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a b s t r a c t

Glass–ceramic materials containing zirconolite (nominally CaZrTi2O7) crystals in their bulk can be envis-
aged as potential waste forms for minor actinides (Np, Am, Cm) and Pu immobilization. In this study such
matrices are synthesized by crystallization of SiO2–Al2O3–CaO–ZrO2–TiO2 glasses containing lanthanides
(Ce, Nd, Eu, Gd, Yb) and actinides (Th) as surrogates. A thin partially crystallized layer containing titanite
and anorthite (nominally CaTiSiO5 and CaAl2Si2O8, respectively) growing from glass surface is also
observed. The effect of the nature and concentration of surrogates on the structure, the microstructure
and the composition of the crystals formed in the surface layer is presented in this paper. Titanite is
the only crystalline phase able to significantly incorporate trivalent lanthanides whereas ThO2 precipi-
tates in the layer. The crystal growth thermal treatment duration (2–300 h) at high temperature
(1050–1200 �C) is shown to strongly affect glass–ceramics microstructure. For the system studied in this
paper, it appears that zirconolite is not thermodynamically stable in comparison with titanite growing
form glass surface. Nevertheless, for kinetic reasons, such transformation (i.e. zirconolite disappearance
to the benefit of titanite) is not expected to occur during interim storage and disposal of the glass–cera-
mic waste forms because their temperature will never exceed a few hundred degrees.

� 2010 Elsevier B.V. All rights reserved.
1. Zirconolite-based glass–ceramic materials as specific waste
forms for actinides

Glass–ceramic materials (GCM) are composite materials consti-
tuted of a very high number of small crystals homogeneously dis-
persed in the bulk of a glassy matrix (the residual glass) that are
generally produced by controlled crystallization of a parent glass
of suitable composition following a two-stage thermal treatment
(nucleation + crystal growth) [1–4]. Such kind of materials, and
more particularly silicate based ones, are potential waste forms
both for non-radioactive industrial wastes [5] – that can then find
application in various fields such as building materials for instance
– and for high level radioactive nuclear wastes (HLW) arising from
the reprocessing of spent nuclear fuel. These radioactive wastes
must be isolated from the biosphere for very long times until their
radiotoxicity level drops back to a radiotoxicity level close to that
of the initial uranium natural ores [6–9]. GCM are also envisaged
for the immobilization of separated minor actinides [9], U-rich
[10] and Pu-rich [11,12] wastes. GCM would benefit at the same
time from the ease of glassy waste forms preparation by melt-
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ing + casting and from the very good long term behavior and the
high incorporation capacity of ceramic waste forms such as zirco-
nates, titanates and phosphates. In the ideal case, GCM would
consist of small and highly durable crystals (which would prefer-
entially incorporate long-lived radionuclides such as actinides)
homogeneously dispersed in a durable residual glass acting as a
second barrier of containment for the radionuclides incorporated
in the crystals (double containment principle). Due to the existence
of a residual glassy phase embedding the crystals, such waste
forms could accommodate more easily waste composition fluctua-
tions and impurities than single phase ceramics. Indeed, because of
the crystalline structure of ceramics, impurities and waste compo-
sition fluctuations could generate low durability parasitic phases
containing radioactive elements.

GCM containing highly durable crystalline particles such as zir-
conolite (nominally CaZrTi2O7) homogeneously dispersed in the
bulk of a glassy matrix and able to incorporate high quantities of
actinides (such as minor actinides or Pu) or actinide surrogates
(such as lanthanides) in their structure have been proposed as host
candidates for the immobilization of these long-lived radionuclides
[9,13,14]. In zirconolite ceramics it is known that actinides and
their surrogates may be incorporated either into the Ca or Zr sites
of the structure. For instance, more than 60% of the Ca2+ cations of
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Zr-zirconolite can be replaced by Nd3+ or Gd3+ cations without
changing the structure, following a charge compensation scheme
with Al3+ cations into the titanium sites according to the following
formula Ca1�xNdxZrTi2�xAlxO7 [15,16]. The choice of zirconolite as
crystalline phase in the bulk of GCM is justified by the following
reasons. Zirconolite is one of the best single phase ceramic that
has been proposed as a host phase for the specific immobilization
of separated minor actinides (Np, Am, Cm) or Pu by considering all
its performances: high waste loading and chemical flexibility,
excellent aqueous durability, good radiation resistance, existence
of very old natural analogues [9,17–28]. Zirconolite was also envis-
aged in the SYNROC waste forms developed in Australia which
consisted in an assemblage of three main thermodynamically com-
patible titanate crystalline phases (zirconolite + perovskite + hol-
landite) adapted for the immobilization of non-separated HLW
(fission products + minor actinides) [29,30]. It is important to
underline that despite the tendency of zirconolite to amorphize
under alpha decay damages both in very old natural samples (con-
taining U and Th) [31–34] and in artificial ceramic samples (con-
taining for instance 244Cm or 238Pu) [28,35], it keeps a very high
chemical durability in water. For instance, Lumpkin et al. [34] indi-
cated that 550 million years old metamict zirconolite samples from
Sri Lanka containing about 18 wt.% ThO2 and 2 wt.% UO2 showed
only minor signs of geochemical alteration. Other studies reported
in literature on zirconolite ceramic samples showed that the amor-
phization produced by external irradiation with heavy ions simu-
lating a-recoils of actinides did not significantly affect the
dissolution rate of zirconolite in water [21,36]. Chemical durability
tests have also been performed in water on zirconolite ceramic
samples under He2+ ions external irradiation – to simulate the ef-
fect of a-self-irradiation at the zirconolite/water interface – to
study the impact of water radiolysis on the dissolution rate of zir-
conolite. It appeared that even under radiolytic conditions, zircon-
olite remained a good candidate for the specific immobilization of
actinides [37,38]. This excellent chemical durability properties of
zirconolite in water was explained by Leturcq et al. by considering
the existence of a decalcified zirconolite phase on the surface of the
altered zirconolite samples which would act as a passivation layer
with protective properties [39]. The release of radiogenic helium
Table 1
Nominal composition of lanthanide and thorium-doped parent glasses (in oxide weight
surrogate is also given.

Glass reference Composition SiO2 Al2O3 C

G0 wt.% 43.156 12.709 2
mol% 48.848 8.477 2

GNd1 wt.% 42.724 12.582 2
mol% 48.748 8.460 2

GNd2 wt.% 42.293 12.455 2
mol% 46.647 8.442 2

GNd4 wt.% 41.430 12.201 2
mol% 48.439 8.406 2

GNd6 wt.% 40.567 11.946 1
mol% 48.226 8.369 2

GNd8 wt.% 39.703 11.692 1
mol% 48.004 8.331 2

GNd10 wt.% 38.840 11.438 1
mol% 47.774 8.291 2

GCe wt.% 40.627 11.964 1
mol% 48.226 8.369 2

GEu wt.% 40.567 11.946 1
mol% 48.253 8.373 2

GGd wt.% 40.567 11.946 1
mol% 48.270 8.376 2

GYb wt.% 40.155 11.825 1
mol% 48.226 8.369 2

GTh wt.% 40.567 11.946 1
mol% 48.058 8.340 2
during the annealing of amorphous Cm or Pu doped zirconolite
ceramic samples was also studied and was associated with re-
ordering and recrystallization phenomena [40].

In previous papers we showed that zirconolite-based GCM
could be prepared either by nucleation + crystal growth of a
Nd2O3 bearing (TiO2, ZrO2)-rich SiO2–Al2O3–CaO parent glass
[13,41–45] or by controlled cooling of the corresponding melt
[14,46]. The possibility to replace partially or totally ZrO2 by
HfO2 to prevent criticality events (hafnium has a high thermal neu-
tron capture cross-section in comparison with zirconium) in the
zirconolite crystals of these GCM was also studied [47]. In all these
studies, neodymium was used as minor actinides surrogate. Never-
theless, it must be underlined that one of the drawbacks of these
zirconolite-based GCM is that a significant fraction of actinides
would probably remain in the residual glass surrounding the zir-
conolite crystals according to the results obtained using actinide
surrogates [14]. Recently, Mahmoudysepehr et al. [48] also pre-
pared zirconolite-based GCM for radioactive waste immobilization
but from less refractory glass compositions belonging to the SiO2–
PbO–CaO–ZrO2–TiO2–B2O3–K2O system (PbO, B2O3 and K2O are
known as good melting and fluxing agents during glass prepara-
tion). The chemical durability in water of zirconolite-based GCM
prepared from (TiO2, ZrO2)-rich SiO2–Al2O3–CaO parent glasses
was studied at temperatures ranging from 50 to 200 �C in a
mixed-flow hydrothermal reactor and it appeared that the initial
dissolution rate r0 of the GCM and of the corresponding parent
glasses were similar but were an order of magnitude lower than
that of borosilicate nuclear glasses and basaltic glasses [49–53].
However, lixiviation tests performed on high glass surface area
(S) to solution volume (V) ratios (S/V � 20,000 m�1) in static alter-
ation conditions at 90 �C that simulates more advanced degrees of
reaction progress, showed that almost steady-state elementary
normalized mass loss NL(Ca) were reached within a few days
[49]. The GCM alteration rate r(t) dropped by four orders of magni-
tude approaching zero (r(t) < 10�5g m�2 day�1). According to these
results [53], such a residual alteration rate would correspond to an
alteration of roughly 3.6 lm in 10,000 years which is extremely
small. This residual alteration rate value is lower than that of an
inactive borosilicate nuclear glass (r(t) < 10�4 g m�2 day�1) but
and molar percentages). The composition of the parent glass G0 without actinide

