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Abstract: This paper focuses on major phosphate-based
ceramic materials relevant for the immobilisation of Pu,
minor actinides, fission and activation products. Key
points addressed include the recent progress regarding
synthesis methods, the formation of solid solutions by
structural incorporation of actinides or their non-radio-
active surrogates and waste form fabrication by advanced
sintering techniques. Particular attention is paid to the
properties that govern the long-term stability of the waste
forms under conditions relevant to geological disposal.
The paper highlights the benefits gained from synergies
of state-of-the-art experimental approaches and advanced
atomistic modeling tools for addressing properties and
stability of f-element-bearing phosphate materials. In con-
clusion, this article provides a perspective on the recent
advancements in the understanding of phosphate based
ceramics and their properties with respect to their appli-
cation as nuclear waste forms.
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1 Introduction - general aspects

The safe disposal of radioactive wastes requires the long-
term isolation of the waste from the biosphere to protect
humans and the environment against dangers arising
from ionising radiation. At the scientific and technical
level, it is generally accepted that waste disposal in deep
geological repositories is the safest and most sustain-
able option for the management of high-level radioactive
wastes (HLW), such as spent nuclear fuel or reprocessing
wastes e.g. nuclear waste glasses, compacted wastes etc.
(e.g.[1-3]). Nuclear waste forms for the conditioning of
specific radioactive waste streams or separated radionu-
clides must comply with various requirements including
long-term durability and leaching resistance while con-
taining a sufficiently high waste load. Depending on the
nature of the waste streams that have to be immobilised,
waste forms have to offer chemical flexibility to accommo-
date a wide range of radionuclides and impurities as well
as retain daughter nuclides in the decay chains. Heat gen-
eration due to the decay of radionuclides and self-heating
by release of stored Wigner-energy (resulting from struc-
tural changes inflicted by radiation damage) requires an
appropriate thermal stability and thermal conductivity of
the waste form. Moreover, a waste form has to exhibit a
high tolerance against damages arising from self-irradi-
ation from the incorporated radionuclides such as amor-
phisation of a crystalline waste matrix, which may cause
an enhanced leachability of the waste form. In addition,
a sufficient resistance against adverse effects induced,
for example, by the build-up of helium from o-decay and
associated pressure build-up and mechanical disruption
of the matrix is essential. Another important issue is the
homogenous distribution of fissile radionuclides in the
matrix and criticality control, i.e.the potential for incor-
poration of neutron absorbers into the waste form. The
waste form should be resistant against recovery of radio-
active constituents, especially fissile materials such as
Z9Pu or #°U, to reduce proliferation risks. A reliable, safe
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and mature fabrication technology is required. In this
context, low processing temperatures are advantageous
to avoid losses of relatively volatile radionuclides into the
off-gas. A key issue for the post-closure safety is the dis-
solution behaviour and leaching resistance of the waste
form under the environmental conditions encountered
in the long-term disposal facility and the radionuclide
release rates. Radionuclide release rates constitute the
source term for the subsequent radionuclide migration in
the near- and far-field of the disposal site. In general, any
waste form considered e.g. glasses or ceramics etc., offers
distinctive strengths and weaknesses and no immobilisa-
tion matrix can satisfy all of the requirements.

In the 1980s, ceramics and borosilicate glasses were
discussed competitively for the immobilisation of HLW. In
1981, the United States government made the decision to
use borosilicate glasses as the preferred waste matrix for
the immobilisation of HLW at Savannah River Laboratory
[4, 5] mainly because of the chemical flexibility and exist-
ing fabrication processes of glasses. Worldwide, borosili-
cate glass was established as the preferred waste form for
spent nuclear fuel reprocessing and was under investiga-
tion for intermediate level waste (ILW) streams.

Ceramic waste forms can be tailor-made for the immo-
bilisation of specific radioactive waste streams consisting
of single elements or element groups with similar chemi-
cal properties [6-11]. Due to the fact that specific waste
streams already exist, e.g.iodine collected in filters of
the exhaust from reprocessing processes and weapons-
grade Pu, or can arise from selective waste separation pro-
cesses by liquid-liquid extraction, ceramic materials are
of particular interest for their immobilisation. Moreover,
the application of advanced industrial scale sintering
techniques, such as hot isostatic pressing, offered oppor-
tunities to immobilise HLW and ILW unsuitable for vitrifi-
cation, e.g. Tc- and I-rich waste streams [12, 13], in ceramic
waste forms. In the last decades, numerous single- and
polyphase ceramic materials have been examined as
potential nuclear waste forms for the immobilisation of
specific nuclear waste streams. These include separated
Pu from civilian or military sources unsuitable for further
use, separated minor actinides (MA=Am, Cm, Np) and
separated fission products (Cs, I, Tc) from HLW concen-
trate [9-11, 14-18]. In addition to oxide based ceramics
e.g. polyphase Synroc materials or single-phase zircono-
lite, perovskite, and pyrochlore ceramics, special atten-
tion has been paid to silicates like zircon (ZrSiO,) and/or
thorite (ThSiO 4) and phosphates such as monazite, beside
various other phases [7, 8, 19, 20]. Complementary to the
development of ceramic waste forms for actinides, spe-
cific ceramic matrices for the immobilisation of long-lived
fission products such as *°Cs (half-life T,=3-10° years)
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[21, 22], *Tc (T,,=2.1-10° years) [21, 23] or I (T,,=1.57 - 107
years) [24, 25] based inter alia on the structures of hol-
landite, perovskite and apatite have been developed and
investigated in recent years.

For many years, phosphate-based ceramic materi-
als, particularly monazites, were subjected to extensive
studies for their suitability as nuclear waste forms. These
materials were of interest due to their specific physico-
chemical properties [17, 18] including high structural flex-
ibility allowing for significant waste loadings [17, 26], high
chemical durability [17, 27, 28] and high resilience against
radiation damage [29-31].

This paper reviews the main phosphate based ceramic
materials relevant for the immobilisation of Pu, minor
actinides, fission and activation products. Particular
attention will be paid to the discussion of recent achieve-
ments gained in international R&D activities. For instance,
synthesis methods and waste form fabrication using
advanced sintering techniques, structure elucidation and
properties evaluation as well as the progress developing
atomistic modeling tools addressing properties and stabil-
ity of f-element-bearing phosphate materials will be dis-
cussed. The emphasis is placed on the formation of solid
solutions by structural incorporation of actinides or their
non-radioactive surrogates and properties that govern the
long-term stability of the waste form under conditions
relevant to geological disposal including thermodynamic
stability, radiation resistance and aqueous durability.

2 Phosphate ceramics relevant for
radioactive waste immobilisation

Large varieties of phosphate-based ceramic materials exist
and offer a broad structural flexibility for the incorporation
of cations. The cations have various size and valence states
on defined lattice sites of the crystal structure, cf. Table 1.
The main focus of research activities reported in this paper
have been devoted to study the structural incorporation
of tri- and tetravalent actinides in phosphate compounds
with monazite and cheralite structure and to the investiga-
tion of their properties. Additionally, thorium phosphates,
britholites, apatites and compounds with related struc-
tures are in the focus of the current research activities.
Additionally, some attention has been paid to compounds
with xenotime, kosnarite and florencite structure.

2.1 LnPO, phosphates: monazite and xenotime

The ortho-phosphates of lighter and larger lanthanides
(LnPO,; Ln=La - Gd) crystallise in the monoclinic
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Table 1: Overview about relevant phosphate waste forms.
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Name General formula Crystal structure Immobilised RN Natural analogues
Monazite LnPO, (Ln=La - Gd) Monoclinic An3+/s Yes .

Xenotime LnPO, (Ln=Th - Lu, Sc &Y) Tetragonal An“* Yes

Cheralite (brabantite) CaAnPO, Monoclinic An** Yes .
Th-phosphate-diphosphate B-Th,(PO,),P,0, Orthorhombic An** No

Apatite Me" (X'0,),Y, Hexagonal Cs*, Sr*, |- An>#/4* Yes .

Britholite Ca,Ln" _An" (PO 05,510, F, Hexagonal Cs*, Sr2, |- An3+/4+ Yes .

