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Abstract Glass-ceramics containing (Hf,Zr)-zirconolite
crystals (nominally CaHf,_,Zr, Ti,O; with 0 < x < 1)
were envisaged to immobilize minor actinides and pluto-
nium. Such materials were prepared in this study by
controlled crystallization of glasses belonging to the
Si02—A1203—CaO—Na20—TiOz—HfOz—ZI'Oz—NdzOg, system.
Neodymium was used as trivalent actinides surrogate. The
effect of total or partial substitution of ZrO, by HfO,
(neutron poison for fission reactions) on glass crystalliza-
tion in the bulk and near the surface is presented. It
appeared that Hf/Zr substitution had not significant effect
on nature, structure, and composition of crystals formed
both on glass surface (titanite + anorthite) and in the bulk
(zirconolite). This result can be explained by the close
properties of Zr*" and Hf** ions and by their similar
structural role in glass structure. However, strong differ-
ences were observed between the nucleation rate I, of
zirconolite crystals in glasses containing only HfO, and in
glasses containing only ZrO,. Hf-zirconolite (CaHfTi,O)
crystals were shown to nucleate only very slowly in com-
parison with Zr-zirconolite (CaZrTi,O;) crystals.
Composition changes - by increasing either HfO, or Al,O3
concentration or by introducing ZrO, in parent glass - were
performed to increase I in hafnium-rich glasses. The
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proportion of Nd** ions incorporated in the zirconolite
phase was estimated using ESR.

Introduction

Artificial actinides such as Pu, Np, Am, and Cm are
generated by neutron capture in nuclear power reactors
during electricity production and in military reactors
during Pu production. After the reprocessing of power
plants and military spent fuels, high level radioactive
waste solutions (HLW) containing fission products FP
and minor actinides MA (Np, Am, Cm) are recovered that
must be immobilized by dissolution in highly durable
solid matrices [1-5]. The same problem also exists for
Pu-rich wastes such as excess weapons plutonium in
several countries (USA, Russia) [6, 7]. The selected waste
forms must exhibit excellent long-term performances in
order to isolate the long-lived radionuclides from the
biosphere for periods sufficiently long (at least for several
10,000 years) to permit their safe decay during under-
ground disposal. Currently, low melting temperature
(T < 1,100-1,150 °C) borosilicate and phosphate glasses
represent the only waste forms produced industrially to
immobilize civil and military HLW (non-separated FP +
MA) [1, 3]. However, due to the main contribution of MA
to long-term radiotoxicity of HLW, researches are in
progress in several countries in order to separate the MA
from FP and to immobilize them in specific matrices [8—
14]. In this case, due to the absence of volatile element
(such as Cs, Ru...) in separated wastes, more refractory
host matrices (refractory glasses, ceramics or glass-
ceramics) can be envisaged. Among the different matrices
reported in literature for the specific incorporation of MA,
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phosphate, titanate and zirconate crystalline phases
appear among the most chemically durable ones [10, 13,
15]. For instance, Zr-zirconolite (nominally CaZrTi,O)
ceramic appears as a very good candidate for actinides
immobilization due to both the high incorporation
capacity and the very good long-term behavior of this
phase in spite of its tendency to amorphization under
actinides alpha decay [16-20]. Zr-zirconolite is also
one of the main phases well known in the multi-phase
Australian SYNROC ceramics proposed for the immo-
bilization of non-separated HLW [15, 21]. However,
ceramics are not currently used industrially as host
matrices for the immobilization of highly radioactive
radionuclides partly because of the existence of techno-
logical difficulties to prepare single-phase ceramics either
by melting (zirconolite does not melt congruently [22]) or
by sintering (risk of formation of less durable parasitic
phases able to incorporate radionuclides). In comparison,
glass-ceramics prepared either by controlled crystalliza-
tion of a glass or by slow cooling of a melt could be
obtained more easily than single-phase ceramic waste
forms in nuclear facilities [23, 24]. Moreover, because of
the existence of a residual glassy phase, glass-ceramic
waste forms could accommodate more easily than
ceramics the composition waste variations and the
presence of impurities.

In other studies, the possibility to prepare highly durable
glass-ceramics containing Zr-zirconolite crystals in their
bulk was demonstrated by controlled crystallization
(nucleation + crystal growth) of parent glass compositions
belonging to the SiO,-Al,03;—Ca0O-Na,O-TiO,—ZrO,—
Ln,O; (Ln: lanthanides) system [4, 25-30]. In these works,
trivalent lanthanide ions such as Nd** were used as MA
surrogate due to their similar charge and radii in compar-
ison with MA. In this case, it was shown that a significant
fraction of lanthanide ions was incorporated in Zr-zircon-
olite crystals (double containment principle) [4, 25, 29, 30].
Moreover, it was shown that the amount of Ln>* cations
incorporated in the Ca and Zr sites of the Zr-zirconolite
crystals of the glass-ceramics strongly depended on Ln**
field strength [29, 30]. The ability of the zirconolite phase
of the glass-ceramics to incorporate natural (Th) and arti-
ficial actinides (Pu) was also demonstrated [4, 20, 30, 31].

As Zr** and Hf** ions have nearly identical radii
(respectively 0.78 and 0.76 A in 7-fold coordination [32] as
in zirconolite structure) and belong to the same column of
the periodic table, these two elements have very similar
chemical properties and are expected to be incorporated in
similar crystalline structures and to play similar roles in the
glassy network. Indeed, previous works revealed that it was
possible to prepare (Zr,Hf)-zirconolite CaZr, ,Hf,Ti,O;
(0 <x <1) [33-36] and Nd-doped Hf-zirconolite
Ca,_,Nd HfTi,_,AlLLO; (0 <x < 0.2) [37, 38] ceramic
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samples. These studies also showed that the crystalline
structure of Hf- and Zr-zirconolite were very similar and
that the environment of Nd** ions was the same in these
two ceramics [37, 38]. Moreover, the chemical durabilities
of Zr- and Hf-zirconolite ceramics (dissolution rates of Hf
and Zr) are very similar [39, 40]. As hafnium has a higher
thermal neutron capture cross-section than zirconium
(respectively 104 and 0.184 barns [41]), it is considered as
a neutron poison for fission reactions. Moreover, several
authors also considered hafnium as a surrogate for Pu**
[42]. Even if hafnium remains significantly more expensive
than zirconium, it could be interesting to substitute either
totally or partially Zr by Hf in zirconolite crystals of the
glass-ceramics to prevent criticality events in waste forms
heavily loaded with fissile actinide isotopes such as ***Pu.

The results of thermochemical investigations on Hf-
zirconolite ceramic indicated that this crystalline phase
was thermodynamically more stable than Zr-zirconolite
which could be another advantage of the Hf/Zr substitu-
tion [36]. However, a more recent paper published by the
same laboratory [43] indicated that the results reported in
[36] were in error due to the underestimation of the
enthalpy of formation of CaHfTi,O;. This could modify
the relative stability of CaHfTi,O; and CaZrTi O,
reported in [36]. Other studies about actinide host phases
showed that it was possible to synthesize La,Zr,O, and
La,Hf,0; ceramics with pyrochlore structure [44].
Lumpkin et al. [44] indicated that the substitution of Zr
by Hf in La,Zr,O; structure had a significant impact on
the critical amorphization dose under heavy ion irradia-
tion. However, to the best of our knowledge such a
comparison of Zr- and Hf-zirconolite behavior under ion
irradiation was not performed.