aO TiO2 ZrO2 Ln2O3 or ThO2 Na2O

0.884 13.249 9.002 0.000 1.000
6.328 11.282 4.968 0.000 1.097
0.675 13.117 8.912 1.000 0.990
5.276 11.260 4.958 0.204 1.095
0.466 12.984 8.822 2.000 0.980
5.223 11.236 4.948 0.411 1.093
0.049 12.719 8.642 4.000 0.960
5.116 11.188 4.927 0.835 1.088
9.631 12.454 8.462 6.000 0.940
5.005 11.138 4.905 1.274 1.083
9.213 12.189 8.282 8.000 0.920
4.890 11.087 4.883 1.727 1.078
8.796 11.924 8.102 10.000 0.900
4.772 11.034 4.859 2.196 1.073
9.660 12.472 8.474 5.862 0.941
5.005 11.138 4.905 1.274 1.083
9.631 12.454 8.462 6.000 0.940
5.019 11.145 4.908 1.218 1.084
9.631 12.454 8.462 6.000 0.940
5.028 11.149 4.910 1.183 1.084
9.431 12.327 8.376 6.956 0.930
5.005 11.138 4.905 1.274 1.083
9.631 12.454 8.462 6.000 0.940
4.918 11.099 4.888 1.617 1.080
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higher than that of zirconolite ceramic (r(t) < 10�6g m�2 day�1)
using the same alteration conditions [49]. The quantity of altered
materials varies in the same order as the residual alteration rate
r(t). For instance, according to Advocat et al. [49], after 200 days
in static conditions at 90 �C, the normalized weight losses are the
following for the different waste forms: inactive borosilicate
nuclear glass (3 � 10�1 g m�2) > zirconolite-based GCM (4 �
10�3 g m�2) > zirconolite ceramic (1 � 10�3 g m�2). Moreover,
Martin et al. [50,51] showed that the long term release of actinide
surrogates was mainly governed by the alteration of the residual
glass remaining between zirconolite crystals in the bulk of the
GCM (the zirconolite crystals being almost unaltered). More pre-
cisely, these authors showed that the initial alteration rate r0 was
controlled by the preferential alteration of the residual glass
around zirconolite crystals that induced an increase of the accessi-
ble glass + crystals surface area. Consequently, among the three
source terms for actinides release, one for the zirconolite crystals,
one for the residual glass and one for the grain boundary, the last
one being the most rapid, it will govern the overall release of actin-
ides. In comparison with nuclear borosilicate glasses, the higher
chemical durability of zirconolite-based GCM can be explained
by the occurrence of ZrO2 and TiO2, the lack of boron and the very
small amount of sodium in glass (see Table 1 below). The initial
alteration step is followed by the formation of alteration films on
the residual glass and crystals surface that induces a high slow-
down of the alteration rate because these films act as diffusive bar-
riers (protective effect) [53]. Recent studies [54,55] coupling
experimental results on silicate glasses corrosion with numerical
Monte Carlo simulations showed the strong impact of morpholog-
ical transformations in the altered layer on leaching kinetics: the
sharp drop of alteration rate was shown to arise from densification
of the outer layers of the film (porosity closure).
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2. Previous studies on the crystallization of zirconolite-based
glass–ceramic materials

The comparison of the different methods that have been used to
prepare Nd-doped zirconolite-based GCM in our previous studies
either from the glass or from the melt [14,46], clearly indicates that
the occurrence of titanite (nominally CaTiSiO5) and anorthite
(nominally CaAl2Si2O8) crystals from sample surface can compete
with the crystallization of zirconolite in the bulk (Fig. 1). Only
these two silicate phases nucleate heterogeneously on glass sur-
face and form a partially crystallized layer that grows towards
the bulk of glass samples. The origin of surface induced crystalliza-
tion in glasses was discussed for instance in [56]. The evolution
with the heating temperature of the nature of the main crystalline
950 1000
1150

1200 1250 1350 1400760

Tg Tliq

fluorite
fluorite →
zirconolite zirconolite

baddeleyite + 
zirconolite

titanite + anorthite titanite + 
anorthite + 

baddeleyite

Bulk

Surface

Fig. 1. Evolution with the thermal treatment temperature Tc (950–1350 �C) of the
nature of the main crystalline phases formed in the bulk (fluorine, zirconolite,
baddeleyite) or near the surface (titanite, anorthite, baddeleyite) of the Nd-bearing
zirconolite-based GNd6 GCM. This figure summarizes the main results presented in
[14,41–43,46]. Tg and Tliq are respectively the glass transformation temperature and
the liquidus temperature of the GNd6 parent glass. The fluorite phase formed in the
bulk for Tc < 1000 �C is in a fact a cubic defect-fluorite phase that transforms
irreversibly into zirconolite for Tc P 1000 �C [43].
phases formed in the bulk and near the surface of the Nd-doped
zirconolite-based GCM is summarized in Fig. 1. The thickness of
the titanite + anorthite layer never exceeds 1 mm as shown in
Fig. 2 and is easy to control by using a nucleation (2 h at
810 �C) + crystal growth (2 h between 1000 �C and 1200 �C) meth-
od [14,46]. This last crystallization method corresponds to the clas-
sical one used to prepare glass–ceramics in industry [1]. Moreover,
the activation energy associated with the crystal growth of titanite
and anorthite was determined using differential thermal analysis
(DTA) methods and the evolution of the exothermic effects associ-
ated with the crystallization of these two phases was followed
according to the glass particle sizes [57]. It is worth noting that
titanite-based GCM – prepared from parent glasses belonging to
the system SiO2–Al2O3–CaO–Na2O–TiO2 – were extensively stud-
ied and envisaged in the 1980s by Canadian researchers as candi-
date waste forms for the immobilization of CANDU fuel wastes
[58,59]. In this case, the titanite phase was also observed to nucle-
ate preferentially heterogeneously on external surfaces and on
internal heterogeneities. It is also worth noting that because titan-
ite is a phase present in a wide range of igneous rocks, several stud-
ies have been reported in literature on the distribution of high field
strength elements such as lanthanides, zirconium and thorium
(present as trace elements) between titanite and silicate melts
[60]. Because titanite has a relatively high capacity to incorporate
lanthanides, its crystallization in rocks may significantly affect
their distribution. Moreover, studies have been performed on the
effect of the nature and concentration of lanthanides in silicate
melts on the partition coefficient D of lanthanides between titanite
and the melt [60–63]. The impact of silicate melt composition –
and more particularly of the amount of Al2O3 and non-bridging
oxygens – on D was also studied [60,61].

In a previous paper [13], we studied the controlled crystalliza-
tion in the bulk of a parent glass composition belonging to the
SiO2–Al2O3–CaO–ZrO2–TiO2 system containing minor actinide
and Pu surrogates such as Ce, Nd, Eu, Gd, Yb and Th. The choice
of these different surrogates was discussed in [13]. In all cases, zir-
conolite was shown to be the only crystalline phase able to nucle-
ate directly in the bulk of the GCM. This result can be explained by
the well known strong tendency of Ti4+ and Zr4+ ions to act as very
efficient nucleating agents in glasses due to their high field
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Fig. 2. Evolution with crystal growth temperature (Tc) of the thickness of the
crystallized layer – mainly constituted of titanite and anorthite crystals (see Fig. 3) –
growing from the GCM surface towards the bulk of the Nd-doped sample (GNd6).
The parent glass was previously nucleated during 2 h at 810 �C to induce crystal-
lization of zirconolite in the bulk [13,41]. It can be noticed that the crystallized layer
is only observed when 950 �C 6 Tc 6 1250 �C. For Tc 6 900 �C, titanite and anorthite
crystal growth kinetics become to low whereas for Tc P 1300 �C, these two phases
are not ever stable in the supercooled melt. This last point is in agreement with
previous DTA results which showed that during heating, these two phases dissolved
in the melt near 1260–1270 �C [57].
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strength and thus to their tendency to separate from the silicate
network forming for instance very small (Zr, Ti)-rich crystallites
able to induce the heterogeneous nucleation of the remaining
supercooled liquid on their surface and thus in the bulk of the glass
(volume nucleation) [1,64–69]. The effect of the nature of the acti-
nide surrogate on the structure, the microstructure and the compo-
sition of the zirconolite crystals formed in the bulk of the GCM was
widely studied in [13]. A correlation was observed between surro-
gate cations field strength in the glass and zirconolite nucleation
rate. The amount of lanthanides and thorium incorporated into zir-
conolite crystals was discussed in relation with the capacity of the
glass to accommodate these elements (in accordance with their
cationic field strength) and with the capacity of the crystals to
incorporate them in the calcium and zirconium sites of their struc-
ture (bond valence–bond length considerations [70,71] were used
to quantify the ability of the calcium and zirconium sites of the zir-
conolite structure to accept lanthanide and Th4+ ions).

In the present paper, we study the effect of the nature of minor
actinide and Pu surrogates (Ce, Nd, Eu, Gd, Yb, Th) on the crystalli-
zation processes occurring from the surface of SiO2–Al2O3–CaO–
ZrO2–TiO2 glasses. The nature, the structure, the microstructure
and the composition of the crystalline phases nucleating and grow-
ing from the GCM surface are presented and the amount of surro-
gates incorporated in their structure is determined. The effect of
the duration of the crystal growth thermal treatment from 2 to
300 h at 1050 �C and 1200 �C on the stability of the zirconolite
crystals formed initially in the bulk of parent glasses in competi-
tion with the silicate phases growing from glass surface is studied
for the Nd-, Eu-, Gd-, and Th-doped samples and for a sample with-
out actinide surrogate. Concerning more specially the neodymium-
doped parent glass, the effect of Nd2O3 concentration (from 0 to
10 wt.%) on both the structure and the composition of the crystal-
line phases growing from the surface is also presented.
3. Experimental procedures

The compositions of the lanthanide and thorium-doped parent
glasses prepared for this study are given in Table 1 and were ini-
tially chosen to study the crystallization of zirconolite in the bulk
of the samples [13,72]. For each actinide surrogate, the same basic
undoped parent glass composition G0 was used [41] (in wt.%): SiO2

(43.16), Al2O3 (12.71), CaO (20.88), TiO2 (13.25), ZrO2 (9.00), Na2O
(1.00). The doped glasses were prepared with the following simu-
lant levels (wt.%): Ce2O3 (5.86), Nd2O3 (1.00 to 10.00), Eu2O3 (6.00),
Gd2O3 (6.00), Yb2O3 (6.95), ThO2 (6.00). The Ce2O3, Eu2O3, Gd2O3

and Yb2O3 molar concentrations for all the samples (Table 1) are
approximately similar to the one of the 6 wt.% Nd2O3 doped glass
(GNd6). This composition was widely studied in [41] and corre-
sponds approximately to a 9.2 wt.% Am2O3-doped glass which is
close to the amount of minor actinides aimed to be incorporated
in the waste form (�10 wt.%). However, because of the high atomic
weight of thorium, Th molar concentration in glass GTh is close to
that of Nd in glass GNd4 (Table 1). All glasses (�40 g) were pre-
pared after thorough mixing of reagent grade oxide (SiO2, Al2O3,
ZrO2, TiO2, CeO2, Nd2O3, Eu2O3, Gd2O3, Yb2O3, ThO2) and carbonate
(CaCO3, Na2CO3) powders. The preparation method and the color-
ation of parent glasses obtained were already described in [13].
The GCM samples (cylinders of 1 cm diameter and 1 cm high) were
then prepared by a two-step thermal treatment of parent glasses
including a 2 h nucleation stage at Tn = 810 �C and a 2 h crystal
growth stage at either Tc = 1050 �C or 1200 �C before annealing at
755 �C. Nucleation temperature was kept constant for all glass
samples because the parent glass transformation temperature Tg

(�760 �C) does not significantly change between the different
compositions studied. Indeed, the temperature range where zir-
conolite nucleation is significant was shown to be located only
slightly higher than Tg [42]. The two crystal growth temperatures
chosen in this study (Tc = 1050 �C and 1200 �C) were shown to lead
to the crystallization of zirconolite as the only crystalline phase in
the bulk of the Nd-doped glasses [41]. For the neodymium-doped
glass (GNd6) and for a 2 h thermal treatment, the effect of the crys-
tal growth temperature Tc from 900 �C to 1300 �C on the thickness
of the surface crystallized layer was determined (Fig. 2).