Kosnarite KZrZ(POA)3 Trigonal An3+/a+ Yes

Florencite Ln"AL,(PO,),(OH), Trigonal An3** Yes

(Ln=mainly Ce)

RN: radionuclides; cryst.: crystalline; met.: (often) metamict.

The indices at natural analogues point to the crystallinity of existing An-bearing natural analogues [32, 33].

monazite structure with space group P21/n (Figure 1a).
In contrast, those of heavier and smaller lanthanides
(Ln=Th-Lu) adopt the zircon-type tetragonal structure
of xenotime with the space group I4,/amd (Figure 1b) [26,
35]. The limits between the monazite and xenotime struc-
ture for the lanthanides located in the middle of series is
not strictly defined and seems to be strongly dependent

on the synthesis procedures and environmental condi-
tions. The actinides to be considered for immobilisation
exhibit ionic radii comparable to the lighter lanthanides
[36] and are known to form phosphates with a monazite
structure. Therefore, monazite is the preferred crystal
structure for the incorporation of trivalent minor acti-
nides and Pu.
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Figure 1: Local structural environment of the central atom in the monazite (A), xenotime (B) and rhabdophane structure (C and D). According
to Mesbah et al. [34] the central atom in the hydrated rhabdophane structure exhibit both eight-fold (C) and nine-fold (D) coordination. Blue:
central atom (Ln,An) and (Ln,An)O, polyhedron; red spheres: oxygen atoms; grey: phosphorus atoms and PO, tetrahedra.
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In the last decades, the incorporation of minor acti-
nides and Pu in natural and synthetic monazite-type
orthophosphates has been subject to extensive investiga-
tions since monazites fulfill most of the selection criteria
for suitable ceramic waste forms such as high achievable
waste loading, high chemical and thermal durability, suf-
ficient chemical flexibility and high radiation resistance
[9, 11, 16-18, 20, 32, 37]. Monazite is the most abundant
lanthanide phosphate found in nature [37-39] and their
outstanding stability have been demonstrated by these
natural analogues being exposed to geological events for
several hundred million years [40]. Additionally, natural
monazites can contain significant amounts of naturally
occurring radioelements, such as tetravalent Th and U
without suffering amorphisation from radiation damages
[37, 41-43] or significant chemical weathering [43, 44].

In numerous studies, the structure and properties of
pure monazite-type endmembers [45-50] and of mixed
solid solutions containing mainly non-radioactive ana-
logues of trivalent actinides [51-55] have been investigated.
Single phase lanthanide phosphate solid solutions in the
range Ln=La — Gd can be prepared after sintering (cf. [26,
51, 53-56]). In contrast, studies on actinide-bearing mona-
zite materials are rather rare. As expected based on the
surrogate studies, Pu — [57, 58], Am - [59-61], Cm - [62—
64] as well as Cf-, Bk-, and Es-orthophosphates [65] were
reported to crystallise in a monoclinic monazite structure
because the ionic radii of these actinides fit into the range
between La and Gd [36]. The formation of Pu"PO, [61, 66,
67] monazite gained particular interest because it was
synthesised in absence of additional reactants to reduce
the oxidation state of Pu" to Pu™ during reaction. The

H
2

.
© LnPO,
dehydr. rhabd.
LnPO,-0.5 H,0 hexagonal

semi-hydr. rhabd.
monoclinc

/T

LnPO,-0.667H,0
hydr. rhabd.
monoclinc

DE GRUYTER

formation of Pu™PO, was confirmed by Popa et al. [68] by
X-ray Absorption Near Edge Structure (XANES) spectro-
scopy measurements. Additionally, the thermal behaviour
of Pu™PO,, such as lattice expansion and thermal decom-
position during heat treatment was studied by Jardin et al.
[69]. Moreover, XANES measurements by Begg et al. indi-
cated the formation of Np"'PO, [70].

Based on these results it can be concluded that the
minor actinides and Pu can be immobilised in the struc-
ture of a monazite-type waste matrix. Actinide-bearing
solid solutions with monazite structure were successfully
prepared by the solid state synthesis route. Popa et al.
[71], and Arinicheva et al. [72] as well as Zhang and Vance
[73] reported the preparation of single phase La, Pu PO,
solid solutions up to a Pu-content of 15 mol%. The oxida-
tion state +III of Pu was confirmed by XANES [68, 72] and
diffuse reflectance spectroscopy [73], respectively. For
self-irradiation studies, (La,Pu)PO, doped with #*Pu was
synthesised by a wet chemical method based on precipi-
tation from aqueous nitrate solutions by Burakov et al.
[19, 58].

Rhabdophane (monoclinic LnPO ,* 0.667H,0; Ln=La
— Dy) is the hydrated form of Ln-orthophosphate and plays
an important role for the consideration of monazite-type
ceramics for nuclear waste management applications. The
interrelation between monazite- and rhabdophane-type
phases is schematically represented in Figure 2. Rhab-
dophane is formed by using low temperature wet chemi-
cal methods such as precipitation to synthesise precursor
materials for the subsequent fabrication of monazite-type
waste matrices by sintering. The crystal structure of rhab-
dophane was first described by Mooney in the middle

LnPO,
monazite
monoclinic

o
no

Dissolution

Figure 2: Schematic description of stability and interrelation of monazite- and rhabdophane-type lanthanide orthophosphates (Modified
after Clavier at al. [74] considering new data from Mesbah et al. [34, 75]).
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of the last century to be tetragonal [76] assuming that
the lanthanides are eight-fold coordinated by oxygen.
Recently, an extensive reinvestigation of the crystal struc-
ture and the dehydration mechanism of rhabdophane
during thermal treatment by Mesbah et al. [34, 75] using
high resolution synchrotron X-ray diffraction allowed for
a refined description of the rhabdophane structure. They
found a monoclinic structure with a mixture of eight-
and nine-fold coordinated lanthanides (Figure 1c and d,
respectively) and a water content of 0.667 water molecules
per formula unit [34]. At ~80°C the water molecules are
partially evaporated forming semi-hydrated rhabdophane
(LnPO, - 0.5H,0) with monoclinic structure. Above 220°C
a complete dehydration was observed yielding a hexago-
nal structure of dehydrated rhabdophane [75]. Finally, the
phase transition from rhabdophane to monazite between
500°C and 900°C occurs during thermal treatment [77].
Additionally, rhabdophane can form from monazite in
aqueous environments at low temperature (T<~150°C)
[78]. The temperature of these phase transitions strongly
depends on the chemical composition. Since the low
temperature range can be expected in a deep geological
repository in the long-term, the rhabdophane-type phase
can occur as a potential neo-formed phase on the surface
of monazite waste forms in contact with groundwater in
a repository i.e. after failure of the waste canister. Hence,
the rhabdophane phase is of particular interest concern-
ing the application of monazite waste forms as it might
control the radionuclide release from monazite-type
ceramics due to very low solubility of secondary phases
[78, 79].

The rhabdophane structure and water content were
recently confirmed from data of a systematic study on the
solubility of LnPO, - 0.667H,0 (Ln=La - Dy) performed by
Gausse et al. [79]. They reported a solubility range from
log K° , (298 K)=-25.6+0.8 (Pr) to -24.9+1.7 (Eu) with a
minimum from Pr to Sm which is in very good agreement
with data of the associated monazite. The A H® were deter-
mined to be between -2151+13 (La) and -2130+12 (Gd)
kJ - mol™ with an exception of Eu (-2057+9) kJ-mol™.
Data estimated by simply adding the formation enthalpy
of 0.667H,0 molecules to the values of the monazite com-
positions [49] reveal similar results and trends.

The formation of rhabdophane and the phase tran-
sition to monazite is well described in the literature for
several pure lanthanide phosphates [51, 78-82] as well
as for solid solutions [51, 55, 82]. However, information
about phase transitions of An-phosphates is rare. Rai
et al. [59] discussed the solubility of AmPO, - xH,0 and
a phase transition at higher temperatures. Keller and
Walter [63] reported a monoclinic AmPO, phase after
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thermal treatment at >200°C. Finally, only Bjorklund [57]
published an experimentally derived phase transition of
Pu-rhabdophane to Pu-monazite after thermal treatment
at 950°C.

