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Controlled crystallization of (TiO,-ZrO;)-rich calcium aluminosilicate glasses led to
zirconolite in the bulk, and titanite and anorthite on the surface. Such glass-ceramics can be
envisaged for minor actinides immobilization. In this study, the crystallization of three glass
compositions with increasing TiO,, ZrO, and CaO amounts was followed by differential
thermal analysis (DTA). The effect of glass particle size and of heating rate on DTA curves
was studied in order to investigate nucleation mechanisms and to extract the
corresponding crystal growth activation energies E; for the different crystalline phases.
Exothermic effects associated with the crystallization of a phase having a defect-fluorite
structure in the bulk and its consecutive transformation into zirconolite were only detected
for the highly TiO,, ZrO, and CaO enriched glasses due to their higher crystallization rate.
Using an Avrami constant n = 3 and a dimensionality of crystal growth m = 3, the
activation energy of defect-fluorite crystal growth was found to be E; = 440 kJ - mol~’
(modified Kissinger method). Titanite and anorthite grow only from glass surface with
activation energies of respectively 493 and 405 kJ - mol~" (n = m = 1, Kissinger method).
DTA study of melt crystallization during cooling showed that baddeleyite (ZrO,) crystals
firstly crystallize but become unstable versus zirconolite for higher undercooling.
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1. Introduction

Investigations are currently performed in different
countries on new matrices for the specific immobi-
lization of long-lived radionuclides such as minor ac-
tinides (Np, Am and Cm) that would originate from an
enhanced reprocessing of nuclear spent fuel. Similar
studies are also in progress for excess weapons pluto-
nium waste immobilization. Glass-ceramics containing
highly durable crystals accommodating large amounts
of actinides, such as zirconolite (nominally CaZrTi,O7)
[1-3], are good candidates for this application.

In part T of this work [4], it was showed that
appropriate (TiO,-ZrO;)-rich calcium aluminosilicate
glass compositions led to zirconolite crystallization
in the bulk of the glass after isothermal treatment
(nucleation + crystal growth) whereas a thin layer
mainly composed of titanite and anorthite crystals
formed on samples surface. A strong effect of parent
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glass composition—and particularly of TiO; and ZrO,
amounts—on the zirconolite nucleation rate and on
the total amount of crystals was observed. Nd**
ions—selected as trivalent minor actinides surrogate—
partition between residual glass and zirconolite crys-
tals in the bulk of glass-ceramics; in zirconolite crys-
tals, Nd** ions mainly substitute for Ca>* ions. For
the glass-ceramics exhibiting the highest proportion
of crystalline phase, approximately 43% of the total
amount of neodymium is incorporated in the zircono-
lite phase.

In this paper, crystallization of the three glass com-
positions reported in [4] was followed by differential
thermal analysis (DTA). The effect of glass particle size
and heating rate on exothermic peaks was studied in or-
der to investigate nucleation mechanisms and to extract
the crystal growth activation energies for the phases
formed on the surface and in the bulk of the glass. The
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TABLE I Composition (in oxide weight and molar percentage) and glass transformation temperature of glasses A, B and C

SiOz A1203 CaO Ti02 Zl‘Oz Nd203 NaZO Tg (OC)
Glass A
weight% 40.57 11.95 19.63 12.45 8.46 6.00 0.94 762 £2
mol% 48.23 8.37 25.01 11.14 4.90 1.27 1.08
Glass B
weight% 36.07 10.62 19.18 15.98 11.31 6.00 0.84 760 £ 2
mol% 43.83 7.61 24.97 14.61 6.70 1.30 0.98
Glass C
weight% 32.47 9.56 18.82 18.81 13.59 6.00 0.75 760 £2
mol% 40.17 6.97 24.94 17.50 8.20 1.32 0.90

results are compared with the X-ray diffraction (XRD)
and the scanning electron microscopy (SEM) results re-
ported in [4]. The behavior of the melt during cooling
was also studied.

2. Experimental

Compositions of the three glasses A, B and C stud-
ied in this work are given in Table I. They correspond
to progressively TiO,-ZrO, enriched Si0,-Al,03-CaO
glasses. A constant 6 weight% Nd, O3 amount was used
to simulate nuclear waste for all the samples. The glass
preparation method and the problems encountered dur-
ing melting of the compositions B and C were described
in Part I of this work [4].