In order to study the competition between the zirconolite crys-
tals formed in the bulk and the silicate crystallized layer growing
from the surface towards the bulk of the glass, the duration of
the crystal growth thermal treatment at Tc = 1050 �C and 1200 �C
was increased from 2 h to 20 h for the GNd6, GEu, GGd, GTh and
G0 samples. For the GNd6 glass, a GCM sample was also prepared
at 1050 �C for 300 h.

In order to complete this work, three neodymium-doped cera-
mic samples were also prepared:

– A zirconolite ceramic (Ca0.7Nd0.3ZrTi1.7Al0.3O7) using the prepa-
ration method given in [13].

– A titanite ceramic (Ca0.88Nd0.12Ti0.70Zr0.18Al0.12Si1.00O5) synthe-
sized at 1300 �C by solid state reaction from reagent grade oxide
and carbonate powders.

– A neodymium silicate apatite + cristobalite mixture corre-
sponding to the molar composition 8SiO2–4CaO–1Nd2O3 pre-
pared by solid state reaction from reagent grade oxide and
carbonate powders (1400 �C for 25 h + 1500 �C for 25 h).

All the GCM samples were characterized by X-ray diffraction
(XRD) using a Siemens D5000 apparatus operating at CoKa wave-
length (k = 1.778897 Å). The bulk and the crystallized surface layer
of GCM were studied by scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDX) using polished and carbon
coated samples with a Hitachi S2500 microscope equipped with
a PGT analyzer (accelerating voltage 15 kV, beam current �
1.8 nA). For each GCM sample, the corresponding parent glass
was used as reference for the determination of crystals and resid-
ual glass composition by EDX. Such analysis were only performed
for the GCM samples prepared at Tc = 1200 �C for which crystals
were large enough to be probed by the microscope electron beam
both in the crystallized layer and in the bulk. A least six measure-
ments were performed and averaged for each phase and each
sample.

Magnetic and optical properties of Nd3+ ions were used to get
information about the evolution of their local environment in the
GCM after short (2 h) and long (300 h) heat treatment durations
at 1050 �C.

Electron spin resonance (ESR) experiments were performed at
12 K on the Nd-doped titanite and zirconolite ceramics and on sev-
eral glass and GCM samples (GNd6) in order to follow the incorpo-
ration of the Nd3+ paramagnetic ions in the different phases
occurring after crystallization with the help of a Bruker ESP 300e
spectrometer operating at X-band (m � 9.5 GHz). The necessity to
record the ESR spectra at low temperature is due to the very short
spin–lattice relaxation time T1 of Nd3+ ions associated with their
strong spin–orbit coupling constant. As the samples studied here
are not single crystals, the ESR spectra recorded are relatively wide
(generally more than 9000 G) and correspond to more or less de-
fined powder spectra. However, their shape is characteristic of
the local environment around neodymium ions.

Optical absorption spectra corresponding to the electronic tran-
sition between the 4I9/2 ground state manifold and the excited state
2P1/2 manifold were recorded at low temperature (T < 15 K) for the
same samples (200 mg KBr pellets containing 25 wt.% of Nd-doped
material) using a Varian Cary 5E double beam spectrometer. The
4I9/2 ?

2P1/2 transition is interesting because the degeneracy of
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the 2P1/2 state is not removed by the crystal field occurring around
Nd3+ ions. However, the 4I9/2 ground state manifold is, at the most,
decomposed by the crystal field (due to the effect of the immediate
environment of the Nd3+ ions, i.e. their first coordination shell con-
sisting of oxygen anions) into five Stark levels. But only the one of
lowest energy is populated at low temperature. Thus, at low tem-
perature, each kind of neodymium environment in the GCM is
characterized by only one 4I9/2 ? 2P1/2 absorption band on the
spectra whose position both depends on the Nd–O bond covalency
(nephelauxetic effect) and on the local crystal field around neo-
dymium [73].
4. Results and discussion

4.1. Effect of the nature of the actinide surrogate on the nature, the
microstructure and the structure of the crystals growing from glass–
ceramic surface

For the G0, GCe, GNd6, GEu, GGd and GYb GCM prepared at
Tc = 1050 �C or 1200 �C, a thin crystallized layer consisting mainly
of titanite and anorthite crystals is observed by SEM (Fig. 3). For
all these samples, the layer thickness increases from 170 to
190 lm to 500 to 1000 lm at Tc ranging respectively from
1050 �C to 1200 �C (see Fig. 2 for the GNd6 sample). The evolution
of the layer thickness with temperature can be explained both by:
(a) 
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Fig. 3. Back-scattered SEM images of the crystallized layer formed in the Nd- (a, b),
Gd- (c, d) and Th- (e, f) doped GCM prepared at Tc = 1050 �C (a, c, e) and 1200 �C (b,
d, f). Titanite appears as grey crystals whereas anorthite crystals are darker than the
residual glass. Due to the high molecular weight of Zr and Th, baddeleyite and
thoria appear as white crystals on the images. T: titanite, A: anorthite, B:
baddeleyite, Th: thoria.
– The decrease of the titanite + anorthite crystal growth kinetics
barrier when Tc increases due to the decrease of the supercooled
melt viscosity.

– The decrease of the titanite + anorthite crystallization driving
force when Tc increases.

– The evolution of the microstructure of the zirconolite crystals in
the bulk [13] which can strongly disturb the growth of the sur-
face layer growing at 1050 �C.

For Tc = 1200 �C, small baddeleyite (nominally ZrO2) crystals are
also observed among the silicate phases for all the samples (Fig. 3b,
d). Concerning the thorium-doped GTh GCM, the same surface
crystalline phases as previously are also formed excepted that a
large amount of thoria (nominally ThO2) crystallization is also de-
tected between the silicate crystals at the two crystal growth tem-
peratures (Fig. 3e, f). For this sample, the crystallized layer
thickness increases from 190 lm to 500 lm at Tc ranging respec-
tively from 1050 �C to 1200 �C. For the lanthanide-doped samples
prepared at Tc = 1050 �C (Fig. 3a, c), the microstructure of the layer
consists of a high density of elongated dendritic titanite crystals
and of needle-shape anorthite crystals. All these crystals nucleate
on the glass surface and then grow towards the bulk of the GCM.
This leads to a very anisotropic microstructure contrary to the
crystallization of zirconolite in the bulk of the glass [13]. For
Tc = 1200 �C, the crystals are thicker (Fig. 3b, d, f) and can be easily
probed by the electron beam of EDX analysis (see below). The com-
parison of the SEM images of the crystallized layer with that corre-
sponding to the bulk reported in [13] shows that the amount of
crystalline phases is higher near the surface than in the bulk of
GCM (see also Fig. 11g, i below). Indeed, the volume percentage
of the different phases constituting the partially crystallized layer
was estimated by SEM image analysis for the GNd6 sample heat
treated at Tc = 1200 �C: residual glass (51%), titanite (31%), anor-
thite (17%), baddeleyite (1%) whereas the amount of residual glass
in the bulk for this same sample represented approximately 90%
(�10 vol.% zirconolite). This strong difference of crystallinity be-
tween the surface and the bulk is due to the fact that zirconolite
crystals do not consume silica – which is the main oxide in the par-
ent glass composition (see Table 1) – during their growth contrary
to both titanite and anorthite crystals. This result was confirmed by
XRD in [41].

4.2. Effect of the nature of the actinide surrogate on the composition of
the crystals formed near the surface of the glass–ceramics

The composition of the titanite crystals formed near the surface
of the GCM was determined by EDX for all the samples heat treated
at 1200 �C (Table 2, Fig. 4). For several samples, the composition of
the baddeleyite (ZrO2) and anorthite crystals is also reported in Ta-
ble 2. The composition of the residual glass remaining between the
crystals of the crystallized layer formed at 1200 �C is given in Table
3 and in Figs. 5 and 6 for several samples.

It appears that for all the GCM (doped or not with surrogates),
lanthanide, thorium, titanium and zirconium ions do not enter into
the anorthite crystals. The fact that anorthite has a totally polymer-
ized tri-dimensional structure constituted of SiO4 and AlO4 tetra-
hedra [74] without non-bridging oxygen atoms could explain the
difficulty to incorporate significant amounts of actinide surrogate
in this phase. Moreover, the fact that heavy elements are not incor-
porated into anorthite explains why this phase appears as black
crystals on the SEM images (Fig. 3). Consequently, this phase is
not expected to incorporate neither minor actinides nor plutonium
in the GCM. However in all cases, approximately 20% of the cal-
cium sites of the anorthite nominal composition (CaAl2Si2O8) are
occupied by sodium ions. Thus, this silicate phase is not purely
anorthite but belongs to the anorthite (CaAl2Si2O8) – albite (NaAl-



Table 2
Compositions determined by EDX for the titanite, baddeleyite and anorthite crystals formed in the surface crystallized layer at Tc = 1200 �C. For all the lanthanides (except Ce), the
oxidation state was assumed to be trivalent in titanite crystals. For cerium, two compositions are given for titanite, assuming only Ce3+ or a Ce3+/Ce4+ mixture in the structure.
Titanium was assumed to occur only as Ti4+ in all crystals. /: composition not determined, h: calcium vacancy.

