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Abstract Glass-ceramic matrices containing zirconolite

(nominally Ca(Zr,Hf)Ti2O7) crystals in their bulk that

would incorporate high proportions of minor actinides (Np,

Am, Cm) or plutonium could be envisaged for their

immobilization. Zirconolite-based glass-ceramics can be

prepared by controlled crystallization of zirconolite in

glasses belonging to SiO2–Al2O3–CaO–Na2O–TiO2–ZrO2–

HfO2 system. In this study, neodymium was used as tri-

valent actinides surrogate. Increasing Al2O3 concentration

in glass composition had a strong effect on the nucleation

rate Iz of zirconolite crystals in the bulk, on the amount of

neodymium incorporated in zirconolite phase and on the

crystal growth rate of silicate phases (titanite + anorthite)

from glass surface. These results could be explained by the

existence of competition—in favor of aluminum—between

Al3+ and (Ti4+, Zr4+, Hf4+) ions for their association with

charge compensators cations to facilitate their incorpora-

tion in the glassy network. Differential thermal analysis

(DTA) was used to study exothermal effects associated

with bulk and surface crystallization. 27Al magic angle

spinning nuclear magnetic resonance (MAS NMR) spectra

showed that aluminum enters glasses network predomi-

nantly in 4-fold coordination. Neodymium optical absorp-

tion and fluorescence spectroscopies showed that the Al2O3

concentration changes performed in this study had not

significant effect on Nd3+ ions environment in glasses.

Introduction

Currently, borosilicate and phosphate glasses are the only

waste forms used industrially (France, Russia, United

States, Great Britain...) for the immobilization of highly

radioactive nuclear wastes (HLW) [1–4]. Such wastes are

generated after the reprocessing of spent nuclear fuel used

in power (electricity production) or military (Pu produc-

tion) reactors. In these wastes, inactive elements and short-

lived, medium-lived or long-lived radionuclides are mixed

together and the waste form matrices must incorporate

simultaneously all of them [4, 5]. Because of this chemical

complexity and also because of the occurrence of high

amounts of volatile elements (Cs, Ru...) in HLW solutions,

glasses that can be melted at low temperature (1100–

1150 �C) have been chosen as waste forms. Indeed, glassy

matrices distinguish themselves from crystalline matrices

by the very wide range of solid solutions, which is due to

the lack of long-range ordering in their structure. This

allows the accommodation in various proportions within

the glassy network of a great variety of elements with their

own chemical bonding requirements and thus glasses are

able to incorporate high quantities of the different elements

occurring in HLW. However, because of the introduction

of significant Na2O and B2O3 concentrations in nuclear

borosilicate compositions [3, 4] to enable their melting at

low temperature, the chemical durability of these waste

forms is not as good as the one that can be reached for

more refractory glasses such as aluminosilicate glasses.
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Nevertheless, the selective separation of several long-lived

radionuclides (such as minor actinides, cesium and tech-

netium) from HLW followed by their immobilization in

highly durable specific titanate, zirconate or phosphate

ceramic matrices [3, 4, 6–9] more durable than the nuclear

glasses currently used industrially, could be envisaged in

several countries such as France [10, 11] and Russia [12,

13]. Among these long-lived radionuclides, minor actinides

(Np, Am, Cm) represent the main contribution to the long-

term potential radiotoxicity of nuclear wastes [14]. The

same problem of immobilization also exists for excess

plutonium from dismantled nuclear weapons (Russia,

United States). For the immobilization of actinides, the

studies reported in literature concern mainly ceramic waste

forms (zirconolite, pyrochlore, apatite, monazite) [6–8, 15,

16]. However, due to the facility of glass preparation by

melting + casting, glass-ceramics could be envisaged as

interesting alternative waste forms [4]. Indeed, such

matrices that can be obtained by controlled crystallization

of a highly durable phase (able to incorporate minor acti-

nides and Pu) either during cooling of melts or after

reheating of parent glasses, would accept more easily waste

composition fluctuations than ceramics. Moreover, the

minor actinides incorporated in the highly durable crys-

talline phase in the bulk of the glass-ceramics would ben-

efit of a double containment barrier (crystal + glass). In

previous works, we reported the possibility to prepare

zirconolite-based glass-ceramics by controlled crystalliza-

tion (nucleation + crystal growth) of parent glasses

belonging to the SiO2–Al2O3–CaO–Na2O–TiO2–HfO2–

ZrO2–Ln2O3 (Ln: lanthanide) system [17–22]. In these

studies, trivalent lanthanides (mainly Nd3+) were used to

simulate trivalent minor actinides (Am3+, Cm3+) [23]. In

this system, zirconolite (nominally Ca(Zr,Hf)Ti2O7) was

found to be the only crystalline phase to nucleate in the

bulk whereas titanite and anorthite crystals (nominally

CaTiSiO5 and CaAlSi2O8) nucleated heterogeneously on

glass surface. Zirconolite is a highly durable crystalline

phase well known for its capacity to incorporate high

amounts of actinides and lanthanides [24–28] and for its

excellent leaching resistance [29–30] even after amorph-

ization induced by radiation damage [31]. The structure of

zirconolite is described for instance in [24, 32]. Several

effects of parent glass composition changes (TiO2, ZrO2,

CaO and Ln2O3 concentrations) on glass crystallization

(surface + bulk) and on the proportion of lanthanides

incorporated in the crystalline phases were already re-

ported. For instance, surface and bulk crystallization was

studied using differential thermal analysis (DTA) and X-

ray diffraction (XRD) for glasses with increasing TiO2 and

ZrO2 concentrations [33]. The effect of partial or total

substitution of ZrO2 by HfO2 on glass crystallization and

more particularly on the nucleation rate and the composi-

tion of zirconolite crystals was also studied because haf-

nium has a high thermal neutron capture cross-section in

comparison with zirconium [22, 34]. In this case, the

occurrence of hafnium—acting as neutron poison for fis-

sion reactions—in zirconolite crystals may prevent criti-

cality events in glass-ceramics waste forms heavily loaded

with fissile actinide isotopes such as 239Pu.

In previous works [23, 35], we showed that Al3+ ions

partly insured Ln3+ ions charge compensation in the zir-

conolite crystals growing in the bulk of the glass-ceramics.

Thus, the occurrence of Al2O3 in parent glass composition

helps trivalent minor actinide and plutonium surrogate

incorporation into the zirconolite phase. Moreover, Ln3+

ions were also shown to be incorporated into the titanite

crystals growing from glass surface. In this case, Al3+ ions

also insured charge compensation in the crystals [18, 21].