The main goal of this paper was to study the possibility
to prepare (Hf,Zr)-zirconolite (CaHf,_,Zr,Ti,Al,O; with
0 < x < 1) based glass-ceramics replacing either partially
or totally Zr by Hf in the parent glass composition studied
in previous works [26, 45]. Neodymium was used as tri-
valent actinides surrogate in SiO,—Al,O3;—CaO-Na,O—
TiO,—HfO,-ZrO,—Nd,05 parent glasses. Using a two-step
glass-ceramic process, the nucleation and crystal growth of
(Hf,Zr)-zirconolite crystals (with x # 1) in the bulk are
compared to that of Zr-zirconolite crystals (with x = 1) in
glass compositions containing only ZrO,. Several compo-
sition changes have also been performed in order to
increase the nucleation rate I, of (Hf,Zr)-zirconolite
(x # 1). To estimate the amount of Nd** jons incorporated
in zirconolite crystals, Electron Spin Resonance (ESR) and
Electron Probe Microanalysis (EPMA) were used. More-
over, the presence of silicate crystalline phases
(titanite + anorthite) growing from glass surface was also
studied and the results were compared with that obtained
for the glass containing only ZrO,.
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Experimental procedure
Preparation of glasses

In order to study the effect of partial or total substitution of
Zr by Hf (in mol.%) in parent glass on its crystallization
behavior (nature of phases crystallizing in the bulk and
from the surface, nucleation, and crystal growth rates) six
glasses containing either a mixture HfO, + ZrO, or only
HfO, were prepared (Table 1). The compositions of two
glasses GZr and GZr(Nd) containing only ZrO, with
respectively 0 and 6 wt% Nd,O; prepared for previous
studies are also reported in Table 1. Glass compositions
GHf and GHf(Nd), (with only hafnium) corresponded
respectively to compositions GZr and GZr(Nd) (with only
zirconium). Glass compositions GHf(Nd), and GHf(Nd),
were derived from composition GHf(Nd), increasing
respectively HfO, and Al,O5; concentrations. Glass com-
position GHfZr(Nd), was deduced from composition
GHf(Nd), replacing half of HfO, by ZrO, on molar basis.
Glass composition GHfZr(Nd), was derived from compo-
sition GHf(Nd), replacing two thirds of HfO, by ZrO, on
molar basis. For all the Nd-doped glasses, the amount of
Nd,O3 was kept almost constant (1.24—1.27 wt%) and was
equivalent to approximately 9.2 wt% Am,03 on molar
basis. This amount corresponds to the aimed incorporation
level of minor actinides in such specific waste forms.
These different glass compositions can be considered as
(TiOz,(Hf,ZI')Oz)-I'iCh Si02—A1203—CaO—Na20—Nd203
glasses with very low Na,O concentration ([Na,O] < 1
wt%). Na,O 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 pre-
sented in this paper. The projection of glass compositions
on the Si0,-Al,03—Ca0 ternary phase diagram is located
near the silica-rich eutectic point [46]. Glasses belonging to
this ternary system are known to be relatively easy to melt
(this is the case for instance of the well-known E-glass
composition used industrially as reinforcement fibers [47])
and to exhibit good chemical durability and low bulk
crystallization tendency. However, HfO,, ZrO,, and Nd,O3
introduction in this system is expected to increase its lig-
uidus temperature because of the high melting point of these
oxides. Moreover, TiO, and ZrO, are known for their role
as nucleating agents in industrial glass-ceramics [48, 49].

The glass preparation method used in this study is the
following [26]:

— For each composition, a 50 g batch containing dehy-
drated reagent-grade SiO,, Al,O5, CaCOs3, TiO,, ZrO,,
HfO,, Na,COj3, and Nd,O3 raw materials was melted
and refined at 1,550 °C for 10 h in platinum crucible
using an electric furnace.

— Pouring of the melt in water and grinding in order to
obtain more homogeneous glasses after a second
melting.

— Second melting at 1,550 °C for 4 h and casting in steel
cylinders of 1 cm diameter and height.

— Annealing at 775 °C (near the glass transformation
temperature range T, ~ 760 °C) and slow cooling to
room temperature in order to relieve internal stresses
before cutting.

Table 1 Composition (wt. and mol.%) of parent glasses (target compositions)

Glass reference Composition SiO, Al,O3 CaO TiO, ZrO, HfO, Nd,O5 Na,O T, (°C)

GHf wt.% 40.57 11.95 19.63 12.46 0.00 14.45 0.000 0.94 762 £ 2
mol.% 48.85 8.48 25.33 11.28 0.00 4.97 0.000 1.09

GHIf(Nd), wt.% 38.27 11.27 18.52 11.75 0.00 13.64 5.66 0.89 765 £ 2
mol.% 48.23 8.37 25.00 11.14 0.00 491 1.27 1.08

GHf(Nd)y wt.% 35.83 10.55 17.34 11.00 0.00 19.15 5.30 0.83 -
mol.% 47.07 8.17 24.41 10.87 0.00 7.18 1.24 1.06

GHIf(Nd), wt.% 36.71 14.64 17.77 11.27 0.00 13.08 5.67 0.85 -
mol.% 46.81 11.00 24.27 10.81 0.00 4.76 1.29 1.05

GZrHf(Nd), wt. % 39.38 11.60 19.06 12.09 4.11 7.02 5.83 091 763 + 2
mol.% 48.22 8.37 25.00 11.14 2.45 2.45 1.27 1.08

GZrHf(Nd), wt. % 37.83 11.14 18.31 11.61 7.89 6.74 5.59 0.88 -
mol.% 47.07 8.17 24.41 10.87 4.79 2.39 1.24 1.06

GZr wt.% 43.15 12.71 20.88 13.25 9.00 0.00 0.00 1.00 761 £ 2
mol.% 48.85 8.48 25.33 11.28 4.97 0.00 0.00 1.09

GZr(Nd) wt.% 40.57 11.94 19.63 12.45 8.46 0.00 6.000 0.94 761 £ 2
mol.% 48.23 8.37 25.00 11.14 4.90 0.00 1.27 1.08

The glass transformation temperature T, (determined by DTA) is also reported for several samples
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It is interesting to notice that contrary to classical
borosilicate nuclear glasses currently used for HLW
immobilization and melted at temperatures never exceed-
ing 1,100-1,200 °C for technical reasons, the absence of
volatile products both in separated wastes (MA, Pu), in
simulated ones (lanthanides) and in parent glass batch
(expect the low amount of sodium) allows higher melting
temperatures in our case (Table 1).

Preparation of glass-ceramics

The glass-ceramics were firstly prepared using the method
described in [26] for Zr-zirconolite based glass-ceramics
which consisted in a two-step thermal treatment of parent
glasses including a 2 h nucleation stage at T,, = 810 °C and
a 2 h crystal growth stage at either T, = 1,050 or 1,200 °C
before annealing at 775 °C. Nevertheless, for several
samples, the duration of the nucleation and crystal growth
steps was increased. The two crystal growth temperatures
chosen in this study (T, = 1,050 and 1,200 °C) were shown
to lead to the crystallization of Zr-zirconolite as the only
crystalline phase in the bulk of glasses containing only
71O, [25, 30, 45]. However, several heat treatments were
also performed at T, < 1,000 °C for comparison with
previous results concerning samples with only ZrO,. The
nucleation rate curve I, = f(T) of Hf-zirconolite in the bulk
of GHf glass was determined and compared with that of
GZr(Nd) glass already given in another paper [26]. The
I, =f(T) curve was determined using glass samples
nucleated for 24 h at a nucleation temperature (T,) ranging
from 740 to 820 °C. The samples were then heat treated at
the crystal growth temperature T. = 1,050 °C for 1 h to
reveal the nuclei formed during the heat treatment at T,,.
The value of T, was chosen in order to minimize the risk of
nuclei dissolution during the crystal growth stage in
accordance with the results obtained for GZr(Nd) glass
[26]. The nucleation rate was then estimated by counting
the number of crystals on the scanning electron microscopy
(SEM) images (average performed on 12 images) [37].
Because of the slow nucleation rate of zirconolite crystals
in the bulk of hafnium-rich glasses (see below), it appeared
that it was necessary to increase the nucleation duration
(40-50 h) and to perform nucleation at temperature T,
close to that corresponding to the maximum of the I, = f(T)
curve in order to increase the amount of crystalline phase in
the bulk of glass-ceramics.

Characterization of glasses and glass-ceramics

In order to determine the glass transformation temperature
T, and to study the glass crystallization behavior,
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differential thermal analysis (DTA) measurements were
performed under air on parent glasses with the help of a
NETZSCH STA 409 thermal analysis apparatus (heating
rate: 10 °C/min, glass particle size: 125-250 um). T, was
determined using the onset of the corresponding DTA
endothermic effect.

