silicon irtlstructure. In order to reduce the
risks of progression of the titanite crystals froine surface of the glass at the
expense of zirconolite crystals formed in the bulk, must not be too high
(Tc<1200°C) and the duration at this temperature masexceed 20 h. It is very
important to underline that if MA<0O wt. %) are incorporated in such glass-
ceramics, the internal temperature of the wasten faill never exceed 400°C
during disposal. In this temperature range, ziréiaevould remain kinetically
stable and no long-term evolution of both the $tmecand microstructure of the

glass-ceramics is expected (Tg:T

IV.C.2.d Effect of crystal growth temperature on ygtals structure and
microstructure
For the glass-ceramics prepared from glass A usiegnethod describdeigure
49, a clear evolution of the zirconolite XRD pattenrsd lattice parameters was
observed with . Figure 58a,bshows that splitting of several XRD lines (35.5°,
42° and 59.5°) and intensity of low angle (15-3@) diffraction lines increase
with T, between 1000 and 1200°C. This evolution also efotsthe glass-
ceramics prepared from glass B but is less evidéhe XRD pattern of a
zirconolite ceramic sample prepared by solid statction is also shown in
Figure 58efor comparison. It is very similar to the one netel for the glass-
ceramic prepared at;F1200°C Figure 588. XRD patterns evolution with ;T
can be explained by an ordering of’Cand Zf* ions in (Ca,Zr) planesF{gure
36) along with a lattice parameters variation. A aonétion of this hypothesis is
given inFigure 58c,din which calculated XRD patterns assuming eithreoaler
or a disorder in Ca and Zr sites occupancy, foisdraple prepared at31000°C,
are plotted. Comparison of the experimental andutated patterns clearly shows
that C&* and Zf* ions are not ordered for,71000°C. Moreover, it can be shown
that for T. = 1200°C, the cationic ordering (organization of Cand Zf* rows)
and the cell parameters get closer to the onesirobrolite ceramic. This
evolution of zirconolite structure in glass-ceramiavith crystal growth
temperature Jis similar to the one reported by Vance et al6]Zdr zirconolite
ceramic (CaZrTiO;) prepared at increasing temperature (from 6004@01C)
from an amorphous alkoxide precursor. These strailcivolutions with T are due
to the increase of thermal energy available fofudibn processes in zirconolite
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crystals. Thus, the order in zirconolite (Ca,Zrjam#s increases with T
Moreover, SAD and HRTEM studies of the zirconotitgstals formed in the two
glass-ceramic samples£71000 and 1200°C) shows that the density of exdénd
defects in crystals decreases with262].

For parent glasses A and B, the effect of the alygtowth temperature (T
between 950 and 1350°C on both the microstructtitieeoglass-ceramics and the
structure of the crystals formed in the bulk waslsd. The results obtained for
the two glasses were very similar and are sumnthrineFigure 59. The
evolution of XRD patterns and SEM images of the&klmflthe samples are shown
respectively inFigures 60 and 61 For 1050&T<1200°C, the results were
already described in 8§ IV.C.2.b. For>1200°C, globular baddeleyite crystals
form in the bulk of the glass at the expense ofariolite Figure 61le,). At
T.=1250°C, isolated zirconolite and baddeleyite @igstoexist whereas, above
T.=1300°C, only scarce zirconolite crystals nucleate the surface of Zr9
crystals by heterogeneous nucleatibig(re 61f). This results show that thermal
treatments at $1200°C must be avoided in order to obtain zirchechs the
only crystalline phase in the bulk. Fog ¥ 950°C, dendritic crystals have grown
in the bulk of the glasg~{gure 618). XRD shows that these crystals consist of a
mixture of zirconolite and fluorite-type phases J[4dowever only one kind of
crystal morphology is observed by SEM. FeeI000°C, no more crystals having
the fluorite structure are detected by XRD but ¢hds no significant
microstructural evolution in comparison with thengde prepared at F950°C
(Figure 61b). Therefore, it can be deduced that fluorite tfamss totally into
zirconolite between 950 and 1000°C for a 2h crygtalvth stage. The fluorite-
type phase probably corresponds to a highly cati@hsordered zirconolite.
Indeed, a structural relationship can be estaldishetween fluorite and
zirconolite because this last phase can be desicabea fluorite superstructure
[203]. It is interesting to notice that the samguence of crystallization has been
reported for the preparation of zirconolite cerarmmm an alkoxide precursor
[226].

In order to elucidate the nature of the nuclei fedmin the bulk during the
nucleation step, complementary studies were peddrion a sample obtained
after nucleation thermal treatment of glass B @810°C for 240 h. The sample

was slightly opalescent and no surface crystaibmatvas observed. XRD pattern
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did not reveal any crystallisation. Nevertheles§MT observations show that
scarce dendritic crystals have nucleated and greiima very low crystal growth
rate in the bulk of the glass. Their diameter wasua 300-400 nm. SAD showed
that these dendritic crystals were fluorite-typagge crystals (lattice parameter a
= 5.03 A+ 0.2 A). This result is not surprising because $izene kind of
microstructure was observed at=950°C Figure 618 for which it was shown
that the crystalline phase had mainly a fluoriteiture. It seems reasonable to
assume that fluorite (corresponding to a highlyodisred form of zirconolite)
nucleates homogeneously in the bulk of the gladse Tact that ordered
zirconolite does not nucleate directly is in agreatnwith a general trend
observed for the crystalline phases formed in gt@samics indicating that the
lower the crystallization temperature, the moreodiered the crystalline phases
that form (increase of cTfacilitates the displacement of cations in crystahd
thus structural ordering) [263]. It is interestitagnotice that careful observations
of the nucleated glass does not reveal any glagkss phase separation which
shows that nucleation occurs in an homogeneous.ghdisthese results seem to
indicate that fluorite nucleation in glass B is loganeous (i.e. the nature of the

nuclei is similar to that of the crystals).

IV.C.2.e Effect of composition changes of parentagé on glass-ceramics

characteristics

IV.C.2.e.1 Increase of (CaO, ZrQTiO,) concentration in parent glass

In order to increase the amount of zirconolite @lgsin the bulk of the glass-
ceramics, two parent glass compositions (C, D)vedrifrom glass B were
prepared Table XXV). The relative molar ratios of S}0OAIl,O; and NaO were
the same as for glass B. However, in order to as@ehe amount of zirconolite
crystals in the bulk of the glass-ceramics, theceatrations of CaO, ZrOand
TiO, (the three oxides constituting zirconolite) wenereased in parent glass
composition. Glass C was prepared as glass B. Henvdéecause of the high
amount of ZrQ in composition D, this glass was melted at 1650Fe glass
transformation temperatures were similar for glag3eC and D. Glass-ceramics
were prepared using the method describgdre 49 at T.=1050°C and 1200°C.
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The XRD patterns recorded for the bulk of glasswecs B, C and D (not
shown) indicated that zirconolite was the uniqugst@lline phase to form,
independently on the composition of parent glassrddver, the zirconolite
lattice parameters and the compositions determime&DX (T.=1200°C) were
very similar for the three samples [103]. SEM mgraphs shown ifrigure 62
clearly indicated a strong and progressive increasiee degree of crystallinity of
the glass-ceramics when ZxOriO, and CaO concentrations were raised. SEM
images analysis indicated that the amount of dtistgphase was approximately
9, 14 and 19 vol% respectively for the glass-cecand, C and D prepared at
T.=1200°C. This result was confirmed by the monot@ndncrease of the
intensity of the zirconolite XRD lined={gure 63d). The dendritic microstructure
of the zirconolite particles formed at=1L050°C in glass BRigure 6238 became
hardly to observe for glasses C andHg(re 62b,9. For these two samples, the
size of the zirconolite particles strongly decreag&el00 nm) and their number
strongly increased. A similar evolution between theee compositions was
observed for the glasses heat-treatedat 200°C. These results clearly indicated
that when the parent glass composition changed ot D, the number of
nuclei formed during the nucleation stage at8L0°C strongly increased.
Consequently, the corresponding zirconolite numeatates at 810°C in the bulk
Ihuk for the three glasses can be ranked in the follgwiorder:
[buik(A)<lpu(B)<lpu(C). This evolution can be explained by an increas¢he
zirconolite crystallization driving force (correspting to the free energy
difference |AG; between the partially crystallized glass-ceramied athe
undercooled melt) due to ZsOTiO, and CaO enrichment in the parent glass.
Such glass compositions changes towards the cotiggosif the crystallizing
phase (zirconolite) are well known to rai§sG. [60]. The nucleation rate
evolution observed could be also explained by aedse of the nuclei-liquid
interfacial energyoc and/or of the nucleation kinetic barrier (decreasethe
activation energy associated with small distandéusion near the surface of
nuclei) [264].

The DTA curves of parent glasses B, C and D arevshio Figure 64. For glass
A, we observe only broad exothermic effects thatrewattributed to the
crystallization of titanite (C2) and anorthite (CI8)m surface Kigure 55). The

narrower exothermic effects F and Z detected fasggs C and D-{gure 64) can
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be attributed respectively due to the crystallaatiof a fluorite-type phase
(probably similar to the one detected in glass Atheeated at F950°C Figure
60b)) and to its reorganization (cationic orderingjoirzirconolite structure at
higher temperature. It can be noticed that the pBak Z associated with the
transformation of fluorite into zirconolite occuas T, ranging from 1022°C (glass
D) to 1029°C (glass C). These values are very am that reported by Vance et
al. [226]for the same phase transformation for a zirconalik®xide precursor
(T,=1025°C). Moreover the peaks F and Z do not sigarfily change (shape and
position) for the different glass particle sizeS§R This indicates that contrarily
to titanite and anorthite, these peaks are assatiaith a crystallization process
in the bulk. The fact that peak F is not detect@ddglass A and shifts to lower
temperatures when we compare glasses C arkigDré 64) can be explained by
a higher nucleation rate — and consequently a highestallization rate - when
the amounts of Zrg) TiO, and CaO are increased, due to a higher zirconolite
crystallization driving force. Thus, DTA study ofagses C and D confirms the
crystallization in the bulk of a fluorite-type pleast relatively low temperature
and its irreversible transformation by cationic endg into zirconolite for
T>1000°C. Consequently, the following nucleatiord amystallization sequence
can be proposed with increasing temperature: glab®mogeneous nucleation of
a fluorite-type phase (7687<830°C) - crystal growth of the fluorite-type phase
(T<1000°C) - transformation of the fluorite-type phase into caimolite
(T=1000°C).

Using EPR, it is possible to determine the peraggnfa of Nd* ions incorporated
in the zirconolite crystalline phase formed in thelk of the glass-ceramics.
Indeed, Nd* ion (4f) can be used as a paramagnetic local probe, isensitthe
structure of its host phase. For instan€gure 65 shows the EPR spectra of
neodymium in parent glass B, in the bulk of theresponding glass-ceramic
prepared at F1050°C and in GaNdo ZrTiy gAlg 07 ceramic sample prepared
by solid state reaction. All ESR spectra are vepatd and asymmetrical, which is
characteristic of neodymium powder spectra [265]dre quite different for the
different matrices. This indicates that neodymiunvienment strongly differs
between these materials and that neodymium is aellert local probe. The
asymmetry of all the spectra indicates that’Ndns are located in low symmetry

sites. Details and results concerning*Ngpectra simulation in parent glass B and
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glass-ceramics are reportad [266]. Concerning the bulk of glass-ceramic B,
EPR signal can be simulated as a linear combinatidwo neodymium signals
(Figure 65b): the first one corresponding to Kidons remaining in the residual
glass whose spectrum is close to the one of theegmonding parent glass
(Figure 659, and the second one corresponding to neodymiwarporated in
the zirconolite crystalline phasEigure 659. This interpretation was justified by
the fact that the resulting spectrum, obtained aétmoving the glassy component
(Figure 653 from the glass-ceramic bulk spectruRigure 65b), is analogous to
the spectrum of the neodymium-doped zirconoliteaméc EFigure 659. A
quantitative analysis of the ESR spectra of th& wds then performed in order
to estimate the amount of neodymium incorporatedziraonolite crystals. A
partitioning ratio R equal to the molar percentag@eodymium incorporated in
zirconolite can be calculated. As the double iraegof ESR spectra is
proportional to the quantity of probed paramagnietis (N&*), R was calculated
by dividing the double integral;lof the signal associated with zirconolite
(isolated from the residual glass contribution Beven in Figure 65b) by the
double integraldc of the global spectrum including residual glass aimconolite
contributions: R =4/ Igc. Using this method for glass-ceramics B and-igj(re
66), the R values obtained forF1050°C and 1200°C are shownRHigure 63h.