In this paper, we study the effect of Al2O3 concentration

change in parent glasses composition containing either

zirconium or hafnium on their crystallization behavior both

in the bulk and from the surface. The nature, the micro-

structure and the nucleation rate of phases crystallizing in

these glasses are studied. As it is shown, alumina has a

strong effect both on the zirconolite nucleation rate IZ in

the bulk and on the total amount of Nd3+ ions incorporated

in zirconolite. Considerations about both the structural role

of Al3+ ions and the existence of a competition between

Al3+ and (Ti4+, Zr4+, Hf4+) ions for association with charge

compensators in glass and melt structure are developed to

explain these results. To complete this crystallization

study, the environment of Nd3+ and Al4+ ions in parent

glasses was studied respectively by optical spectroscopy

and MAS NMR.

Experimental procedures

Six glasses belonging to SiO2–Al2O3–CaO–Na2O–TiO2–

ZrO2–HfO2 system were prepared for this study according

to the method described in [17]. The target glass compo-

sitions are given in Table 1. The composition of several

glass samples determined by the inductively coupled

plasma-atomic emission spectrometry (ICP-AES) method

or by electron probe microanalysis (EPMA) are also given

in this Table. Two kinds of glasses can be distinguished:

glasses with ZrO2 (GZr(Nd)a,GZr(Nd)b,GZr(Nd)c,GZr) and

glasses with HfO2 (GHf(Nd)a,GHf(Nd)c). GZr(Nd)a, GZr

and GHf(Nd)a correspond to compositions already studied

in previous works [17–19]. The other compositions of

Table 1 were deduced from GZr(Nd)a and GHf(Nd)a

compositions either increasing (GZr(Nd)c,GHf(Nd)c) or

decreasing (GZr(Nd)b) Al2O3 concentration by respectively

2.6 and 2.8 mol% keeping constant the relative concen-

trations of other oxides except Nd2O3. As in our previous
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studies, neodymium was used as trivalent minor actinides

and plutonium surrogate: 6 and 5.6 wt% Nd2O3 (corre-

sponding to nearly 1.3 mol%) were introduced in glass

compositions containing respectively ZrO2 and HfO2. This

Nd2O3 concentration corresponds approximately to

9.2 wt% Am2O3 for glasses containing zirconium if all

neodymium ions are replaced by americium ions. The

choice of lower Nd2O3 concentration (5.6 wt%) for glasses

containing hafnium was made in order to keep nearly the

same molar concentration of Nd2O3 in GZr(Nd)x and

GHf(Nd)x (x = a, c) samples. Composition GZr is similar

to composition GZr(Nd)a but without Nd2O3. For all glass

compositions, a small amount of Na2O ([Na2O] ~ 1 mol%)

was introduced as tracer element to perform chemical

durability tests that are not presented in this paper. Thus,

even if a small fraction of the negatively charged polyhedra

(such as (AlO4)–) of the glassy network can be charge

compensated by Na+ ions, Ca2+ ions are the main charge

compensators for the glass compositions studied in this

paper ([Na2O]/[CaO] = 0.04 in mol%, Table 1).

Glasses of Table 1 were prepared using reagent-grade

SiO2, Al2O3, CaCO3, TiO2, ZrO2, HfO2, Na2CO3 and

Nd2O3 raw materials. Batches (50 g) were melted in plat-

inum crucibles and refined at 1550 �C. Because of the lack

of mechanical mixing during melting, a two-step melting

was performed with an intermediate grinding stage to ob-

tain homogeneous glasses [18, 23]. After casting cylinders

in steel molds (10 mm high and 14 mm diameter), all glass

samples were annealed at T = 775 �C for 2 h in order to

relieve strains before cutting. This annealing temperature

was slightly higher than the glass transformation temper-

ature Tg (Table 1). Glass-ceramics were then prepared

following a two-step heat treatment: nucleation

(Tn = 810 �C, 2 h) and crystal growth (Tc = 1050 �C or

1200 �C, 2 h) [17, 18]. After nucleation, the samples were

immediately transferred into a furnace preheated at Tc.

After crystal growth, the glass-ceramic samples were

directly annealed at 775 �C for 2 h before slow cooling to

room temperature. The nucleation rate curves Iz = f(T) of

zirconolite in GZr(Nd)a glass and in a glass whose com-

position was similar to the one of GHf(Nd)a but without

neodymium were reported in [34]. The crystal growth

temperatures Tc chosen here (1050 and 1200 �C) were

shown to lead to the crystallization of only zirconolite in

the bulk of GZr(Nd)a and GHf(Nd)a samples [17].

Several glass samples were characterized (glass trans-

formation and crystallization peak temperatures) using

differential thermal analysis (DTA) with the help of a

NETZSCH STA 409 thermal analysis apparatus (heating

rate at 10 �C min–1 under air in platinum crucibles, glass

particle size 125–250 lm). Ignited alumina was used as

reference material. For GZr(Nd)c, the quenched glass was

crushed and sieved to obtain four size fractions (<20,

40–80, 125–200, 1600–2000 lm). DTA runs were then

Table 1 Composition (in weight and molar percentages) of parent glasses leading to zirconolite crystallization in their bulk

Glass reference Composition SiO2 Al2O3 CaO TiO2 ZrO2 HfO2 Nd2O3 Na2O Tg (�C)

GZr(Nd)a wt%a 40.57 11.94 19.63 12.45 8.46 0.00 6.00 0.94 761 ± 2

wt%b 40.64 12.32 20.06 12.02 8.03 0.00 5.92 1.01

wt%c 39.11 11.94 20.02 12.67 9.13 0.01 6.29 0.81

mol%a 48.23 8.37 25.00 11.14 4.90 0.00 1.27 1.08

GZr(Nd)b wt%a 42.48 8.08 20.55 13.04 8.86 0.00 6.00 0.98

mol%a 49.73 5.57 25.78 11.48 5.06 0.00 1.25 1.11

GZr(Nd)c wt%a 38.83 15.48 18.78 11.92 8.10 0.00 6.00 0.90 760 ± 2

mol%a 46.81 11.00 24.27 10.81 4.76 0.00 1.29 1.05

GHf(Nd)a wt%a 38.27 11.27 18.52 11.75 0.00 13.64 5.66 0.89 765 ± 2

wt%c 38.17 10.97 18.84 11.82 0.09 13.49 5.77 0.83

mol%a 48.23 8.37 25.00 11.14 0.00 4.91 1.27 1.08

GHf(Nd)c wt%a 36.71 14.64 17.77 11.27 0.00 13.08 5.67 0.85

mol%a 46.81 11.00 24.27 10.81 0.00 4.76 1.29 1.05

GZr wt%a 43.15 12.71 20.88 13.25 9.00 0.00 0.00 1.00 760 ± 2

wt%b 42.75 12.62 21.20 13.49 8.90 0.00 0.00 1.04

mol%a 48.85 8.48 25.33 11.28 4.97 0.00 0.00 1.10

a Target compositions
b Composition analyzed by ICP-AES (estimated error ± 2–5 wt%)
c Composition analyzed by EPMA. The glass transformation temperature Tg—determined by DTA using the onset of the corresponding

endothermic effect—is also given for several samples. A small amount of Na2O ([Na2O] £ 1 wt%) was introduced as tracer element in all glass

compositions in order to perform chemical durability tests on both parent glasses and glass-ceramics that are not presented in this paper
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performed for these different size fractions in order to

follow the evolution (displacement and intensity) of exo-

thermal peaks associated with crystallization.