All the partially crystallized samples were characterized by
X-ray diffraction (XRD) using a Siemens D5000 apparatus
operating at CoK,, wavelength (4 = 1.778897 A). In order to
determine the lattice parameters of Hf-zirconolite crystals for
GHf and GHf(Nd), samples, the glasses were nucleated at
T, =770 °C during 48 h and the crystals were grown at
T, = 1,050 °C during 4 h. These heat treatment conditions
enabled to obtain a higher quantity of zirconolite and to record
a stronger XRD pattern from which were then extracted the
lattice parameters by refinement using a least-squares proce-
dure. The bulk and the surface of glass-ceramics were studied
by scanning electron microscopy (SEM) and energy disper-
sive X-ray analysis (EDX) on polished and carbon coated
samples using a Hitachi S2500 microscope equipped with a
PGT analyzer (accelerating voltage 15 kV, beam -cur-
rent ~ 1.8 nA). However, because of the lack of resolution
by EDX between the strongest hafnium M lines (M;(Hf) =
1,645 eV, M,(Hf) = 1,698 eV), the silicon K,; line
(K,1(Si) = 1,740 eV) and the aluminum K, line (K ;(Al) =
1,487 eV), it was not possible to determine correctly the
composition of parent glasses and crystals containing both Hf
and (AlSi). Nevertheless, EDX spectra were recorded to
study qualitatively the samples. The same problem already
occurred during the EDX study of Nd-doped Hf-zirconolite
Ca,_,Nd,HfTi,_,Al,O; (y # 0) ceramics [38]. In order to
get quantitative results, we carried out EPMA analysis with
the help of a Cameca SX50 apparatus (accelerating voltage
15 kV, beam current 15 nA). Due to the high resolution of
this technique, the composition of glasses and crystals were
accurately determined. EDX and EPMA analysis were only
performed for the glass-ceramic samples prepared at
T. = 1,200 °C for which crystals were large enough to be
probed by the electron beam.

An ESR spectrometer Bruker ESP 300e operating at
X-band (v ~9.5 GHz) and equipped with a TE102 rectan-
gular cavity and an Oxford variable temperature accessory
was used to follow the incorporation and to estimate the
amount of paramagnetic Nd** ions (4f’) in zirconolite
crystals formed in the bulk of glass-ceramics. Due to the
very short spin-lattice relaxation time T, of neodymium at
room temperature, ESR spectra were all recorded at low
temperature (T = 12 K). We showed that the ESR signal of
Nd** jons in glass-ceramics can be simulated as a linear
combination of two neodymium signals: the first one
corresponding to Nd** ions remaining in residual glass
whose spectrum was close to that of parent glass, and the
second one corresponding to neodymium incorporated in
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the zirconolite crystalline phase [28]. A quantitative anal-
ysis of ESR spectra can be then performed in order to
estimate the total amount of neodymium incorporated into
the zirconolite crystals of the bulk. A partitioning ratio R,
equal to the molar fraction of Nd** ions incorporated into
the zirconolite phase versus total Nd** amount, was then
calculated. As the double integral of ESR spectra is pro-
portional to the quantity of probed paramagnetic ions
(Nd*"), R was calculated by dividing the double integral S
of the signal associated with zirconolite (isolated from
residual glass contribution) by the double integral Sgc of
global spectrum including residual glass and zirconolite
contributions: R = S/Sgc.

Optical absorption spectra of Nd** ions were recorded
with a Varian Cary 5E double beam spectrometer at
T =300 K on polished parent glass samples (thick-
ness = 0.52 mm). At this temperature, the optical
transitions to excited states from the lowest and from
higher Stark doublets of 419,2 ground state are both
observed. Neodymium fluorescence spectra (4F3/2 - 419,2
transition) of parent glasses were recorded at T <20 K
after excitation with a tunable Ti-Sa laser in the

419/2 - 4F5,2,2H9/2 region (~806.5 nm) of the absorption
spectrum (Fig. 1). When T <20 K, fluorescence only
occurred from the lowest Stark level of the 4F3,2 excited
state to the *Io), state of neodymium and it is possible to
estimate the mean energy differences between the five
Stark levels of the “I, state splitted by the low symmetry
crystal field around neodymium ions in glasses.

Results and discussions
Study of parent glasses

All glasses were fully transparent and X-ray amorphous.
The compositions of several parent glasses analyzed by
EPMA are given in Table 2. Target and analyzed glass
compositions were very similar. This result is in agreement
with the lack of significant amount of volatile element
(only sodium in our case) in the melt. T, did not signifi-
cantly vary between the different glasses (Table 1), which
showed that total or partial substitution of ZrO, by HfO,
has no strong effect on the structure of the glassy network

Fig. 1 Optical absorption 0.6
spectrum of GZr(Nd) (a) and h
GHf(Nd), (b) parent glasses 05 i
recorded at 300K. Peak ]
positions and half-width are 0.4

very similar for the two glasses.
Absorption peaks correspond to
transitions from the “Iy, ground
state of Nd** ions to the excited
levels indicated in the figure

0.3 a

absorbance

02

0.1 ]

4 4 2
Gons G, Kizn

T T T T T

500 600 700 800 900
wavelength (nm)

Table 2 Composition (wt.%) of GHf(Nd),, GZrHf(Nd),, GZrHf(Nd),, and GZr(Nd) parent glasses as analyzed by EPMA

Glass reference Composition (wt.%) SiO, Al,O3 CaO TiO, 71O, HfO, Nd,O5 Na,O
GHIf(Nd), Batch 38.27 11.27 18.52 11.75 0.00 13.64 5.66 0.89
Analyzed 38.17 10.97 18.84 11.82 0.09 13.49 5.77 0.83
GZrHf(Nd), Batch 39.38 11.60 19.06 12.09 4.11 7.02 5.83 0.91
Analyzed 39.64 12.12 19.17 11.54 4.08 6.63 5.84 0.93
GZrHf(Nd), Batch 37.83 11.14 18.31 11.61 7.89 6.74 5.59 0.88
Analyzed 37.69 10.80 18.42 11.57 8.22 6.64 5.88 0.76
GZr(Nd) Batch 40.57 11.94 19.63 12.45 8.46 0.00 6.000 0.94
Analyzed 39.11 11.94 20.02 12.67 9.13 0.01 6.29 0.81

Target compositions (batch) are also given for comparison
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(i.e., no effect on the mean bonds strength and network
connectivity). This result is not surprising because Zr** and
Hf*" ions have nearly identical radii [32] (Table 3). Con-
sequently, these two cations probably play the same role in
glass structure. This conclusion was also suggested by
Bihuniak and Condrate [50] from the determination of
7ZrO, and HfO, molar volumes in vitreous silica. The
similar structural role of Zr** and Hf** ions in glasses was
confirmed by EXAFS results published in literature on
aluminoborosilicate nuclear glasses containing either ZrO,
[51] or HfO, [52, 53]. Indeed, it was shown that Zr* and
Hf** ions both occurred in 6-fold coordinated sites with
distances d(Zr-0) =2.08 A and d(Hf-O) = 2.07 A,
respectively (Table 3).

The comparison of ESR (not shown), optical absorption
(Fig. 1) and fluorescence (Fig. 2) spectra of GZr(Nd) and
GHf(Nd), glasses clearly reveals the lack of significant
evolution between the two glasses. Thus, the total
replacement of ZrO, by HfO, in glass composition has no
significant effect on the environment of Nd** ions in glass
structure. Indeed, ESR, optical absorption, and fluores-
cence spectroscopies are very sensitive to the local
structure around Nd** ions. Consequently, the total
replacement of Zr** ions by Hf*" ions in the glass com-
positions studied in this work has no significant effect both
on the structure of the glassy network and on the envi-
ronment of Nd** ions.

Study of glasses crystallization by DTA

Except for a small shift of exothermic peaks, the DTA
curves of GZr(Nd) and GHf(Nd), parent glasses were very
similar (Fig. 3). For GZr(Nd) glass, A, T, and C exother-
mic effects were attributed respectively to titanite,
anorthite, and defect-fluorite (corresponding to a highly
disordered zirconolite structure [27, 54, 55]) crystallization
from the surface of glass particles [55]. Comparison of
DTA curves indicates that the same kind of surface crys-
tallization occurred for the two glasses. This was confirmed
by XRD, SEM, EDX, and EPMA (see below). As exo-
thermic peaks are associated to surface crystallization, the
small peak shift observed in Fig. 3 between GZr(Nd) and

fluorescence intensity (a.u.)