A strong increase of the contribution of Xidons in the zirconolite phase was
observed between glasses B and D. It clearly appéat R increases with the
amount of zirconolite in glass-ceramic as expettath SEM resultsKigure 62).
For glass B, the decrease of R for the highgstalue (1200°C) could be partly
attributed to a decrease of the amount of crydtalsveen the corresponding
glass-ceramics. This can be associated with a higbkibility of zirconolite
constituents in the melt when. ihcreased. The difference between the R values
for the two T temperatures was smaller for glass C and disappdareglass D
(Figure 63b). This shows that R evolution is mainly due toraes in the total
amount of zirconolite between the samples (changaither T or glass
composition). It is interesting to underline thppeoximately 43% of N ions of
the glass-ceramic D were incorporated in the zidcrystals in the bulk. For

these ions, the glass-ceramic matrix thus actsdasible containment barrier.
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IV.C.2.e.2 Other composition changes performed irder to try to increase
zirconolite crystallization

Other changes were performed on the compositioglasfs B in order to try to
increase the quantity of crystals formed in theklnflthe glass-ceramics. In this
paragraph, we will briefly present several resutmcerning the effect on
zirconolite crystallization of total or partial fegement of Zr@ by HfO, and of
Al,O3 concentration in parent glass composition.

In 8IV.B.3.b, we saw that it was possible to prepéfr,Hf)-zirconolite (Cazr
xHfxTi207, 0 < x< 1) and Nd-doped Hf-zirconolite (€aNdxHfTi2,AlIKO7, 0 < x

< 0.2) ceramics. Moreover, these studies showedthieatrystalline structure of
Hf- and Zr-zirconolite ceramics were the same #rad the different environments
of Nd** ions in these two ceramics were similar. Consetiyieihwas interesting
to try to substitute either totally or partially Zryy Hf in the parent glass
composition, in order to prepared (Zr,Hf)-zirconelbased glass-ceramics. Parent
glasses derived from glass B and belonging to ti@-AI,03-CaO-TiG-(1-
X)HfO,-xZrO,-Nd,O3 (0< x <1) system were prepared with x=0.5 (glass
B(Hf0.5)) and x=0 (glass B(Hf1))l@ble XXVI). Thermal treatments performed
at T.=1050°C and 1200°C indicated that zirconolite-2Mswhe only phase to
crystallize in the bulk of glasses B(Hf0.5) and BIH Similar structural and
micro-structural evolutions as that of glass B weflmserved for these glass-
ceramics when Jincreased. Moreover, a mixture of (titanite + anibe) also
formed a crystallized layer on samples surface. démaposition of zirconolite
crystals (F=1200°C) was determined by EPMA: {sad\dy 21Hf1 0sTi1.77Al 0.1607
(B(Hf0)) and CagiNdy 20Zr0.5dHf0.49T11.7:Al0.1607 (B(Hf0.5)). These compositions
are equivalent to the one of zirconolite crystalsifed in glass B atF1200°C
and show that nearly the same amount of neodymia® iwcorporated in the
crystals (Af* ions ensuring mainly charge compensation). For. %= appeared
that the Zr amount in crystals ([Zr]/[Hf])=1.2) wdmsgher than in parent glass
([Zr)/[Hf])=1) which could be explained by the shitly higher solubility of Hf in
the undercooled melt in comparison with Zr [267pwéver,Figure 67 shows
that zirconolite nucleation rate in glass B(HfO)smeery low in comparison with
glass B Figure 54). This was also true for glass B(Hf0.5). Nucleatrate curve
of Hf-zirconolite in glass B(Hf0) was determineddacan be compared to that of

Zr-zirconolite in glass BRigure 698). It clearly appears that the maximum of the
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nucleation rate was displaced towards lower tentpexafor B(HfO) and
decreases by approximately 3 orders of magnitudeesd strong differences
between glasses containing Hf and Zr could be yarntblained by the higher
solubility of Hf in undercooled melt (decrease bé tzirconolite crystallization
driving force). Moreover, the mass difference betwér (91.2 g.mat) and Hf
(178.5 g.mof) could also slow down the diffusion of Hifions in the nucleation
temperature range (increase of kinetic barrierngequently, the total or partial
replacement of zirconium by hafnium in parent gle@®position does not enable
to obtain a higher amount of zirconolite in the Koubf glass-ceramics.
Nevertheless, this kind of materials could be igéng for Pu immobilization
because Hf is a neutron poison able to limit ailitg risks as in Hf-zirconolite
ceramics.

In order to study the effect of AD3 concentration in parent glass composition on
the crystallization of zirconolite, two glasses ided from glass B (B(All),
B(Al2)) were prepared by increasing or decreasihgmaa content Table
XXVI). For Te=1050°C and 1200°C, zirconolite crystallizationtire bulk was
suppressed in glass B(AI2) whereas a crystallizgerl made of only titanite
crystals was formed on samples surface. The lackirobnolite crystallization
during heating could be explained by the incredsér®, and TiQ solubility in
the undercooled melt B(Al2), inducing the decreakeirconolite crystallization
driving force and nucleation rate. The hypothes$iaroincrease of Zrgand TiQ
solubility when AbO3z concentration decreases can be explained by ¢thease of
the amount of non-bridging oxygen anions (NBO) ahthe amount of Cd ions
able to act as charge compensators in the structurde glass and of the
undercooled melt. As Ghions are known for their role of charge compensato
the negative charge excess of Z®~6-7) and TiQ (y~5) polyhedra, increasing
the concentration of charge compensators would Hefy and Zf* ions
accommodation in the glass and undercooled meittsire. Indeed, Af ions in
silicate glasses are known to reduce the amoultiR® by associating with
modifier cations such as €acations (charge compensation of (A/Qetrahedra
in the silicate network). Consequently, the amoofC&* cations available to
compensate Zrand TiQ polyhedra would decrease when®d concentration
increases in parent glass composition. For glasAllB( heat treated at

T.=1050°C, zirconolite remained the only crystallippase in bulk but its
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nucleation rate strongly increased in comparisai giass B Figure 69). This
strong evolution is in agreement with the previoaasiderations about the effect
of Al,Oz0n zirconolite crystallization. A similar effect &i,0; concentration on
apatite crystallization was observed recently ne+@arth rich borosilicate glasses
[11]. For glass B(AI1) (#&1050°C), the molar percentage R of neodymium
incorporated in zirconolite reached approximatedy%4 at 1050°C as shown by
EPR. However for this glass, a mixture of zircomli
(CaygNdo1Zr1.04T11.78Al0.1707) and anorthite (growing from glass surface)
crystallized in the bulk of the sample a=T200°C. The proportion of anorthite
crystals in the bulk of the glass-ceramic at 1200a@ be reduced by increasing
sample size and/or by decreasing crystal growtlatdur. The fact that AD; is
one of the main component of anorthite (nominal®AGSi,Og) could explain the
increase of its crystal growth rate between glag&esd B(Al1l). Similarly, the
nucleation rate of Hf-zirconolite in the bulk wasosigly increased when AD3
concentration was raised in parent glass B(Hf0).

Consequently, for the glass composition studiedthis work (glass B), the
amount of zirconolite crystals in the bulk, theurckeation rate anthe percentage
of neodymium incorporated in the zirconolite phasen be increased by

increasing either AD; or (CaO+ZrQ+TiOy) concentrations in parent glass.

IV.C.2.f Effect of N&O3 concentration and of the nature of MA surrogate
Parent glasses with various Xi3 contents ranging from 0.5 to 10 wt% were
prepared by adding N@; to glass A, keeping constant the relative propaodiof

all other oxides. All glasses were prepared assghasand glass-ceramics were
prepared as described Figure 49 with a crystal growth step at-31050°C or
1200°C. As for glass A, different crystallizatiomopesses occurred near the
surface and in the bulk of the samples, irrespeatifvtheir neodymium content.
For Tc=1050°C or 1200°C only zirconolite crystals formtime bulk of glass-
ceramics. Although N@Ds; content has no effect on the nature of the criystal
phases, its addition to the parent glass affe@sntitleation rate of zirconolite.
For instancelrigure 70 shows SEM micrographs of the glass-ceramics coingai
0, 4, 8 and 10 wt% N; prepared at 1050°C. This figure clearly indicatest
the nucleation rate of zirconolite crystals decesasvith increasing N&;

concentration.This result confirms the fact that Ridion does not act as a
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nucleating agent for zirconolite crystallizationaar glasses  (8IV.C.2.a).

The decrease of zirconolite nucleation rate cowddbe to the increase of the
kinetic activation barrier (controlled by diffusioprocesses) of zirconolite
nucleation. Indeed, as neodymium does not play i@indr role in the
crystallization processes of zirconolite, it couldluce diffusion difficulties in
undercooled melts during nucleation. However, tei®lution could also be
explained -for unclear reasons- by thermodynamitsicterations leading to an
increase of the thermodynamic activation barriee: introduction of neodymium
in the parent glass could increase the crystal-nmg#rfacial energy and/or
decrease the crystallization driving force.

The composition of the zirconolite crystals formedhe bulk for T=1200°C was
determined by EDX for all the glass-ceramics conitgj various NgOz contents
(Table XXVII'). A monotonous increase of neodymium concentrasabserved
with increasing NgO; total amount in the parent glassigure 71). The two
charge compensation schemes (1) and (3) given \lB8.b for neodymium
incorporation into zirconolite can operate: eitherthe calcium site of the
structure with a charge compensation ensured bgiialum in titanium sites
(scheme (1): (NH,AI*") < (C&*Ti*"), or in both calcium and zirconium sites
simultaneously (scheme (3): (RINd®) = (C&*,Zr*"). FromFigure 71, it can
be inferred that below 4 wt% NOs; in parent glass, scheme (1) is probably
dominant. There are even more*Abns than N& ions in the crystals. A part of
Al** ions is likely to compensate the incorporationaofew Zf* ions in the
calcium site (ifTable XXVII it can be notice that there is more than orfé ibn
by zirconolite formula unit even for the compositivithout neodymium). For
higher N@Os content, aluminum cannot totally compensate tleeex of positive
charge due to neodymium in calcium site and a pafd®* ions is probably
incorporated following scheme (3).

The occurrence of N ions in the zirconium site of zirconolite crysté&sheme
(3)) was confirmed by optical absorption spectrpgcd-igure 72 shows two
examples of neodymium optical absorption spectraesponding to thélg, —
%Py, transition recorded at low temperature for thekbofl the glass-ceramics
prepared at £1200°C containing 4 and 10 wt% p@k. Glass-ceramic spectra
can be simulated with the help of three Gaussianpoments centered at 22950

cm?, 23125 crit and 23222 ci From the study of GaNdo 1ZrTi1.0Al 107 and
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Cay.9dNdp 1Zr0.95Ti20; zirconolite ceramics prepared by solid state reactthe
neodymium absorption lines at 22950 trand 23125 ci were respectively
attributed to the incorporation of neodymium in ttadcium and zirconium site of
zirconolite (see §IV.B.3.d.2). The broad absorptitine at 23222 ci
corresponds to Nidl ions remaining in the residual glass embeddingoniolite
crystals (contribution similar to the absorptioresipum of parent glass). If we
consider A(Zr) and A(Ca), the respective areas g bptical absorption
contributions due to the incorporation of Ndons in the zirconium and in the
calcium site of zirconolite crystals, the A(Zr)/AgCratio increases with NO;
concentration Figure 73). This figure shows that a small fraction of Ndbns
incorporates effectively in the zirconium site dfcenolite, likely following
scheme (3), and shows that the relative amountd3f Mns incorporated in the
zirconium site increases with neodymium contenpament glass, in agreement
with Figure 71

Table XXVIII and Figure 74 show that similarly to zirconolite in the bulk
(Figure 71), the titanite crystals formed near sample surfacthe crystallized
layer incorporate increasing neodymium amounts witiheasing NgD; amount
in parent glass. However, for titanite crystalsahmount of aluminum was always
sufficient to totally compensate the positive cleagxcess due to the Ridons
incorporated in calcium site.