In order to study the structural role of aluminum in our

glasses, 27Al (I = 5/2, natural abundance 100%) solid-state

magic angle spinning nuclear magnetic resonance (MAS

NMR) spectra were recorded for GZr and GZr(Nd)a glasses

using a Bruker DRX600 liquid spectrometer (14.1 T)

operating at 156.38 MHz and equipped with a Bruker high

speed MAS probe-head (2.5 mm zirconia rotors) spinning

at 26 kHz. Small pulse flip angles (<p/12) were applied

thus enabling a linear regime excitation for the spin system

[36]. Chemical shifts were referenced to an acidic aqueous

solution of Al(NO3)3 (1 M) and 2500 scans were accu-

mulated. In order to confirm the coordination state of Al3+

ions determined by MAS NMR in the glassy network

without being disturbed by broadening due to second order

quadrupolar effect, the 27Al triple quantum 3QMAS NMR

spectrum of GZr glass (sample without paramagnetic Nd3+

ions) was also recorded.

Neodymium optical absorption and fluorescence spectra

were recorded for GZr(Nd)a, GZr(Nd)b, GZr(Nd)c and

GHf(Nd)a glasses. Fluorescence decay curves were

recorded for GZr(Nd)a, GZr(Nd)b and GZr(Nd)c glasses. A

Varian Cary 5E double beam spectrometer was used to

record optical absorption spectra at T < 15 K. Fluores-

cence decays I = f(t) (I being the emitted intensity) were

recorded at 300 K following 4F3/2 fi 4I11/2 neodymium

transition (near 1062 nm) with a InGaAs detector after

non-selective excitation near 585 nm (corresponding to the

strong 4I9/2 fi 4G5/2,2G7/2 transition of neodymium,

Fig. 1) with an optical parametric oscillator pumped by the

third harmonic of a pulsed Nd-YAG laser. As excitation is

non selective, we can assume that if Nd3+ ions are located

in different environments in the glass structure, they will be

all excited after the laser pulse. As fluorescence decay

curves are not exponential for the samples studied in this

work (Fig. 2), the mean lifetime sm of excited Nd3+ ions

was estimated by integration using the following formula:

sm ¼ ð1=I0Þ
Z

I(t)dt ð1Þ

where I0 is the emitted intensity when t = 0.

Glass-ceramic samples were characterized using differ-

ent techniques. Powder X-ray diffraction (XRD) patterns

were recorded with the help of a Siemens D5000 instru-

ment with CoKa radiation (k= 1.78897 Å). Scanning

electron microscopy (SEM) and energy dispersive X-ray

analysis (EDX) of crystals were performed at 15 kV on

polished and carbon coated glass-ceramic samples with a

Hitachi S2500 microscope and a PGT EDX analyzer. For

GHf(Nd)a glass-ceramic sample, the composition of zir-

conolite crystals was determined by electron probe

microanalysis (EPMA). Electron spin resonance (ESR) was

used to follow the incorporation neodymium and to esti-

mate the amount of Nd3+ ions (4f3) in the zirconolite

crystals of the glass-ceramics. The method used for this

estimation was described in [37]. The spectra were

recorded at 12 K using a Bruker ESP 300e ESR spec-

trometer operating at X-band (m ~ 9.5 GHz).

Results and discussion

As cast samples were all fully transparent and X-ray

amorphous. The composition of GZr(Nd)a, GHf(Nd)a and

GZr glasses was analyzed by ICP-AES and/or EPMA. As

the analyzed and target compositions are very similar for

these three samples (Table 1), we can expect that it is also

the case for GZr(Nd)b, GZr(Nd)c and GHf(Nd)c glasses

because of the lack of significant amount of volatile
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element such as sodium ([Na2O] £ 1 wt%) in these com-

positions. The glass transformation temperatures reported

in Table 1 show that the composition changes performed in

this study have not significant impact on Tg.

Structural study of parent glasses

Optical absorption and fluorescence study of neodymium

Optical absorption spectra of GZr(Nd)a, GZr(Nd)b and

GZr(Nd)c glasses are very similar. For instance, the spec-

trum of GZr(Nd)a sample is shown in Fig. 1. According to

literature results about neodymium optical absorption in

oxide glasses [38–42], the lack of shoulders on the low

energy side of the two main peaks of the 4I9/2 fi 4G5/2,
2G7/2 transition (Fig. 1) indicates that Nd3+ ions are located

either in depolymerized regions of the glassy network (i.e.

in regions containing high concentration of non-bridging

oxygen atoms (NBO)) in association with high field

strength modifier cations (Ca2+ in this study) or in poly-

merized regions of the glassy network. As shown below,

the amount of modifier cations available to form NBO is

low for the glasses studied in this work, which could

indicate that neodymium is mainly located in polymerized

regions. Nevertheless, because of the small Nd2O3 con-

centration (~1.3 mol%, Table 1) it is difficult to rule out

the possibility that a high proportion of neodymium ions

occurring in these glasses are located near NBO and Ca2+

ions in depolymerized regions. Indeed, it is known that in

oxide glasses, Nd3+ ions are preferentially located in NBO

rich regions of the glassy network [39]. The position of the
4I9/2 fi 2P1/2 (~431 nm) and 4I9/2 fi 4F3/2 (~865–

879 nm) absorption bands of neodymium moves only of

about 3 cm–1 between the three glasses which is negligible.