Sample reference Titanite Baddeleyite Anorthite

GCe Ca0.92Ce3+
0.07Ti0.77Zr0.22Al0.09Si0.93O5 or Ca0.93Ce3+

0.05Ce4+
0.02Ti0.77Zr0.21Al0.09Si0.93O5 Zr0.85±0.02Ce4+

0.08±0.02Ti0.07O2 /
GNd6 Ca0.89Nd0.11Ti0.69Zr0.22Al0.11Si0.98O5 Zr0.93Ti0.07O2 Ca0.77Na0.19h0.04Al1.73Si2.27O8

GEu Ca0.89Eu0.10Ti0.73Zr0.20Al0.12Si0.96O5 / /
GGd Ca0.88Gd0.12Ti0.73Zr0.22Al0.12Si0.93O5 Zr0.93Ti0.06Gd0.01O1.995 /
GYb Ca0.92Yb0.06Ti0.74Zr0.21Al0.10Si0.97O5 / /
GTh Ca0.97Th0.02Ti0.78Zr0.22Al0.06Si0.95O5 Zr0.90Ti0.08Th0.02O2 /
G0 Ca0.99Ti0.78Zr0.23Al0.02Si0.98O5 / Ca0.78Na0.17h0.05Al1.73Si2.27O8
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r(Ln3+) (Å)

Ce3+

Nd3+

Eu3+

Gd3+Yb3+

Yb3+

Gd3+

Eu3+ Nd3+

Ce3+

0.40 

N
um

be
r 

x 
of

 la
nt

ha
ni

de
 io

ns
 b

y 
fo

rm
ul

a 
un

it

0.35 

0.30 

0.25 

0.20 

0.15 

0.1 

0.05 

0.95 
0 

1.00 1.05 1.10 1.15 1.20 

Fig. 4. Evolution as a function of the Ln3+ cation radius (in 8-fold coordination [82])
of the number x of lanthanide ions incorporated by formula unit in the titanite
crystals formed in the layer near the GCM surface at Tc = 1200� C (2 h) (see Tables 2
and 4) and of the number x of lanthanide ions by formula unit incorporated in the
zirconolite crystals formed in the bulk of the GCM at Tc = 1200� C (2 h) (see Table 4
in [13]).
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Si3O8) solid solution series [75]. However, for practical reasons, we
will continue to use the name anorthite for this phase in this paper.
It is interesting to note that this phase is the only crystalline phase
that incorporates Na+ ions in the GCM studied in this work (Table
Table 3
Composition determined by EDX of lanthanide and thorium-doped residual glass in the sur
and molar percentages). The composition of the residual glass for the sample G0 without

Surface residual glass Composition SiO2 Al2O3

G0 wt.% 56.21 14.08
mol% 60.99 9.00

GNd1 wt.% 56.38 13.66
mol% 61.28 8.75

GNd2 wt.% 55.02 13.72
mol% 60.50 8.89

GNd6 wt.% 51.51 12.96
mol% 59.21 8.78

GNd10 wt.% 47.23 11.88
mol% 56.98 8.45

GCe wt.% 48.03 13.83
mol% 55.69 9.45

GEu wt.% 51.46 13.70
mol% 58.65 9.20

GGd wt.% 50.17 16.23
mol% 57.88 11.04

GYb wt.% 50.31 12.87
mol% 57.86 8.72

GTh wt.% 49.16 13.33
mol% 57.04 9.11
2). As in anorthite nominal composition there is one Ca site by for-
mula unit, we assumed the existence of vacancies in this site:
Ca0.77Na0.19h0.04Al1.73Si2.27O8 (where h represents calcium vacan-
cies). However, due to the well known difficulties to analyze pre-
cisely sodium in materials by EDX [76], the true sodium
concentration in anorthite crystals is probably underestimated in
our analysis. Taking this into account, it is probably not necessary
to assume the existence of calcium vacancies and a more realistic
composition of anorthite crystals could be: Ca0.75Na0.25Al1.75

Si2.25O8.
Table 2 also indicates that neither lanthanides nor thorium ions

enter significantly into the baddeleyite (ZrO2) crystals. For Th, this
result is not surprising because ThO2 solubility is known to be very
low in ZrO2 [77]. However, all trivalent lanthanide ions are known
to be able to substitute for Zr4+ ions in ZrO2 creating oxygen vacan-
cies in the zirconia structure [77]. This charge compensation pro-
cess is probably not efficient in our samples which could explain
the lack of trivalent lanthanide ions incorporation in the baddeley-
ite crystals (Table 2). Nevertheless, for the Ce-doped sample, a low
but significant amount of cerium was incorporated in the badde-
leyite crystals. This can be understood if we consider that all the
cerium ions in the baddeleyite crystals are in tetravalent state. In-
deed, contrary to ThO2, literature indicates that approximately
20 mol% CeO2 is able to make solid solution with ZrO2 [77]. In this
case, Ce4+ ions directly replace Zr4+ ions in the zirconia structure.
The occurrence of tetravalent cerium ions in the crystallized layer
near sample surface could be due to the displacement of
Ce3+

M Ce4+ equilibrium towards oxidation during the crystal
growth thermal treatment at Tc = 1200 �C (it must be recalled that
face crystallized layer formed after 2 h heat treatment at Tc = 1200 �C (in oxide weight
actinide surrogate is also given.

CaO TiO2 ZrO2 Ln2O3 or ThO2 Na2O

19.30 4.85 4.28 0.000 1.28
22.44 3.96 2.26 0.000 1.35
19.25 4.46 4.11 0.62 1.52
22.42 3.65 2.18 0.12 1.60
18.91 4.53 4.26 1.73 1.83
22.28 3.75 2.28 0.34 1.95
18.25 4.97 4.33 6.67 1.28
22.48 4.30 2.43 1.37 1.43
17.77 5.03 4.62 11.97 1.47
22.98 4.57 2.72 2.58 1.72
19.30 5.90 4.49 6.90 1.54
23.98 5.15 2.54 1.47 1.73
19.07 4.80 3.77 5.82 1.37
23.29 4.11 2.09 1.13 1.51
17.88 4.08 4.34 5.55 1.74
22.10 3.54 2.44 1.06 1.95
19.51 5.18 4.74 6.38 1.00
24.04 4.48 2.66 1.12 1.12
18.41 5.55 4.44 7.70 1.40
22.88 4.84 2.51 2.03 1.57
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the cerium-doped parent glass GCe was prepared at 1650 �C in or-
der to strongly increase the amount of Ce3+ ions [13]).

Concerning titanite crystals, the results reported in Table 2
show that this crystalline phase is the only one able to incorporate
trivalent lanthanide ions (Ln3+) in the surface crystallized layer. It
appears that Ln3+ ions are only incorporated into the calcium site
of the titanite structure (there is only one type of calcium site in
this structure and this site is 7-fold coordinated with oxygen ions
[78]) probably because the tetrahedral silicon and the octahedral
titanium sites are too small. This result is in accordance with the
one published by Higgins et al. for natural titanite samples [79].
In our GCM, the positive charge excess due to Ln3+ ions incorpora-
tion in the calcium site of titanite is compensated by the simulta-
neous incorporation of Al3+ ions probably both in the titanium and
silicon sites (Table 2). It is interesting to underline that for our
GCM, the amount of Ln3+ ions incorporated in the Ca site always
remains lower than the solubility limit (20 mol%) reported in the
literature for La3+ ions in titanite ceramic following Ca1�xLax

Ti1�xAlxSiO5 incorporation scheme [80]. The preferential incorpora-
tion of lanthanide ions in the titanite Ca site was also observed by
Hayward [58,59] in the titanite-based GCM that were developed
for CANDU waste immobilization. In this case, the trivalent lantha-
nide cations introduced in the parent glass composition entered
into the titanite calcium site following Ca1�xLnxTi1�xAlxSiO5 or
Ca1�xLnx/2Nax/2TiSiO5 incorporation schemes [59]. The occurrence
of this last charge balance scheme to incorporate lanthanide ions
simultaneously with sodium ions could be due to a higher Na2O
content (5–9 wt.%) in the Canadian GCM than in our samples
(1 wt.%). It is worth noting that in their works on the partitioning
of trace elements between titanite and silicate melts, Prowatke
et al. [60,61] suggested that at trace levels, lanthanides may be
incorporated in titanite structure partly by coupled substitution
with Ca vacancies. Nevertheless, these authors [60] underlined
the fact that different substitution mechanisms may operate in
titanite for trace elements and for major elements with a coupled
substitution mechanism of lanthanides in Ca site with Al in Ti site
when lanthanides are major elements as reported by Green et al.
[62]. However, it is interesting to remark that the convex-upward
shape of the curve showing the evolution of the titanite–silicate
melt partition coefficient versus lanthanide ionic radius given by
Prowatke et al. [60,61] is similar to that given in Fig. 4 showing
the evolution in our GCM of the number x of lanthanide ions incor-
porated by formula unit in the titanite crystals versus lanthanide
ionic radius. Indeed, in both studies, titanite crystals accommo-
dated more readily the middle lanthanides (close to Gd) than the
light (Ce) or the heavier (Yb) lanthanides.

It is interesting to compare, in our GCM prepared at
Tc = 1200 �C, the lanthanide incorporation level by formula unit
in titanite (surface) with the one of zirconolite (bulk) (Fig. 4). It
clearly appears that the zirconolite crystals are more efficient to
incorporate the actinide surrogates than the titanite crystals
formed near samples surface. This is in accordance with the Ln3+

solubility limits reported in literature both for titanite [80] and zir-
conolite [15,16] ceramic samples. This difference of behavior con-
cerning lanthanide incorporation between the two phases could be
partly explained by the fact that in zirconolite there are two sites
(the Ca and Zr ones) able to accept substitution by Ln3+ ions. In
[13] we showed that in our GCM, the Zr site in zirconolite was able
to incorporate relatively high amounts of the smallest lanthanide
of the series (Yb). This remark is in accordance with the increasing
difference observed in Fig. 4 between the two curves when Ln3+ ra-
dius decreases.

The comparison of the composition of the residual glass remain-
ing between the crystals of the surface layer (Tc = 1200 �C, Table 3)
with that of parent glass for the Nd-doped GNd6 sample (Table 1)
shows important differences. For instance, for the residual glass
composition, we observe:

– A strong decrease of TiO2 concentration that can be mainly
attributed to the high volume percentage of titanite formed in
the layer (31 vol.% for GNd6 sample).

– A decrease of ZrO2 concentration due both to baddeleyite (ZrO2)
crystallization and to the incorporation of zirconium in titanite
(Table 2).

– An increase of SiO2 concentration which can be explained by the
fact that the silica molar concentration in titanite (33 mol% at
the most) is lower than that of the parent glass (48.2 mol%)
whereas it is only slightly increased in anorthite (50 mol%).