In order to extend the previous studies, otherhiamides (Ce, Nd, Eu, Gd, Yb)
and a tetravalent actinide (Th) were introducedarent glass A to prepare glass-
ceramics. The results obtained are detailed in][Z& Th and all the rare earths,
zirconolite was the only crystalline phase nuclegtand growing in the bulk of
the glass after 2h thermal treatment at either A05& 1200°C. However, the
nature of the dopant has a strong effect on théeation rate 4 of zirconolite
crystals at 810°C:z(Nd)<Iz(Eu)<Iz(Gd)<lz(Ce)<k(Th)<Iz(Yb). EDX analysis of
the zirconolite crystals grown at 1200°C showed tha amount of lanthanide
progressively increases with decreasing'lion radius Figure 75). Moreover,at
least for the trivalent lanthanide cations smattean Cé&" ions, Lri* ions are
incorporated both into the Ca and Zr sites (follogvirespectively charge
compensation schemes (1) and (3)). Indeed, congpadtthe evolution of L#
and AP* ions concentrations iffigure 75 clearly shows that the difference

between these two amounts increases from neodyr@uytterbium. Except for
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the sample containing cerium, the concentrationAbf ions in zirconolite
crystals was not sufficient to compensate the pesitharge excess due to
incorporation of LA* ions following only scheme (1). A fraction of tions is
thus incorporated following scheme (3). The smatlex lanthanide size, the
higher the proportion of L} ions entering the Zf sites following scheme (3).
Concerning the thorium-doped glass-ceramic, it apgm that TH" ions were
preferentially incorporated into the calcium site agreement with Th-rich
zirconolite natural samples [193,194] following theorporation scheme (2) (see

8IV.B.3.b), but its concentration in the crystalemained relatively low
(Can.90Tho.0Zr1.04T11.77Al 0.2607).

IV.C.2.g. Zirconolite-based glass-ceramics and MAmobilization

In previous paragraphs it was shown that the bglsiss-ceramic composition
chosen for this study (glass A) was able to incalanthanides (from Ce to
Yb) and actinides (Th) with different cation radiithout changing the nature of
the crystals formed in the bulk. Moreover, it wassgble to replace totally or
partially Zr by Hf in the composition of the ziraglite crystals which could be
interesting for the immobilization of Pu-rich wastdn order to confirm the
ability of zirconolite-based glass-ceramic matrit@sncorporate Pi?>**Pu-doped
samples have been prepared and studied receniDebghanels et al. [268,269].
However, for technical reasons, their glass-cerasaimples were prepared by
controlled cooling from the melt. Nevertheless, teorsg Pu enrichment was
observed in the zirconolite crystals. All theseultssshow that zirconolite-based
glass-ceramic could accept wide waste compositasiatons.

Concerning the chemical durability of zirconolitased glass-ceramics, leaching
tests in aqueous solutions were conducted by CEAAMNSTO on glass-ceramic
samples containing either neodymium or cerium &sides surrogate [200,270].
It appeared that the initial dissolution rateof the glass-ceramics and of the
corresponding parent glasses were similar but \wererder of magnitude lower
than that of borosilicate nuclear glasses and taggasses. However, in static
alteration conditions at 90°C (see 8lll), the glasmamic alteration rate r(t)
dropped by four orders of magnitude and r(tjd.ei°.day’. This value is lower
than that of borosilicate glasses (r(t)2g0m®day") but higher than that of

zirconolite ceramic (r(t)<1fy.m?day") [200]. Moreover, the amount of altered
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material for zirconolite-based glass-ceramics was arders of magnitude lower
than that of nuclear borosilicate glasses but afigut one order of magnitude
higher than that of zirconolite ceramic. Moreowdartin et al. [271] showed that
the long term release of actinide surrogates wasrged mainly by the alteration
of the residual glass remaining between zirconaliisstals in the bulk of glass-
ceramics. In comparison with nuclear borosilical@sges, the higher chemical
durability of zirconolite-based glass-ceramics barexplained by the occurrence
of ZrO, and TiQ, the lack of boron and the very small amount digm in
residual glassTable XXIII ).

Concerning the stability of zirconolite in glassamics, it appeared that
zirconolite crystals were not thermodynamicallyb&an comparison with titanite
crystals. However, for kinetics reasons due torétatively high homogeneous
nucleation rate, zirconolite was the only crystelphase nucleating and growing
in the bulk. It is important to underline that chgidisposal, the temperature in the
bulk would never exceed 400°C even with 10 wt% MAN(isotopes, that would
be mainly responsible for the heating, represess lhan 5 wt% of all MA,
Figure 3). In this temperature range (T<400°C), zirconolt®uld remain
kinetically stable and no long-term evolution of tibothe structure and
microstructure of the glass-ceramics is expected TJ).

Even if the zirconolite crystals of the glass-cei@mmrepared from glass B at
T.=1200°C can incorporate 0.19 WNdions by zirconolite formula unit
(Cap.gNdo16Zr1.05Ti1.77Al0.1707), one of the main drawbacks of zirconolite-based
glass-ceramics is the high quantity of MA surroga&maining in residual glass.
EPR results showed that only 24 and 36 % of allndxedymium of glass B was
incorporated in the zirconolite phase fog=T200°C and 1050°C respectively.
However, by increasing Tixand ZrQ concentrations in glass B composition, we
showed that it was possible to incorporate neaB$o 4f all neodymium in the
zirconolite phase (57 % of all O3 still remaining in the residual glass of glass-
ceramics). Consequently, the main problem of theonbolite-based glass-
ceramics is that a great fraction of MA surroga®ains in the residual glass and

will not benefit from a double containment barrier.
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V. CONCLUSION

The rising demand for energy, the risks of looswmig and gas sources of
procurement are among the main reasons of currehtfiure nuclear energy
development that will lead to increasing amountsnatlear wastes. Even if
countries such as United States and Canada enviegg disposal of nuclear
spent fuel in deep geological formations withoytrogessing, other countries
reprocess it to extract Pu and U for reuse in nest. Nevertheless, reprocessing
generates highly radioactive liquid wastes (HLWiiteining fission products and
minor actinides that are immobilized today in bdrcste glassy matrices.

Minor actinides are long-livedx-emitting radionuclides that will be mainly
responsible for the potential radiotoxicity of glasaste forms after 2-3 hundred
years disposal. Moreover, several long-lived fissiwoducts such a$°Cs may
be very mobile in geological formation. To minimitiee potential long-term
impact on biosphere of these radionuclides, ingattns are currently in
progress in France on enhanced separation thegdilea radionuclides from
HLW followed by their transmutation or their immbbation in specific host
matrices more durable than current nuclear glasses.

Because of their amorphous structure, glass rentlagbest kind of conditioning
for the broad spectrum of radioactive and non-ractive elements occurring in
non-separated wastes. Nevertheless, new specifiglesi phase ceramic
(zirconates, titanates, phosphates) and glass-tenraaste forms more durable
than nuclear glasses are under study to immobitim@r actinides and long-lived
fission products. Ceramic waste form can be prepbyesintering using alkoxide
or oxide routes whereas glass-ceramics can be necpay controlled
crystallization from the glassy state or from theltm

The main conclusions that can be drawn from oudistuon ceramic and glass-
ceramic matrices developed for the conditioningGCsf (hollandite) and minor

actinides (zirconolite, zirconolite-based glassacac) are the following:

I. Among the different matrices envisaged to imninéi radioactive cesium,
(Ba,Cs,M)-hollandites (B&s/(M,Ti)gO16; x+y<2; M: trivalent cation) appeared
as the best candidates. Hollandite ceramics wexpaped using oxide route for
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different cations M of increasing size to evalutite effect of composition on

microstructure, structure and cesium incorporatido. reduce the risks of Cs

vaporization during synthesis, calcined powdersevsentered in air at moderate
temperature (1200°C). This oxide route appeareghaaternative to the alkoxide
route generally proposed to prepare hollandite evstn. For y = 0, single phase
Ba (M, Ti)gOsWere obtained only for § = AI**, CP* and F&". For Fé" and y#

0, all cesium was incorporated in hollandite andacgc samples were well

densified. The occurrence of ¥éons in site B of hollandite structure facilitated

1** and

Cs incorporation in tunnels. Mixed hollandite saesplvith M*=Ga>*+A
M3*=Fe**+AlI** were also synthesized but the best results wesenetl with iron.
Indeed, the ceramic without aluminum was the bestia terms of density and
cesium retention?’Al MQ-MAS-NMR of (Ba,Cs,Al)-hollandite showed that
aluminum ions were located in distorted octaheditds with at least three
different kinds of local environment in spite tha@stence of only one kind of site
B in the structure. These different environments due to different numbers of
barium and vacancies in the six next nearest positof Al. Using Mdssbauer
spectroscopy, only two different Feenvironments were detected for hollandite
samples with iron. The effect of external electnoadiation (simulating thés-
irradiation of radioactive cesium) on hollanditengdes followed by EPR showed
that the same kinds of ficenters (EE,) and Q (T,) centers were always
produced whatever hollandite composition, electesrergy and fluence. The
same paramagnetic defects;,(E,;, T,) were generated in hollandite after
irradiation but with significantly smaller conceations. Moreover, barium and
oxygen displacements were detected by SAD, MAS-NMIRI Mdssbauer
spectroscopy. A mechanism of formation of"Tand Q centers based on
electron-hole creation and displacement of barincth@ygen ions was proposed.
A maximum paramagnetic defect concentration of dhger of 16° cm® was
obtained with our irradiation conditions (simulaitne first 30 years of hollandite
waste form storage and corresponding to about 40#teodose that will receive
hollandite during disposal) which is relatively lowHowever, the total
concentration of defects can be higher if diamagrdstfects were also produced.
As at the beginning of storage, the temperatutberbulk of radioactive Cs waste
form will reach 300°C (5 wt% G), the stability with temperature of
paramagnetic centers was studied. It appearedthé and T signals vanished
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at 150, 300 and 350°C respectively and the formationew signals £and G
was observed. These two signals were assignedctaspe to titanyl TE* ions
located at the surface of the crystals and probelbisters of @ centers formed
by migration in the bulk of the crystals. Therefate300°C all the defects would
not be annealed and the formation of secondaryctiefds and G) clearly
indicated that a part of the electrons and holegegded during irradiation were
separated after annealing. However, because af sh&ll concentrations, these
defects will have probably no negative effect oe tbng term behavior of
hollandite during disposal. However, it must be entided that all these external
irradiation experiments were performed with electenergy higher than 0.5 MeV
which probably conducts to an overestimation ofstia collisions (Ba
displacements). Moreover, to compare our resuwiish (irradiation at room
temperature + annealing) with real conditions & Heginning of disposal, it
would be interesting to perform directly electramadiation of hollandite at
300°C. Nevertheless, chemical durability testsdatid that electron irradiation

did not significantly affect the capacity of holthite to retain cesium.

ii. Among the different single phase ceramic mafsicproposed for MA
immobilization, zirconolite appeared as one of ti@st candidate because of its
ability to accept both trivalent and tetravalent Mirrogates, its excellent
chemical durability and self-radiation resistanegigtence of very old natural
analogues). Moreover, this phase can be prepasly eaing either alkoxide or
oxide routes. Using oxide route, we showed that8e,ZrTi,«AlO; zirconolite
samples were almost single phase far @.6 (zirconolite-2M polytype). Nd was
used to simulate trivalent MA. Rietveld refinemehtXRD patterns indicated that
Al** ions were preferentially incorporated in Ti(2)es{simultaneously with Nd
ions in Ca site). This result can be easily undextbecause Ti(2) sites constitute
the closest cationic sites to Ca ones. So, Ti(2upation by A" ions could be
energetically favored, because it would ensure reffreiently the compensation
charge necessary to the incorporation of Ndns into Ca sites. For x > 0.6, the
formation of a new polytype (30) of zirconolite wabserved. In spite of the
existence of only one Ca site in zirconolite-2Musture, the study of EPR and
optical absorption spectra of Ridons in samples for x < 0.6 demonstrated that at
least three slightly different environments of ngodim in Ca site were
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observed. These different environments of neodymimene probably due to
differences concerning their second neighbors.dddstructural data obtained by
Rietveld refinement showed that the®Xlibns located in the Ca site had two Ti(2)
splitted sites in their next nearest neighbourhcodesponding to four Ti(2)
positions that are statistically occupied by Tor AI** ions (50 %) and vacancies
(50 %). Consequently, it appeared that the enviemtrof neodymium ions in the
calcium site can vary from one site to another wrdould explain the different
environments detected by EPR and optical absorgmectroscopy. Study by
GIXAFS of CagNdy2ZrTi; gAlg20; zirconolite samples externally irradiated at
different doses by Bbions simulating heavy recoil nuclei showed that Wak
eight-fold coordinated by oxygen anions in all amples, irrespective of their
irradiation dose. Moreover these oxygen anions yveecurred at the same mean
distance as in non irradiated zirconolite. Thus,ltdtal order around Nd was kept
despite the amorphization of zirconolite structu@nly a broadening of the
distribution of Nd-O distances occurred with theadiation dose. The medium
range order around Nd was much more sensitiveddrthdiation dose. Above
the critical dose of amorphization, no second sbetfitribution was detectable.
This phenomenon could be attributed to an increésiee distribution of Nd-O-M