TN FENEE R FEEE ST R N

LI B B B s B B B B B B B B B B B B

820 840 860 880 900 920 940 960 980
wavelength (nm)

Fig. 2 Fluorescence spectra (4F3/2 — 419,2 transition) of GZr(Nd) (a)
and GHf(Nd), (b) parent glasses recorded at T < 20 K. The half-
width A at half-maximum (A ~520 cm™!) is almost the same for the
two glasses which indicates that replacement of Zr by Hf in glass
composition has no significant effect on the crystal field strength
around Nd** ions. Because of the lack of long-range order in glasses,
the symmetry around neodymium ions differs slightly from site to site
in the glassy network and the observed transitions are inhomoge-
neously broadened. This explains why, contrary to Nd-doped
zirconolite ceramics [37, 38], the five Stark levels of the 419/2 ground
state of neodymium are not resolved in glasses

GHf(Nd), parent glasses was probably due to a slight
particle size difference between the two powder samples.
Indeed, the position of surface crystallization DTA peaks is

dissolution of
crystals

GZr(Nd)

Exothermic

T‘ GHf(Nd)
T

g

R T T I A AT N TR S
700 800 900 1000 1100 1200 1300 1400
TCC)

Fig. 3 DTA curves of GZr(Nd) and GHf(Nd), parent glasses (size
fraction: 125-250 um, heating rate: 10 °C/min). T: titanite crystal-
lization, A: anorthite crystallization, C: defect-fluorite crystallization

Table 3 Comparison of EXAFS results (Zr K-Edge, Hf-L; Edge) obtained for aluminoborosilicate nuclear glasses containing ZrO, [51] or HfO,

[52]

CN d(M,0) (A) (A2 d(M,Si) (A) (A% R (A)
Zr** 6.0 2.08 0.009 3.39 0.004 0.72
ar* 6.0 2.07 0.006 3.37 0.006 0.71

CN: coordination number of Zr** and Hf** ions with oxygen ions as first neighbor (first shell). d(M,0): Zr-O and Hf-O distances. d(M,Si): Zr-Si
and Hf-Si distances with Si as second neighbor (second shell). o2 Debye-Waller radial disorder parameters of first (*) and second (®) shells
around Zr and Hf. R: Zr** and Hf*"ions radius in six-fold coordination given by Shannon [32]
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known to strongly depend on particle size [55]. Due to the
relatively small nucleation rate of zirconolite crystals in the
bulk of glass particles [55], no exothermic effect associated
with bulk crystallization was observed during the DTA
runs for GZr(Nd) and GHf(Nd), glasses.

Study of glass-ceramics
Glass-ceramics with HfO,
Crystallization in the bulk

The nature, microstructure and structure of crystalline
phases formed in the bulk and near the surface (crystallized
layer) of GHf and GHf(Nd), glass-ceramic samples have
been studied and compared to that of GZr and GZr(Nd)
glass-ceramic samples containing only zirconium. SEM
images of GHf(Nd), glass-ceramic (bulk + surface) are
shown in Fig. 4. The XRD pattern of the bulk of GHf glass-
ceramic (T, = 1,200 °C) is shown in Fig. 5.

The results of XRD and SEM studies are summarized in
Table 4. The comparison of these results with that obtained
for GZr and GZr(Nd) samples [25, 27] showed that the
nature and the microstructure of the phases formed in the
bulk or near the surface of were similar for glasses

containing only ZrO, or HfO, (Figs. 4, 5). For all com-
positions, zirconolite remained the only crystalline phase
nucleating in the bulk of the glass. The XRD pattern of the
crystals formed in the bulk of GHf glass (T, = 1,200 °C)
was similar to that of a CaHfTi,O; ceramic prepared by
solid-state reaction at 1,460 °C [4, 37, 38] (Fig. ).
Moreover, the evolution with T, of the microstructure of
Hf-zirconolite crystals formed in the bulk—from dendritic
(Fig. 4b) to elongated (Fig. 4e) morphology—was similar
to that already observed and discussed for Zr-zirconolite
crystals in GZr and GZr(Nd) glass-ceramics (compare
Figs. 4a, e to c, ) [27,45].

The lattice parameters of Hf-zirconolite crystals formed
at T, = 1,050 °C in the bulk of GHf and GHf(Nd), samples
are given in Table 5. The corresponding XRD patterns
were indexed in the monoclinic C,,. space group of the
zirconolite-2M structure. Study of Table 5 showed that Hf-
zirconolite crystals exhibited smaller (a,b,c) lattice
parameters and cell volume V than Zr-zirconolite ones in
GZr and GZr(Nd) samples. This result was in accordance
with the (a,b,c,V) parameters increase observed for zir-
conolite ceramics when Hf was totally replaced by Zr
(Table 5) [4, 37, 38]. This evolution could be explained by
the fact that Hf** ion radius is slightly smaller than that of
Zr** jon (Table 3). The introduction of neodymium in GHf
glass composition induced an increase of (ab,c,V)

Fig. 4 Back-scattered SEM micrographs of bulk and surface of
GHIf(Nd), glass-ceramic (T, = 810 °C, 2 h): (a) and (b) bulk at
T. = 1,050 °C (2 h); (d) surface crystallized layer at T, = 1,050 °C
(2 h); (e) bulk at T, = 1,200 °C (2 h). For comparison, the SEM
micrographs of GZr(Nd) glass-ceramic (T, = 810 °C, 2 h) are also
presented: (c) bulk T, = 1,050 °C (2 h); (f) bulk T, = 1,200 °C (2 h).

Z: zirconolite, T: titanite, A: anorthite. It is important to notice the
scales difference between the micrographs of GHf(Nd), and GZr(Nd)
samples. Due to high concentration of heavy elements (Zr, Hf, Nd) in
zirconolite crystals, the contrast between crystals (white) and residual
glass (black) is strong
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Table 4 Crystalline phases formed in the bulk and near the surface of
GHf and GHf(Nd), glass ceramics (T, = 810 °C, 2 h). The crystal
growth temperature (T.) and duration are given in the first column of
the Table

Crystalline phases  Observations

1,050 °C (2 h) Surface T+ A Crystallized layer
1 mm thickness

1,050 °C (2 h) Bulk Z Low nucleation
rate, Z crystals
90 um diameter

1,200 °C (2 h) Surface T+ A Crystallized layer

3 mm thickness

1,200 °C (2 h) Bulk Z Low nucleation
rate, Z crystals

150 pm diameter

T: titanite, A: anorthite, Z: zirconolite

parameters of Hf-zirconolite crystals (compare the results
of GHf and GHf(Nd), glass-ceramics in Table 5) which is
in accordance with the results obtained for Nd-doped
Zr-zirconolite based glass-ceramics studied previously
[28, 37] (compare the lattice parameters of zirconolite
crystals in GZr and GZr(Nd) glass-ceramics in Table 5).
The composition of the Hf-zirconolite crystals formed at
T. = 1,200 °C in GHf(Nd), glass was determined by
EPMA (Table 6). From this composition the following
formula was deduced: Cao'gsNdO'z]Hfl'08T11.71A10']807
(Table 7). It is interesting to compare this formula with that
of the Zr-zirconolite crystals formed in the bulk of the
GZr(Nd) glass ceramic prepared following the same heat
treatment: Cag goNdg 19721 05T1; 77Alg 1707  (determined
by EDX analysis, Table 7) [56]. It appeared that Zr- and
Hf-zirconolite crystals compositions were very similar
because approximately 20% of the calcium sites of the
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structure were occupied by Nd** ions with charge com-
pensation mainly insured by AI** ions in titanium sites.
Consequently, the total replacement of Zr by Hf in parent
glasses has no significant effect on the composition and on
the structure of the zirconolite crystals formed in the bulk
of glass-ceramics. Table 6 shows that the residual glass of
GHf(Nd), glass-ceramic is HfO, and TiO, depleted in
comparison with parent glass because of zirconolite crys-
tallization. Indeed, the atomic molar ratios Hf/Si and Ti/Si
calculated from Table 6 decreased from 0.100 and 0.232 in
GHIf(Nd), parent glass to respectively 0.056 and 0.156 in
residual glass at T. = 1,200 °C. Similarly, the atomic
molar ratios Zr/Si and Ti/Si decreased from 0.101 and
0.231 in GZr(Nd) parent glass to respectively 0.044 and
0.137 in residual glass at T, = 1,200 °C [27]. These results
show that the amount of hafnium in the residual glass of
GHf(Nd), glass-ceramic is slightly higher than the amount
of zirconium in the residual glass of GZr(Nd) glass-cera-
mic. This difference could indicate that HfO, was slightly
more soluble than ZrO, in the glass/undercooled melt
studied in this work. Concerning neodymium, the Nd/Si
ratio in GHf(Nd), and GZr(Nd) parent glasses decreased
from 0.054 and 0.053 to respectively 0.045 and 0.045 in
residual glass at T, = 1,200 °C. This result showed that
after crystallization, the residual glass was neodymium
depleted because of the incorporation of a significant
amount of Nd** ions in the crystalline phase. Unfortu-
nately, for the application envisaged in this work, an
important amount of neodymium (trivalent actinide surro-
gate) remained in the residual glass and would not benefit
from a double containment barrier.