2.2 Cheralite and yavapaiite

The high flexibility of the monazite structure allows also
for the incorporation of tetravalent actinides such as Th*'.
In natural and synthetic monazites [83] a limited amount
i.e.a few weight percent, of tetravalent actinides can be
incorporated by the direct replacement of trivalent lantha-
nides associated with the formation of vacancies within
the crystal structure [84].

A more efficient mechanism to incorporate larger
amounts of tetravalent actinides offers the simulta-
neous coupled substitution with divalent cations (2
Ln" < Me" + Me") to form double phosphates with the
general formula Me"Me"(PO,), [85]. The coupled sub-
stitution avoids the formation of vacancies because it
fulfills the conditions of the electroneutrality principle
[86]. Depending on the cationic radii, two main structural
families can be distinguished (Figure 3): the yavapaiite-
family, e.g. BaAn(PO,), (An=Np" and Th") [87, 88] with
a monoclinic KFe(SO,), structure (C2/m) [89], and the
cheralite structure (formerly known as brabantite [90]),
e.g.CaAn(PO,), (An=Th", U", Np" and Pu") that is iso-
typic with monazite [91].

Based on data available in the literature, Bregiroux
et al. [85] recently discussed the stability fields of the yava-
paiite/cheralite structures in the Me"Me"(PO,), system.
Figure 4 shows the relation between the structure of
cheralite-type and yavapaiite-type compounds as a func-
tion of cationic radii.

Popaetal. [92] investigated the structure of StNp(PO,),.
They reported a layered structure that is characteristic for
yavapaiite-type double phosphates and offered a new
type of phosphate suitable for the incorporation of Np'".

According to Podor et al. [93], the formation of a
cheralite-type structure is restricted by the mean radii
of the di- and tetravalent cations [similar to monazite-
compatible lanthanides (La to Gd)] and their ratio
(r(MeM/r(Mev)). Due to these constraints all of the
known cheralites are actinide-bearing compounds with
Ca?" as the only eligible divalent cation that is compat-
ible with Th", UV [94-96], Np" [97, 98] and to a smaller
extent Pu'v [99].

CaTh(PO,), gained wide spread interest because of
its ability to host tetravalent actinides such as Np' and to
a lesser extent Pu'V while keeping the distinct properties

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet
Heruntergeladen am | 08.01.18 07:05



966 —— S.Neumeier etal., New insights into phosphate based materials for the immobilisation of actinides

DE GRUYTER

Figure 3: Local structural environment of the central atoms in the cheralite (left) and the yavapaiite structure (right). Blue: (Me",Me") atom
and (Me",Me")O, polyhedra; red spheres: oxygen atoms; grey: phosphorus atoms and PO, tetrahedra.
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Figure 4: Stability fields of cheralite-type and yavapaiite-type
compounds in dependence on chemical composition and ionic radii.
With courtesy of D. Bregiroux, G. Wallez and K. Popa.

of monazite such as high aqueous durability [78, 100].
Terra et al. [101] and Podor et al. [93, 95] successfully
prepared Ca,,Th PO, and mixed actinide compounds,
Ca,,Th , UPO, with 0<x<0.5, respectively. Tabuteau
et al. [97] reported the formation of Ca Np,, Pu, PO,
by the simultaneous incorporation of tetravalent neptu-
nium and plutonium. However, the successful synthesis
of pure Ca Pu" PO, or its non-radioactive analogue
CaO_SCe“’O_SPO , failed so far. Instead, the formation of mixed
valence compounds such as Ca" Pu™ Pu“ PO, [99] and
Ca,,Pu,La .Th PO, [102] was observed; most likely
due to a partial reduction of PulV or Ce" to the oxidation
state of +III during thermal treatment in inert [103] as well
as in oxidative conditions [99]. Moreover, the successful

Figure 5: Local structural environment of Th in the thorium-phos-
phate-diphosphate structure. Blue: Th atom and ThO, polyhedron;

red spheres: oxygen atoms; grey: phosphorus atoms and PO,
tetrahedra.

synthesis of monazite-cheralite-type rhabdophanes
(Ln,_, Ca Th PO, nH,0; Ln=Pr [104] and Nd [78]) was
reported.

2.3 Thorium-phosphate-diphosphate

Another option to immobilise tetravalent actinides
offers the thorium-phosphate-diphosphate phase,
B-Th,(PO,),P,0, (B-TPD). It crystallises in an orthorhom-
bic system, Pbcm, Z=2 [105] (Figure 5). Thorium can be
substituted to a significant extent by UV (47.6 wt.%),
Np¥ (33.2 wt.%) and PuV (26.1 wt.%) forming
B-Th, An" (PO,),P,0, (3-TAnPD) [106-108].
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Analogous to the monazite-type phosphates, thorium
phosphate hydrogenphosphate hydrates (Th,(PO,),(HP
0,)'H,0 (TPHPH)) were observed using low temperature
wet chemical synthesis methods at 160°C [109, 110] that
converts to B-TPD under thermal treatment at 900°C to
1000°C [105, 111]. The very low solubility of TPHPH and
the derived solid solutions allow for a quantitative pre-
cipitation of actinides from solution [110]. An actinide-
bearing TPHPH (Thzﬂ(/zAn“’)(/2 (PO,),(HPO,)-H,0; An"V =T,
Np, Pu) was reported by Dacheux et al. [112] for x=4 for
UY, x=0.8 for Np"Y and x=1.6 for Pu".

2.4 Apatite and britholite

Apatite-type phases crystallise in a hexagonal crystal
structure with a P6,/m space group [113]. The general
formula of apatite Me, (XO,),Y, adumbrates the chemical
flexibility of this mineral. Me represents divalent cations
(Me=Ca?, Sr*, Ba*, Pb* etc.), X central pentavalent
cations in trivalent anionic tetrahedrons (XOj*; X=P, V
or As) replacable by tetravalent SiO,* and divalent CO.*
anions, and Y monovalent anions like F-, CI- and OH-
replaceable by O, or oxygen vacancies.

Apatite-type ceramics were mainly investigated with
respect to the immobilisation of Cs*, Sr** and I~ isotopes.
Yet, natural apatites, particularly from the Oklo site,
contain tetravalent actinides (up to 100 ppm Th" and
1000 ppm UY) [114]. The incorporation of mono-(Na*, Cs*),
tri-(Al?*, Ln?*, An*") and tetravalent (Th*, U*, Pu*) ions
can be realised by a coupled substitution on the Me and
the XO, sites [Ca*, PO, ] <>[Ln*, SiO,*] in order to satisfy
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the electroneutrality principle. Boyer et al. [113] showed
that the incorporation of Nd** by coupled substitution of
Ca by Nd and simultaneously of phosphate groups by sili-
cate groups results in the formation of Nd-britholite that
crystallises in the same symmetry within the same space
group as apatite (Figure 6).

The incorporation of tetravalent actinides is
achieved by an additional coupled substitution: [Ln*,
PO ] <>[An*, SiO,*] forming britholites with a general
formula Ca,Nd, An" (PO,), (SiO,) F, with An"=Th and
U [101, 115, 116] or a calcium-thorium silicate apatite [117].
As shown in Figure 6 the britholite structure features two
different Ca-sites. The first Ca-site (Figure 6, left) is sur-
rounded by nine oxygen atoms while the second Ca-site
(Figure 6, right) is seven-fold coordinated by six oxygen
atoms and one fluorine atom. Experimental and modeling
studies confirmed that lanthanides and Pu™ are preferen-
tially incorporated in the Ca-I site [118-120]. Vance et al.
[121] reported the incorporation of Pu" in an excluslu-
sively silicate-bearing britholite (Ca,Gd, Pu (Si0,),0,in a
reducing environment.