(M=Ti,Al) angles between polyhedra caused by im#tdn.

iii. Zirconolite-based glass-ceramics prepared kygtallization of parent glasses
belonging to the Si®AI,03;-CaO-TiG-ZrO,-Nd,O3; system were studied as
potential waste form for the specific immobilizati@f MA. Trivalent minor
actinides were mainly simulated by neodymium. Stnad study of parent glasses
showed that contrary to Ndions, Zf* and Tf* ions occupied very similar sites
in glass and in zirconolite which could predispgseent glass to zirconolite
nucleation. Different methods were tested to premgass-ceramics but the most
efficient one consisted in a two-step heat treatroéglass samples (nucleation at
Tn + crystal growth at J rather than controlled cooling of the melt. Ipapred
that different crystalline phases formed in thekbaihd on the surface of glass
samples. After internal nucleation and crystal glgwirconolite was formed for
T. = 1000°C whereas a fluorite-type phase — correspgntli a highly cationic
disordered zirconolite — grew for.T< 1000°C. At the same time, the
crystallization of silicate phases (anorthite aitdnite) after surface nucleation
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and crystal growth towards the bulk was observetifamed a crystallized layer.
For 1000< T < 1200°C zirconolite was the only crystalline ph&sened in the
bulk, whereas crystallization of Zg@ccurred for T> 1200°C at the expense of
zirconolite. Consequently, the following nucleatiand crystallization sequence
was proposed with increasing temperature: glagsomogeneous nucleation of a
fluorite-type phase (760& T < 830°C) - crystal growth of the fluorite-type
phase (T < 1000°C)> transformation of the fluorite-type phase intccaimolite
(T = 1000°C). Moreover, a decrease of disorder in tba,4r) planes of the
zirconolite structure was observed with increaslgParent glass composition
changes showed that when 73jOZrO, and CaO amounts increased, the
zirconolite nucleation rate, the amount of zircateain the glass-ceramics and the
percentage of Nd ions incorporated in the zirconolite phase alscréased.
However, the composition of the zirconolite crystaémained almost constant
(Cao gaNdo 19Zr1.05Ti1.77Al 0.1707, T=1200°C). EDX results showed that Ndons
entered preferentially into the calcium site otaimolite crystals rather than in the
zirconium site as confirmed by spectroscopic ssidighe charge compensation
was ensured by the simultaneous incorporation 8t #lns in titanium sites.
Thus, for T=1200°C, nearly 20% of the Ca site of zirconolitgstals were
occupied by Nd. The study of the stability of zmotite crystals in the
undercooled melt showed that in the system stuidiedis work, zirconolite was
not thermodynamically stable in comparison witlarite. However, for kinetics
reasons zirconolite was the only crystalline pttasé crystallized in the bulk. It is
important to underline that during the disposailvaliste forms envisaged for MA
immobilization, the temperature in the bulk woulevar exceed 400°C even with
10 wt% MA. In these conditions zirconolite wouldnain kinetically stable and
no long-term evolution of both the structure andccnostructure of the glass-
ceramics are expected (T g)TThe study of crystallization of parent glasseihw
other rare earths or with thorium showed that ziative (2M-polytype) remained
the only crystalline phase that formed in the hofllglass-ceramics for 1000°€

T. < 1200°C. This result showed that the basic parsisgcomposition was very
flexible against the fluctuations of waste compositvithout changing the nature
of the crystalsNeverthelessthe charge and the ionic radius of the rare earth
influenced the nucleation rate of zirconolite. Hee®e the main problem of the

zirconolite-based glass-ceramics studied in thiskweas that a great part of MA
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surrogates remained in the residual glass. Indeedll the Nd-doped samples
studied in our work, more than 50 % of Nd was mabrporated in zirconolite
crystals even if TiQ and ZrQ contents were increased in parent glass.
Consequently, the percentage of neodymium incotpdran zirconolite crystals
remained too small to make realistic the use ofsunaterials for the conditioning

of actinides in comparison with more durable butkanolite ceramic.
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Radionuclides | Half-life (years)
Short half-life FP (< 30 years)
*Sr 28
Bics 30
Long half-life FP(> 30 years)

“se 70000
937y 1.5 16
“Tc 2.116
07pg 6.5 18
12t 10

129 1.57 10
Bcs 216
1Igm 93

MA

“'Np 2.14 10
HAm 432.7
22Am 7370
2%Cm 18.1
2“Cm 8500
2Cm 4760

Table 1. Half-life of several isotopes of minor actinideslA) and
fission products (FP) occurring in HLW solutionsaeered after spent
fuel reprocessing [5]. FP afeemitters and MA are mainlg-emitters.
Most of these radionuclides are ajsemitters.

126



. . Mobility in logical
Radionuclide Obeni//iror?r?]c;g? ca
37r -
*Tc +
129 ++
13Cs ++
U -
Np -
Pu -
Am --
Cm -
Table I1l. Qualitative comparison of the mobility in geolodica

environment of the main long-lived radionuclidezwating in HLW
(+: high, ++: very high, -: low, --: very low) [26]
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Chemical family weight (kg/U)
Rare gas (Kr, Xe) 5.6
Alkalis (Cs, Rb) 3
Alkaline earths (Sr, Ba) 2.4
Rare earths 10.2
Transition metals (Mo, Zr, T¢ 7.7
Chalcogens (Se, Te) 0.5
Halogens (I, Br) 0.2
Noble metals (Ru, Rh, Pd) 3.9
Others (Ag, Cd, Sn, Sb...) 0.1

Table Ill. Main families of fission products occurring in neat spent
fuels [12]. The values presented in this tableespond to that of UD
spent fuel enriched with 3.5%°U (burn-up 33 GWday’t 3 years
after discharge) given in kg by ton of U beforerbng. It can be
underline that rare earths (Y + lanthanides) ctutstithe most
abundant family of fission products (in wt%).
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Fission products (g.t'U) Actinides (g.t'U)
SeQ 77.04 uQ 192.90
Rb,O 385.06 Np@ 473.30
SrO 988.24 Pu® 7.10
Y03 587.15 AmQ 363.94
ZrO; 4870.98 Cm@ 28.71
MoO3 5017.74 Additional elements and
TcO, 1091.11 | corrosion products (g.t'U)
RuG; 2846.43 NgO 13499.56

Rh 488.30 F€O3 8580.60
Pd 1245.40 NiO 1221.70
Ag.0O 82.35 C303 1490.73
CdO 89.03 BOs 835.96
In,O3 1.80 ZrQ 1350.90
SnG 64.99
Sh0O; 12.57
TeG, 591.99
CsO 2804.76
BaO 1750.69
La,O3 1417.92
Ce03 2747.58
Pr,Os 1300.20
Nd,Os 4672.37
PmyO3 79.62
SmO3 923.30
Ew03 151.80
Gd03 87.74
ThyO3 2.16
Dy203 1.04

Table 1IV. Composition of the HLW solution recovered aftee th
reprocessing of UOX1 spent fuel (Y@ith 3.5% **U, burn up 33
GWday.t in PWR, 4 years after discharge) by the Purexqe®§28].
Reprocessing was performed 3 years after spent do&ading.
Concentrations are given in g/ton of U in fuel wefburning. It can be
notice that only very small fractions of U and Ramain in HLW
solution.
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Fission products (g.t'U) Actinides (g.t*U)
SeQ 136 uQ 188.7
Rb,O 672.3 NpQ@ 1038
SrO 1639 Pu®@ 14.41
Y03 1015 AmQ 892.3
ZrO; 8645 CmQ 150.7
MoO3 8993 Additional elements and
TcO, 1860 corrosion products (g.t'U)
RuG, 5323 NaO 15116.9

Rh 739.8 FgO3 8590.60
Pd 2667 NiO 1221.70
Ag.0O 138.6 Cs03 1490.73
Cdo 215.9 BOs 1519.93
In,03 2.44 ZrQ 1350.90
SnG 123.6
ShO; 20.51
TeO, 1083
Cs0 4837
BaO 3543
Lay,0O3 2523
Ce03 4921
Pr,O3 2309
Nd,Os 8429
PmOs 53.06
SmyO3 1583
EwO3 318.5
Gd,03 329.6
Th,O3 4.17
Dy203 2.4

Table V. Composition obtained by simulation of the HLW dmo
that would be recovered after the reprocessing ©X8 spent fuel
(UO, with 4.9%%*%U, burn up 60 GWday’t 6 years after discharge)
by the Purex process [11]. Concentrations are ginegiton of U in
fuel before burning.
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Fuel UOX1 UOX3
U 3.5% 4.9 %
Burn-up 33 GWday/t 60 GWday/t
Time in reactor 3 years ~ 5 years
Reprocessing after 3 years 5 years
Vitrification after 4 years 6 years
c i U (955 KQ) U (924 Kg)
omposition Pu (10 Kg) Pu (13 Kg)
of spent fuel
. MA (0.6 Kg) MA (1.8 KQ)
before reprocessing
FP (34 KQ) FP (61 KQ)

Table VI. Comparison of UOX1 and UOX3 spent fuels. The
composition of UOX3 spent fuel was obtained by dation [11].
(MA: minor actinides, FP: fission products)
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Oxides | wt%
Glass frit introduced with the calcine
SiG, 45.1:
Al,O3 4.92
B,O4 13.92
Na,O 10.0¢
CaO 4.01
Li,O 1.9¢
ZnO 2.49
ZrO, 1.01
Fission products
ZrO, 1.7¢C
SrO 0.34
Y505 0.20
MoO; 1.75
TcO, 0.38
Ag,O 0.03
Cdo 0.03
SnG, 0.02
SeQ 0.03
TeO, 0.20
Rb,O 0.13
Cs,0 0.97
BaO 0.61
Ce,05 0.9t
Pr,O; 0.45
Nd,O5 1.6
La,O5 0.49
PmO; 0.03
Sm0O; 0.32
Ew,03 0.05
Gd,0q 0.03
RuG, 0.99
Rh,O; 0.17
Pc 0.4<
Additional and corrosion products
Fe, O3 2.9¢
NiO 0.42
Cr,05 0.52
POy 0.2¢
Actinides
uo, 0.0€
NpO, 0.17
PuG 0.002¢
AmO, 0.13
CmO, 0.01

Table VII. Composition of the R7T7 glass produced at La ldagu
(AVH process) for the immobilization of HLW solutie recovered
after reprocessing of UOX1 spent fuel [48].
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Name of Nominal wit% in Examples of waste
the phase composition | Synroc incorporated
hollandite Ba (Al Ti) gO16 30 Cs, Rb, Ba
zirconolite CazZrTio, 30 Ln, MA, U
perovskite CaTiQ 20 Ln, MA, U, Sr
titanium oxide| Ti,Ozn1 (n=0) 15 -
intermetallic Ti + other alloys 5 Ru, Pd, Rh, Te, Mo, Tda
alloys

TableVIIl. Nominal composition of the phases occurring in the
Synroc-C ceramic waste form. The global compositbrSynroc-C
with HLW as proposed by Ringwood et al.[50] was %t TiO,
(57.0), ZrQ (5.4), ALO; (4.3), BaO (4.4), CaO (8.9), HLW (20).
Examples of waste incorporated in the differentgelsaare given.
Several elements such as Lnh and MA may enter heostructure of
different phases (zirconolite, perovskite). (Lmtlzanides, MA: minor
actinides). % because of the reducing conditions during Synroc
preparation and adding of Ti metal to the precursotture before
sintering, intermetallic alloys formed that may tan noble metals
and chalcogens from waste [70].
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Radionuclides| Ceramic Composition

lodine (**) | iodoapatite PR(VOL)ae(PO1 4>

Cesium °°Cs)| hollandite | BaCgoe(Feyg:Al1.4¢)Tis.7-O16
3 .