Figure 4 clearly shows that the nucleation rate of
Hf-zirconolite crystals in GHf(Nd), glass (Fig. 4a, e) is low
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Table 5 Lattice parameters (a,b,c,) and cell volume obtained by XRD of (Hf,Zr)-zirconolite crystals formed in the bulk of glass-ceramics

containing HfO,, ZrO, or HfO, + ZrO,

Samples a (A) b (A) c(A) B ©) Volume (A%)
GHf 12.493 (3) 7213 (1) 11.288 (2) 100.63 (1) 999.8 (3.3)
48 h 770 °C + 4 h 1,050 °C

GZr 12513 (2) 7.231 (1) 11.335 (1) 100.63 (1) 1008.1 (2.1)
2h 810 °C + 2 h 1,050 °C

GHF(Nd), 12,551 (2) 7.250 (1) 11.337 (3) 100.63 (3) 1013.9 (6.4)
2h 810 °C + 2 h 1,050 °C

GZi(Nd) 12.567 (3) 7.254 (2) 11.360 (3) 100.65 (3) 1017.8 (5.6)
2h 810 °C +2 h 1,050 °C

GZr(Nd) 12512 (2) 7.267 (1) 11374 (2) 100.63 (2) 1016.4 (3.8)
2 h 810 °C + 2 h 1,200 °C

GZrHf(Nd), 12.508 (3) 7.267 (2) 11.380 (2) 100.65(2) 1016.5 (3.9)
2h 810 °C +2 h 1,200 °C

Ca sNdo ,HITi 5Al 07 Ceramic 12.450 7.264 11.345 100.65 (4) 1008.3 (9)
Ca sNdo ,Z1Ti; gAly ,0; Ceramic 12.468 7.269 11.359 100.65 (5) 10119 (11)

The lattice parameters of CaggNdg,HfTi;gAly,0; and CaggNdg,ZrTi; gAly,0; ceramics prepared by solid-state reaction (100 h
1,400 °C + 100 h 1,460 °C) are also given for comparison [4, 37, 38]. The heat treatment conditions of glasses are indicated in the first column.
Numbers in parentheses are standard deviations and apply to the last quoted place

in comparison with that of Zr-zirconolite crystals in
GZr(Nd) glass (Fig. 4c, f). In order to compare more pre-
cisely Hf- and Zr-zirconolite nucleation rates, the
nucleation rate curve I, = f(T) was determined for GHf
glass and compared to that of GZr(Nd) glass determined in

a previous study [26]. The corresponding curves are given
in Fig. 6. It clearly appeared that the maximum of the
nucleation rate curve was displaced towards lower tem-
perature for GHf glass and decreased by approximately
three orders of magnitude in comparison with GZr(Nd)

Table 6 Compositions (wt.%) determined by EPMA of the crystalline phases formed in the bulk (zirconolite) and near the surface (titanite,
anorthite) of GHf(Nd),, GZrHf(Nd),, and GZrHf(Nd),, glasses heat treated at T,, = 810 °C (2 h) and T, = 1,200 °C (2 h)

Samples SiO, Al,O3 CaO TiO, 710, HfO, Nd,0; Na,O
GHf(Nd), (wt.%)
Parent glass 38.17 10.97 18.84 11.82 0.09 13.49 5.78 0.83
Residual glass (bulk) 43.48 12.36 19.82 9.07 0.05 8.72 5.54 0.95
Zirconolite (bulk) 0.00 1.97 10.40 29.85 0.28 49.76 7.66 0.05
Titanite (surface) 24.32 3.17 20.77 21.13 0.06 22.99 7.47 0.07
Anorthite (surface) 49.80 30.54 15.99 0.65 0.00 0.37 0.28 2.35
GZrHf(Nd), (wt.%)
Parent glass 39.64 12.12 19.17 11.54 4.08 6.63 5.84 0.93
Residual glass (bulk) 44.52 12.79 20.35 9.08 2.28 4.22 5.76 0.98
Zirconolite (bulk) 0.00 2.00 11.87 33.79 18.16 25.78 8.37 0.00
Titanite (surface) 26.57 3.32 21.71 22.14 6.30 11.63 8.20 0.11
Anorthite (surface) 50.11 31.26 15.79 0.47 0.00 0.00 0.01 2.34
GZrHf(Nd)y, (Wt.%)
Parent glass 37.69 10.80 18.42 11.57 8.22 6.64 5.88 0.76
Residual glass (bulk) 46.33 13.05 20.87 7.61 2.80 2.90 5.49 0.94
Zirconolite (bulk) 3.28 3.10 13.02 32.28 22.35 18.18 7.19 0.00
Titanite (surface) 25.11 2.54 21.92 23.06 9.84 10.01 7.52 0.00
Anorthite (surface) 48.62 31.12 15.36 0.54 1.56 0.66 0.00 2.12

The composition of parent glass and residual glass remaining between zirconolite crystals in the bulk of the glass-ceramics is also given for the

three samples
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Table 7 Composition deduced from EPMA and EDX results of
zirconolite and titanite + anorthite crystals formed respectively in the
bulk and near the surface of GHf(Nd),, GZrHf(Nd),, GZrHf(Nd)y,
and GZr(Nd) samples

Sample and Formula

crystalline phase

GHf(Nd), zirconolite
GZr(Nd) zirconolite
GZrHf(Nd), zirconolite
GZrHf(Nd)y, zirconolite
GHf(Nd), titanite
GZr(Nd) titanite
GZrHf(Nd), titanite
GZrHf(Nd),, titanite
GHIf(Nd), anorthite
GZr(Nd) anorthite
GZrHf(Nd), anorthite
GZrHf(Nd),, anorthite

Cap gsNdo.2 1 Hf 1 08Ti1.71Al0.1807

Cag oNdo.19Zr1 05Ty 77Al0.1707

Cay g6sNdo 20Zr0.60Hf0.49Ti1.71Al0.1607

Cay gsNdo.18Zr0.77Hf0 37Ti1.66Al0.1707

Ca gsNdo.11Tig.63Hf0.26A10.15510.9705

Cay goNdy.11Tio.60Z10.22Al0.11S10.9805

Ca 90Ndo. 11Tio.67Zr0.12Hf0.14Al9.11510.0505
Cap 90Ndo.10Tio.66Z10.19Hf0.11Al0.10510.0405
Cag 79Nag 21Al1 708122705

Cag 75Nag 25Al1 755122505

Cag 77Nag 21Al} 605122005

Cay77Nag 19Al} 73812300z

All the samples were heat-treated at T, =810°C (2 h) and
T. = 1,200 °C (2 h)

glass. This strong difference between the two samples was
not due to the occurrence of neodymium in GZr(Nd) glass
because we already showed that the nucleation rate of
Zr-zirconolite decreased by increasing Nd,O5; amount [56].
The following reasons can be given to explain the zircon-
olite nucleation rate difference between glasses containing
hafnium and zirconium:

— First, this difference could be due to the higher
solubility of HfO, in comparison with ZrO, in the
undercooled melt. Indeed, results reported in literature
[57] concerning the solubility at 1,400 °C of ZrO, and
HfO, in high silica liquids of the system SiO,—Al,O3—
Na,0-K,0 showed that hafnium oxide was slightly
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Fig. 6 Hf- and Zr-zirconolite crystals nucleation rate curves I, = f(T)
respectively in GHf (number of nuclei em > s7") and GZr(Nd)
(number of nuclei mm > s~') glasses. It is important to notice the
difference of ordinate scale between the two samples
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more soluble than zirconium oxide. The same tendency
could occur in our glass system. This solubility
difference between ZrO, and HfO, seems to be
confirmed by the study of crystallization near samples
surface at T, = 1,200 °C (see bellow). Indeed, whereas
ZrO, crystallization was observed in GZr and GZr(Nd)
glasses, HfO, crystals were not detected in glasses
containing hafnium. This difference of solubility would
thus indicate that Hf** ions activity was lower than
Zr** jons activity in the undercooled melt thus leading
to a lower zirconolite crystallization driving force and
to a higher thermodynamic barrier for nucleation in the
composition containing hafnium.