As the position of neodymium absorption bands is known

to be sensitive both to crystal field symmetry and to the

distance between Nd3+ ions and their first neighbors

(oxygen ions) [38–42], these spectroscopic results show

that Nd3+ ions environment in GZr(Nd)x glasses (x = a, b, c)

does not significantly vary when Al2O3 concentration in-

creases. Moreover, neodymium fluorescence decay curves

are nearly identical for the three glasses. For instance, the

decay curves of GZr(Nd)b and GZr(Nd)c glasses are shown

in Fig. 2. The mean lifetime sm of the 4F3/2 excited state of

neodymium deduced from the decay curves is estimated at

60 ls ± 1 ls for these three samples. Contrary to the

results obtained in [22] for a sample with composition

similar to that of GZr(Nd)a glass but containing only

0.5 wt% Nd2O3 and that showed an almost exponential

decay curve (with sm ~ 295 ls), the fluorescence decays of

GZr(Nd)x (x = a, b, c) glasses are not exponential. The

evolution of decay curves and the decrease of sm between

these three glasses and the glass containing 0.5 wt% Nd2O3

[22] indicates the existence of interactions between Nd3+

ions for the samples containing 6 wt% Nd2O3. Such inter-

actions induce energy transfer between Nd3+ ions followed

by energy transfer on a quenching site and/or cross relaxa-

tion between Nd3+ ions followed by non-radiative decay

[22, 43]. Thus, the decrease of sm when [Nd2O3] increases

from 0.5 to 6 wt% can be explained by a decrease of the

average distance between Nd3+ ions in the glass structure. At

low neodymium concentration an exponential I = f(t) decay

is obtained because the distance between Nd3+ ions is so

large that no significant energy transfer occurs. The fact that

Nd3+ ions fluorescence decay curves do not change between

GZr(Nd)b and GZr(Nd)c glasses indicates that increasing

Al2O3 concentration from 5.57 to 11.00 mol% has no sig-

nificant effect on non-radiative disexcitation of neodymium.

This means that the composition changes performed in this

study do not significantly modify the interactions and the

average distance between neodymium ions in the glassy

network.

The similarity of optical absorption and fluorescence

spectra of GZr(Nd)a and GHf(Nd)a glasses (spectra not

shown) shows that the total substitution of zirconium by

hafnium in glass composition has not significant effect on

the environment of Nd3+ ions in glass structure. Study of

GZr(Nd)a and GHf(Nd)a glasses by ESR confirms that

neodymium ions environment is not significantly affected

by this substitution [22]. These results can be explained by

the very similar chemical properties of Zr4+ and Hf4+ ions

and consequently by their very similar structural role in

glass structure. Indeed, EXAFS results published on alu-

minoborosilicate nuclear glasses containing either ZrO2

[44] or HfO2 [45] showed that Zr4+ and Hf4+ ions both

occurred in 6-fold coordinated sites with distances

d(Zr–O) = 2.08 Å and d(Hf–O) = 2.07 Å respectively.

Moreover, our results about neodymium in GZr(Nd)a and

GHf(Nd)a parent glasses are also in accordance with other

results we obtained for neodymium in Ca0.8Nd0.2

ZrTi1.8Al0.2O7 and Ca0.8Nd0.2HfTi1.8Al0.2O7 zirconolite

ceramics for which no significant effect of total replace-

ment of zirconium by hafnium was observed on Nd3+ ions

optical absorption and fluorescence spectra [22].

27Al MAS NMR study

27Al MAS NMR spectra were recorded for GZr and

GZr(Nd)a glasses to elucidate the role of aluminum ions in

glass structure. The spectrum of GZr glass without neo-

dymium (Fig. 3a) shows an intense resonance with iso-

tropic chemical shift diso around 60 ppm indicative of Al in

tetrahedral coordination with oxygen atoms [46–49]. No

features can be clearly identified in the spectral regions

assigned to 5-fold and 6-fold coordination (diso = +25 to

+40 ppm and –15 to +20 ppm, respectively). The peak is

8562 J Mater Sci (2007) 42:8558–8570
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broadened by second-order quadrupolar interaction and

distribution of NMR parameters but recording the spectrum

at relatively high field (14.1 T) and high spinning speed

(26 kHz) in this study permits to limit the possible super-

position between 4-, 5- and 6-fold coordinated Al sites. It

can be noticed that the shape of the spectrum is asymmetric

with a steep flank at low field side (high ppm values) and a

more gradually decreasing high field side. Such a feature is

characteristic of the existence of distribution of quadru-

polar coupling constant CQ, which is to be expected in

glasses due to distribution of bonding distances and

bonding angles [50, 51]. Study of GZr glass by 27Al

3QMAS NMR (spectrum not shown) confirms that alumi-

num is only located in (AlO4)– tetrahedral units. The glass

containing Nd3+ ions (GZr(Nd)a) shows relatively similar

spectrum (Fig. 3b) but its shape is slightly broadened

presumably because of the existence of interactions be-

tween aluminum nuclei and paramagnetic neodymium

ions. Thus, for GZr and GZr(Nd)a glasses, aluminum enters

glass network in 4-fold coordination suggesting that mod-

ifier cations (Na+,Ca2+) are present in sufficient amount to

charge compensate the negative (AlO4)– entities. Indeed,

the molar ratio C = ([CaO] + [Na2O])/[Al2O3] = 3.11 > 1

for GZr and GZr(Nd)a glasses (Table 1). As C remains

higher than 2 for all glasses (C = 4.83 and 2.30 respec-

tively for GZr(Nd)b and GZr(Nd)c glasses), calcium and

sodium oxide contents are thus higher than the ones needed

for ensuring a full charge compensation of (AlO4)– entities.

We can thus expect that aluminum occur in tetrahedral

coordination in all glasses of this paper.

Crystallization study of GZr(Nd)c glass with DTA

Due to the high nucleation rate of zirconolite in the bulk of

GZr(Nd)c glass (see below), DTA curves were recorded for

this glass for different size fractions after grinding and

sieving (Fig. 4). Indeed, due to the relatively low crystal-

lization rate of zirconolite in GZr(Nd)a glass, the DTA

exothermic effect associated with crystallization of zir-

conolite in the bulk was not detected for this composition

[33]. Figure 4 shows the existence of two main exothermic

effects C1 and C2 associated with crystallization. These

two effects occur in the same temperature range for the

smallest particle size (<20 lm) but become separated for

higher particle sizes. The evolution of the position of the

exothermic peaks temperature Tp with particle size is

reported in Fig. 5. It appears that peak C1 is narrower than

peak C2. Moreover, the enlargement and displacement of

C2 towards high temperatures for higher particle sizes

indicates that the corresponding effect is associated with
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Fig. 3 27Al MAS NMR spectra of GZr (a) and GZr(Nd)a (b) glasses