zirconolite | (CaxMA ) Zr(TizsAlx) Oy

(Ca,MA, ) Zr(Tiz 2,Al ) Oy
britholite | Caig.MA >, (POy)6x(SiOs)yF-

Mi . + )
actm%res (apatite) | CaoMA*(POy)s (SO
(Np, Am, Cm) pm:ﬁte
- ”
diphOSphate Th4—XMA X(PO4)2P207
(TDP)
Ceramic Synthesis / Remarks Ref.
Composite material with
- - Pls(VO4)1.6(PO)o.4
lodoapatite Prepared by hot pressing [19]
(580°C, 25MPa)
hollandite Prepared by natural [18,79]
sintering (1250°C) ’
. . Prepared by natural
zirconolite sintering (1450°C) [19,18,80]
britholite Prepared by natural [19,23]
(apatite) sintering (1475°C) '
Prepared by natural
sintering (1250°C).
thorium phosphatel For Npg"*immobilization. [23,81]
diphosphate (TDP Can be associated with ’
monazite for immobilization
of both MA** and MA"

Table IX. Examples of ceramic waste forms developed for the
immobilization of long-lived radionuclides?l, 1*Cs, MA). Possible
incorporation schemes of tri- and tetravalent MA deramics and
preparation methods are indicated.
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Thermal

Cesium Half-life Activity

isotope | (y:years, d:days (Bq/g) (W/gpgf\’\é eersium)
13%¢cs stable - 0
¥Cs 2.06y 4.8 16 13.18
1¥cs 2.3.10y 4.3 10 3.85.10'
1¥Cs 13d 2.8 169 -
Y¥cs 30.03y 3.2 16 0.417

Table X. Radioactive and thermal characteristics of thénnsasium
isotopes occurring in nuclear spent fuel [120].
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Isotopes UOX2 UOX3

g/t % gt %
133cs | 149010 | 423 | 1.8891d| 415
1%cs | 480810 1.4 | 5.2041b| 1.1
1%Cs | 491610| 14.0 | 6.80210| 14.9

Bics 1.500 19| 426 | 1.93310| 42.4

Totality | 3.51916 | 100 | 4.55418 | 100

Table XI. Proportions of cesium isotopes in two differenhdd of
nuclear spent fuel: UOX2 (UQwith 3.7%%°U, burn up 45GWij/t, 4
years after discharge), UOX3 (U@ith 4.5%%*°U, burn up 60GWijft,
5 years after discharge) [121]. The period of 4e&rg after discharge
corresponds to the time during which the nucleansfpuel is cooled
before reprocessing. (g/t: g of Cs per U ton il hefore burning).
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Cation| A** | cr®* | Ga® | Fe* | Ti®* | s | Ti* | B&" | Cs

r(A) | 0.535| 0.615| 0.620| 0.645| 0.670| 0.745| 0.605| 1.42 | 1.74

rs (R) | 0.585| 0.608| 0.609| 0.616| 0.624| 0.645| - -

Table XI 1. lonic radius of trivalent cations M (&], CF*, G&", Fe*,
Ti®*, S& in six-fold coordination (octahedral site B inllandite)
and of cations Bd and C$ in eight-fold coordination (site A in
hollandite) [144]. g is the average radius of cations in site B of
Bay 1dM>*.35Ti5.69O16 hollandite samples.
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Nominal composition EPMA composition a(d) | c(h) \Y;
Bay 16Al2.32Ti566016 Bay 16Al2 32115671016 9.968 | 2.923 290.4
Bay 16Cr2.32Ti568016 Bay 16Cr2 291157016 10.054| 2.952| 298.4
Ba; 16Gas 32Ti564016 Bay 16Ga 30T 566016 10.051| 2.957| 298.8
Bay 1d~€.32Ti564016 Bay 13211570016 10.103| 2.971| 303.2
Ba; 11Cs0.10Al2.32Ti 566016 | Baw.17CS.05Al 2.30T 15671016 | 9.972 | 2.923 290.7
Bay 04CS0.24Cr 2.35Ti5668016 | Ban.0dCS.11Cr2.10T1586016 | 10.069| 2.951| 299.3
Bay 04Cs0.24Gar 32Ti5648016 | Baw.15C9.15G @ 45Ti558016 | 10.065| 2.963| 300.1
Bay.04Cs0.24F€2.32Ti566016 | Baw 0sCS026F€2.28T15 70016 | 10.122]2.972| 304.5

Table X1l .

Cell parameters of

(M3*=A1% cr* Ga" Feh and
(M3*=Cr*,G&" Fe") ceramics prepared by oxide route (Figure 7).
andc parameters were obtained after refinement of XRBepns in
the 14/m space group (tetragonal structure). Vi ww@ume in A, The
composition of hollandite samples was determined ByMA
(Electron Probe Microanalysis).
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.S Q.S. r R

Sample | sites | vy | (mmis) | (mmis) | (%)

Before 1 0.493 0.884 0.25 63
irradiation 2 0.494 0.56 0.19 37
After 1 0.490 0.76 0.23 77
irradiation |2 0.492 0.55 0.12 19
3 0.36 1.21 0.23 4

Table XIV. Hyperfine parameters extracted from the least+sgutits

of the °’Fe transmission Mossbauer spectra (Figure 23) of
Bay1d-e.32Ti564016 hollandite before and after electron irradiation
(1.5 MeV, F=5.8.18 cm?). Isomer shift (1.S.), quadrupole splitting
(Q.S.), full width at half maximum{ and fraction (R) of the different
sites (1, 2 and 3).
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Signals o (8B)) g, (8B, g (8B
T 2.0038 (1.2) | 2.009 (0.8) | 2.035 (0.9)
(3 components)| 20038 (1.2) | 2009 (0.8) | 2.026 (0.9)
2.0038 (1.2) | 2.009 (0.8) | 2.018(0.9)
E. 1.953 (3) 1.972 (3) 1.981 (1.5)
E, 1.885 (5.4) 1.912 (5.8) 1.966 (1.7

Table XV. g-factors (g, g, and g components) and corresponding
half-maximum AB, mT between parenthesis)
the simulation of the three signBlsE; and E

half-width  at
determined by

detected in BgugAl232Tis6d016 hollandite after electron irradiation.
For B and k& centers, spectra simulations are shawfigure 31.
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MA Half-life Quantity % Thermal power
(years) (kaly) (Wig)

“'Np 2.14 106 489 100 2.08 10

2Am 432 63.2

2437 7370 540 36.6 0.074

“Cm 18 91.3

#“Cm 8500 70 6.2 2.62

#%Cm 4760 1.4

Total - 1099 - -

Table XVI. Physicalcharacteristics (half-life, thermal power due to
radioactive decay) and concentrations of MA in UO3zent fuel
(UO, with 3.7%%**U, burn up 45 GWday?) after discharge [32].
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lonic radius 7-fold 8-fold
(A) coordination | coordination
ca’ 1.06 1.12
zr* 0.78 0.84
Hf** 0.76 0.83
La®* 1.10 1.160
ce” 1.07 1.143
Nd** - 1.109
EU*” 1.01 1.066
Gd** 1.00 1.053
Y3 0.96 1.019
Yb® 0.925 0.985
ce - 0.97
Th* - 1.05
u* 0.95 1.00
Np** - 0.98
Pu+ - 0.96
Am** - 1.09

Table XVII . Comparison of the ionic radii of different lantide and
actinide cations (in 7- and in 8-fold coordinatiot)at can be
incorporated into zirconolite-2M, with the ionicdiaof C&* (1.12 A
in 8-fold coordination), Zf" and Hf* (respectively 0.78 A and 0.76 A
in 7-fold coordination) [144].
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a(d) | b(A | cA |B(degrees) V (A% Phase8
0 |12.4436 7.2742| 11.3813 100.554 | 1012.8
0.1 | 12.4529 7.2707 | 11.3709| 100.609 | 1011.9 Zirconolite-2M
0.2 | 12.4689 7.2697 | 11.3589 100.654 | 1011.9 (Mmainphase)
+
0.3 | 12.4876 7.2721|11.3495 100.723 | 1012.7
traces of
0.4 | 12.5018 7.2712|11.3328| 100.768 | 1012.0 .
perovskite and
0.5 | 12.525| 7.2746 | 11.3235 100.835 | 10134 (7 Tj)o,
0.6 | 12.554| 7.2777| 11.318 100.874 | 1015.4
0.1 | 12.465| 7.280| 11.387 100.554  101%.%ame phas8s
Table XVIII . Lattice parameters (a,l3¢, and cell volume V of

zirconolite-2M obtained by XRD for GaNd«ZrTi»AlO; ceramics

(x < 0.6).% phases identified by XRD, SEM and EDX. The last lof
the table corresponds to the g@@Ndo 10Zr0.95Ti1207 ceramic without
aluminum.” the same phases were detected for this samptefeha
CaxNdZrTi,AlO7; ceramics but the quantity of perovskite was
higher for the sample without aluminum.
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Site Occupancy X y z
Ca 0.7Ca + 0.296(7) Nd | 0.3742(3)| 0.1239(7) 0.4952(3)
+ 0.004(7)Zr
Zr | 0.956(7)Zr + 0.004(7) Nd 0.1217(3)| 0.1209(4) -0.0270(2)
+ 0.04(1)Ti
Ti(1) | 0.975(4)Ti + 0.025(4)Zr| 0.2500(6) 0.117(1) 0.7472(5
Ti(2) 0.2Ti + 0.3Al 0.468(1)| 0.073(2 0.255(2
Ti(3) | 0.970(8)Ti + 0.030(8)Zr 0 0.134(1 0.25
0o(1) 1 0.313(1) | 0.112(2)] 0.293(1
0(2) 1 0.472(1) | 0.158(2)] 0.104(1
0(3) 1 0.216(1) | 0.085(2)] 0.579(1
0(4) 1 0.400(1) | 0.169(2)] 0.712(1
0(5) 1 0.706(1) | 0.168(2)] 0.589(1
0(6) 1 -0.000(1)| 0.138(2)) 0.416(1
o(7) 1 0.121(1) | 0.042(2)] 0.801(1

Table XIX. Results of the structural refinement of the XRadt@rn of
Cay /Ndy 3ZrTiy /Al 307 (Figure 41) giving the position (X,y,z) and the
occupancy of the different sites of the zirconeflitd structure (Figure

36).
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Ca Zr Ti(1) Ti(2) Ti(3)

O(1) 2.278| O(7) 2032 O() 1.870 O(2) 1.744 O(6) 1.889
O(3) 2.363| O(2) 2.086 O(1) 1.877 O(2) 1.823 O(6) 1.889
O(2) 2.415| O@3) 2128 O(3) 1.897 O(4) 1.979 O(4) 1.898
O(6) 2.425| O®6) 2151 O(7) 1.900 O(1) 2.079 O(4) 1.898
O(4) 2.446| O(5) 2.170 O(@4) 2.016 O(4) 2.395 O(7) 1.984
O() 2.465| O(5) 2.406 O(1) 2.14p O(7) 1.984
O(3) 2.472| O(6) 2.426

0(2) 2.482

D 2431 2.200 1.952 2.004 1.924

Table XX. Bond distances (in A) determined from the Riatvel
structural refinement of GaNdy3ZrTi;7Alo307. For each site, the
mean distance D cation-oxygen is indicated in #is¢ line of the table.
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Sample irradiation dose Non irradiated | 16* Pb** ions/cnf
Coordination numbef 8.0+ 0.6 8.6+ 1.3
First shell Mean distance 2.45+0.01 2.45: 0.01
(oxygen)
o® (A% 0.007+ 0.001 0.012- 0.003
Second Coordination numbeyf 3.1+1.1 3.3t 24
shell Mean distance 3.47+0.01 3.48t 0.02
(titanium) o (RY 0.004+ 0.003 0.00% 0.008
Sample irradiation dose 2.18 Pb*" ions/cnt | 10'° Pb*" ions/cnt
Coordination numbe 8.0£0.7 8.3+1.1
First shell -
(oxygen) Mean distance 2.45+0.01 2.46+0.01
o° (A? 0.011+ 0.002 0.018 0.003
Second Coordination numbe 49+2.2 nd
shell Mean distance 3.49+ 0.02 nd
(titanium) 6% (R?) 0.017+ 0.007 nd

Table XXI. Results of GIXAFS study of neodymium in native and
irradiated (by PB ions) CagNdoZrTiigAlg-O; zirconolite samples
giving the coordination numbers, mean distances Reblye-Waller

factorso for the two first shells around Nd. nd: no deteradin
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Ceramic samples a(d)| b@A)] cA)|B(degrees] V (A%