— Second, the strong mass difference between Hf*
M=1785gmol™") and Zr* M =912 gmol™)
ions probably induced more difficulties during nucle-
ation for Hf** ions to diffuse in the undercooled melt
than for Zr** ions. Indeed, it is known that for two
isotopes A and B of a given element (with m, and mg
the mass isotopes), the ratio of the diffusion coeffi-
cients D4 and Dg is such that [58]:

Dp/Ds = f(my/mp)'/? (1)

Thus, if we consider hafnium and zirconium as two
“pseudo-isotopes” (due to the similitude of their cation
charge, their radius and their environment in glasses,
Table 3), it leads to Dfj; < D3. Consequently, the kinetic
barrier for Hf-zirconolite nucleation is expected to be
higher than for Zr-zirconolite nucleation.

Consequently, both thermodynamic (solubility differ-
ence between hafnium and zirconium in the undercooled
melt) and kinetic (more difficulty for Hf*" jons than for
Zr** ions to diffuse in the undercooled melt) considerations
can be given to explain the decrease of zirconolite nucle-
ation rate when zirconium is totally replaced by hafnium in
parent glass composition.

From SEM micrographs (Fig. 4a, b), it was possible to
estimate the crystal growth rate of Hf-zirconolite crystals in
the bulk using the diameter of the spherulitic shape non-
impinging crystals formed at T, = 1,050 °C. Assuming a
linear dependency with time of the zirconolite crystal
growth rate uy at T, = 1,050 °C (as it is generally observed
for spherulitic or dendritic crystal growth [59]), we found
uy ~ 0.4 pm min~' in GHf(Nd), glass. The same uy value
was obtained for GZr(Nd) glass which shows that contrary
to nucleation rate, total replacement of Zr by Hf in parent
glass composition has no effect on the zirconolite crystal
growth rate.

In order to study the effect of T, on the structure of
crystals formed in the bulk of GHf(Nd), sample and to
make comparison with the crystals formed in GZr(Nd)
sample containing only ZrO,, other heat treatments were
performed at T, =900 °C (8 h) and 950 °C (4 h) after
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nucleation at T,, = 770 °C (48 h). XRD showed that, sim-
ilarly to the results obtained for GZr(Nd) glass [26, 27]:

— At T, =900 °C, a defect-fluorite phase crystallized in
the bulk. This phase is a highly cation disordered
zirconolite as described in [54].

- At T,=950°C, a mixture of Hf-zirconolite and
fluorite crystals was observed but the fluorite phase
was no more detected at T, = 1,050 °C. This structural
evolution was due to the increase of cation ordering in
fluorite-type phase when T. increases in the 900-
1,050 °C temperature range leading to the fluo-
rite — zirconolite irreversible transformation.

Attempts to increase the amount of Hf-zirconolite crystals
in the bulk of glass-ceramics

The comparison of the nucleation temperature chosen
above (T,, = 810 °C) to prepare Hf-zirconolite based glass-
ceramics with that of the maximum of the I, = f(T) curve of
GHf glass reveals that T,, was not optimal for nucleation
(Fig. 6). The annealing thermal treatment at 775 °C was
probably more efficient than the heat treatment at 810 °C to
induce the formation of Hf-zirconolite nuclei. Thus, in order
to increase the amount of nuclei in GHf(Nd), sample, the
parent glass was nucleated at T,, = 770 °C for 48 h fol-
lowed by a crystal growth heat treatment at T. = 1,050 °C
for 4 h. The SEM image of the bulk of the corresponding
glass-ceramic is shown in Fig. 8a. By comparison with
Fig. 4a, it appears that this new thermal treatment only
leads to a slight increase of the number of crystals. How-
ever, because of the longer crystal growth duration (4 h),
the amount of Hf-zirconolite phase was higher because of
the increase of crystals size.

As the increase of the duration of nucleation had only
small effect on the number of Hf-zirconolite nuclei in
GHIf(Nd), glass, composition changes were performed by
increasing either Al,O3 or HfO, concentrations in order to
raise I,. Indeed, we showed in previous works that the
variation of Al,O; concentration in GZr(Nd) glass had a
strong effect on Zr-zirconolite nucleation rate in the bulk
[29, 60]. Indeed, for GZr(Nd) glass composition, the
increase of Al,O5 concentration by approximately 3 mol.%
induced a strong increase of I, [60]. Similarly, in the
present study we prepared GHf(Nd). glass by increasing
Al,O5 concentration of nearly 3 mol.% in comparison with
GHf(Nd), (Table 1). The SEM image of the bulk of the
glass-ceramics prepared at T. = 1,050 °C is shown in
Fig. 8b. An increase of I, was observed in agreement with
the results obtained for the glass containing only ZrO, but
the effect observed here was lower than for this glass. The
increase of I, with Al,O5 concentration can be attributed to

the decrease of HfO, and TiO, solubility in the under-
cooled melt which can be explained by the existence of a
competition between AI** and (Hf** Ti**) ions—in favor
of aluminum—for association with Na* and Ca®* ions
charge compensators [60]. Consequently, for the applica-
tion envisaged in this study, Al,O3 concentration in parent
glass could be raised in order to increase the Hf-zirconolite
nucleation rate at least at T. = 1,050 °C. However, the
EDX results reported in [60] revealed that a high quantity
of neodymium remained in residual glass.

In order to try to increase I,, the amount of HfO, in
parent glass GHf(Nd), was also raised by 50% whereas the
relative concentrations of other oxides were kept constant
(GHf(Nd),, composition, Table 1). This composition
change was performed to raise HfO, oversaturation in the
undercooled melt and thus to increase Hf-zirconolite
nucleation and crystal growth rates. The SEM micrographs
of the bulk of the glass-ceramics prepared at T, = 1,050
and 1,200 °C (2 h) are given in Fig. 8c, d. Comparison of
Figs. 4a, e and 8c, d revealed that I, was only slightly
raised when HfO, concentration increased in parent glass.
Whereas Hf-zirconolite remains the only phase to nucleate
and to grow in the bulk at T, = 1,050 °C, HfO, crystals are
detected at T, = 1,200 °C in the bulk (Fig. 8d).

Thus, the different composition changes (increase of
Al,O5 or HfO, concentrations) performed in this study to
increase the nucleation rate of Hf-zirconolite only lead
to small I evolution. This is the reason why, we decided to
introduce simultaneously ZrO, and HfO, in glass compo-
sition because of the higher nucleating power of zirconium
oxide (see below).

Partitioning of neodymium between Hf-zirconolite and
residual glass in the bulk

Using ESR, the partitioning ratio R of neodymium ions
between zirconolite crystals and residual glass in the bulk
of GHf(Nd), glass-ceramic prepared at T, = 1,200 °C was
estimated (Fig. 7, Table 8): R ~ 21%. At T, = 1,050 °C,
the amount of crystals was too low to allow to estimate R.
For comparison, R ~ 24% for GZr(Nd) glass-ceramic
prepared at T, = 1,200 °C [37]. Thus, in spite of strong
differences between Hf- and Zr-zirconolite nucleation
rates, glasses containing Hf or Zr lead to approximately the
same amount of neodymium ions incorporated in the
crystalline phase in the bulk. This result indicated that for
these two glass-ceramics, the amounts of zirconolite
formed in the bulk at T, = 1,200 °C were close because the
number of Nd** ions incorporated in Hf- and Zr-zirconolite
crystals by formula unit were very similar (respectively
0.21 and 0.19 in GZr(Nd) and GHf(Nd), glass-ceramics)
(Table 7). Moreover, the ESR spectrum of Hf-zirconolite
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Fig. 7 ESR spectra recorded at T = 12 K (X-band) of the bulk of
GHf(Nd), glass-ceramic () prepared at T, = 1,200 °C (2 h) showing
the individual contributions of Nd** jons located in Hf-zirconolite
crystals (y) and in the residual glass (f) extracted following the
method described in [28]

crystals formed in the bulk of GHf(Nd), glass-ceramic
prepared at 1200°C was very similar to that of a
Cag gNd( ,HfTi; gAly 07 ceramic (prepared by solid state
reaction at 1,460 °C, spectrum not shown) indicating that
the local environment of Nd** jons in Hf-zirconolite
crystals of the glass-ceramic was close to that of Nd** ions
in the ceramic. This result was in accordance with EPMA
and XRD results, which revealed that the composition and
the structure of these crystalline phases were nearly
identical. The partitioning ratio R in the bulk of GHf(Nd),
glass-ceramic (T, = 1,200 °C, 2 h) was also determined:
R ~ 23%. This value was slightly higher than that