2.5 Others

Kosnarite and florencite have not been extensively inves-
tigated compared to other phosphate phases so far and
will only be briefly addressed here. Kosnarite can be
described by the general formula Me'Me"(PO,), (Figure 7,
left). Natural kosnarite (KZr,PO,) crystallises in a trigonal
(rhombohedral) crystal structure [122]. Synthetic kosnar-
ite and its structural flexibility have been investigated by

Figure 6: Local structural environment of two different Ca sites in the britholite structure. Blue: central atoms (Ca,Ln) and (Ca,Ln)O, polyhe-
dra; red spheres: oxygen atoms; grey: phosphorus atoms and (P0,,Si0,) tetrahedra; green: fluorine atom (possibly substituted by oxygen

atoms).
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Figure 7: Local structural environment of the central atoms in the kosnarite (left) and florencite (right) structure. Blue: central atoms and
(Me',Me")0, octahedron (kosnarite) and (Ln"/An")0,, polyhedron (florencite); red spheres: oxygen atoms; grey: phosphorus atoms and PO,

tetrahedra; green: AlO, octahedra.

Orlova et al. [123] to incorporate tetravalent actinides such
as Th, UV, Np"V and Pu".

Florencite is a hydrous Ln-Al-phosphate mineral (Ln?*
AlL(PO,),(OH),) that mainly contains Ce** and occasionally
La’** and Nd** and crystallises in a trigonal (rhombohedral)
crystal structure [124, 125] (Figure 7, right). Its crystal struc-
ture allows for the incorporation of trivalent actinides by a
direct substitution of the lanthanides.

3 Fabrication of phosphate waste
forms

The long-term stability of phosphate ceramic waste
forms under conditions relevant to (geological) disposal
is determined by a complex interrelation between its
crystal structure, microstructure and properties. Synthe-
sis and fabrication methods influence the phase purity
and homogeneity of phosphate solid solutions as well as
their microstructure. At the same time, crystal structure
and microstructure significantly impact physico-chemical
properties of ceramic materials including thermal con-
ductivity, aqueous durability and resistance to radiation
damage.

3.1 Synthesis

Ln-phosphate materials can be synthesised by several
chemical processes [37, 126, 127]. The conventional
solid state reaction implies the reaction between solid

lanthanide-compounds, mainly Ln-oxides and phospho-
rus (NH,H,PO,) precursors [46, 99, 116, 128]. In order to
prepare pure and highly crystalline phosphate materi-
als, lanthanide oxides are intensively mixed with a slight
excess of the phosphate precursor and thermally treated
at temperatures above 700°C depending on the material
and composition [102]. In spite of the flexibility of the
solid state route, the wet-chemical methods such as pre-
cipitation [51, 129, 130] and hydrothermal synthesis [131]
offer some advantages over the solid state method. They
yield highly homogeneous products with high specific
surface areas and a tunable morphology. Moreover, they
offer opportunities for the safe handling of radioactive
materials during synthesis due to minimisation of con-
tamination risks. A real waste form, e.g. a monazite-type
phosphate can be assumed to belong at least to a ternary
system comprising: (i) the main cation of the host mate-
rial (Ln**), (ii) the immobilised actinide (e.g.An*") and
(iii) a neutron absorber for criticality reasons (e.g. Gd**).
This consideration defines the need of a detailed inves-
tigation of synthesis methods, structure and properties
of LnPO, solid solutions. All synthesis routes described
above are suitable for the preparation of single phase
solid solutions.

Ideally, the performance of specific waste forms
developed for actinide immobilisation under conditions
relevant for geological disposal should be evaluated with
actinides-bearing materials. However, the use of radioac-
tive elements in experimental development and testing
for nuclear waste forms is costly, requires a high level of
safety measures and is restricted to specialised labora-
tories. Therefore, inactive surrogates for the radioactive

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet
Heruntergeladen am | 08.01.18 07:05



DE GRUYTER

Table 2: Criteria for selection of surrogates for Pu**/** and Am*.

Element Valence Electronic lonic radius Redox potential

state configuration [pm] [36] [V][133]
[CN6] [CN8]

Pu ((ID] [Rn] 5f° 100 Pu“t+e <> Pu**
(v) [Rn] 5f* 86 96 1.006

Ce (D) [Xe] 4f! 101 114.3 Ce*+e <> (e’
Iv) [Xe] 87 97 1.72

Th Iv) [Rn] 94 105

Nd (D) [Xe] 4f 98.3 110.9

Am (1 [Rn] 5f¢ 97.5 109

Eu ((ID] [Xe] 4f¢ 94.7 106.6

Sm ((ID] [Xe] 4f* 95.8 107.9

The redox potentials indicated are associated to aqueous solutions
and only informative.

elements are employed in fundamental investigations and
in initial steps of waste form development. The chemical
behaviour (oxidation state, ionic radii and electronic con-
figuration) of the selected surrogate has to be sufficiently
similar to the radioelement of interest to provide mean-
ingful insights into the chemical and physical behaviour
of a waste form. For example, Ce*** is often used as sur-
rogate for Pu because it is the most useful redox-active
Pu-surrogate (e.g. [132]), although substantial differences
in the redox potential from Pu**** have to be taken into
account (cf. Table 2) [133]. Surrogates cannot mimic all
chemical properties of the radioactive element of inter-
est. Therefore, a multi-surrogate approach is advisable for
waste form development. For the fission products (Cs, Sr,
I) stable isotopes of the respective elements can serve as
surrogates.

3.2 Densification of phosphate ceramics

The fabrication of ceramic waste forms was historically
one of the main drawbacks compared to waste glasses,
because the melting points of ceramic materials often
exceed 2000°C. However, in the last two decades tre-
mendous progress was made in fabrication methods of
ceramic waste forms that can be expanded to the indus-
trial scale [134]. Generally, waste forms can be fabricated
by sintering, uniaxial hot pressing (HUPing), isostatic hot-
pressing (HIPing) and melting. In a cold crucible melter,
some ceramics such as Synroc-C can be produced from a
homogeneous melt at a temperature ~1500°C [135-138].
However, some questions still have to be addressed about
the volatility of some fission products. Moreover at slow
cooling rates in the large volume of the canister, the
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ceramic waste form will tend to form large crystals. These
crystals would adversely affect the mechanical strength
and its resistance to crack as a response to o-radiation
from actinide immobilisation.

As one of the advanced ceramic processing methods,
HIPing has been extensively studied [139]. It has many
obvious advantages over conventional methods like sin-
tering or melting for processing high-level radioactive
wastes. These advantages include: (i) no notable emis-
sions of volatile radionuclides in the high temperature
consolidation step due to the closed processing system,
(ii) less secondary waste and (iii) flexible processing
conditions. Several industry-scale HIPing systems are
currently being set up for the processing of actinide-rich
radioactive wastes [134]. However, at HIPing conditions
(high temperatures, up to 2000°C and high pressure, 100—
200 MPa), the waste form and the stainless steel container
may interact, this interaction has already been demon-
strated to be non-detrimental for several types of ceramic
waste forms [140-142].

The densification processes for the preparation of
dense pellets were thoroughly investigated for phosphate
matrices. It is a crucial part of the waste form fabrication
process, since the morphology of the precursor [82], the
sintering method [143] and the sintering protocol [144]
govern the final microstructure and porosity of the waste
form. Monazite pellets with a relative density exceed-
ing 95% can be prepared by sintering using a typical
temperature range of 1350-1500°C [45, 145, 146]. Sinter-
ing at higher temperature was observed to result in the
decomposition of the phosphate group [147]. Hot-pressing
methods allow for lowering the sintering temperature by
about 250-300°C at 30 MPa, yielding pellets with 98 %
relative density [143, 148-152]. Du et al. [153-155] achieved
the same density (98 %) of La-monazite after 3 min of sin-
tering at 1350°C (heating rate 100°C - min) at a pressure of
40 MPa using Spark Plasma Sintering (SPS).

The densification of monazite-cheralite solid solu-
tions is a very sensitive procedure. These materials require
several milling steps to increase the reactivity of the mate-
rials for the sintering process, and tend to decompose at
higher temperatures. However, thorium-bearing samples
can be produced at a relative density of ~95% whereas
uranium-bearing pellets did not exceed 80% relative
density [96, 101, 115]. Popa et al. [156] recently reported
the densification of CaTh(PO,), to pure and highly dense
pellets (up to 96.5% relative density) utilising the SPS
technique.