CaHfTi 0Oy 12.422| 7.268| 11.35]7 100.542 1008.1
CazrTi 0y 12.443| 7.274| 11.381 100.554 | 1012.8
CapeNdoHITi 1 cAlg ;07 | 12.450| 7.263] 11.345 100.655 1008.3
CapeNdoZrTi 1 6Alo 07 | 12.468| 7.269] 11.358 100.654 | 1011.9

Table XXII . Lattice parameters (a,l3¢,and cell volume V obtained
by XRD for Hf- and Zr-zirconolite ceramics.
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SIOZ Al 03| CaO TIOz ZrO, Nd203 Na,O
Glass A wt% | 43.16| 12.71| 20.88| 13.25| 9.00 | 0.00 | 1.00

mol. %| 48.84| 8.48 | 25.33| 11.28| 4.97 | 0.00 | 1.10
wt % | 40.57| 11.95| 19.63| 12.45| 8.46 | 6.00 | 0.94
mol % | 48.23| 8.37 | 25.01| 11.14| 490 | 1.27 | 1.08

Glass B

Table XXIIl. Composition in wt% and mol% of parent glasses A and
B (respectively without and with Nd as MA surrogatsed for the
preparation of zirconolite-based glass-ceramics.
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thormal reatment | SUtace Bulk
2 h 1050°C S+A Z
20 h 1050°C S+A+W Z+ A+ W+
300 h 1050°C S+tA+W+C Z+A+W+S+C+l
2 h 1200°C S+A+B Z
20 h 1200°C S+A+B S+A+B+Z

Table XXIV. Crystalline phases formed in the bulk and near the
surface of glass B at F1050°C and 1200°C using the method
described Figure 49 for different durations. Themgles were
previously annealed and nucleated at 810°C foi(2hzirconolite, S:
titanite, A: anorthite, W: wollastonite, C:cristdiba, B: baddeleyite, I
Nd-rich phase (probably @sdg(SiO4)¢O, apatite).? for this thermal
treatment the amount of zirconolite in the bullostgly decreased in
comparison with the other treatments presentelddnable.
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SIOZ Al 503 CaO TIOZ Zro, Nd203 Na,O
Vﬁgﬁshigjo 36.07 | 10.62 | 19.18| 15.98 | 11.31| 6.00 | 0.84
mfl o | 4383| 7.61 | 24.97| 1461 | 670 | 1.30 | 0.98
foe'f‘shsta) 3247| 956 | 18.82| 18.81 | 1359| 6.00 | 0.75
mogl oo | 40.17| 6.97 | 24.94| 17.50 | 820 | 1.32 | 0.90

Table XXV. Composition of parent glasses C and D.
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Glass SIQ Aleg CaO TIOZ ZrO - HfOz Ln,O3| Na,O

Glass B 48.22| 8.37 | 25.0111.14| 4.90 0 1.27| 1.08
Glass B(Hf0) | 48.23| 8.37 | 25.0011.14| O 491 1.27| 1.08
Glass B(Hf0.5) 48.23| 8.37 | 25.0011.14| 2.45| 245 1.27| 1.08
Glass B(All) | 46.81| 11.00 | 24.2710.81| 4.76 0 1.29| 1.05
Glass B(Al2) | 49.73] 5.57 | 25.7811.48| 5.06 0 125 111

Table XXVI. Composition of parent glasses B, B(Hf0), B(Hf0),
B(Al1) and B(AI2) (mol%).
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Nd204 zirconolite composition v
(Wt%%) b (10%cm?)

0% Ca.97Zr1.07Ti1.90Al0.0607 1010.6
0.5% | Cap.9Ndo.025Zr1.06Ti1.80Al0.07607 | 1011.5
1% Cay.9dNdo.0sZr1.06T11.87Al 00007 1011.7
2 % Ca.91Ndo.08Zr1.05T11.86Al 0.1007 1013.0
4 % Cap.sMNdo.132r1.05T11.82A1 01307 1015.0
6 % Cap gNdo.16Zr1.05T11.77Al 0.1707 1016.5
8 % Cap.gdNdo.23Zr1.05T11.75Al 01707 1016.3
10 % Cay.7Ndo.26Zr1.04T11.79Al 02007 1018.9

Table XXVII . Composition (determined by EDX) of the zircotmli
crystals formed in the bulk of glass-ceramics witbreasing NgOs
content in parent glass. V: cell volume determibgXRD.
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Nd,O3 (Wt%) Titanite composition
0% Ca.99Ti0.78Z10.23Al 0.02Si0.9605
1% Ca.9Ndo.025Ti0.77Z0.215Al 0.04S10.90605
2% Ca.99Ndo 045Ti0.765£10.22Al 0.06S10.970s5
6 % Ca.8dNdo.11Ti0.69Zr0.22Al 0.11S0.9§05
10 % Ca.8dNdo.16Ti0.67Zr0.21Al 0.16S10.90605

Table XXVIII . Composition (determined by EDX) of the titanite
crystals formed near the surface of glass-ceramitis increasing
Nd,O3 content in parent glass&1200°C, 2h).
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Figure 1. Evolution of the potential radiotoxicity (expressin Sv/ton of initial
uranium metal) over time of: (a) UOX1 spent fuelOdUenriched with 3.5 % of
235U, removed from the reactor at a burn up of 33 GAymn (i.e. 3 years in
reactor) and cooled for 3 years), (b) UOX3 speset (WO, enriched with 4.9 %
of U, removed from the reactor at a burn up of 60 GM/fn (i.e. 5 years in
reactor) and cooled for 5 years). The compositibnrU®X3 spent fuel and
radiotoxicity curves were obtained by simulatiod][1lt can be noticed that after
about 50 years, Pu is the largest contributor éor#diotoxic inventory in spent
fuels. The contribution of MA is about 10 timesdefan that of Pu but 1000
times greater than that of FP after several ceegufihe potential radiotoxicity of
the initial > enriched uranium oxide fuels UOX1 and UOX3 is who
(horizontal lines) in (a) and (b) and the intergetipoint with the radiotoxicity
curve of MA occurring in spent fuels is indicatétdappears that the time needed
for MA to reach a radiotoxicity level equivalentttee one of the initial UO2 fuel
(vertical lines) increases from about 2000 yearsU@®X1 to more than 10 000
years for UOX3. For non reprocessed spent fuetsrdtdiotoxicity drops back to
the one of initial fuels only after more than 2@D0/ears. (MA: minor actinides;
FP: fission products).

Figure 2. Enhanced reprocessing of HLW and specific imnizdtilon or
transmutation of separated long-lived radionuclides

Figure 3. Evolution of the composition of UCfuel composition (wt%) after 3
years in PWR reactor [33]. The relative proporti@isVIA (Np, Am, Cm) are
also given. (UOX1 fuel enriched with 3.5%U, discharged at 33 GW.day/tU).

Figure 4. Schematic illustration of immobilization of wasteg dissolution (a) or
by encapsulation (b) in a glassy matrix. The pplecis similar for single phase or
multiphase ceramics.

Figure 5. Back-scattered electron image of an inactive iwar®of the glass
composite waste form for the immobilization of HL¥8lutions of reprocessed
UMo spent fuel. The formation process of the wipitases (either crystalline or
glassy) during cooling of the melt is complex aseveh by Cousi et al. [272,273]
and consists in a glass-in-glass phase separatitowéd by crystallization of
molybdate and phosphate phases. The black consnpbase in the image
corresponds to residual glass depleted in Mo. (Rdby E. Fadel and D. Caurant
(CNRS) on an inactive sample given by O. Pinet (DEA

Figure 6. Principle of the two-step AVH vitrification prose (calcination-
evaporation + melting) used to immobilize HLW saus.

Figure 7. Samples of glass frit (F), inactive calcine (Cyl amactive nuclear glass
(G) occurring at different stages of the AVH pradBSigure 6). The nuclear
glass (G) is black because of the high amountslerhents absorbing in the
visible range (transition metals, lanthanides) tbeturred in its composition
(Table VII). The glass frit is uncoloured (its compositioralso given inTable
VIl).
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Figure 8. Schematic representation of the structure of amimoborosilicate
glass containing sodium, calcium and neodymium dgeoum is the most
abundant lanthanide in HLW wastes (Table 1V) and akso be considered as
trivalent MA surrogate). In this figure are showsiO, tetrahedra, [AlIGQ]" and
[BO,4] tetrahedral units that can be charge compensatétibor C&* ions; BQ
triangles; Nd* ions with only a part of its O (bridging and norielging)
neighbors. Nd was shown to occur in 8-fold coortlamaby EXAFS [10,52] and
Na" or C&" ions act as charge compensators near non-bridgiygen. Examples
of both bridging oxygen (BO) and non bridging oxyg®&BO) are shown. From
spectroscopic resulfs2], it was shown that if the amounts of sodiund aalcium
were sufficiently high, N¥ ions were preferentially located in NBO-rich retgo
of the aluminoborosilicate network (depolymerizestjions,DR in the figure)
separated by BO-rich regions (polymerized regi®in the figure). The dotted
lines separatdR and PR regions. This scheme shows that this glass is not
homogeneous at nanometric scale.

Figure 9. B MAS-NMR (Magic Angle Spinning- Nuclear Magneti@onance)
signals of glasses containing increasing amountarshanide (LgOs): 0, 16 and
30 wt%. To facilitate comparison, intensities werermalized to the same
arbitrary intensity. The approximate position oé tbontributions of [Bg] and
[BO4]  units are indicated on the spectra and the carrelpg relative
proportions are given in the table below spectraesg proportions were
determined by simulation of the spectra and integnaof the BQ and BQ
contributions. In order to be not disturbed by pamgnetic Nd* ions,
diamagnetic L¥ ions were used in this study. Chemical shifts witermined
relative to liquid BEOE®, (spectrometer frequency 128.28 MHz). This studg wa
performed in collaboration with C. Gervais (Univgrdaris VI, France).

Figure 10. Schematic representations ((a), (c)) of the ratida u and crystal
growth | rate curves in the undercooled meltaxuand hax correspond
respectively to the maxima of these curves. Abteelijuidus temperature (J),
the melt is thermodynamically stable (u = | = Okl®v the glass transformation
temperature (J), the undercooled melt is not stable but beconeeg viscous I

> 10°-10" dPa.s) and transforms into glass. For T & Tand u rates are
generally considered as negligible (u = | = 0). §mucleation and crystals
growth can only occur in undercooled melt (i.e.wWssn T, and T). For
thermodynamic reasons, the position of the maximf@ithe nucleation rate curve
Imax 1S below that of the crystal growth curvg.u In (a) and (c) are envisaged two
possibilities, with either well separated | andurves (a) or the existence of a
temperature field in which crystals can simultarsipunucleate and grow (grey
zone referred as Z in (c)). In case (a), glassrereraamples can only be prepared
following the heat treatments shown in (b). In tbése, nucleation and crystal
growth heat treatments can be performed succegsiatl temperatures
corresponding respectively teakand y..x. However, in case (c), glass-ceramic
samples can be prepared following the heat treasrstown in schemes (b, d or
e). Even if different kinds of crystals can genlgraucleate and grow in glasses,
only one kind of crystal was considered in thisifey
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Figure 11 Principle of specific immobilization of long-kd radionuclides (such
as MA) in a highly durable glass-ceramic. In ideade, the radionuclides initially
homogeneously dispersed in the glass would be nergfally incorporated in

numerous small and highly durable crystals formedthe bulk after partial

crystallization. In such glass-ceramic waste formasljonuclides incorporated in
the crystals would benefit from a double barriercohtainment by both crystals
and residual glass.

Figure 12.Back-scattered SEM images of partially crystallizaghples obtained
after heat treatment ((a):slow cooling (6°C/min)tbé melt; (b): nucleation at
640°C + crystal growth at 870°C) of glass (mol.%)O, (61.81), BOs (8.94),
Al;,0;3 (5.95), NaO (12.40), CaO (5.44), ZeO(1.89), NdO; (3.56). In this
sample, neodymium can be considered as trivalent BlArogate. The
corresponding XRD patterns shown in Figure 13 liertivo samples indicate that
the crystalline phase is a Nd-rich silicate apaf@&Nds(SiO,)s0,). This was
confirmed by energy dispersive X-rays analysis (BEDafd electron probe
microanalysis (EPMA) studies. Apatite crystals appas a white phase on the
SEM images because of the heavy element enrich(hehtfor these crystals in
comparison with residual glass (continuous phageayng in gray or black in
the images). For more details concerning the pegjper of these samples see
[20].