– The amount of Nd2O3 is slightly higher in the residual glass
(Table 3, Fig. 5) than in parent glass (Table 1). This result can



Table 4
Sum of the bond valences (RsLnj) calculated for the different lanthanide (Ln) in the
calcium site of titanite (coordination j = 7) using the crystallographic structural data
of Hughes et al. [78] and the R0 values taken from [71]. VLn is Ln oxidation state. Z/d2 is
the Ln cation field strength as defined in the text (in 1.6 � 10�19 C Å�2 unit). x
corresponds to the amount of Ln ions incorporated by titanite formula unit (see Table
2).

Ce3+ Ce4+ Nd3+ Eu3+ Eu2+ Gd3+ Yb3+

R0 (Å) 2.151 2.028 2.117 2.076 2.147 2.065 1985
RsLnj 3.24 2.32 2.96 2.65 3.21 2.57 2,07
VLn � RsLnj �0.24 1.68 0.04 0.35 �1.21 0.43 0,93
Z/d2 0.46 0.78 0.48 0.52 0.29 0.52 0,58
x 0.07 0.11 0.10 0.12 0.06
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be explained both by the limited amount of Nd incorporated in
titanite and by the lack of Nd incorporation in anorthite (Table
2). For comparison, the amount of Nd2O3 in the residual glass of
the bulk between the zirconolite crystals formed at Tc = 1200 �C
is also reported in Fig. 5. It appears that Nd2O3 concentration is
slightly higher in the residual glass near the surface than in the
bulk.

Concerning thorium, EDX results show that only a very low
amount of Th4+ ions (0.02 ions by formula unit) is detected in titan-
ite crystals at Tc = 1200 �C (Table 2). Nevertheless as this thorium
concentration is below the EDX detection limit (about 1 atom%),
so as there may be no significant amount of thorium in the titanite
crystals. This result could be explained by the very low solubility
limit (x � 0.03–0.05) of ThO2 in titanite following the incorporation
scheme Ca1�xThxTi1�2xAl2xSiO5 [80]. Our result is also in agreement
with that of Prowatke et al. [60] which showed that the titanite–
silicate melt partitioning coefficient for Th was lower than for lan-
thanides by about two orders of magnitude. However, these
authors also showed that, as for lanthanides, Th partitioning be-
tween titanite crystals and silicate melt strongly increased with
Al2O3 content in parent glass. Once again, it appears that in our
GCM, titanite crystals are less efficient than zirconolite ones to
incorporate actinide surrogates in their structure. It can be re-
minded that at Tc = 1200 �C, the composition of the zirconolite
crystals formed in the bulk of the GTh sample was the following:
Ca0.90Th0.09Zr1.04Ti1.77Al0.20O7 [13]. Moreover, in this case the crys-
tallization of thoria was not observed in the bulk. The fact that
none of the crystalline phases (titanite, anorthite and baddeleyite)
is able to accommodate significant amounts of thorium leads to a
strong Th-enrichment in the residual glass of the partially crystal-
lized layer which then induces ThO2 crystallization (Fig. 3) because
of the high Th4+ ion field strength F (F = 0.73, see below for F defi-
nition) [13]. In spite of thoria crystallization in the surface residual
glass, it appears that ThO2 concentration increases from 6.00 wt.%
in the parent glass GTh (Table 1) to 7.70 wt.% in the surface resid-
ual glass at Tc = 1200 �C (Table 3). Moreover, EDX analysis shows
that the thoria crystals formed at Tc = 1200 �C incorporated a low
amount of zirconium (Th0.95Zr0.05O2). This result is in agreement
with the existence of a minor solid solution of ZrO2 in ThO2 as
shown in the ZrO2–ThO2 phase diagram [81].

Table 2 also indicates that an important quantity of Zr4+ ions are
substituted for Ti4+ ions in the titanite crystals for all the samples.
This probably increases the chemical durability of titanite crystals
due to the very low solubility of ZrO2 in water (zirconate phases
such as zircon, zirconolite and zirconia being well known for their
very good chemical durability in water). Incorporation of zirco-
nium in titanite crystals was also observed by Hayward in his
GCM [58]. We may notice that the partial consumption of TiO2

and ZrO2 by titanite crystals could partly explain the absence of
zirconolite crystals in the surface crystallized layer. The composi-
tion of surface residual glasses for the different samples given in
Table 3 indicates that ZrO2 content in the glassy phase was approx-
imately divided by two in comparison with parent glasses which is
accordance with the partial incorporation of Zr in titanite and in
ThO2 crystals. In their work on Zr partitioning between titanite
and silicate melts, Prowatke et al. [60] also showed that zirconium
was compatible with titanite (Zr partition coefficient > 1). More-
over, these authors also showed that contrary to Th and lantha-
nides, Zr partitioning did not significantly depend on Al2O3

content in parent glass.
In order to understand the evolution of the amount of Ln3+ ions

incorporated in the titanite crystals formed near glass surface at
Tc = 1200 �C according to the nature of the lanthanide (Table 2
and Fig. 4), we used the same approach as the one we already
developed concerning the incorporation of actinide surrogates in
the zirconolite crystals formed in the bulk of our GCM in [13].
The amount of lanthanides incorporated into titanite crystals was
discussed in relation with the capacity of the glass to accommodate
these elements (in accordance with their cationic field strength)
and of the crystals to incorporate them in the calcium site of their
structure (in accordance with bond valence-bond length consider-
ations [70,71] developed to quantify the ability of the calcium site
of the titanite structure to accept Ln3+ ions). In this paper we will
only briefly recall the main points of the approach widely devel-
oped in [13]. Firstly, the tendency of lanthanide ions to separate
from the glass (or more precisely from the supercooled melt during
the heat treatment at Tc > Tg) can be correlated with their field
strength F defined as F = Z/d2 (in 1.6 � 10�19 C Å�2 unit) where Z
is the cation charge and d is the cation–oxygen distance calculated
as the sum of the cation and O2� radii (with rO2� = 1.4 Å [82]). In-
deed, a general correlation exists between the tendency of a mod-
ifier cation (such as lanthanide ions in our glass compositions) to
separate from glassy matrices and its field strength [83]: the higher
its field strength the stronger its tendency to separate in other
glassy or crystalline phases. Secondly, the ability of titanite crystals
to incorporate lanthanide ions in the calcium site could be esti-
mated by using both the site geometry (Ca2+–O2� distances in
the structure) and a combination of the Pauling’s electrostatic va-
lence principle [84] and of the empirical bond valence (s) – bond
length (R) model developed by Altermatt and Brown [70] and Brese
and O’Keefe [71]. According to this model, the sum of the bond va-
lences sMj between a given cation M – such as Ln3+ or Ca2+ in our
case – and its j oxygen first neighbors must be equal to its valence
(or oxidation state) VM in a stable structure (in order to avoid
important local structural distortions): VM ¼

P
jsMj. Consequently,

the lower the difference DðMÞ ¼ VM �
P

jsMj

���
���, the higher the ex-

pected solubility of M in the structure. The valence of the individ-
ual M–O bonds sMj can be calculated from the bond lengths RMj

(=distance between M and oxygen atom j) deduced from the titan-

ite structure using the following relation: sMj ¼ exp R0�RMj
B

� �
where

R0 is the bond valence parameter of M and B is a universal constant
equal to 0.37 Å [85]. R0 values for numerous cations are tabulated
in literature [70,71] and varied as a function of the cation’s valence
but not as a function of the coordination number.

The bond valences were calculated for all the lanthanides
(M = Ln) in the calcium site of titanite using the RLnj distances de-
duced from the weakly La-doped Ca0.95La0.05Ti0.95Al0.05SiO5 struc-
ture determined by Hughes et al. [78]. The sums of the bond
valences RsLnj are given in Table 4 where they are compared with
the lanthanides oxidation state VLn. It appears that in spite of its
high field strength in the glass, Ce4+ ions could not be substituted
for Ca2+ ions in titanite without strong distortions (D(Ce4+) =
1.68). As indicated above, tetravalent cerium ions are preferentially
incorporated in the baddeleyite (ZrO2) crystals. Divalent europium,
that was detected by ESR in the parent glass GEu [13], is also una-
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dapted to be accommodated in the titanite calcium site
(D(Eu2+) = 1.21) and probably remains in the surface residual glass
as it is the case in the bulk [13]. Moreover, due to its low field
strength (F = 0.29), the Eu2+ ion is certainly more soluble in the
glass that all the other trivalent or tetravalent lanthanides (Table 4).
For the trivalent lanthanides, the evolution of the Ln3+ ions field

strength in the glass and of the difference DLn3þ ¼ 3� ð
P

jsLnjÞ
���

���
is reported in Fig. 7. This figure shows that, except for Yb3+ ions,
D(Ln3+) remains relatively small for all the Ln3+ ions. These ions
are thus relatively well suited to be incorporated into the titanite
calcium site. Moreover, the fact that the field strengths of Nd3+,
Eu3+ and Gd3+ ions in the glass are relatively close (Table 4) could
explain the low difference observed between the titanite composi-
tion for these three actinide surrogates (Table 2). The higher
D(Yb3+) value indicates that the calcium site of titanite is not as
well suited as for the other Ln3+ ions. This is probably at the origin
of the smaller amount of ytterbium incorporated in the titanite
crystals in spite of the high field strength of this ion in the glass
(Table 4). The fact that a part of the cerium ions are incorporated
into the baddeleyite (ZrO2) crystals (probably as Ce4+ ions as indi-
cated above) could explain the lower amount of cerium detected in
titanite crystals (Table 2). It is also worth noting that whereas Gd
and (Ce, Yb) exhibit respectively the highest and the lowest incor-
poration level x in the titanite crystals of the GCM (Fig. 4), Gd and
(Ce, Yb) exhibit respectively the lowest and the highest concentra-
tions in the surface residual glass (Fig. 6).