For B-TPD and B-TUPD pellets relative densities of 92—
95 % were obtained after sintering for 5-30 h at 1250°C,
with sintering times mainly depending on the synthesis
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method. The lowest holding time (5-10 h) was observed
for sintering starting from a low temperature TPHPH pre-
cursor [157, 158].

Nd-britholithe and Th-britholithe can be densified up
to 97 % relative density by sintering at 1475°C for 6 h [159]
while the U-britholithe pellets do not exceed 85 % relative
density, similar to the monazite-cheralite system. More-
over, the sintered U-bearing britholites were always found
to be polyphase due to the formation of calcium uranate at
the surface of the pellets [116].

4 Correlation between structure
and properties

Various systematic studies have been performed on phos-
phate solid solution series in order to investigate the effect
of incorporating foreign ions on the solid solution’s stabil-
ity. For numerous monazite-type ceramics a linear depend-
ency of the lattice parameters as a function of the foreign
ion content according to Vegard’s law has been demon-
strated. Examples include: (La,Pr)PO, [160]; (La,Ce)PO,
(161, 162]; (La,Ew)PO, [55]; (La,Gd)PO, [51, 54]; (Ce,Pr)PO,
[56]; (Ce,Sm)PO, [163]; (Ce,Eu)PO, [164], and (Ce,Gd)PO,
[165]. Hence, the structural features of the solid solutions
are directly linked to the average ionic radius. The effect
of ion size was systematically studied by short range order
investigations (Raman and IR) on phosphate endmembers
[48, 50, 166-168].

Recently, various properties of some monazite solid
solutions have been systematically investigated. The
results showed that physical properties such as Vicker’s
hardness, fracture toughness [55], Young’s modulus and
heat capacity [169] depend linearly on the average ionic
radius of the cations in the solid solutions. Moreover,
the heat capacity was comprehensively computed using
density functional perturbation theory (DFT) [170]. It was
shown that in DFT calculations both the lattice vibra-
tions as well as the thermal excitations of f-electrons have
to be considered to reproduce the experimental data on
the heat capacity of monazites. Here, a direct correla-
tion between the tendencies of some structural features
(linear trend of lattice parameter) and specific properties
(linear trend of heat capacity) can be observed. In con-
trast, some other properties such as enthalpy of formation
and aqueous durability are not linearly dependent on the
ion size. These and other effects can be elucidated with a
combination of experimental and modeling approaches, a
research strategy that has been significantly advanced in
the last years.
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5 Progress in atomistic modeling
of actinide-bearing phosphate
waste forms

Because of the popularity of computer simulation tech-
niques related to the steady increase in the availability of
computational power and the increasing complexity and
capability of software [171] phosphate materials for acti-
nide immobilisation have also been extensively investi-
gated by atomistic modeling methods, including ab initio
methods. The advantage of this approach is the charac-
terisation of materials on the atomic scale, including their
ionic and electronic structures. These “virtual experi-
ments” are also not affected by the radiotoxicity and thus
even actinide-containing materials can be effectively
modeled. Various authors used density functional theory
(DFT) for ab initio simulations of phosphates proving that
“virtual experiments” can efficiently complement experi-
mental efforts and substantially improve the knowledge
gain on these materials.

Because f-elements are computationally challenging
for DFT methods (strong correlation between f-electrons),
Ln,An-phosphates have been used as test materials to
improve the accuracy of computational methodologies.
Blanca-Romero et al. [172] and Beridze et al. [173] found
that the DFT + U method, with the PBEsol exchange-cor-
relation functional [174] and the Hubbard U parameter
derived ab initio using the linear response method [175],
results in excellent prediction of the structural parameters
of monazites as illustrated in Figure 8. Moreover, the for-
mation enthalpies of monazite- and xenotime-type ceram-
ics were computed that could not be achieved with regular
DFT calculations [176-178].

The elastic properties of lanthanide orthophos-
phates at ambient and high pressure were addressed in
various computational studies of monazite- [179-182] and
xenotime-type [183, 184] ceramics. Kowalski et al. [185]
computed the variation of Young’s modulus along the
La,__Eu PO, solid solution, complementing and interpret-
ing relevant experimental studies [169]. It was also found
that the elastic moduli increase with pressure, which also
affects the elastic anisotropy [181, 184]. The computed
elastic moduli were used to derive the thermal conduc-
tivities of phosphates [179, 183]. The results show rela-
tively good agreement with measurements, which helps
in explaining the difference (factor of ~4) in the thermal
conductivities of monazite and xenotime. Similar compu-
tational methods were also applied to study the pressure-
induced phase transition from xenotime to monazite in
TbPO, [186], TmPO, [187]. Shein et al. [188] reported an
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Figure 8: The Ln-O bond length in monazite- and xenotime-type
LnPO, computed by the DFT+U method using Hubbard U parameters
computed ab initio with the linear response method of Cococcioni
and de Gironcoli [173, 175]. The experimental data were obtained
from different sources referenced in Beridze et al. [173].

increase of transition pressure of Y, La PO, (x=0.0625and
0.125) compounds with increasing lanthanum content.

As mentioned in the preceding section, the systematic
calculations of heat capacities of monazite- [170, 179] and
xenotime-type [183] compounds allowed for the explana-
tion of a quasi-like variation of the specific heat capacity
along the lanthanide series as an effect of the thermal
excitation of f-electrons (Schottky anomaly). The quality
of these studies was demonstrated by an excellent match
of the predictions to recent measurements of the heat
capacity of PrPO, monazite [170, 189] and the variation of
heat capacities in La,_Eu PO, solid solutions [169, 185].
An important thermodynamic-driven aspect of the phos-
phates as potential nuclear waste form is the stability of
monazite- and xenotime-type solid solutions against the
formation of a miscibility gap with the related computa-
tional studies discussed in Section 6.1. Recently, molecu-
lar dynamics simulations of melting and radiation damage
were conducted applying force-field methods using inter-
action potentials that are currently being developed for
this class of materials [190-192]. This topic is briefly dis-
cussed in Section 6.2.

Atomistic simulations have been found useful for the
interpretation of the broadening of the laser fluorescence
peak of Eu doped (La,Gd)-monazite-type solid solutions.
Based on the simulation results, Huittinen et al. [193] were
able to explain the maximum broadening of the profiles
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observed for the intermediate solution compositions as
the effect of distribution of the Eu—0 bond lengths in the
Eu-doped homogeneous (La,Gd)-solid solutions. This
research provides a solid argument for the homogeneity
of the solid solution. Ab initio methods were also used to
investigate the point defect properties in YPO, xenotime
[194] and the anisotropy in proton diffusion in xenotime-
type DyPO, [195].

This outlined menagerie of atomistic modeling
studies on potential phosphate waste matrices shows
the increasing popularity of these methods in research
on waste-related nuclear materials. The authors expect
this trend to hold in the future and that computer-aided
“virtual experiments” will significantly complement the
experimental efforts providing atomic-scale information
that is useful for the characterisation of these materials.

6 Long-term stability of phosphate
ceramic waste forms

In general, an application of ceramic materials as nuclear
waste forms requires a refined understanding of the long-
term behaviour of these materials under repository rele-
vant conditions. It includes a description and prediction
of the waste form stability over very long time scales on
the basis of reliable data regarding chemical thermody-
namics, chemical durability and radiation resilience of
the waste form.

6.1 Thermochemistry of phosphate ceramics

The thermochemistry of phosphate waste forms, such as
single phase solid solutions and their constituents provide
the required information about the phosphates’ stability,
their tendency to destabilisation due to immiscibility and
to phase separation over time.

Due to its technological significance, the thermody-
namic properties of synthetic analogues of natural phos-
phate minerals such as monazite and xenotime are of
general interest since the early 1950s. The data of these
early studies are compiled in extensive tabulations [196—
198]. However, these data are often limited to endmembers
and therefore provide only a limited view on the complete
thermodynamical behaviour of series of phases or solid
solutions in, for example, binary or ternary systems.