Table 8 Partitioning ratio R estimated by ESR of neodymium ions
between zirconolite crystals and residual glass in the bulk of the glass-
ceramics

Sample R
GHf(Nd), 21
2hT,=810°C+2hT.= 1,200 °C
GHf(Nd), 23
1 day T, =770 °C + 2 h T, = 1,200 °C
GZrHf(Nd), 32
2hT,=810°C+2h T, = 1,050 °C
1 day T, = 760°C + 2 h T, = 1,200 °C 24
GZrHf(Nd), 41
2hT,=810°C+2hT.= 1,050 °C
2hT,=810°C+2hT.= 1,200 °C 30
GZr(Nd) 36
2hT,=810°C+2hT.=1,050 °C
2hT,=810°C+2h T, = 1,200 °C 24

The thermal treatment conditions used to prepare the glass-ceramics are
given. The origin of the decrease of R with T, was explained in [28]
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determined for GHf(Nd), sample but close to that of
GZr(Nd) glass all heat treated at 1,200 °C (2 h) (Table 8).

Surface crystallization

XRD, SEM and EPMA results (Tables 4, 6, Fig. 4d)
showed that titanite (nominally CaTiSiOs) and anorthite
(nominally CaAl,Si,Og) were the only crystalline phases
formed in the crystallized layer near the surface of GHf
and GHf(Nd), glass-ceramics at T, = 1,050 or 1,200 °C.
These two crystalline phases nucleated heterogeneously
on samples surface and then grew towards the bulk. Their
microstructure was similar to that of titanite and anorthite
crystals grown in GZr and GZr(Nd) glasses [30]. How-
ever, contrary to GZr and GZr(Nd) glass-ceramics for
which baddeleyite (ZrO,) crystals were observed between
titanite and anorthite crystals in residual glass near the
surface (T. = 1,200 °C) [30], HfO, crystals were not
detected in GHf and GHf(Nd), glass-ceramics. This dif-
ference could be explained by the higher solubility of
HfO, in residual glass in comparison with ZrO, (see
above). Due to the increase of titanite and anorthite
crystal growth rates with temperature, the layer thickness
e increased with T, (Table 4). Moreover, e was higher for
the glass-ceramics containing only HfO, (e =1 and
3 mm at respectively T, = 1,050 and 1,200 °C) than for
the glass-ceramics containing only ZrO, (e = 150-200
and 800-900 ym at respectively T, = 1,050 and
1,200 °C). This thickness difference could be explained
by the small number of Hf-zirconolite crystals formed in
the bulk of glass-ceramic containing only HfO,. Hf-zir-
conolite crystals thus less disturbed the growth of
titanite and anorthite crystals towards the bulk than the
high number of Zr-zirconolite crystals in glass-ceramic
containing only ZrO,.

The following compositions were deduced from EPMA
results (Tables 6, 7) respectively for titanite and anorthite
in GHf(Nd), glass-ceramic prepared at T. = 1,200 °C
(2 h): Cag gsNdo. 11 Tig.63Hf0.26Al0.15510.9705 and
Cag79Nag 1Al 70Si2270g. The corresponding composi-
tions of titanite and anorthite crystals determined by EDX
for GZr(Nd) glass-ceramic (T, = 1,200 °C, 2h) were
respectively:  CaggoNdg 11Tig.g0Z1020Alg.11S190g05 and
Cag.75Nag5Al; 755155508 [26, 28]. The composition of
silicate phases growing from glass surface were thus very
similar for GHf(Nd), and GZr(Nd) samples. Nd** ions are
incorporated into the 7-fold coordinated calcium site of
titanite crystals and charge compensation is insured by the
simultaneous incorporation of AI** ions in the tetravalent
sites of the structure. As for the glass containing only zir-
conium, crystals composition revealed that a significant
amount of Hf** ions entered into the titanium six-fold
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coordinated site of titanite. The fact that the amount of
zirconium in titanite crystals of GZr(Nd) glass-ceramic was
slightly lower that that of hafnium in titanite crystals of
GHfNd), glass-ceramic was probably due to the slightly
smaller size of Hf** ions in comparison with Zr** ions
(Table 3). Thus, the incorporation of Zr** jons into the six-
fold coordinated Ti** site (0.605 A [32]) of titanite would
be slightly more difficult for than for Hf** ions. Table 7
reveals that anorthite crystals do not incorporate neither
Nd** nor Hf* ions in their structure but can accept sig-
nificant sodium concentration.

It is important to underline here that titanite (alternative
name, sphene) is a phase known for its good incorporation
capacity (Th, U, rare earth elements...) and good long-term
behavior in spite of its tendency to become amorphous
under self-radiation (existence of very old amorphous
natural analogue) [23]. Titanite-based glass-ceramics were
also proposed for nuclear waste immobilization in Canada
[23, 24, 61]. Thus, the formation of this phase in our
study—which incorporates high amounts of trivalent acti-
nide surrogate near samples surface is not damaging for the
waste form application envisaged in this work.

Glass-ceramics with both HfO, and ZrO,

In order to study the effect of simultaneous introduction of
both HfO, and ZrO, in parent glass on zirconolite crystals
composition and nucleation rate, two parent glass compo-
sitions were prepared: GZrHf(Nd), and GZrHf(Nd),
(Table 1).

In a first step, half of HfO, was replaced by ZrO, (in
mol.%) in GHf(Nd), composition (GZrHf(Nd), sample).
After heat treatment, zirconolite remained the only crys-
talline phase in the bulk as revealed by XRD (pattern not
shown) but SEM did not revealed significant increase of
the amount of zirconolite crystals in comparison with
GHf(Nd), sample after nucleation at T, = 810 °C and
crystal growth at T, = 1,050 °C (micrographs not shown).
This last result indicated that the introduction of
2.45 mol.% ZrO, in glass composition was not sufficient to
increase 1. The zirconolite lattice parameters obtained for
the glass-ceramic prepared at 1,200 °C (2 h) are given in
Table 5. The comparison of these lattice parameters with
those of the GZr(Nd) glass-ceramic (T, = 1,200 °C,
Table 5) indicates that they are very close. As for the glass-
ceramics containing only ZrO, or HfO,, titanite and
anorthite formed a crystallized layer near sample surface.
The composition of the different crystalline phases
(bulk + surface) and of the residual glass in the bulk
(T. = 1,200 °C) were determined by EPMA and are
given in Tables 6 and 7. The following formulas
were obtained for the crystalline phases: CagggNdg 2o

Zro 60Hf0.49Ti1.71Alp.1607 (zirconolite), CapooNdo.11Tip.67
Zr.12Hf0.14Al0.11S10.9505 (titanite) and Cag77Nag 1Al 69
Siz 2005 (anorthite). The study of these compositions
showed that:

— Both hafnium and zirconium entered into the structure
of zirconolite crystals ((Hf,Zr)-zirconolite). However,
the Zr/Hf molar ratios were respectively 1.22, 0.91, and
1.07 for zirconolite crystals, residual glass, and parent
glass (all ratios deduced from EPMA results). Thus, the
residual glass in the bulk was more depleted in Zr than
in Hf. This result clearly showed that the partitioning
ratios of zirconium and hafnium between the under-
cooled melt (i.e., the residual glass in the glass-ceramic
samples) and the zirconolite crystals were different.
This result was in agreement with the higher solubility
of HfO, in comparison with ZrO, in the undercooled
melt as suspected from our zirconolite nucleation rate
study (see above) and from literature [57]. Moreover,
the mass difference between Zr** and Hf** ions and
thus the higher difficulty of Hf** ions to diffuse from
the undercooled melt to the growing zirconolite crystals
could also explain that Zi/Hf > 1 in the crystalline
phase.

— The amount of Nd** ijons incorporated into the
zirconolite crystals of GZrHf(Nd), sample remained
very similar to that of the samples with only ZrO,
(GZr(Nd)) or HfO, (GHf(Nd),). In this case, the charge
compensation was also mainly insured by AI’* ions.
The partitioning ratio R of neodymium ions between
zirconolite crystals and residual glass in the bulk
of GZrHf(Nd), glass-ceramic was estimated by
ESR: R =~ 32% (T. = 1,050 °C, 2 h) and R ~ 24%
(T. = 1,200 °C, 2 h) (Table 8).