(* indicates spinning sidebands)
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thite, Z: zirconolite. The onset used to determine Tg is also indicated.
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Fig. 5 Evolution of the position of exothermic DTA peaks (Tp) C1

(s) and C2 (d) with size fraction (GZr(Nd)c glass) from Fig. 4. The

mean value of each size fraction is reported on the abscissa axis

except for the size fraction <20 lm for which the value of 20 lm is

reported. The errors bars associated with the data points are shown in

the figure. The dotted lines drawn in the figure are given as a guide for

the eye to show to the evolution of Tp for C1 and C2 peaks
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surface crystallization. Indeed, it is known that Tp increases

with glass particle size for crystallization regulated by

surface nucleation [52, 53]. The fact that peak C1 is only

slightly displaced towards high temperatures indicated that

the corresponding effect is mainly due to internal crystal-

lization (bulk nucleation). In order to identify the nature of

the crystalline phases formed at Tp(C1) and Tp(C2), heat

treatments were performed on the size fractions <20 lm

and 125–200 lm at the corresponding Tp values for 10 min

(heating rate: 10 �C min–1). XRD patterns of the quenched

samples were then recorded (Fig. 6). The study of these

patterns shows that:

– C1 is associated with the crystallization (mainly in the

bulk) of a defect-fluorite phase, which corresponds to a

totally cationic disordered zirconolite (cubic structure).

The crystallization of this phase was already observed in

(ZrO2, TiO2)-rich glass compositions derived from

GZr(Nd)a glass and was shown to transform irreversibly

into the zirconolite-2M polytype (monoclinic structure)

at higher temperature [33]. Figure 6b, c shows that

partial transformation of defect-fluorite crystals into

zirconolite crystals occurs between the two peaks C1

and C2.

– C2 is associated with the crystallization of tita-

nite + anorthite. These silicate phases were shown

previously to nucleate heterogeneously on glass surface

[33]. This is in accordance with the evolution observed

on DTA curves when the particle size increases (Fig. 4).

Consequently, the high nucleation rate IZ of zirconolite

(or more precisely of its disordered fluorite-defect precur-

sor) in the bulk of GZr(Nd)c glass enables the detection of

an exothermic effect associated with the crystallization of

this phase. This was not the case for GZr(Nd)a glass for

which only the exothermic effects associated with the

crystallization of titanite and anorthite from glass surface

were observed [33]. Figure 4 also shows the endothermic

effects (T > 1250 �C) associated with the dissolution of

crystalline phases (titanite, anorthite, zirconolite) in the

residual glass. Comparison with the results reported in [33]

shows that the first endothermic effect occurring near

1275 �C is due to titanite + anorthite dissolution whereas

the second endothermic effect near 1320 �C is probably

associated with zirconolite dissolution.

Study of glass-ceramics

The glass-ceramics obtained after nucleation (810 �C,

2 h) + crystal growth (1050 �C or 1200 �C, 2 h) were

mainly studied by SEM, EDX and XRD. The results con-

cerning GZr(Nd)a glass were already presented and dis-

cussed in [17–19, 33]. In this paper, we will compare the

results obtained for the compositions derived from

GZr(Nd)a and GHf(Nd)a by increasing or decreasing Al2O3

concentration. The nature of crystalline phases formed in

the bulk or near sample surface (crystallized layer) at

Tc = 1050 �C and 1200 �C for all glasses are summarized

in Table 2.

Glass-ceramics with ZrO2

Heat treatment of GZr(Nd)b sample at Tc = 1050 �C or

1200 �C leads to the formation of a surface crystallized

layer constituted of only titanite crystals (Fig. 7). Contrary

to GZr(Nd)a sample (Fig. 8a), anorthite crystallization is

not observed in GZr(Nd)b sample. The lack of anorthite in

this glass after heat treatment can be explained by the

decrease of the crystallization driving force of this phase

when Al2O3 concentration decreases. Indeed, Al2O3 is

one of the main oxides constituting anorthite and if we

consider only CaO, Al2O3 and SiO2, the GZr(Nd)a glass

composition is located on the boundary between anorthite
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Fig. 6 XRD patterns (kCoKa) of GZr(Nd)c glass heat treated: (a) up

to 950 �C (Tp(C1) = Tp(C2)) for the size fraction <20 lm; (b) up to

990 �C (Tp(C1)) for the size fraction 125–200 lm; (c) up to 1045 �C

(Tp(C2)) for the size fraction 125–200 lm. Heating rate 10 �C. min–1.

The samples were kept for 10 min at the corresponding temperature

and were then quenched to room temperature. (d: titanite, s:

anorthite, *: defect-fluorite phase, + : zirconolite-2M)

Table 2 Nature of crystalline phases formed in the bulk or near

sample surface (crystallized layer) after heat treatment at Tn = 810 �C

(2 h) and Tc = 1050 �C or 1200 �C (2 h) for the glasses studied in this

work

Glass Bulk Surface

1050 �C 1200 �C 1050 �C 1200 �C

GZr(Nd)a Z Z T + A T + A + B

GZr(Nd)b no crystals no crystals T T

GZr(Nd)c Z Z + A T + A T + A + B + Z

GHf(Nd)a Z Z T + A T + A

GHf(Nd)c Z T + A T + A T + A

Z: zirconolite; T: titanite; B: baddeleyite; A: anorthite
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and pseudo-wollastonite primary crystallization fields in the

SiO2–Al2O3–CaO phase diagram [54]. Thus, the decrease

of Al2O3 concentration (from GZr(Nd)a to GZr(Nd)b com-

position) displaces glass composition away from the anor-

thite crystallization field on the phase diagram and the

crystallization driving force of this phase decreases.

Moreover, the bulk of GZr(Nd)
b

sample remains totally

amorphous after heat treatment at Tc = 1050 �C or

1200 �C. Contrary to the results obtained for GZr(Nd)a

glass (Fig. 8b), zirconolite crystallization is thus not

observed in the bulk of this sample indicating a strong

decrease of IZ. Considerations about the increasing avail-

ability of charge compensators (Ca2+ and Na+ cations) when

Al2O3 concentration decreases can explain this striking

result. Indeed, we showed above by MAS NMR that all Al3+

ions were stabilized as charge compensated (AlO4)– entities

in the structure of GZr and GZr(Nd)a glasses. Moreover, it

is known that in silicate glasses containing sufficient charge

compensators, Zr4+ and Ti4+ ions can be stabilized in

respectively 6-fold and 5-fold coordination as ZrO6 octa-

hedra [44, 55] and TiO5 square base pyramids with a short

titanyl non bridging bond and four Ti–O–Si bonds [56–58].