Thermodynamic data are experimentally accessi-
ble from calorimetric measurements [199-202] or can
be derived from solubility data [79]. The calorimetry
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technique has been significantly developed and refined
over the last decades [199, 200, 203-206] to expand the
abilities to collect thermodynamic data from mg amounts
of materials under different environmental conditions
(e.g. oxygen atmosphere, argon atmosphere) and up to
very high temperatures (2000°C) [207].

The majority of thermochemical investigations were
performed on pure LnPO, endmembers [47, 49, 208-211],
monazite-type solid solutions [52, 54, 160] and to a lesser
extent on monazite-cheralite-type solid solutions [212—
214]. Ushakov et al. [49] reported a roughly linear trend of
the enthalpies of formation of LnPO, endmembers consist-
ent with the lanthanides contraction and the decrease of
ionic binding energy in these materials which has been
confirmed by ab initio calculations [172, 176].

With respect to the use of phosphate materials as
potential nuclear waste forms, the thermodynamic data
of solid solutions are of particular interest since they will
provide insight into the excess properties of materials that
are close to the chemical composition of a realistic waste
form after the incorporation of e.g. actinides and neutron
absorbers into the crystal structure of the host matrix.
Popa et al. [87] observed excess properties from enthalpy
increment measurements of phosphate solid solutions
(Lal_anxPO4; Ln=Nd, Eu, Gd) using high temperature
calorimetry. The solid solutions of these phosphate series
were found to be regular solid solutions and the observed
non-ideal behaviour was ascertained to the mismatch
of the size of substituting ions. Very recently the excess
enthalpy of mixing of La,_Ln PO, (Ln=Pr, Eu, Gd) solid
solutions were obtained from drop solution calorimetry
[54, 160]. The results in combination with spectroscopic
[54, 193, 215] and modeling studies [182, 216] confirm the
mismatch of ionic radii as well as the lattice strain to be
responsible for the excess properties of these monazite-
type solid solutions. Geisler et al. [215], Neumeier et al.
[54] and Huittinen et al. [193] observed a broadening in
the Raman and laser fluorescence spectra of various mon-
azite solid solutions. These observations are attributed to
reflect lattice strain due to bond length distributions in
the solid solutions.

An important aspect of phosphates as potential
nuclear waste form is the thermodynamic stability of solid
solutions against the formation of a miscibility gap. The
miscibility gaps in the monazite-xenotime system were
investigated by Mogilevsky and Boakye [217] applying
a simple strain model, in which the excess enthalpies
(described by the Margules interaction parameter W) were
computed by considering the substitution of differently
sized Ln-cations and the related strain effects. Li et al.
[216] performed ab initio calculations of monazite-type
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solid solutions and found a quadratic relationship
between the W parameter and the volume difference of the
endmembers, i.e. W~ AV2, In follow-up studies, Kowalski
and Li [182] showed that this relationship is universal for
any given pair of cations. By considering the strain energy
associated with the incorporation of cations of different
size, they found a simple relationship between the W
parameter and the Young's modulus, E, (W=E/(6V)AV?),
which explains the aforementioned quadratic relation-
ship. The validity and importance of this derivation has
been confirmed by thermochemical measurements of
(La,Eu)- and (La,Gd)-solid solutions by Neumeier et al.
[54]. One of the important outcomes of these studies is the
prediction that (La,Pu)-solid solutions are thermodynami-
cally stable over the entire solid solution composition
range and for temperatures above 300 K [216].

Only relatively few thermochemical data are avail-
able for actinide-bearing monazite solid solutions. Due to
the radioactivity of such samples, experimental measure-
ments can exclusively be performed in radiochemical lab-
oratories and are therefore extremely costly. Thiriet et al.
[218] and Benes et al. [219] investigated the heat capacity
of PuPO, in the low (3-300 K) and high (530-1386 K) tem-
perature range providing the temperature dependencies.
Additionally, the derived standard entropy data for PuPO,
[218] allowed the evaluation of a semi-empirical method
to estimate missing data for AmPO, and CmPO,. Popa
et al. [71] measured the low temperature heat capacity of
a monazite-type La ,Pu PO, solid solution and reported
an antiferromagnetic effect due to Pu’* in the solid solu-
tion system explaining anomaly effects in the low T range
(4 K). Drop solution calorimetry measurements of the
CaTh(PO,), endmember as well as the Ln,_, Ca Th PO,
(Ln=La, Ce) solid solution series were performed by Popa
et al. [220] and Konings et al. [213] showing typical excess
properties of regular solid solutions with a slight influ-
ence of the smaller Th* ions compared to the lanthanide
ions. Recently, results of the heat capacity and standard
molar enthalpies of formation of La,_, Ca Th PO, solid
solutions were reported by Rawat et al. [214], indicating a
stabilisation of the solid solution by the incorporation of
12.5 mol% of Th* which is an appropriate waste load for
the disposal of tetravalent actinides.

The calculations of excess properties of cheralite-
type CaThPO, e reported by Li et al. [190]. These effects
were found to be much larger compared to directly substi-
tuted solid solutions, but consistent with the experimen-
tal studies of Konings et al. [213]. This enhancement is a
consequence of the ordering in Me"An"PO, compounds
that is driven by the strong Coulomb effects arising when
mixing cations of different charge.
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6.2 Radiation damage effects in phosphate
materials

One of the key issues for crystalline ceramic waste forms
concerns potential property changes in response to radi-
ation-induced phase transformations due to the o-decay
of the incorporated actinides [220]. The radiation damage
due to self-irradiation in ceramic waste forms is caused
mainly by ballistic effects of the heavy recoiling nucleus
(~1500 displacements per atom (dpa) over its ~20 nm tra-
jectory) and to a smaller extent by the emitted o-particles
due to ionisation (~100 dpa during its ~20 um traverse)
[221, 222].

The experimental investigation of radiation damages
in ceramic materials can be performed in different ways.
The most realistic method is the incorporation of short-
lived radionuclides, such as ?*Cm (t1/2=18.1 a) or 3%Pu
(t,,=87.7 a) [58, 222-224] because the damaged zone is
extended over the whole bulk material of the samples.
However, due to the high radiotoxicity of the elements,
these experiments are difficult to perform. They are costly
and time-consuming, since time frames of several years
are required until noticeable radiation damage is accumu-
lated. A more flexible, practicable and widespread tech-
nique is the ion beam irradiation method [222, 225, 226].
This method allows for the handling of non-radioactive
samples using surrogates and can be performed within
a few hours. A disadvantage of the ion beam irradiation
technique is the fact that a very thin damaged zone of few
hundred nm to a few microns — depending on the energy
of the ion — is produced. Extremely sensitive analyti-
cal techniques, e.g.Gracing Incidence X-Ray Diffraction
(GIXRD) or Transmission Electron Microscopy (TEM), are
needed to characterise the damaged zones in the samples
with both methods beeing suitable to investigate radiation
damage effects. However, self-irradiation studies based
on doping with short-lived radionuclides (volumic irradia-
tion) do not always induce the same damages and conse-
quences in comparison to the more localised irradiation
at the surface of the material due to external irradiation
with heavy ions.

As a consequence of accumulated radiation damages,
the crystal structure of the initially crystalline ceram-
ics can undergo complete amorphisation. Monazite-
type phosphates are known for their radiation resilience
because natural monazite minerals do not exist in the
metamict state although they can contain significant
amount of a-decaying actinides since several hundred
millions of years [37, 38]. This effect is probably caused
by self-annealing of the structure leading to recrystal-
lised irradiated materials [41, 227]. The recrystallisation
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process predominantly depends on the critical tempera-
ture (T,.) above which no amorphisation occurs. Meldrum
et al. investigated critical amorphisation doses and T,. for
different pure lanthanide phosphates using 800 keV Kr?
irradiation [30, 226, 228, 229]. They found that T, depends
on the chemical composition, e.g.T. (LaPO,)=333 K, T,
(EuPO,)=450 K, and T. (GdPO,)=485 K. Apatite shows
the same tendency for recovery and recrystallisation [29].
The irradiation with 320 keV Pb- and 160 keV He-particles
on Nd-britholite and fluoroapatite revealed that the phos-
phate groups mainly contribute to the annealing effects
instead of the silicate groups [230].