— The amount of Zr** + Hf* ions incorporated into the
zirconolite crystals of GZrHf(Nd), sample was 1.09 (by
formula unit). This quantity was very similar to the
corresponding value of GZr(Nd) and GHf(Nd), sam-
ples (respectively 1.05 and 1.08). Consequently, partial
or total substitution of zirconium by hafnium in glass
composition had no significant effect on the composi-
tion of zirconolite crystals.

— Concerning titanite crystals, it also appeared that partial
or total substitution of zirconium by hafnium had no
significant effect on their composition. Indeed, the
amount of Nd** ions incorporated into titanite crystals
(0.11 by formula unit) was the same for the three
samples GHf(Nd),, GZrHf(Nd),, and GZr(Nd). How-
ever, contrary to zirconolite, the amount of Zr** and
Hf** ions in titanite crystals (by formula unit) are so
that Zr/Hf = 0.86 < 1. This preferential incorporation
of hafnium could be due to the slightly higher capacity
of titanium site in titanite structure to incorporate Hf**
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ions as suspected above, comparing the composition of
titanite crystals in GHf(Nd), and GZr(Nd) glass-
ceramics.

— Concerning anorthite crystals, their composition
remained almost the same for the three samples
GHf(Nd),, GZrHf(Nd),, and GZr(Nd).

In a second step, HfO, was added to GZr(Nd) glass
composition with [HfO,]/[ZrO,] = 0.5 (GZrHf(Nd), com-
position, Table 1). In this case, the amount of
(Zr** + Hf*) ions was increased by a factor 1.5 in com-
parison with all previous compositions. SEM micrographs
showed that the zirconolite nucleation rate in the bulk
strongly increased for this composition following the order:
I,(GHf(Nd),) < I,(GZr(Nd)) < I,(GZrHf(Nd),) (Fig. 8). At
T. = 1,050 °C, zirconolite still remained the only crystal-
line phase growing in the bulk of GZrHf(Nd), glass-
ceramic. However, at T, = 1,200 °C two crystalline phases
(zirconolite + (Hf,Zr)O,) were observed in the bulk
(Fig. 8f). The occurrence of this new crystalline phase
(with baddeleyite structure) in GZrHf(Nd), sample could
be explained by the higher oversaturation of (Hf,Zr)O, in
the undercooled melt due to the increase of ZrO, + HfO,
concentration. It is interesting to underline that the crys-
tallization of ZrO, was also observed in the bulk of

Fig. 8 Back-scattered SEM micrographs of the bulk of the glass-
ceramic (Z: zirconolite): (a) GHf(Nd), (T, = 770 °C for 48 h and
T. = 1,050 °C for 4 h); (b) GHf(Nd). (T,=810°C for 2h
and T, = 1,050 °C and 2 h); (¢) GHf(Nd), (T, =810 °C for 2 h
and T, = 1,050 °C for 2 h); (d) GHf(Nd), (T, = 810 °C for 2 h and
T. = 1,200 °C for 2 h); (e) GZrHf(Nd), (T,=810°C for 2h
and T, = 1,050 °C for 2 h); (f) GZrHf(Nd),, (T, = 810 °C for 2 h
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GZr(Nd) glass-ceramics but only when T, > 1,200 °C [30].
Consequently, the increase of ZrO, + HfO, concentration
displaced baddeleyite crystallization towards lower tem-
perature. As for all previous glass compositions, the
crystallization of titanite and anorthite was also observed
on GZrHf(Nd), sample surface. At T, = 1,200 °C, the
composition of zirconolite (bulk), titanite, and anorthite
crystals was determined by EPMA (Table 7): CaggsNdg 1
Zro77Hf 37Ti1 66Alo.1707,  Cag.9oNdo.10Tio.66Z10.19Hf0.11
Alp.10S10.0405 and Cag 77Nag 19Al; 73515 3005. The compo-
sition of residual glass (bulk) is given in Table 6. Nearly
the same amount of Nd>* ions as in all previous compo-
sitions was incorporated into zirconolite and titanite
crystals (by formula unit) of GZrHf(Nd), sample (Table 7)
and AI’* ions acted as charge compensators. The Zr/Hf
molar ratios were respectively 2.08, 1.72, and 1.68 in
zirconolite, titanite, and bulk residual glass (all deduced
from EPMA results). The relative Zr depletion in resid-
ual glass (Zr/Hf < 2) could be explained as above using
both hafnium solubility and diffusion considerations. The
same explanation as for GZrHf(Nd), sample could be
given to understand the fact that Zr/Hf < 1 in titanite
crystals. The composition of anorthite crystals (Cag77
Nayg 19Al; 73512300g) also remained the same as in previ-
ous glass-ceramics (Table 7). Using ESR, the following

"
%
e
W

and T, = 1,200 °C for 2 h). Zirconolite was the only crystalline phase
formed in the bulk except in (d) and (f) where a mixture of zirconolite
(gray crystals in (f) and elongated white crystals in (d)) and HfO,/
(Zr,Hf)O, (small isolated white crystals in (d) and white crystals in
(f)) was observed. It is important to notice the scale difference
between micrographs
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partitioning ratio R in the bulk of GZrHf(Nd), glass-cera-
mic was estimated: R ~ 41% (T, = 1,050 °C, 2 h) and
R ~ 30% (T, = 1,200 °C, 2 h) (Table 8). These values
were higher than those estimated for GZrHf(Nd), and
GZr(Nd) samples which could be explained by the higher
amount of Zr** and Hf** jons available to form (Hf,Zr)-
zirconolite nuclei in GZrHf(Nd), sample.

Conclusions

Minor actinides are responsible for the main contribution to
long-term radiotoxicity of high-level nuclear waste solu-
tions obtained after nuclear spent fuel reprocessing.
Zirconolite is a crystalline phase well known for its high
performances for actinides immobilization. In previous
works, we showed that it was possible to prepare glass-
ceramics with Zr-zirconolite crystals as the only crystalline
phase in the bulk by controlled crystallization of parent
glasses containing high amounts of ZrO, + TiO,. In this
study, we showed that such glass-ceramics could be also
prepared substituting either totally or partially zirconium
by hafnium in glass composition. For crystal growth tem-
perature 1,050 °C < T, < 1,200 °C, Hf- or (Hf,Zr)-
zirconolite remained the main crystalline phase to nucleate
in the bulk. At T. < 950 °C, a fluorite-type phase crys-
tallized in the bulk. This phase corresponds to a cationic
disordered zirconolite. Independently on glass composi-
tion, Nd>* ions were partially incorporated into zirconolite
crystals with charge compensation mainly insured by AI**
ions. However, an important amount of neodymium
remained in residual glass. The replacement of Zr by Hf
had no significant effect on the nature of the crystalline
phases nucleating heterogeneously on glass surface: titanite
and anorthite phases growing towards bulk were always
observed. Among these two phases, titanite was the only
one able to incorporate neodymium. Contrary to the glass-
ceramic with only ZrO,, HfO, crystals were not detected in
the crystallized layer at T, = 1,200 °C for the glass-cera-
mic with only HfO,. Moreover, strong differences were
observed between Zr- and Hf-zirconolite nucleation rates.
Indeed, the zirconolite nucleation rate in the bulk of the
glass-ceramic with only HfO, decreased by approximately
three orders of magnitude in comparison with the glass-
ceramic with only ZrO,. All these differences could be
due both to the slightly higher solubility of hafnium in
comparison with zirconium in undercooled melt (leading
to a lower zirconolite crystallization driving force) and
to the strong mass difference between Hf** and Zr** ions
that would induce diffusion difficulties during nucle-
ation. Modifications of thermal treatment conditions
(duration, nucleation temperature) and parent glass
composition changes were performed in order to try to

increase the zirconolite nucleation rate in Hf-rich sam-
ples. The most efficient effects were obtained either by
increasing Al,O; concentration or by adding ZrO, in
glass composition. Nevertheless, even for these compo-
sitions the quantity of Nd** ions (trivalent actinides
surrogate) that remained in residual glass after zircono-
lite crystallization (and that would thus not benefit from
a double containment barrier) was still to high to con-
sider zirconolite-based glass-ceramics as waste form
more efficient than zirconolite to immobilize minor
actinides or plutonium.
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