All these results concerning both Ln and Th distribution in the
surface crystalline phases show that the lanthanides are mainly
incorporated in the titanite crystals whereas thorium precipitates
as thoria crystals. However, the amount of Ln and Th remains high
in the surface residual glass (Table 3, Fig. 6). Consequently, it could
be assumed that trivalent minor actinides such as Am3+ and Cm3+

ions (for which Nd3+, Gd3+ and Eu3+ ions can be considered as good
simulants) would be also immobilized in the titanite crystals and
in the residual glass of the surface crystallized layer. Concerning
the tetravalent actinides such as Np4+ and Pu4+, the results ob-
tained in this work for the thorium-doped sample might lead to
more pessimistic conclusions and these actinide ions could partly
precipitate as actinide dioxide in the partially crystallized layer.
However, it must be underlined that strong differences were
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reported in literature concerning for instance the solubility behav-
ior of Pu4+ and Th4+ ions in ZrO2 [77]. Thus, we cannot definitively
conclude concerning the behavior of Np4+ and Pu4+ ions in the sur-
face layer of our GCM. Nevertheless, we must keep in mind that the
thickness of the crystallized layer remains relatively limited
(<1 mm) if we use the nucleation (2 h) + crystal growth (2 h)
glass–ceramic synthesis method (Fig. 2). Moreover, in previous
works [43] we showed that the best results concerning the incor-
poration of actinide surrogates in the zirconolite crystals formed
in the bulk were obtained for Tc = 1050 �C. At this temperature
the thickness of the crystallized layer do not exceed 200 lm
(Fig. 2). The good resistance of crystallized or metamict titanite
samples to chemical alteration – essentially due to the high TiO2

concentration – reported by Hayward [58] indicates that the for-
mation of this phase (that incorporates a fraction of actinide surro-
gates in our study) on the surface of the zirconolite-based GCM
would be probably not deleterious to their long term behavior. It
must be underlined that, as indicated above, the fact that a part
of the Ti4+ ions in the titanite structure is replaced by Zr4+ ions in
our samples (Table 2) will probably increase their chemical dura-
bility. Moreover, the composition of the silica-rich residual glass
remaining between the crystallized phases of the surface for the
GCM prepared at Tc = 1200 �C (Table 3) indicates that this glass
has probably a higher chemical durability than the classical boro-
silicate nuclear glasses currently used to incorporated HLW. In-
deed, the absence of B2O3, the low Na2O concentration and the
occurrence of significant amounts of both CaO, Al2O3, ZrO2, TiO2

and Ln2O3 are known to increase the glass durability in water
[55,86–89]. All these results show that, at least for the trivalent
actinides, the formation of a thin partially crystallized layer from
the surface of our GCM (using a 2 h crystal growth heat treatment)
would not be so much deleterious to their chemical durability.
However, during the alteration by water of the surface of GCM,
Ln and Th releases will be mainly controlled by the residual glassy
phase which is less durable than the crystalline phases able to
incorporate these elements in the surface layer.

4.3. Effect of the concentration of trivalent actinide surrogate (Nd) on
the nature, the structure and the composition of the crystals growing
from glass–ceramic surface

This study was only performed for the Nd-doped samples pre-
pared at Tc = 1050 �C and 1200 �C with Nd2O3 concentration in
the parent glass ranging from 0 to 10 wt.% (Table 1). The effect of
the Nd2O3 concentration on zirconolite crystallization in the bulk
of the glass (nucleation rate, structure and composition of zircon-
Surface 

P

Z Bulk 

T+A 

Fig. 8. Back-scattered SEM image of the 10 wt.% Nd-doped GCM heat treated at
Tc = 1050 �C showing the interface (containing perovskite crystals) between the
bulk (containing zirconolite crystals) and the surface crystallized layer (containing
titanite + anorthite crystals). A: anorthite, P: perovskite, T: titanite, Z: zirconolite.



Table 5
Compositions determined by EDX for the titanite, baddeleyite and anorthite crystals formed in the surface crystallized layer at Tc = 1200 �C as a function of the Nd2O3

concentration (wt.%) in the parent glass. Titanium was assumed to occur only as Ti4+ in all crystals. /: composition not determined, h: calcium vacancy.

Nd2O3 wt.% Titanite Anorthite Baddeleyite

0 Ca0.99Ti0.78Zr0.23Al0.02Si0.98O5 Ca0.78Na0.17h0.05Al1.73Si2.27O8 /
1 Ca0.97Nd0.025Ti0.77Zr0.215Al0.04Si0.98O5 / /
2 Ca0.95Nd0.045Ti0.765Zr0.22Al0.06Si0.97O5 / /
6 Ca0.89Nd0.11Ti0.69Zr0.22Al0.11Si0.98O5 Ca0.77Na0.19h0.04Al1.73Si2.27O8 Zr0.93Ti0.07O2

10 Ca0.84Nd0.16Ti0.67Zr0.21Al0.16Si0.96O5 Ca0.77Na0.18h0.05Al1.72Si2.28O8 Zr0.93Ti0.07O2
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olite crystals) was reported in [72]. At the two temperatures and
for all the Nd-doped GCM, the formation of a partially crystallized
layer is observed. At Tc = 1200 �C, the thickness of this layer always
remains lower than 1 mm and it is constituted of titanite + anor-
thite + baddeleyite crystals + residual glass. However, for the
highly Nd-doped samples (8 and 10 wt.% Nd2O3) heat treated at
Tc = 1050 �C, the formation of a new crystalline phase (perovskite)
is observed at the interface between the bulk (containing residual
glass + zirconolite crystals) and the crystallized layer (Fig. 8). The
composition of these perovskite crystals was already presented
in [72] and it appeared that they were able to incorporate high
neodymium amounts, mainly in the calcium site of their structure
following the formula CaNd0.34h0.17TiO3 (h: calcium ion vacancy)
for the GNd10 sample. It can be notice that Hayward [58] also re-
ported the formation of Ln-rich perovskite crystals in the bulk of
several of his titanite-based GCM.

The composition of the crystalline phases formed at Tc = 1200 �C
in the layer is given in Table 5 for several samples with increasing
Nd2O3 concentrations and the composition of the residual glass is
reported in Table 3. The composition of the anorthite and badde-
leyite (ZrO2) crystals is not affected by the simulant concentration.
As for the Ln-doped samples studied above, it appears that titanite
always remains the only crystalline phase of the layer able to
incorporate the Nd3+ ions. As previously, the Nd3+ ions are substi-
tuted in the calcium site of the titanite structure with charge com-
pensation ensured by Al3+ ions. Fig. 9 shows that the amount of
neodymium incorporated in titanite increases continuously with
the Nd2O3 concentration in the parent glass. This is in agreement
with the nearly linear evolution of the lattice parameters of titanite
crystals determined by XRD (Fig. 10). These results show that no
saturation effect occurs concerning Nd incorporation in the titanite
crystals of the layer at least for Nd2O3 concentrations less than or
equal to 10 wt.% in the parent glass. However, even for the
GNd10 sample, the amount of Nd3+ ions incorporated in the Ca2+
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Fig. 9. Evolution of the number of Nd3+ and Al3+ ions by formula unit (see Table 5)
in the titanite crystals formed in the crystallized layer near the surface of the Nd-
doped GCM prepared at Tc = 1200 �C as a function of the Nd2O3 concentration in the
parent glass.
site (16 mol%, Fig. 9) remains lower than the solubility limit of
La2O3 in titanite reported in literature for the Ca1�xLaxTi1�xAlxSiO5

ceramic (20 mol%) [80].
The comparison of the composition of the residual glass remain-

ing between the crystals of the surface layer (Tc = 1200 �C, Table 3)
with that of the corresponding composition of Nd-bearing parent
glasses (Table 1) confirms the results already given and discussed
above in Section 4.2 for the GNd6 sample. Furthermore, neodym-
ium concentration in the residual glass of surface increases almost
linearly with total neodymium concentration (Fig. 5). For all neo-
dymium contents, the amount of Nd2O3 always remains slightly
higher in residual glass than in parent glass (Fig. 5). It also appears
that Nd2O3 concentration is slightly higher in the residual glass
near the surface than in the bulk and the difference increases with
total neodymium concentration.
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the parent glass.
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4.4. Competition between the growth of the surface crystallized layer
and the zirconolite crystals in the bulk for long duration heat
treatments

The evolution at 1050 �C and 1200 �C of the nature of the crys-
talline phases formed in the bulk and near the surface of the GCM
for increasing thermal treatment durations between 2 h and 300 h
was studied for the Nd-, Eu-, Gd-, Th-doped and undoped GCM (Ta-
ble 6). In Fig. 11 are presented several SEM images showing the
evolution of the bulk of the GCM after heat treatment during differ-
ent durations at 1050 �C or 1200 �C. Moreover, the XRD patterns of
the bulk of the GNd6 GCM prepared at Tc = 1050 �C for durations
Table 6
Crystalline phases formed in the bulk and near the surface of the Nd-, Eu-, Gd-, Th-dope
durations of crystal growth heat treatment at Tc = 1050 �C and 1200 �C.

Crystal growth thermal treatment Surface

G0, GNd6, GEu, GGd samples
2 h 1050 �C Titanite + Anorthite
20 h 1050 �C Titanite + Anorthite + Wollastonite
300 h 1050 �Ca Titanite + Anorthite + Wollastonite + Cristoba
2 h 1200 �C Titanite + Anorthite + Baddeleyite
20 h 1200 �C Titanite + Anorthite + Baddeleyite

GTh sample
2 h 1050 �C Titanite + Anorthite + Thoria
20 h 1050 �C Titanite + Anorthite + Wollastonite + Thoria
2 h 1200 �C Titanite + Anorthite + Thoria + Baddeleyite
20 h 1200 �C Titanite + Anorthite + Thoria + Baddeleyite

a The thermal treatment for 300 h at 1050 �C was only performed for the GN6 sample
b Apatite was not observed for the G0 sample.
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Fig. 11. Back-scattered SEM images of the bulk of the GCM heat treated: for 20 h at Tc = 1
(d); for 20 h at Tc = 1200 �C: samples G0 (e), GTh (f); for 2 h at Tc = 1050 �C (g, h) and Tc
ranging from 2 h to 300 h were also recorded and the crystalline
phases were identified (Fig. 12). It is important to recall that the
size of our samples do not exceed 1 cm diameter which implies
that for long duration heat treatments, the crystals growing from
the surface can reach the bulk of the sample. The study of these dif-
ferent results clearly shows that:

– At 1200 �C (temperature for which the growth kinetics of the
surface layer is near its maximum, Fig. 2) for the 20 h heat treat-
ment, the titanite and anorthite crystals initially present in the
thin crystallized layer near sample surface after the 2 h thermal
treatment (Fig. 3b), grow towards the bulk at the expense of the
d (respectively GNd6, GEu, GGd and GTh) and the undoped (G0) GCM for different
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= 1200 �C (i): sample GNd6.
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zirconolite crystals previously formed (Fig. 11e). This evolution
is observed for all the Ln-doped, Th-doped and undoped sam-
ples (Table 6). For all these GCM, baddeleyite (ZrO2) crystals
are also observed in the bulk, coexisting with titanite and anor-
thite. However, for the Th-doped sample, thoria crystals are also
detected in the bulk (Fig. 11f). This indicates that the zirconolite
crystals formed initially in the bulk after a 2 h crystal growth
heat treatment (Fig. 11i), are unstable with respect to titanite
and anorthite in the presence of the residual glass. Thus, at high
temperature (1200 �C) and for a long duration heat treatment,
the growth of titanite crystals from the surface progressively
consumes the zirconolite crystals of the bulk, and the excess
of ZrO2 (that is only partially incorporated in the titanite crys-
tals as shown in Table 2) precipitates as baddeleyite crystals
in the residual supercooled melt (Table 6). The fact that zircon-
olite and titanite crystals do not coexist in the bulk in our sys-
tem could be explained by the fact that the amount of TiO2 in
parent glasses is probably not high enough for the coexistence
of these two titanate phases. For instance, for the GNd6 sample,
the amount of TiO2 in parent glass strongly decreases from
11.14 mol% to 4.30 mol% in the residual glass of the crystallized
layer (see Section 4.2, Tables 1 and 3).