Nasdala et al. [231] and Picot et al. [232] studied the
behaviour of CePO, under 1-7 MeV Au ion irradiation at
total fluences of 0.6-10®-5.1-10" ions-cm™ showing an
amorphisation at highest dose. Recently, Ji et al. [191]
reported the amorphisation of a La ,Gd PO, solid solu-
tion at a fluence of ~10® ions-cm™ using 100 MeV Au
swift heavy ion irradiation at room temperature. These
experiments were supported by simulations (SRIM/TRIM)
[233-235] and atomistic modeling techniques [191] for the
selection of best parameter for irradiation experiments
and data interpretation.

The effect of matrix elements and dose rate on
monazite amorphisation was demonstrated by Burakov
et al. [58] and Bregiroux et al. [61], respectively, using
the direct incorporation of relatively short-lived #®Pu
(T,/Z:87.74 years) and *'Am (T,/Z:432.6 years). Burakov
et al. observed a complete amorphisation of a Z?®Pu-doped
PuPO, monazite at a dose of 4.2-10* o.- m~ while a **Pu-
doped LaPO, monazite remained crystalline at a dose of
1.1910% o.- m~. The PuPO, was found to amorphise com-
pletely at a lower dose compared to **AmPO, [61].

The amorphisation of B-TPD and B-TUPD was
observed under Kr-irradiation at 840 MeV at a fluence
of 10” ions - cm™ and significantly depends on the elec-
tronic stopping power [236-238]. The critical thresh-
old for electronic energy loss was determined to be 5
MeV - um™ [239]. In the nuclear stopping regime a com-
plete amorphisation occurs at a critical dose of 0.2 dpa.
The recrystallisation due to annealing to the initial crys-
talline structure was obtained at 973 K. Additionally, TPD
samples with high #°Pu loading (up to 16.1 wt%) were
prepared which remained crystalline despite of the high
dose they received [240].

In addition, there are increasing atomistic modeling
activities on radiation damage processes in phosphates.
Jolley et al. [192] performed ab initio simulations of melting
and thermal expansion of CePO,. Ji et al. [191] and Li et al.
[190] computed threshold displacement energies (E,) in
LaPO, and found the E, values for La that are by a factor of
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~2 larger than the generic values usually assumed in the
radiation damage simulations (e.g. SRIM code). Kowalski
et al. [185] also found an interesting correlation between
the E, values and the measured dissolution rates for
La, Eu PO, solid solution [53].

6.3 Aqueous durability of phosphate
ceramics

The waste containers emplaced in a deep geological repos-
itory for nuclear wastes built in crystalline rocks or clay
formations will inevitably come into contact with ground
water post-closure, after resaturation of the repository.
Even in repositories in salt rocks, the presence of water
cannot be completely ruled out for less probable scenar-
ios, for example, an early failure of shaft seals and plugs.
As a consequence, after container failure due to aqueous
corrosion, the waste forms will come into contact with the
near-field water, which can lead to a subsequent release of
radionuclides as a result of waste form dissolution.

There are a number of relevant issues for the selection
of a suitable waste matrix for the geological disposal of
separated plutonium and/or minor actinides, if declared
as waste, such as achievable waste loading, long-term
durability, criticality control, as well as the maturity
of the fabrication technology and safeguards (cf. [20]).
Important issues with respect to the safety case for a geo-
logical disposal facility and the post-closure safety, which
mostly determines disposability, comprise especially the
aqueous durability of the waste form under the conditions
encountered in the repository, and the rate at which radio-
nuclides are released and can migrate into the repository
near- and far-field. The potential for post-closure critical-
ity excursions due to the accumulation of fissile materials
leached from the waste matrices or due to a preferential
leaching of neutron poisons is likewise related to the
long-term dissolution behaviour of the waste forms under
disposal conditions. The processes relevant to the long-
term performance of the waste forms in a deep geological
repository and their aqueous durability are controlled to a
varying degree by thermodynamics and reaction kinetics
and can be affected by the near-field hydro-(geo-)chemis-
try and the hydrodynamic regime [241].

Dissolution rates can be derived from standardised
static laboratory dissolution tests, e.g. MCC-1 [242] and
dynamic single-pass flow through (SPFT) tests [243]. All
standardised static dissolution tests are typically short-
term laboratory tests, usually conducted for less than
1 month at drifting conditions, which occur according to
the progress of the waste matrix dissolution. The dynamic
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SPFT set-up prevents the progressive accumulation of
reaction products which may affect element release rate.
During the experiment, a continuous flow of fresh influ-
ent solution maintains constant, well defined chemical
conditions within the flow-through reactor. The disso-
lution rate can be derived by quantification of the con-
centration of dissolved species in the leaching media in
relation to the original inventory in the solid. Finally, the
dissolution rate can be expressed as the elemental loss by
mass normalised per unit surface area per unit time. In
general, the dissolution rate significantly depends on pH,
temperature, chemical composition, and microstructure
[244-247]. Additionally, the influence of phase transfor-
mations due to radiation damages, strength and species
of ions in the water has to be considered.

Natural monazite from Madagascar was system-
atically investigated by Oelkers and Poitrasson [28] as a
function of temperature from 50 to 230 °C and pH from 1.5
to 10. The dissolution rates were found to increase from
43-10"7 mol-cm?-s to 1.2-10™ mol-cm2-s? at pH
2 with increasing the temperature and to reach a minimum
at near neutral pH. An activation energy of 40 KkJ - mol*
was determined indicating a surface-controlled dissolu-
tion mechanism [248]. Du Fou de Kerdaniel [249] inves-
tigated the dissolution behaviour of LnPO, monazite
(Ln=La, Ce, Nd, Eu and Gd) in static experiments in 0.1 M
HNO, at 90°C obtaining almost the same normalised dis-
solution rate (1-10° g-m=2-day to 1.8-102 g-m=-day™)
for all lanthanides consistent to the data determined by
Oelkers and Poitrasson [28]. Sales et al. [250] and Ishida
et al. [251] found in independent dissolution tests, a dis-
solution rate of synthetic monazite that is three orders of
magnitude lower than that of borosilicate glasses. After
10 days, a rapid decrease of the normalised dissolution
rate was observed due to saturation processes and precipi-
tation of neo-formed phases. The constitution of the neo-
formed phase is mainly governed by the temperature and
the ionic radius of the lanthanide elements as has been
discovered by du Fou de Kerdaniel et al. (cf. Figure 1) [78].
They reported a reprecipitation at 150°C of lanthanide
phosphates with monazite structure for the light lantha-
nides La and Ce and in contrast with rhabdophane struc-
ture for lanthanides from Nd to Dy. Taking into account
other temperatures it can be concluded that at tempera-
tures above ~150°C the monazite phase will be stabilised
while rhabdophane is the low-temperature phase of LnPO,
in aqueous environments.

The dissolution rate of monazite-type solid solutions
has been investigated for La, Gd PO, [51] in dependence
of pH at 90°C in static dissolution experiments. The dis-

solution rate significantly decreases from pH1,, (3.8-10
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g-m?-day”’) to pH 4, (4.8-10° g-m=-day™). The same
tendency was observed for Ce Pr PO, [148]. The disso-
lution rate varied between ~102 g-m=-day at pH 3 and
~107g-m™-day!at pH 7 with no significant change when
increasing the temperature from 90°C to 200°C and no
significant influence of the fabrication method i.e. either
using conventional sintering or hot-pressing [143, 148].
Brandt et al. [53] investigated the dissolution behaviour of
La, Eu PO, solid solutions in dynamic dissolution experi-
ments at pH 2 and 90°C. They reported a normalised dis-
solution rate between 5-10° g-m=-day? and 1.7-107
g-m>?-day? in dependence on the Eu content with a
minimum at X, ,=0.2. Kowalski et al. [185] showed an
interesting correlation between the measured dissolution
rate for the La, Eu PO, solid solution [53] and the simu-
lated threshold displacement energy. Both parameters
show a minimum at x~0.2, which points towards a
common origin of these phenomena. In the case of simula-
tions the minimum is explained by the interplay of the two
effects: (i) the lowering of the volume along the solution
series and (ii) the weakening of the interaction between
the Ln and O atoms with increase in X, i.e. weaker inter-
action between Eu-0 than La—0. Moreover, experiments
with #?Am-doped La-monazite in distilled water at 90°C
revealed a normalised dissolution rate in a similar order of
magnitude compared to synthetic monazite [60] and 300
times lower as reported for borosilicate glasses [252].