DTA was used in order to study glass devitrifica-
tion processes and other irreversible transformations
which occurred during heating (exothermic effects),
crystals dissolution in the residual glass (endother-
mic effects) and melt crystallization during cooling
(exothermic effects). This technique was also used to
determine the glass transition temperature (onset of
the endothermic effect). The DTA measurements were
performed between 300 and 1250-1650°C under air
with a NETZSCH STA 409 thermal analysis appara-
tus. Between 100 and 200 mg of as quenched ground
or massive glass samples were introduced in platinum
crucibles. Ignited alumina was chosen as the reference
material. In order to investigate nucleation mechanisms
(surface/bulk) occurring during reheating of the glass
samples, the as quenched glasses A and C were crushed
and sieved to obtain four different 200 mg size fractions
(<20, 125-250, 400-800, 1600-2000 pm). For each
of these glasses, massive samples were also prepared
by remelting and quenching glass powders in the DTA
crucible (=6 mm-diameter). In this case, the number
of surface crystallization sites is minimal. In order to
attribute the main exothermic effects observed on DTA
curves, 200 to 400 mg of as quenched glass samples
with the same particle size as for DTA experiments
were heated until the corresponding peak temperatures
in a classical furnace at the same heating rate and then
quenched to room temperature. The partially devitri-
fied samples obtained were then characterized by XRD.
DTA measurements were also performed using 100 mg
of glass A (particle size <20 pum) and glass C (particle
size 125-250 pwm) with various heating rates «: 1, 5,
10, 20, 30, 40 and 50°C - min~! (this last heating rate
was not used for glass C). Discrepancies between these
values and the true heating rates were only observed
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for the highest rates (o« > 30°C - min~") but the temper-
ature evolution remains strictly linear with time. The
true « values were considered for the kinetic study.
The evolution of 7, (exothermic peak temperature)
values with o was used to extract crystallization ac-
tivation energies E., using the methods developed for
non-isothermal crystallization studies by Matusita and
Sakka [5, 6] for an interface-controlled crystal growth
rate and by Macfarlane et al. [7] for diffusion controlled
crystal growth rate. The n (Avrami constant) and m
(crystal growth dimensionnality) numerical factors oc-
curring in these methods are known to depend on crys-
tallization mechanisms. They are summarized in Table
IT [8]. It must be underline that a meaningful activation
energy can be obtained from these methods only when
the crystallization mechanism is known precisely. The
most probable n and m values associated with the crys-
tallization of the different phases observed in this study,
were deduced from the results of isothermal heat treat-
ments reported in [4] (for the nucleation and crystal

TABLE II Values of n (Avrami constant) and m (crystal growth
dimensionality) constants for various crystallization mechanisms [8]

Nucleation Crystal growth
process Number of nuclei rate? n m
Surface Constant Constant 1 1
Proportional 05 05
tor~1/2
Bulk Constant Constant
3-dimensional 3 3
2-dimensional 2 2
1-dimensional 1 1
Bulk Constant Proportional
tor~1/2
3-dimensional 1.5 15
2-dimensional 1 1
1-dimensional 0.5 0.5
Bulk Inversely proportionnal ~ Constant
to the heating rate 3-dimensional 4 3
2-dimensional 3 2
1-dimensional 2 1
Bulk Inversely proportionnal ~ Proportional
to the heating rate to t~1/2
3-dimensional 2.5 1.5
2-dimensional 2 1

1-dimensional 1.5 05

aWhen crystal growth rate is proportional to t~!/2, the mechanism is

diffusion controlled whereas, when crystal growth rate is constant with
time, the mechanism occurring can be controlled either by interface
reaction or by diffusion. This latter case can be encountered for dendritic
and spherullitic morphologies for instance [19, 20, 32].



growth mechanisms) and from DTA studies with dif-
ferent particle sizes (for the nucleation mechanism).

3. Non-isothermal devitrification study
by DTA

Because of some significant differences observed on
DTA curves between glass A on the one hand and
glasses B and C on the other hand, the differential ther-
mal analysis of glass A is treated separately. Moreover,
glass A corresponds to the basic composition on which
all current French investigations rely for the develop-
ment of zirconolite-based glass-ceramics. This is why
first emphasis is given on glass A before presenting
DTA results concerning glasses B and C.

3.1. Differential thermal analysis of glass A
3.1.1. Effect of particle size

DTA runs were performed on four different size frac-
tions (<20, 125-250, 400-800 and 1600-2000 rcm)
of glass A and on a massive sample. The DTA curves
recorded using a constant heating rate of 10°C - min~!
are showed in Fig. 1:

— Two relatively wide exothermic effects (referred as
C2 and C3 on the figure) are detected for particle
size samples lower than 1600 pm. The position (7,),
maximum height (67;) and width (AT}) of these
DTA peaks strongly change with the size fraction
(Fig. 2a—c). For the coarsest samples (1600-2000 and
6000 pm), the peak T,,(C3) is too weak to be detected
and it is hidden by the very wide thermal effect C2.

— A wider and weaker exothermic effect (referred as C1
on the figure) is observed in the temperature range
850-950°C before the effect C2, for size fractions
lower than 400 wm. A displacement of this effect
towards high temperature and a 67, decrease are
observed between the particle sizes <20 and 125-
250 pum. This effect is not detected for higher size
fractions (=400 pum).