– At 1050 �C, the progression of titanite crystals towards the bulk
becomes very slow in comparison with anorthite and the
growth kinetics of the surface layer strongly decreases (Fig. 2).
This can be due both to the increase of the supercooled liquid
viscosity and to the decrease of the dissolution rate of zircono-
lite at 1050 �C. After 20 h heating, the zirconolite crystals ini-
tially formed in the bulk (Fig. 11g, h after 2 h heating) are still
observed (Table 6 and Fig. 11a–c), their microstructure is not
affected (compare for instance Fig. 11a, g) and titanite crystals
remain located near samples surface (Table 6). However, the
growth in the bulk of anorthite crystals from the surface for
the Nd-, Gd- and Eu-doped and undoped samples is observed
(Table 6, Figs. 12 and 11a, b). In these conditions, baddeleyite
crystals are not detected in the bulk which seems to confirm
the fact that the formation of ZrO2 is associated with the disap-
pearance of zirconolite. Moreover, XRD (Fig. 12) and EDX results
indicate the formation of a new crystallized silicate phase, wol-
lastonite (nominally CaSiO3), both in the surface layer and in the
bulk after 20 h heating. It is interesting to notice that wollaston-
ite is not observed near the surface of the GCM heated at
1050 �C for 2 h or at 1200 �C for 2 h or 20 h. This indicates that
this phase probably crystallizes from the surface residual glass
and is not stable at T = 1200 �C in our system. Crystallization
of wollastonite is not surprising because of the high SiO2 and
CaO contents remaining in the residual glass. For the Th-doped
sample, the anorthite and wollastonite crystals only remain in
the crystallized layer and are not observed in the bulk (Table
6 and Fig. 11c). These differences between the Th-doped sample
and the other ones could be explained by the very high zircon-
olite nucleation rate for the glass containing thorium ions
because of their high field strength [13]. In these conditions,
the numerous zirconolite crystals formed in the bulk probably
disturb the crystal growth of both anorthite and wollastonite
towards the bulk. The high field strength of thorium ions could
also explain the precipitation of ThO2 in the bulk of Th-doped
sample (Table 6 and Fig. 11c). For the GNd6 GCM prepared at
1050 �C for 20 h, several zones containing a Nd-rich phase are
observed on the SEM images (Fig. 11a). Similar Ln-rich zones
are not clearly detected for the other samples. EDX analysis of
these zones shows that they essentially contain SiO2, CaO and
Nd2O3 in the following molar proportions: 4/2/1. As no crystal-
line phase containing these oxides with this molar ratio is
reported in our XRD data base [90], we prepared and heated a
8SiO2–4CaO–1Nd2O3 mixture (see the experimental part in Sec-
tion 3). The corresponding XRD pattern given in Fig. 13 clearly
shows that the Nd-rich phase is in fact a cristobalite + Nd-apa-
tite mixture. Comparison with other studies of the authors
[14,91] on the crystallization of lanthanide-rich aluminoboros-
ilicate glasses developed to immobilize highly concentrated
waste solutions arising from the reprocessing of high burn-up
nuclear spent fuel indicate that this apatite-type phase is prob-
ably Ca2Nd8(SiO4)6O2. This phase was also reported by Hayward
[58] in titanite-based GCM for several samples. It is interesting
to notice that lanthanide silicate apatite phases were firstly pro-
posed as host phase for the lanthanides in the supercalcine mul-
tiphase ceramics developed for the immobilization of highly
radioactive wastes more than thirty years ago [92,93]. The
impact of a-decay on the structure and chemical durability
against water of actinide-doped Nd silicate apatite ceramics
was also reported in literature [94].
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– Even after 300 h at 1050 �C (only the GNd6 sample was studied
in these conditions), a high amount of zirconolite remains in the
bulk (Table 6 and Fig. 11d). However, in this case, a small pro-
portion of titanite crystals has also grown in the bulk at the
expense of zirconolite (Figs. 8d and 12c). Cristobalite crystals
are also detected in the bulk in these conditions.
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In order to follow the incorporation of Nd3+ ions in the different
crystalline phases formed at 1050 �C in the surface layer and in the
bulk both for short (2 h) and long (300 h) heat treatment durations,
we recorded the optical absorption (Fig. 14) and ESR (Fig. 15) spec-
tra of: the parent glass GNd6, the surface crystallized layer (2 h)
and the bulk of the GCM (2 h and 300 h). Spectra were also
23280 23360 23440

 zirconolite ceramic

 GNd6 bulk
(2h 1050°C)

GNd6 bulk
  (300h 1050°C)

GNd6 surface
(2h 1050°C)

Glass GNd6

l glass

on. (a) Scheme showing the transition from the lowest Stark level of the 4I9/2 state to
ed into five Stark (or Kramers) doublets under the action of a low symmetry crystal
10 K only the lowest Stark doublet of the 4I9/2 state is populated. As the degeneracy

ind of neodymium environment is characterized by only one 4I9/2 ?
2P1/2 absorption

rent glass GNd6, (c) the surface crystallized layer of the GNd6 GCM heat treated at
0 �C, (e) the bulk of the GNd6 GCM heat treated for 2 h at Tc = 1050 �C, (f) the

ith Nd3+ ions in titanite and in zirconolite are indicated in the figure. The slight
be attributed to the incorporation of a low amount of Nd3+ ions in the zirconium site



100 200 300 400 500 600 700 800 900

E
SR

 in
te

ns
ity

 (
a.

u.
)

Magnetic field (mT)

 zirconolite ceramic

GNd6 bulk
2 h 1050°C

GNd6 bulk
300 h 1050°C

GNd6 surface
2 h 1050°C

GNd6 parent glass

Ti3+

Fe3+

 titanite ceramic

(a)

(b)

(c)

(d)

(e)

(f)

 zirconolite 

titanite

residual glass

Fig. 15. Neodymium ESR spectra recorded at T = 12 K for the: (a) parent glass GNd6, (b) surface crystallized layer of the GNd6 GCM heat treated at Tc = 1050 �C for 2 h, (c)
Ca0.88Nd0.12Ti0.70Zr0.18Al0.12Si1.00O5 titanite ceramic, (d) bulk of the GNd6 GCM heat treated for 300 h at Tc = 1050 �C, (e) bulk of the GNd6 GCM heat treated for 2 h at
Tc = 1050 �C, (f) Ca0.7Nd0.3ZrTi1.7Al0.3O7 zirconolite ceramic. The small contributions due to both Fe3+ (3d5) paramagnetic impurities and Ti3+ (3d1) ions originating from a
slight reduction of Ti4+ ions in the parent glass during melting are indicated in the figure.
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recorded for two Nd-doped ceramics serving as reference samples:
Ca0.7Nd0.3ZrTi1.7Al0.3O7 zirconolite and Ca0.88Nd0.12Ti0.70Zr0.18Al0.12-
Si1.00O5 titanite. The compositions of these phases are close to
those of the zirconolite and titanite crystals formed in the Nd-
doped GCM (see Table 2 and [13,72]). The study of Figs. 14 and
15 confirms the results obtained by SEM, EDX and XRD given above
concerning both the incorporation of Nd3+ ions in zirconolite and
titanite phases and the formation of titanite in the bulk for long
duration heat treatments. It clearly appears that both the 4I9/2 ?
2P1/2 optical transition band and the ESR signal strongly depend
on the matrix in which neodymium ions are incorporated. For in-
stance, because of the lack of long-range order in glasses, the envi-
ronment around neodymium ions slightly differs from site to site
in the glassy network, the 4I9/2 ?

2P1/2 optical transition band of
Nd3+ ions in the parent glass (Fig. 14b) and in the residual glass
(Fig. 14e) are inhomogeneously broadened. In comparison, the
optical absorption of Nd3+ ions in zirconolite ceramic appears as
relatively thin bands on the spectrum (Fig. 14f). As titanite is the
only crystalline phase in the surface crystallized layer that incorpo-
rates Nd3+ ions in its structure (Tables 2 and 5), the thin absorption
band observed near 23,280 cm�1 in Fig. 14c can be attributed to
Nd3+ ions located in the Ca site of titanite crystals. This is con-
firmed if we compare the ESR spectra of neodymium in
Ca0.88Nd0.12Ti0.70Zr0.18Al0.12Si1.00O5 titanite ceramic (Fig. 15c) and
in the crystallized layer (Fig. 15b). The comparison of the optical
and ESR spectra of the parent glass and ceramics on one hand with
those of the crystallized layer and of the bulk of the GCM on the
other hand shows that:

– In the crystallized layer, Nd3+ ions are mainly incorporated in
the titanite phase (Figs. 14c and 15b, c). Signals associated with
neodymium in other crystalline phase are not detected which in
accordance with EDX results (Tables 2 and 5). Moreover,
because of the relatively high crystallinity of this layer (Fig. 3)
in comparison with that of the bulk of the GCM heat treated
during 2 h (Fig. 11g, i), the contribution of neodymium in the
surface residual glass is difficult to detect by optical absorption
or ESR.

– In the bulk of the GCM (2 h thermal treatment, Figs. 14e and
15e), Nd3+ ions are located both in the zirconolite crystals and
in the residual glass.

– In the bulk of the GCM (300 h thermal treatment), Nd3+ ions are
located both in zirconolite and titanite crystals. The occurrence
of two optical absorption bands associated with these two
phases is clearly detected on the spectrum (Fig. 14d). The simul-
taneous contribution of these two phases is also evident on the
ESR spectra (Fig. 15d). Moreover, the contribution of residual
glass to the spectra becomes difficult to detect which can be
explained both by an increase of crystallinity in the bulk and
by the incorporation of a fraction of neodymium ions in titanite.