In contrast to the various studies on monazite, only
few data are available concerning the aqueous durability
of cheralite-type (Ca,,(U,Th) PO,) materials and mona-
zite-cheralite-type (Ln,, Ca (U,Th) PO,) solid solutions.
The dissolution behaviour of these phases was observed
to depend significantly on the nature of the incorporated
actinide. For instance, du Fou de Kerdaniel investigated
the dissolution kinetics of various La,,Eu Ca ,An , PO,
solid solutions (An=Th, U) at pH 1 and 90°C [78]. The dis-
solution of these materials was found to be highly incon-
gruent with the dissolution rate of the Th-bearing solid
solution (1.7-4.3-10° g-m=>day”) being two orders of
magnitude lower compared to the U-bearing solid solu-
tion (2-4-10* g-m? day™). The preferential release of U
can probably be attributed to the oxidation of UV to UV
(U0, [51, 78, 253] while rapid saturation and precipita-
tion of TPHPH occurred forming a passivating layer on the
surface of the Th-bearing materials [241].

B-TPD and B-TAnPD solid solutions were found to
be highly resistant [240, 254, 255]. The dissolution rates
ranged from 1.2-10° g-m=-day* at pH 1 to 4.8-10°°
g-m?2-day?! at pH 4 at room temperature. The *°Pu
doped B-TPD dissolved with the same rate compared
to the other samples which demonstrates the high
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resistance of these materials to radiation damages and
radiolysis [240]. However, due to the very low solubility
of the neo-formed phases [256], the saturation condi-
tions were reached rather quickly. Although the irradia-
tion of B-TPD lead to an increase of the dissolution rate
by a factor of 10-100, the material remains highly
durable. It was found that inter alia the characteristics of
the neo-formed phases are not influenced by the disso-
lution behaviour of the amorphised material [236-238].
In contrast, due to the increased dissolution kinetics the
saturation conditions are reached more rapidly speeding
up the formation of the protective layer thus hindering
further dissolution [257].

Although britholite appears similar to the mona-
zite-cheralite solid solutions from the chemical point
of view, the dissolution behaviour differs significantly.
Typically the normalised dissolution rates in 0.1 M HNO,
are 2.2-10° g-m=-day? at 90°C for Th-cheralite and
2.1 g-m?-day? for Th-britholite at 25°C. The dissolu-
tion behaviour of both systems have been systematically
investigated to understand the difference from crystallo-
graphic aspect [253, 258] and demonstrated clearly that
the chemical durability of An-britholithes is significantly
lower compared to that of (Ln,Ca,An)-monazite-cheralite
solid solutions. Complementary performed DFT-calcula-
tions revealed distinct differences in the cohesive energy
of Ca in both structures that apparently cause such tre-
mendous differences in the chemical durability of both
matrices.

7 Summary and conclusion

In spite of several decades of international R&D activities,
the disposal of high level radioactive waste is one of the
most demanding political, societal and scientific chal-
lenges of the 21t century.

Among several other poly- and single-phase ceramics
phosphate-based materials, for example monazite, mon-
azite-cheralite, thorium-phosphates-diphosphates and
britholite emerged as promising candidates for ceramic
nuclear waste forms for specific radioactive waste streams
containing Puand MA, due to their specific physico-chem-
ical properties. These include high structural flexibility
allowing for significant waste loadings, high chemical
durability, and high resilience against radiation damage.
In particular, research activities focused on monazite-type
and monazite-cheralite-type materials.

From a chemical and structural point of view, the phos-
phate family offers several options for the incorporation
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of cations and anions into the crystal structure by direct
or coupled substitution. Dry and wet chemical methods
have been developed to synthesise pure and homogene-
ous precursor materials. The wet chemistry methods are
favourable over the solid state chemistry method due min-
imisation of contamination risk when handling radioac-
tive materials. However, the incorporation of tetravalent
actinides such as (Th, U, Np) is mainly performed by solid
state chemistry. Particular interest has been paid to the
incorporation of Pu due to its very complex redox-chem-
istry. Based on the synthesis routes available the most
promising way to immobilise Pu is the incorporation into
monazite or monazite-cheralite matrices in the oxidation
state +I1I.

The methods to fabricate sintered specimens tre-
mendously progressed in the last 20 years. New sinter-
ing methods, such as spark plasma sintering, offer new
opportunities to immobilise volatile radionuclides and
solidify materials very rapidly. Additionally, the maturity
for the fabrication nuclear waste forms on the industrial
scale has been demonstrated with HIPing most likely
playing an important role.

Safe and reliable conditioning of nuclear waste
streams requires a refined understanding of the long-term
stability of the waste form under conditions relevant to
geological disposal including the contact to aqueous envi-
ronments in the long-term. This comprises aspects such
as (i) the thermodynamic stability, (ii) the radiation resist-
ance and (iii) the aqueous durability. All aspects have been
addressed fully or partly for the discussed materials. For
monazite it can be concluded that a chemically and ther-
modynamically stable waste form matrix can be formed
by mixing lanthanides from La—-Gd. The a-decay of incor-
porated actinides does not have a significant influence on
the dissolution rate of these materials. Similar aqueous
durability can be attested to the monazite-cheralite
system. However, the influence of radiation damages on
the dissolution behaviour has not been investigated so
far. The aqueous durability of B-TPD and 3-TAnPD is more
sensitive to radiation damage but still lower compared to
borosilicate glasses. In contrast, the weak aqueous dura-
bility of britholite (up to 6 orders of magnitude lower than
monazite) is unfavourable for a consideration as nuclear
waste form.

The progress in the development of reliable and feasi-
ble atomistic modeling tools to compute the properties of
f-elements like actinides and lanthanides has been very
important to research in this field. This progress allows
achieving results which are experimentally not acces-
sible, for the interpretation of experimental results and
for the pre-setting of parameter for advanced radiation
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damage experiments. A large number of examples dem-
onstrated the benefit by the synergies of experiments and
atomistic modeling.

The properties and stability of monazite and mon-
azite-cheralite solid solutions as well as thorium-phos-
phates-diphosphates offer a large panel of varieties for the
safe immobilisation of radionuclides from specific waste
streams. In combination with available waste form fabri-
cation techniques on industrial scale, these ceramic mate-
rials can be seen complementary to the immobilisation in
borosilicate glasses, instead of competitive.

In perspective, as the long-term aqueous durability
of monazite waste form is very sensitive to the near-field
dissolution conditions (chemical composition of ground-
water and EBS-concept) [259], experiments in ground-
water-like media are needed in order to investigate the
effect of various ions in the groundwater, e.g. phosphate
and fluoride ions on dissolution kinetics and mechanisms
under repository conditions.

Additionally, the effect of ‘transmutation damage’
caused by changes of ion size and valence that may occur
during o- or B-decay of the immobilised radionuclides has
not been investigated in detail so far. For instance, 2°Pu
incorporated in a monazite matrix in the oxidation state
+I1I will decay to #°U that is probably in the +IV or +VI
valence state, depending on the conditions in the near-
field, which is accompanied by a decrease in ionic radius
of about 10 %.

More emphasis has to be put on experiments with
actinide materials to include the very complex specific
element chemistry of actinides, e.g. Pu. Additionally,
these experiments will validate the knowledge collected
from experiments using surrogates and models derived
from atomistic modeling. The synergies between
experimental and modeling research will be the key to
develop a refined understanding of the complex pro-
cesses in the repository on the atomic scale on the bases
of reliable data.
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