In this case, the negative charge excess (–2) of zirconium

and titanium polyhedra is locally compensated by modifier

cations. Thus, in the glass system studied in this paper, a

competition is expected between Al3+, Zr4+ and Ti4+ ions

for their association with modifier cations Ca2+ and Na2+ to

balance the local charge deficit of polyhedra. For instance,

if we consider the total concentration of CaO and Na2O in

GZr glass, it appears that there is only a slight excess S of

modifier oxides available to form NBO after charge com-

pensation of both aluminum, zirconium and titanium

polyhedra in glass structure (S = [Na2O] + [CaO]–

[Al2O3]–[TiO2]–[ZrO2] = + 1.7 mol%, assuming that Na+

and Ca2+ ions compensate the negative charge excess of

(AlO4)–, (O = TiO4)2– and (ZrO6)2– entities [44, 56, 57]).

Consequently, by decreasing Zr4+ and Ti4+ ions activities,

the increase of modifiers concentration would facilitate

zirconium and titanium dissolution in the glass structure and

in the undercooled melt at Tn. The decrease of Al2O3 con-

centration in GZr(Nd)b glass composition in comparison

with GZr(Nd)a is thus expected to increase the amount of

modifiers available for the stabilization of Zr4+ and Ti4+

ions in the glass (for this composition S = + 4.78 mol%).

As ZrO2 and TiO2 are (with CaO) the constituents of

20 30 40 50 60 70 80

C
ou

nt
s 

(a
. u

.)

2θ (degrees)

(a)

(b)

Fig. 7 XRD pattern (kCoKa) of the surface crystallized layer of

GZr(Nd)b sample heat treated at Tc = 1050 �C (a) and Tc = 1200 �C

(b). (d: titanite)
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Fig. 8 Back-scattered SEM

micrographs of the: (a) surface

of GZr(Nd)a glass heat treated

at Tc = 1200 �C; (b) bulk of

GZr(Nd)a glass heat treated at

Tc = 1050 �C; (c) bulk of

GZr(Nd)c glass heat treated at

Tc = 1050 �C; (d) surface of

GZr(Nd)c glass heat treated at

Tc = 1200 �C; (e) bulk of

GZr(Nd)c glass heat treated at

Tc = 1200 �C. All samples were

nucleated at Tn = 810 �C for

2 h. Due to the lack of heavy

elements (Zr, Nd) in its

structure, anorthite appears in

dark on the images. (A:

anorthite, T: titanite, Z:

zirconolite, B: baddeleyite). The

continuous gray (a, d, e) or

black (b) phase corresponds to

residual glass (RG). The size of

the white scales is indicated in

the figure
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zirconolite, a decrease of Al2O3 concentration would thus

induce a decrease of the crystallization driving force of

zirconolite. This could explain the lack of zirconolite

nucleation in the bulk of GZr(Nd)b sample after heat

treatment. Moreover, it is interesting to underline that

contrary to GZr(Nd)a glass (Fig. 8a) [33], baddeleyite

(nominally ZrO2) crystallization is not detected in the

surface crystallized layer of GZr(Nd)b sample at

Tc = 1200 �C (Fig. 7). This result could be also explained

by the increase of zirconium solubility in the glass due to

the increase of modifier cations amount available to charge

compensate (ZrO6)2– entities when Al2O3 concentration

decreases.

For GZr(Nd)c, a thin crystallized layer (80–100 lm)

constituted of titanite and anorthite is formed at

Tc = 1050 �C whereas a very high number of zirconolite

crystals nucleate and grow in the bulk (Fig. 8c). Compar-

ison of Fig. 8b, c clearly shows strong increase of IZ be-

tween GZr(Nd)a and GZr(Nd)c compositions. This

confirms the tendency observed above between GZr(Nd)a

and GZr(Nd)b compositions. The negative value S = –

1.25 mol% calculated from GZr(Nd)c composition shows

that Ca2+ and Na+ cations are not sufficient to fully com-

pensate the local charge deficit of both (AlO4)–, (ZrO6)2–

and (TiO5)2– entities. If we admit that aluminum competes

favorably with zirconium and titanium for charge com-

pensators and remains as (AlO4)– entities as long as C > 1,

the increase of Al2O3 concentration from 5.57 to

11.00 mol% would destabilizes (ZrO6)2– and (TiO5)2–

entities and would thus increase zirconium + titanium

activities and IZ. At Tc = 1200 �C, a thick crystallized

layer (~2 mm) constituted of titanite, anorthite, baddeleyite

and zirconolite is observed near GZr(Nd)c sample surface

(Fig. 8d). The zirconolite crystals observed in this layer

have nucleated in the bulk and were then trapped in the

layer because of the high growth rate of titanite and

anorthite crystals from sample surface. At Tc = 1200 �C,

the bulk of the glass-ceramic contains zirconolite and

anorthite crystals (Fig. 8e). The anorthite crystals in the

bulk have grown from glass surface towards the bulk and

are present in the whole centimeter size sample. Thus, in

comparison with GZr(Nd)a, the crystal growth rate of

anorthite strongly increases for GZr(Nd)c. This effect is

due to the increase of the Al2O3 amount available in the

system. In order to obtain a glass-ceramic containing only

zirconolite crystals in its bulk at Tc = 1200 �C, the duration

of the crystal growth must be decreased (t� 2 h) for

GZr(Nd)c. As both zirconolite nucleation and crystal

growth rates are very high for this composition, keeping the

nucleated sample a few minutes at Tc = 1200 �C would be

probably sufficient to obtain such a glass-ceramic. The

crystallization of baddeleyite in the surface layer at

Tc = 1200 �C confirms the decrease of ZrO2 solubility in

the glass and in the undercooled melt when Al2O3 con-

centration increases.

The composition of the crystalline phases able to

incorporate Nd3+ ions (titanite, zirconolite) was determined

by EDX for the GZr(Nd)c glass-ceramic prepared at

Tc = 1200 �C (Table 3). At this temperature the crystals

were thick enough to be probed by the electron beam. For

comparison, the composition of the titanite and zirconolite

crystals formed respectively near the surface and in the

bulk of GZr(Nd)a glass heat treated at Tc = 1200 �C is also

given in Table 3. It appears that increasing Al2O3 con-

centration in GZr(Nd)a glass has not significant effect on

the composition of zirconolite and titanite crystals. Nd3+

ions enter in the calcium site of these phases with charge

compensation mainly insured by Al3+ ions. Thus, increas-

ing alumina concentration in parent glass does not enable

the incorporation of a higher amount of neodymium oxide

into zirconolite crystals. This result is probably due to the

simultaneous crystallization of anorthite in the bulk of

GZr(Nd)c glass that consumes an important fraction of

Al2O3 (Fig. 8e).