All these results concerning the effect of the crystal growth
thermal treatment duration on glass crystallization and more spe-
cifically on the competition between bulk and surface crystalliza-
tion, shows that zirconolite – initially formed in the bulk of all
the doped and undoped samples after 2 h thermal treatment – is
a metastable phase in the system studied here which contains both
titanite and a silica-rich residual glass. Thus, titanite can be consid-
ered as the most stable phase incorporating Ti in this system. How-
ever, by heating a titanite + zirconolite ceramics mixture at 1200–
1280 �C for 2 days, Vance et al. [80] showed that zirconolite and
titanite could coexist thermodynamically. It is very important to
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notice that in their study, there was not silica excess in their mix-
ture (Si is one of the main element in titanite composition) as it is
the case in our work (occurrence of a silica-rich residual glass).
Hayward [58] also reported for several of the titanite-based GCM
he studied (and more particularly for the Ln2O3-rich ones), the
crystallization at relatively low temperature (850–900 �C) of inter-
mediate phases such as the pyrochlore-structure (Ca, Ln)2Ti2O7 in
the bulk of the glass. These metastable phases then react with ex-
cess silica to form titanite. This is probably the same kind of phe-
nomena that occurs in our samples (but at higher temperature)
when the titanite crystals grow towards the bulk of the samples
giving schematically the following reaction:

CaTiSiO5ðgrowing towards the bulkÞ þ CaZrTi2O7ðbulkÞ þ SiO2ðbulk residual glassÞ

) CaTiSiO5 þ ZrO2

For kinetics reasons due to its relatively high nucleation rate in the
bulk, zirconolite is the only crystalline phase that nucleates and
grows in the bulk for relatively short crystal growth heat treatments
(2 h) at Tc = 1050 �C or 1200 �C (Fig. 11g, i). However, titanite which
nucleates only on sample surface can lead – under particular condi-
tions during the GCM preparation – to the disappearance of the zir-
conolite crystals formed initially in the bulk at least on the
centimetric size samples of this study. This is the case if both the
crystal growth temperature Tc is relatively high (1200 �C) and if
the heating duration is relatively long (20 h). The occurrence or
not of actinide surrogates and their nature has no effect on these
phenomena. Consequently, as nucleation of titanite on glass surface
cannot be avoided, in order to reduce the risks of progression of the
titanite crystals from the surface towards the bulk of the GCM at the
expense of zirconolite (Fig. 11h), Tc must not be too high and/or the
heating duration at this temperature must not exceed a few hours.
In these conditions, titanite crystals will remain located in a thin
crystallized layer (Fig. 2) that will probably not affect the long term
behavior of the waste form as indicated above due to the good
chemical durability of this phase. Moreover, an increase of the zir-
conolite nucleation rate in the bulk could lead to a decrease of the
thickness of the crystallized layer.

Even if zirconolite is a metastable phase in the system studied
here, the evolution of the bulk of the waste form will not happen
during storage or disposal because surface and internal tempera-
tures of the waste form (for minor actinides amounts 6 10 wt.%)
will never reach values lying in the nucleation and crystal growth
ranges. Indeed, during storage and disposal, the temperature in the
bulk of the waste form will remain lower than the glass transfor-
mation temperature Tg (T < Tg � 760 �C for the residual glass in
the bulk [95]) and a very high kinetic barrier will control the
long-range diffusion processes associated with titanite crystal
growth in the glassy state. During the first centuries after waste
form fabrication, the main contribution to the thermal power will
be due to Cm disintegration and more particularly to 244Cm isotope
(half live � 18 years). However, this radionuclide only represents
about 3 wt.% of all minor actinides [96]. Consequently, zirconolite
will remain kinetically stable and no long-term evolution of both
the structure and microstructure of the GCM are expected to occur
in these conditions.

5. Conclusions

In a previous paper [13], we reported the effect of the nature of
minor actinide or Pu surrogates on internal crystallization in SiO2–
Al2O3–CaO–ZrO2–TiO2 glasses that led to potential glass–ceramic
host materials for the immobilization of these long-lived radionuc-
lides. In this case, it appeared that for all the simulants (Ce, Nd, Eu,
Gd, Yb, Th) introduced in the parent glass composition, the highly
durable zirconolite crystals were the only ones to nucleate in the
bulk of the glass. However, the formation of a thin partially crystal-
lized layer containing mainly titanite and anorthite crystals was
also observed but was not studied. In order to complete this previ-
ous work, the aim of the present paper was to study the effect of
the nature of surrogates on the structure, the microstructure and
the composition of the crystals formed in the layer near the surface
of the GCM and of the residual glass remaining between these crys-
tals. The study of the competition between surface crystallization
and internal crystallization was also one of the aims of this work.
The main conclusions that can be drawn from this study are the
following:

i. For all the samples, titanite and anorthite are the main crys-
talline phases present in the surface layer for Tc = 1050 �C
and 1200 �C. For Tc = 1200 �C, small baddeleyite (ZrO2) crys-
tals are also observed independently of the nature of the
actinide surrogate. However, for the Th-doped GCM, ThO2-
rich crystals also precipitate in the layer for the two crystal
growth temperatures. In all cases, the thickness of the layer
was shown to increase with Tc from 170 to 190 lm (1050 �C)
to 500 to 1000 lm (1200 �C). Titanite is the only crystalline
phase in the layer able to incorporate significant quantities
of Ln3+ trivalent lanthanide ions in the Ca site of its structure.
In this case, the positive charge excess due to Ln3+ ions incor-
poration is compensated by the simultaneous incorporation
of Al3+ ions probably both in the titanium and silicon sites of
titanite. Comparison with our previous results [13] shows
that the zirconolite crystals of the bulk are more efficient
to incorporate actinide surrogates than the titanite crystals
formed near samples surface. However, the amount of titan-
ite in the layer is greater than that of zirconolite in the bulk.
Nevertheless, a high proportion of surrogate remains in the
residual glass of the layer. An evolution of the amount of
Ln3+ ions incorporated in the titanite crystals formed at
Tc = 1200 �C according to the nature of the lanthanide is
observed. This evolution is explained by considering both
the capacity of the glass to accommodate these elements
(in accordance with their cationic field strength) and the
capacity of the titanite crystals to incorporate them in the
calcium site of their structure (in accordance with bond
valence-bond length considerations). No significant amount
of Th4+ ions is incorporated in titanite crystals at Tc = 1200 �C
which could be explained by the very low solubility limit of
ThO2 in titanite following the incorporation scheme
Ca1�xThxTi1�2xAl2xSiO5 in accordance with literature. The
fact that none of the crystalline phases (titanite, anorthite
and baddeleyite) of the surface layer is able to accommodate
significant amounts of thorium leads to a strong Th-enrich-
ment in residual glass of the layer which explains ThO2 pre-
cipitation. Consequently, it can be assumed that trivalent
minor actinides such as Am3+ and Cm3+ ions (for which
Nd3+, Gd3+ and Eu3+ ions are considered as good simulants)
will be immobilized in the titanite crystals and in the resid-
ual glass of the surface layer. Concerning the tetravalent
actinides such as Np4+ and Pu4+, the results obtained in this
work for the thorium-doped sample lead to more pessimistic
conclusions because these actinide ions could partly precip-
itate as actinide dioxide in the surface layer.

ii. The effect of Nd2O3 concentration (from 0 to 10 wt.%) in par-
ent glass on the formation of the partially crystallized layer
was studied. For all the Nd-doped samples, the layer is con-
stituted of titanite, anorthite and baddeleyite (at
Tc = 1200 �C) crystals and of a residual glass. Titanite remains
the only crystalline phase of the layer able to incorporate the
Nd3+ ions with charge compensation ensured by Al3+ ions
and the amount of neodymium incorporated increases con-
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tinuously with the Nd2O3 concentration in the parent glass.
These results show that no saturation effect occurs concern-
ing Nd incorporation in the titanite crystals at least for
Nd2O3 concentrations less than or equal to 10 wt.% in the
parent glass.

iii. The evolution at 1050 �C and 1200 �C of the nature of the
crystalline phases formed in the bulk and near the surface
of the GCM was studied for increasing thermal treatment
durations for the Nd-, Eu-, Gd-, Th-doped and the undoped
GCM (cylindrical samples of 1 cm diameter). At 1200 �C
(for the 20 h heat treatment), the titanite and anorthite crys-
tals grow towards the bulk at the expense of the zirconolite
crystals previously formed. Baddeleyite (ZrO2) crystals are
also observed in the bulk, coexisting with titanite and anor-
thite. For the Th-doped sample, ThO2-rich crystals are also
detected in the bulk. Thus, the zirconolite crystals formed
initially in the bulk after the 2 h crystal growth heat treat-
ment, are unstable with respect to titanite in the presence
of the silica excess of the residual glass: at 1200 �C, the
growth of titanite from the surface progressively consumes
the zirconolite crystals of the bulk, and the excess of ZrO2

(only partially incorporated in the titanite crystals) precipi-
tates as baddeleyite crystals. At 1050 �C, the progression of
titanite crystals towards the bulk becomes very slow in com-
parison with anorthite and the growth kinetics of the surface
layer strongly decreases. After 20 h heating, the zirconolite
crystals initially formed in the bulk are still observed. How-
ever, after 300 h at 1050 �C, a small proportion of titanite
crystals also grows in the bulk at the expense of zirconolite.
All, these results were confirmed using both optical absorp-
tion and ESR spectroscopies for the Nd-doped GCM. Thus,
zirconolite is a metastable phase in the system studied here
which contains both titanite and a silica-rich residual glass.
Titanite can be considered as the most stable phase incorpo-
rating the titanium in this system. However, for kinetic rea-
sons zirconolite is the only crystalline phase which nucleates
and grows in the bulk for relatively short crystal growth
durations (2 h) at Tc = 1050 �C or 1200 �C. Consequently, in
order to reduce the risks of progression of the titanite crys-
tals from the surface towards the bulk of the GCM at the
expense of zirconolite, Tc must be not too high and/or the
heating duration at this temperature must not exceed a
few hours. In these conditions, titanite will remain located
in a thin crystallized layer that will probably not affect the
long term behavior of the waste form due to the good chem-
ical durability of titanite. Nevertheless, because of the very
high kinetic barrier associated with titanite crystal growth
during storage and disposal of the GCM, zirconolite would
remain kinetically stable and no long-term evolution of both
the structure and microstructure of the GCM is expected to
occur in these conditions (for minor actinides amounts
610 wt.%, the surface and internal temperatures of the
waste forms would never reach values lying in the nucle-
ation and crystal growth ranges).
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