Figure 13. XRD patterns of the apatite-based glass-ceranmpkess of Figure 12
obtained after heat treatment of the glass by atiole + crystal growth (a) or
after slow cooling of the melt (b). XRD shows tlagiatite is the only crystalline
phase in these samples (bulk + surface). In agnreemigh SEM images, the
comparison of XRD lines intensity confirms that theportion of crystalline
phase is higher for the sample prepared by nuoleati crystal growth. For
comparison, the XRD pattern of Dals(SiO,)sO, apatite ceramic is shown (c). *:
lines due to aluminum support. Patterns (a) anct#b) be indexed in the P63/m
hexagonal system and are very similar to the patbtérceramic (c). XCoK:
1.78897A).

Figure 14. Principle of enhanced separation of Cs from HLWhwerown
molecules (calixarenes [110]) and conditioningpedafic highly durable matrices
or transmutation (of long-livetf*Cs).

Figure 15.Decay of*'Cs and***Cs isotopes. The energies Ppfandy particles
are given in MeV. The percentages indicated in ftgere correspond to the
proportions of3 particles emitted with the corresponding enerd@2[123].

Figure 16. View of the BaCs/(M,Al)>*s.yTi*'s.2¢4O16 hollandite structure
(projection down thec axis) showing how large cations @Ba Cs) are
incorporated in tunnels (site A) in the framewofk(Al,M,Ti)O ¢ octahedra (site
B). M: trivalent cation. In this figure, the axis is directed along the tunnels
which corresponds to the tetragona=l) structure of hollandite (for the
monoclinic structure the tunnel direction correggmiob axis). As (X +y) < 2,
site A (box-shaped cavities of eight oxygen aniaesjot totally occupied. The
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effect of large cations in site B is to enlarge thanel cavities (site A), this
facilitates inclusion of Csions into the structure. The two kinds of oxygéass
(O1 and O2) occurring in hollandite tetragonal ctute (14/m space group) are
also shown.

Figure 17. (a) Process used to prepare hollandite ceramjcoxide route

showing the three stages: calcination (4h at 81i@°@&ir) of cold pressed dried
reagent powders (30 g) to decompose carbonatesiates, attrition milling and
natural sintering (30h at 1200°C in air) of pellét®ld pressed at 30 MPa).
Heating and cooling rates (°C/min) are indicatedpiéture of a (Ba,Cs,Al+Fe)-
hollandite ceramic pellet (2.5 cm diameter) preddrg oxide route is shown. (b)
Scheme of the attrition milling apparatus used timdgthe calcined powders
mixture in water to particle size less than 1 pum.

Figure 18 XRD patterns of (Ba,M)-hollandite samples 1Bd2 3:Ti568016
prepared by oxide route (for #AI** Cr*,Ga" Fe"). All the XRD lines of
ceramics can be indexed in the 14/m space grOuproad superlattice lines. S:
aluminum support NCoKy;=1. 78897 A)

Figure 19. Evolution ofa lattice parameter of single-phase; B2 3:Ti566016
(M3 = AI¥.cr* G&" Fe") hollandite ceramics prepared by oxide route \&rsu
the average radiug of cations in site BTable XII). A linear fit (least squares
regression) oé versus g is shown in the figure.

Figure 20. SEM images of Bal.16M2.32Ti5.68016 with M = Al(&),(b), Ga(c)
and Fe(d). A: parasitic phase containing P, Si, @ O. SEM images of
(Ba,Cs,M)-hollandite ceramics: Bal.04Cs0.24Cr2.8368016 (e);
Bal.04Cs0.24Ga2.32Ti5.68016 (f), Bal.04Cs0.24F&53%8016 (g) and
Bal.00Cs0.28Al1.46Fe2.32Ti5.72016 (h). C: CsGaSi0.8604. The dark
regions in (a), (b), (c), (d), (e), (f) and (h) igess correspond to pores. The gray
continuous phase observed on all images correspiondsllandite. (a-g): back-
scattered electrons images. (h): secondary elecinoage.

Figure 21. %’Al Triple Quantum MQ-MAS-NMR spectra (projection®ag the
isotropic dimension free of second order quadrupdleoadening) of: (a)
Bay 16Al 2.32T15 68016 CEramic, showing its simulation with three compus€X, Y,
Z) corresponding to three different Al environmeintsite B (see Figure 22) with
similar proportions (37, 33 and 30 % respectiveld) Ba 16Al2.32Ti56d8016,
Bay 26Al 1.64G@0.92Ti5.44016 and Bay 0dCS.26Al1.46Ga 82572016 CErAmics showing
the evolution of X,Y and Z components. All samplesre prepared by oxide
route. (Magnetic field 11.75 T, Frequency 31500 .HEhis NMR study was
performed in collaboration with T. Charpentier, CEAclay (France).

Figure 22. Local environment of Al ions (black circle, site B) in
Bay 16Al2.35Ti5.66016 hollandite showing the six possible positions af ‘Hons or

vacancies (gray circles, site A) as second neighlvothe two tunnels near AO
octahedron (Figure 16). For clarity, oxygen atome @ot shown in the figure.
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The distances (in A) between Al and Ba or vacansfeswvn in the figure were
obtained by Rietveld refinement of BaAl,3:Ti564016 XRD powder pattern
[120]. Along tunnels, the two consecutive Ba posisi (pairs of gray circles)
separated by a mirror are distant from only 0.57%04 cannot be occupied
simultaneously by barium ions. From this figure amhsiderations about Ba
ions repulsion along tunnels (configuration withotwonsecutive cannot exist),
only three different Al environments (X, Y and Zparc be envisaged in
Bay 16Al2.32Ti56d016. With one Ba and two vacancies as second neighPOrs
with two Ba and one vacancy as second neighborswih three Ba as second
neighbors (2).

Figure 23.°'Fe transmission Méssbauer spectrum of @ 35Tis 66016 (300 K,
>’CoRh source) before (a) and after electron irratiatb) (1.5 MeV, F=5.8.18
cm?) showing the contributions of respectively two three Fe environments
(sites 1, 2 and 3) needed to simulate the expetahspectra (global simulation:
solid line, experiment: points). Simulation paraemnstare given Table XIV. The
isomer shift (mm/s) was corrected using metalbboias reference. The difference
between experimental and simulated spectra is shioglow each spectrum.
Sample was prepared by oxide route witht/ie enrichment. This Méssbauer
study was performed in collaboration with F. Studed N. Nguyen , CRISMAT
Caen (France).

Figure 24. Calculated evolution with time of cumulat@gy radiation dose in
radioactive Cs waste form containing 5 wt%Q®xtracted from HLW solutions
recovered after UOX spent fuel reprocessing [120].

Figure 25. Evolution of the probability of Ba (a) and O (b)spiacement
(displacement cross section) in hollandite verdast®ns energy, calculated for
different values of the threshold displacement gynesf Ba (E(Ba)) and O
(Eq4(O)) ranging from 20 to 55 eV [120]. Dotted vertitiaes correspond to the
different electron energies available during owdsgt(1, 1.5 and 2.5 MeV). The
full vertical line corresponds to 0.5 MeV which tise energy of the majority
of the3-particles emitted during Cs decay (Figure 15).

Figure 26. Scheme showing electrons and holes trapping tiféecreation of (e
,h") pairs by external electron irradiation (@rself-irradiation) respectively near
the bottom of CB and near the top of VB of hollaad{CB: conduction band. VB:
valence band. Electron irradiation induced mainécteonic excitations (ineslatic
interactions) along electrons path in the hollasdttucture.

Figure 27. Electronic band structure around the gap of BaiADis hollandite:
(a) projection of density of states on oxygen atashium orbitals calculated using
an extended Huckel tight-binding method, showing thp of the valence band
(VB) and the bottom of the conduction band (CB). ¥8mainly of O (2p)
character, and represents bonding Ti-O interactifi)sOverlap population. The
top of the VB is of antibonding O-O character afhdan-bonding Ti-O character.
The CB is mainly Ti-O antibonding and of Ti(3d) cheter; it reflects the
splitting of Ti (3d) orbitals inyt; and g sets by the octahedral crystal fielg, det
forming the bottom of the CB.

159



Figure 28. Partial view of the XRD pattern of BaAl;,3:Ti564016 hollandite
before (solid line) and after electron irradiati@otted line). Energy: 2.5 MeV.
Fluence: 1.2.18cm. Indexation of XRD lines is givenACoKy1=1.78897 A)

Figure 29 ?’Al MAS-NMR spectra of BaigAl.35TisedO16 hollandite before
(black spectra) and after irradiation by 1.0 Me¥oglons at a fluence of 8.7x£0
cm? (gray spectra). The figure is an extended and ifiagrview of Al spectra
showing the presence of 5-fold coordinated alumindimis NMR study was
performed in collaboration with T. Charpentier, CEAclay (France).

Figure 30. Evolution of EPR spectra recorded at 70 K of BAl, 3,Tis 68016
hollandite before irradiation and after externaoton irradiation (1 MeV) for
different fluences F. Signals associated with loaleter Tand electron centers E
and E are shown. The positions of the free electronctpfa(g, vertical line) and
of the g factor associated with electron centers(&Cthe right of the vertical
line, g<@) and holes centers HC (on the left of the vertiva¢, g>g) are
indicated.

Figure 31. Simulations of the EPR signals of Bnd E centers formed after
electron irradiation in BagAl232Tis 66016 hollandite. Solid lines: experimental
spectra. Dotted lines: simulated spectra. The petens deduced from these
simulations are given in Table XV. To separate ¢batributions of E and &
centers, EPR spectra were recorded at two diffdesnperatures (10 K and 70
K).

Figure 32. Schematic energy levels of the irradiation-inducedters T E; and

E, with respect to the hollandite band structure (Bemire 27). The two 1
centers Eand & form two localized levels below the bottom of BB (electron
traps), while the Tcenter (superoxide ion, ) being of O(2p) character forms a
level above the top of the VB (hole trap). The &tmuc configuration of @
being (]nu)“(lrug*)s, the T centre may be described as a hole trapped in an
antibondingry orbital of a O-O pair. VB: valence band. CB: coation band.

Figure 33. EPR spectra (recorded at 70 K) of an annealed Isarop
Bay 16Al2.32Ti5 68016 hollandite previously irradiated by 1 MeV electroat a
fluence of 1.4.18 cm?® The annealing (for 15 min) temperature is ingidanear
each spectrum. Electron and hole centers are idi¢a the figure.

Figure 34. Evolution with annealing temperature of the conaions of &, E;
and E centers for a sample of BaAl, 3,Tis 6¢016 hollandite previously irradiated
by 1 MeV electrons at a fluence of 1.4-36m?.

Figure 35. (a): scheme showing the mechanism proposed foratiog of Q
centers leading to G2 centers by clusterizationnduannealing (successive
electrons and oxygen atoms jumps with intermed@fe and O™ species). (b):
scheme summarizing the formation of paramagnetittece during electron
irradiation and their evolution after thermal treant: migration of Ti" centers
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(crosses) towards the surface of the grains in tibBandite ceramic and
clusterization of @ centers (circles) in their bulk. In (b), the rewke represents
a grain of hollandite ceramic.

Figure 36. Zirconolite-2M structure (monoclinic structure, spagroup G
showing the Ti@ octahedra (Ti(1) and Ti(3) sites) layers and tBef{ zr*")
rows. The polyhedra corresponding to th&" Tons in 5-fold coordination (Ti(2)
site) are not drawn but this split site -which fatistically occupied- is shown
(small balls in the Ti layers). When Ln or An are incorporated in zirditro
structure they entered into the Ca or Zr sitesAn@dsed as charge compensator)
entered preferentially into the Ti(2) site. Théoand c cell parameters are shown
in the figure.

Figure 37. Process used to prepare zirconolite ceramicsxleaoute showing
the three stages: first natural sintering (100H1.4Q0°C in air) of cold pressed
reagent powders to decompose carbonates and sitate to form zirconolite,
and second natural sintering (100h at 1460°C ip after grinding + pressing
(cold pressing at 20 MPa) of pellets to increagehtbmogeneity of the ceramics.
Heating and cooling rates (°C/min) are indicatede Thoice of a high heating
rate (8°C.miff) was made to reduce the risks of formation of pkiste (parasitic
phase). A picture of the @g@Ndo15ZrTiissAlp150; ceramic pellet prepared
following this method is shown.

Figure 38 Portion of the XRD patterns of CaNdZrTi,«AlO; ceramic samples
(Aka1(C0)=1.78897 A). All the lines are attributed toczinolite (small lines due
to a parasitic phase (perovskite) appeared in anaiigular range not seen in this
figure). For x < 0.6, all lines correspond to the zirconolite-2M lypgpe
(monoclinic). For x= 0.65, new linese) due to the zirconolite-30 polytype
(orthorhombic) are detected. For x = 0.65, the pwlytypes coexist.