Using ESR and the quantitative method developed in

[37], the neodymium partitioning ratio R in zirconolite (i.e.

the molar fraction of Nd3+ ions incorporated into the zir-

conolite phase) was determined for the bulk of GZr(Nd)a

and GZr(Nd)c glass-ceramics (Table 4). In accordance with

previous results published in [37], it is clear that R

decreases when the crystal growth temperature increases.

Different origins were proposed to explain this evolution

[37]. A slight increase of R by 4% is observed between

GZr(Nd)a and GZr(Nd)c glass-ceramics at Tc = 1050 �C.

This evolution could be due both to the increase of the

Table 3 Formula of titanite and zirconolite crystals formed respec-

tively near the surface and in the bulk of GZr(Nd)c and GZr(Nd)a

glasses heat treated at Tc = 1200 �C determined by EDX

Tc = 1200 �C GZr(Nd)c GZr(Nd)a

Titanite (surface) Ca0.88Nd0.12Ti0.72Zr0.21

Al0.12Si0.95O5

Ca0.89Nd0.11Ti0.69

Zr0.22Al0.11Si0.98O5

Zirconolite (bulk) Ca0.82Nd0.19Zr1.04

Ti1.78Al0.17O7

Ca0.82Nd0.19Zr1.05

Ti1.77Al0.17O7

Nucleation heat treatment: Tn = 810 �C, 2 h

Table 4 Partitioning ratio R of neodymium ions between zirconolite

crystals and the residual glass in the bulk of GZr(Nd)a and GZr(Nd)c

glasses heat treated at Tc = 1050 �C or 1200 �C (2 h) after nucleation

step at Tn = 810 �C (2 h)

R Tc = 1050 �C (2 h) Tc = 1200 �C (2 h)

GZr(Nd)a 36 % 24 %

GZr(Nd)c 40 % 37 %

R was determined by ESR according to the method described in [37]

(estimated errors in the values of R ± 2%)
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amount of zirconolite crystals in the bulk (compare Fig. 8b,

c) and/or to the increase of the amount of neodymium

incorporated into zirconolite crystals by formula unit.

However, due to the small crystals size at Tc = 1050 �C,

their composition remains unknown. At Tc = 1200 �C, R

increases from 24% to 37% between GZr(Nd)a and

GZr(Nd)c samples. This evolution cannot be attributed to

neodymium concentration increase in zirconolite because

crystals composition does not significantly change when

Al2O3 concentration increases (Table 3). Consequently, it

is only the increase of the amount of zirconolite crystals in

the bulk of GZr(Nd)c glass-ceramic prepared at

Tc = 1200 �C that can explain the increase of R.

Glass-ceramics with HfO2

Comparison of Fig. 9a, c shows that total substitution of

zirconium by hafnium in GZr(Nd)a composition (giving

GHf(Nd)a composition, Table 1) induces a significant

decrease of IZ. This result is in accordance with the

nucleation rate curves IZ = f(T) of zirconolite in the bulk of

GZr(Nd)a and GHf(Nd)a glasses presented in [34, 59]

where it was shown that the maximum of the nucleation

rate curve decreased by approximately three orders of

magnitude for the sample containing hafnium. Consider-

ations—that will be not presented here—about both solu-

bility and diffusion coefficient differences between Hf4+

and Zr4+ ions in glasses and melts were developed in [34,

59] to try to explain the lower nucleation rate of zirconolite

in glasses containing hafnium. The composition of zir-

conolite crystals formed at Tc = 1200 �C in the bulk of

GHf(Nd)a glass (Fig. 9b) was determined by EPMA

(Ca0.85Nd0.21Hf1.08Ti1.71Al0.18O7). This composition is

close to that of zirconolite crystals formed at Tc = 1200 �C

in the bulk of GZr(Nd)a glass (Table 3). This shows that

nearly the same amount of neodymium (by zirconolite

formula unit) was incorporated into the crystals for the two

samples and that charge compensation was mainly ensured

by Al3+ ions in titanium sites. This result also demonstrates

that high amount of neutron poison (hafnium) can be

incorporated simultaneously with trivalent actinides sur-

rogate into zirconolite crystals after heat treatment of

GHf(Nd)a glass. Nevertheless, ESR shows that for this

sample heat treated at Tc = 1200 �C (Fig. 9b), the parti-

tioning ratio R of neodymium between zirconolite and

residual glass only reaches R = 21% whereas under the

same heat treatment conditions R = 24% for GZr(Nd)a

sample. This difference can be explained by the smaller

number of zirconolite nuclei formed during nucleation step

for GHf(Nd)a sample.

According to the composition change effects observed

above on IZ for glasses containing zirconium, Al2O3 con-

centration was raised by approximately 3 wt% in GHf(Nd)a

parent glass in order to increase IZ (GHf(Nd)c composition,

Table 1). The SEM images of the bulk of GHf(Nd)c glass-

ceramics prepared at Tc = 1050 �C and 1200 �C are shown

respectively in Fig. 9d, e. A strong increase of IZ—by

nearly three orders of magnitude—is observed between

GHf(Nd)a and GHf(Nd)c samples (compare Fig. 9a, d,

Tc = 1050 �C) and the number of zirconolite crystals

formed in the bulk of GHf(Nd)c and GZr(Nd)a glasses after

crystal growth at Tc = 1050 �C are close (compare Fig. 9c,

d). Similarly to the discussion developed above for glasses

with zirconium, the effect of increasing Al2O3 concentra-

tion on IZ for glasses with hafnium can be attributed to the

increase of Hf4+ and Ti4+ activities in undercooled melt due

to the existence of a competition between Al3+ and (Hf4+,

Ti4+) ions to associate with charge compensators to stabilize

(AlO4)–, (O = TiO4)2– and (HfO6)2– entities (S = –1.25

mol% for GHf(Nd)c sample). Consequently, we propose

that the increase of Al2O3 concentration would destabilize

(Hf4+, Ti4+) ions in the undercooled melt and would thus

increase IZ.

Concerning the crystal growth heat treatment at

Tc = 1200 �C (2 h), Fig. 9e shows that the bulk of

GHf(Nd)c glass-ceramic contains only titanite + anorthite

crystals that have grown from sample surface (no zircon-

olite crystals were detected in the bulk). These results are

thus different to those of GZr(Nd)c sample for which only

zirconolite and anorthite crystals were observed in the bulk

at Tc = 1200 �C (Fig. 8e). The lack of titanite in the bulk of

GZr(Nd)c sample was probably due to the high amount of

zirconolite crystals nucleating and growing in the bulk

(Fig. 8e) and that slowed down the growth rate of titanite

crystals (titanite nucleates only on glass surface [21]). We

propose that, at Tc = 1200 �C, the presence of zirconolite

crystals in GZr(Nd)c sample strongly reduce titanite crys-

tals growth rate because of the strong decrease of TiO2

concentration in residual glass (titanium is one of the main

constituents of both titanite and zirconolite phases). For

GHf(Nd)c sample, the small number of zirconolite nuclei

formed after nucleation could explain the higher growth

rate of titanite crystals.

Consequently, for the waste form application envisaged

in this study, Al2O3 concentration in GHf(Nd)a parent glass

can be raised in order to increase IZ. However, contrary to

the sample with zirconium, the crystal growth temperature

Tc must remain relatively low (for instance Tc = 1050 �C)

in order to avoid the growth of titanite in the bulk at the

expenses of zirconolite (Fig. 9e).

Conclusions

Glass-ceramics containing zirconolite (nominally

Ca(Zr,Hf)Ti2O7) crystals in their bulk that would incor-
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porate high proportions of minor actinides or plutonium

could be envisaged as matrices for these wastes. In this

study, we performed composition changes by decreasing or

increasing Al2O3 content in SiO2–Al2O3–CaO–Na2O–TiO2

parent glasses containing either ZrO2 or HfO2. Neodymium

was used as trivalent minor actinides and plutonium sur-

rogate. The main conclusions that can be drawn concerning

the structure and the crystallization behavior of these

glasses are the following:

(i) Optical absorption and fluorescence study of parent

glasses showed that the environment of Nd3+ ions

was not significantly affected by total substitution of

Zr by Hf or by changing Al2O3 content. 27Al MAS

NMR showed that aluminum enters GZr and

GZr(Nd)a parent glasses network predominantly in

4-fold coordination.

(ii) Zirconolite crystals formed in the bulk of glass-

ceramics prepared by nucleation (Tn = 810 �C, 2 h)

and crystal growth (Tc = 1050� or 1200 �C, 2 h)

steps was followed for all glass compositions

(Table 2). It appeared that decreasing Al2O3 con-

centration by 2.8 mol% in glass containing ZrO2

strongly reduced zirconolite nucleation rate IZ in the

bulk and titanite (nominally CaTiSiO5) was the only

crystalline phase growing from glass surface towards

bulk at Tc. However, IZ strongly increased when

Al2O3 concentration was raised by 2.6 mol% in

glasses containing ZrO2 or HfO2. When crystal

growth temperature Tc = 1050 �C, zirconolite was

the only crystalline phase in the bulk. However, at

Tc = 1200 �C, (anorthite + zirconolite) or (anor-

thite + titanite) crystals were observed in the bulk of

glass-ceramics containing respectively ZrO2 or

HfO2. The strong effect of Al2O3 concentration on IZ

could be explained considering the existence of a

competition between Al3+ ions and (Ti4+, Zr4+, Hf4+)

ions for association with charge compensators (Ca2+,

Na+) to stabilize (AlO4)–, (ZrO6)2–, (HfO6)2– and

(TiO5)2– entities in glass structure.

(iii) Total substitution of Zr by Hf in parent glasses

induced strong decrease of IZ. Nevertheless, the

composition of zirconolite crystals formed at

Tc = 1200 �C in GZr(Nd)a and GHf(Nd)a glasses

were very similar. Nearly the same amount of neo-

dymium was incorporated into the crystals and

charge compensation was mainly ensured by Al3+

ions. Moreover, ESR shows that—at least for the
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Fig. 9 Back-scattered SEM micrographs of the bulk of:

(a) GHf(Nd)a glass-ceramic heat treated at Tc = 1050 �C (2 h);

(b) GHf(Nd)a glass-ceramic heat treated at Tc = 1200 �C (2 h);

(c) GZr(Nd)a glass-ceramic heat treated at Tc = 1050 �C (2 h);

GHf(Nd)c glass-ceramic heat treated at Tc = 1050 �C (2 h) (d) or at

Tc = 1200 �C (2 h) (e). All the samples were nucleated at

Tn = 810 �C for 2 h. In (b,c,d) and (a) the residual glass between

zirconolite crystals appears in black and grey respectively. This

contrast difference shows that in (b, c, d) zirconolite strongly depletes

residual glass in heavy elements (zirconium) whereas in (a) the size

and the number of zirconolite crystals were not high enough to

deplete residual glass in heavy elements in residual between them. In

(e) no zirconolite crystals were detected, the black and white crystals

correspond respectively to anorthite and titanite whereas the grey

phase corresponds to residual glass. (Z: zirconolite, A: anorthite, T:

titanite, RG: residual glass). The size of the white scales is indicated

in the figure. It is important to notice the different scale bars between

micrographs
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samples heat treated at Tc = 1200 �C—the parti-

tioning ratio R of neodymium between zirconolite

and residual glass only decreased by 3% in sample

containing hafnium. This study of glasses with HfO2

demonstrates that high amount of neutron poison

(hafnium) can be incorporated simultaneously with

trivalent actinides surrogate into zirconolite crystals

after heat treatment.

(iv) EDX analysis indicated that the composition of zir-

conolite crystals formed in glasses containing ZrO2

(Tc = 1200 �C) did not depend on Al2O3 concentra-

tion. The majority of Nd3+ ions are incorporated into

the calcium site of zirconolite structure and charge

compensation is mainly insured by Al3+ ions into

titanium sites. ESR indicated that raising Al2O3

concentration lead to increase R, which can be ex-

plained by the increase of the amount of zirconolite

crystals in the bulk. Unfortunately, even for the

highest Al2O3 concentration, only 40% and 37% of

all Nd3+ ions in samples heat treated respectively at

Tc = 1050� and 1200 �C benefit from a double con-

tainment barrier (zirconolite + residual glass)

because of the high quantity of neodymium remain-

ing in residual glass. Consequently, these R values

remained too small to make realistic the use of

the compositions studied in this work for the

conditioning of minor actinides or plutonium.

Nevertheless, other glass-ceramics containing apatite

(Ca2Nd8Si6O26) crystals that are more efficient to

concentrate neodymium than zirconolite crystals are

currently under study in our laboratory as potential

matrices to immobilize minor actinides or plutonium

[21].
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