Figure 39. Back-scattered electron image of Q¥d, 1ZrTi; oAlg10; ceramic
sample prepared by oxide route. The gray continyghase Z (zirconolite) and
the white parasitic phase4io 10, (A) were identified and analyzed by EDX. P:
porosities.

Figure 40. Evolution of a and ¢ cell parameters of GaNdZrTi,AlOr;
zirconolite-2M ceramic$or x < 0.6 (monoclinic structure).

Figure 41 Rietveld refinement of GaNdy3ZrTi;7Alo:0; XRD pattern
(AKa1(Co)= 1.78897 AMKa,(Co)= 1.79285 A). Top: experimental (circles) and
simulated patterns. Middle: line positions. Bottondifference between
experimental and simulated patterns showing thel gpmality of refinement.

Figure 42, (@) EPR spectra of ealNdg 0xZrTi1 97Al .007,
Ca/Ndg 3ZrTi; 7Al 307 zirconolite-2M ceramics and of EaNdo.1Tiq1 Al 107
perovskiteceramic. The contribution of Nfions in zirconolite and perovskite to
the EPR spectrum of @aNdyo3ZrTiieAlgodO; ceramic are indicated. (b)
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Simulation of the EPR spectrum of §ghldyZrTiygAlg 07 zirconolite-2M
ceramic with two components C1 and C2.

Figure 43 (a) Schematic diagram of Ridion energy levels involved in tHé,
(ground state)- *Py, optical transition. In low symmetry sites, as iagges and
in zirconolite, the five Stark levels of the fundamtal staté'le, are splitted and
can be all populated at room temperature. Howeatdow temperature (T~15 K)
only the lowest Stark level is populated and omig ¢ransition from this state to
the 2Py, excitedstate is observed for each kind of site occupied@ydymium
(the energy position of this transition is known depend on the degree of
covalency of Nd-O bonds). (b) Optical absorptionecdm (T<15 K) of
neodymium in CggsNdp 1Zr0.95Ti207 et Ca dNdy 1ZrTip 0Alo 107 zirconolite-2M
ceramics and in GaNdo1Ti1 6Al10; perovskiteceramic {lg, — 2Py transition).
(c) Simulation of the optical absorption spectrufty{ — 2Py transition) of
Cay./Ndy 3ZrTi; 7Al 930, zirconolite-2M ceramic with three Gaussian compuse
G1, G2 and G3.

Figure 44. Portion of the zirconolite GaNdy 3ZrTi; 7Al 9 307 structure determined
from Rietveld refinement showing the positions bé ttwo next nearest Ti(2)
splitted sites from the (Ca,Nd) site (8-fold coomated by oxygen anions). The Zr
site is not shown in the figure. The subscript a dn indicate that the
corresponding Ti(2) sites belong to two differatartium planes (Figure 36). The
Ti(2). and Ti(2), positions are statistically occupied (50 %) eitherTi*" or AP**
ions, the other positions (50%) being vacant.

Figure 45 Comparison of the GIXAFS Fourier transforms (FF3) the
Cay gNdo 2ZrTi1 Al 207 virgin and irradiated samples (doses: 1@ 13> and
10'° PB** ions/cnf) at Nd Ly edge in fluorescent mode (room temperature). R
represents the distance between Nd and its neighbor

Figure 46. Evolution of Ca.7d-np2ZrTi175Al0250;7 cell volume 4, versus the
lanthanide ionic radius cubed(ltn®"). Ca75Cey25ZrTi175Al0.2607 cell volume

was not considered for the linear curve fit whogaation in given in the figure
(R: linear regression coefficient).

Figure 47.Scheme T = f(time) showing the parent glasses paépa method.

Figure 48 Cylindrical samples of parent glasses containidgferent
concentrations of N3 for the preparation of zirconolite-based glassuoecs
(diameter 1.4 cm).

Figure 49.Scheme T=f(time) showing the preparation methorrebnolite-base
glass-ceramics from parent glasses A and B={80°C) with two steps
(nucleation at §=810°C and crystal growth at Tanging from 950 to 1350°C).

Figure 50. Nucleation (I=f(T)) and crystal growth rate (u=f{Tgurves of
zirconolite in the bulk of glass B. These curvesevebtained using the methods
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described in [44]. The curve u=f(T) was not plotfed T>1200°C. This figure
shows that | and u curves are well separated foozolite. This allows control of
zirconolite crystallization in the undercooled mehich is very interesting for the
preparation of glass-ceramics using two steps éaticin + crystal growth).
However, the lack of overlapping between u and vesi makes difficult the
preparation of zirconolite-based glass-ceramicsdmling of the melt (seEigure
10).

Figure 51. Sample of glass B before (left) and after (rightcleation at 810°C
(2h) + crystal growth at 1050°C (2h). After nucleat samples remain fully
transparent. The opacity of glass-ceramic is dudiffasion of visible light by
crystals.

Figure 52. Evolution of the thickness of the crystallizegyda formed near the
surface of glass B versus the temperatur@ ¢f crystal growth (2 h). All the
samples were annealed (775°C 2h) and nucleated®@820) before crystal
growth.

Figure 53 XRD patterns of glass A before heat treatmentafa after heat
treatment for 2 h at 810°C (nucleation) and 120@Etgstal growth): surface layer
(b) and bulk (c).£) zirconolite, @) titanite, ©) anorthite, ¥) aluminum support.

The same crystalline phases were observed for Bla@s1(C0)=1.78897 A)

Figure 54. Back-scattered SEM micrographs of glass B aftetaation for 2 h at
810°C and crystallization for 2 h at 1050°C (buwdk &nd surface layer (b)) or for
2 h at 1200°C (bulk (c) and surface layer (d)) simgvzirconolite (Z), titanite (T),
anorthite (A), baddeleyite (B) and residual gla®y (the white scale bars
correspond to 20 m).

Figure 55. DTA curves for different particle size fractionadafor a massive
sample of glass B (heating rate: 10°C.Hin

Figure 56. Back-scattered SEM images of the samples obtairied heat
treatment of glass B by rapid cooling of the mettinf 1550°C to 3=1200°C.
Samples were kept at Tor 2 h and then quenched to room temperature (a0l
surface (c)). Z: zirconolite. RG: residual glass.

Figure 57. Back-scattered SEM images of the bulk of theggtzyamics obtained
after prolonged heat treatment of glass B at: (g12Z00°C (20h) or (b)

T.=1050°C (20h). Z: zirconolite. S: titanite. A: atiote (appearing as dark
phase). B: baddeleyite (appearing as a white phaga)). W: wollastonite. I

apatite. RG: residual glass. (see Table XXIV).

Figure 58 XRD patterns of zirconolite crystals formed irethulk of glass A:
nucleation at §=810°C (2h) and crystal growth for 2 h at=1200°C (a) or
T.=1000°C (b). The pattern for a zirconolite cerafecsample prepared by solid
state reaction is also shown. Simulated patternggponding to the sample heat
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treated at 1000°C using the zirconolite structdegtkerminations of Gatehouse et
al. [204]. are also shown assuming a complete désofc) or order (d) in Ca/Zr
planes. Small angle XRD lines are the most semsity Ca/Zr ordering.
(Aka1(C0)=1.78897A)

Figure 59. Evolution of the nature and/or structure of callste phases formed in
the bulk and near the surface of the glass-cerapnegzared following the method
described Figure 49, versus the crystal growth tgatpre T (horizontal axis). F:
fluorite. Z: zirconolite. S: titanite. A: anorthitB: baddeleyite.

Figure 60. XRD patterns of glass A before heat treatmentafa after heat
treatment (crystal growth) for 2h at 950°C (b),&HL200°C (crystallized surface
layer (c) and bulk (d)) and 2h at 1300°C (e). Aletsamples were annealed

(775°C 2h) and nucleated (810°C 2h) before crygtawth. (J) zirconolite. @)
fluorite-type phase.o() titanite. (0) anorthite. ¢) ZrO,. (Akq1(Co) = 1.78897A)

Figure 61. Back-scattered SEM image of the bulk of the gtassmic prepared

from glass B at different between 950 and 1350°C (2h) indicated in the &gur
All the samples were annealed (775°C 2h) and ntede&10°C 2h) before

crystal growth. F :fluorite-type phase. Z : zirctiteo B : baddeleyite. T : titanite.

A : anorthite.

Figure 62. Back-scattered SEM images of the bulk of thesyt@samics prepared
after nucleation for 2 h atyE810°C and crystallization for 2 h at=1L050°C (a,
b, c respectively for annealed glasses B, C, DzirZonolite. R: residual glass.

Figure 63. (a) Evolution of XRD pattern intensity of the butk the glass-
ceramics B, C and D forc¥1050°C and F1200°C. Intensity values (in arbitrary
unit) were obtained by integration of the linesXé&®D patterns. (b) Evolution of
the percentage R of Ndions incorporated in the zirconolite crystallineape
formed in the bulk of glass-ceramics determinedByR.

Figure 64. DTA curves of as-quenched glasses B, C and D iflieatte:
10°C.min". particle size 125-250 um).

Figure 65. Neodymium X-band EPR spectra recorded at 12Kp&a¢gnt glass B.
(b) bulk of the glass-ceramic prepared atID50°C (individual contributions
corresponding to Nt ions located in zirconolite crystals and in thsideal glass
are shown). (c) GaNdo 2ZrTi1 gAlg 207 ceramic prepared by solid state reaction.

Figure 66. Neodymium X-band EPR spectra recorded at 12Ktter bulk of
glass-ceramic B(a) and D(b) prepared & T200°C for 2 h (GC spectra). The
individual contributions of Nd ions located in the zirconolite phase (Z spectra)
and in the residual glass (RG spectra) are alsersho
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Figure 67. Back-scattered SEM images of the bulk of the gytzamic B(Hf0)
(Tn=810°C for 2h): (a) bulk at F1050°C (2h). (b) bulk at £1200°C (2h). Z:
zirconolite. RG: residual glass.

Figure 68. Zirconolite nucleation rate curves I=f(T) in gda8 and in glass
B(HfO). Tyis the same for the two glasses.

Figure 69. Back-scattered SEM images of the bulk of the gtayamics B (a)
and B(AI1) (b) (R=810°C (2h), T=1050°C (2h)). Z: zirconolite. RG: residual
glass.

Figure 70. Back-scattered SEM images of the bulk of the gtassmics
containing: (a) 0, (b) 4, (c) 8 and (d) 10 wt%,Ng (Ty=810°C 2h, T=1050°C
2h). Z: zirconolite. RG: residual glass.

Figure 71 Evolution of Nd and Al amounts (determined by>gDn zirconolite
crystals formed in the bulk of the glass-ceramia &unction of NgO3; content in
parent glass (= 1200°C).

Figure 72. Neodymium optical absorption spectra correspontinte transition
Yoz — 2Puj recorded at low temperature (T~15 K) for the bafkthe glass-
ceramics containing 4 (a) and 10 (b) wt%,0¢ (T, = 1200°C). The glass-
ceramic spectra are simulated with three Gaussatributions corresponding to
three different local environments for Ndions indicated in the figure. This
figure clearly shows that the covalency of Nd-O d®is different in zirconolite
and in residual glass (see legend of Figure 43¢ Qivad band associated with
Nd®" ions in residual glass indicated a broader distiim of Nd sites in this
phase in agreement with its amorphous structure.

Figure 73. Evolution of A(Zr)/A(Ca) ratio calculated from tlmptical absorption
spectra of the glass-ceramics prepared.:a1200°C versus N@; wt% in parent
glass.

Figure 74. Evolution of Nd and Al amounts (determined by EDX) in titanit
crystals formed near the surface of the glass-desaas a function of N@3
content in parent glass d81200°C, 2h).

Figure 75. Evolution of Ln and Al amounts in the zirconoliteystals formed in

the bulk of the glass-ceramics£T1200°C, 2h) containing Ln = Ce, Nd, Eu, Gd
or Yb versus LA radius (in 8-fold coordination).
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Figure 9
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Figure 14
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Figure 16
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Figure 20
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Figure 42
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EPR intensity (aU.)

Figure 65
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EPR intensity (a. u.)

Figure 66
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Figure 68
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Figure 70
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Figure 71
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Figure 72
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number of ions pi
titanite unit formula

Figure 74
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number of Lii* and A" ions

per zirconolite formula unit

Figure 75
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