— An intense endothermic effect with two poorly re-
solved peaks is detected near 1260°C. The location
and width of this effect do not significantly change
with particle size. However, its intensity decreases
for the massive sample.
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Figure 1 DTA curves for different size fractions and for a massive sam-
ple of glass A (heating rate: 10°C - min~!, sample weight & 200 mg).
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Figure 2 Evolution of exothermic DTA peaks (C2(®) and C3(0))
with size fraction (glass A) from Fig. 1 (heating rate: 10°C -min~'):
(a) evolution of the peak temperature 7, (b) evolution of the max-
imum height 87, and (c) evolution of the width at half-peak maxi-
mum AT,. Abscissa corresponds to the highest particle size of each
fraction.

All these results show that the three exothermic ef-
fects (C1, C2 and C3) are very affected by the to-
tal surface area of glass samples. The corresponding
phenomena (crystallization as showed below) are thus
mainly initiated at the particle surfaces. On the con-
trary, if internal transformations were dominant, only
weak modifications of DTA peaks should have been
observed.
Indeed, it is known that:

— 67, is generally proportional to the total number of
nuclei (internal and surface nuclei formed either dur-
ing the glass quenching or the DTA run) present in
the glass sample [9, 10] and to the maximum crys-
tallization rate [11]. Hence, for predominant surface
nucleation, §7;, should diminish with increasing the
particle size because the total number of surface nu-
clei decreases. Fig. 2b clearly indicates that 6 7,(C2)
and 67,,(C3) follow such an evolution.
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— T, generally increases with particle size for crys-
tallization regulated by surface nucleation [12, 13].
Such an evolution is observed for the three exother-
mic peaks observed for glass A (Figs 1 and 2a). The
displacement of 7, with size fraction can be explained
by the following equation [14]:

InN = E./RT, + constant (D)

where N is the concentration of bulk and surface nu-
clei, E. is the crystallization activation energy and
R is the gas constant. This equation shows that the
greater the number of nuclei, the lower the crystal-
lization peak temperature 7,. Consequently, a higher
concentration of surface or bulk nuclei helps crys-
tallization and a decrease of T, is observed [13].
However, several references [9, 15] consider that the
evolution of T, with particle size is rather due to
an indirect effect associated with an increasing heat
transfer resistance when the size fraction increases.
Nevertheless, for the glasses studied in this work, it
will clearly show that exothermic peaks associated
with surface crystallization displace to higher tem-
perature, whereas for bulk crystallization the DTA
peaks remain almost unchanged when the particle
size increases (see below).

— AT, increases with particle size for surface crystal-
lization (Fig. 2c). This can be explained by consid-
ering the equation established by Augis and Ben-
net [16] which gives the relation between n (Avrami
parameter), E. , T, and AT:

n = (2.5/AT,)(RT;/E.) 2)

Equation 2 shows that if the crystallization mecha-
nism does not change with particle size (n and E, thus
remaining constant), 7, and AT, must show opposite
evolutions. Consequently, as T, is displaced towards
higher temperature with particle size, the exothermic
effect becomes wider (AT, increases).

So, all these points agree to conclude that the three
exothermic effects (C1, C2 and C3) are associated with
surface crystallization phenomena.

In order to identify more precisely the origin of the
exothermic effects observed for glass A, heat treatments
were performed for the <20, 125-250 and 400-800 m
particle size samples at the corresponding 7}, values for
10 min. XRD patterns of the quenched samples were
recorded and the results obtained for <20 pm particle
size sample are showed in Fig. 3. Study of the XRD
patterns shows that:

(i) The most intense exothermic peaks 7,(C2) and
T,(C3) are respectively due to titanite (nominally
CaTiSiOs) and anorthite (nominally CaAl,;Si,Og) crys-
tallization from sample surface after heterogeneous nu-
cleation (Figs 3b and c). This is in accordance with SEM
observations [4]. The crystallization sequence observed
during heating (1st-titanite and 2nd-anorthite) seems
to indicate that anorthite begins to grow in the residual
glass remaining between the elongated titanite crystals.
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Figure 3 XRD patterns of glass A heated up to 7; = 917°C (a), T» =
978°C (b) or T3 = 1049°C (c). Heating rate 10°C - min~!, particle size
<20 pm. The samples were kept for 10 min at the corresponding tem-
peratures and were then quenched to room temperature. (@: titanite,
O: anorthite, *: defect-fluorite or/and zirconolite).

(i1) The small and wide exothermic effect C1 is prob-
ably not due neither to titanite nor anorthite crystalliza-
tion. Although no diffraction peak is observed for the
samples heat-treated in the temperature range of the first
effect C1 (Fig. 3a), Fig. 3b shows for the sample heated
at 7,(C2) some small broad lines, in addition to the
main ones of titanite, which can be attributed to a mix-
ture of two coexisting crystalline phases: zirconolite
and defect-fluorite (defect-fluorite structure phase can
be considered as a highly disordered zirconolite which
forms at lower temperature than 1000°C [4]). So, the
exothermic effect C1 is probably associated with a weak
crystallization of defect-fluorite from sample surface.
This result will be reinforced below by the DTA study
of glass B and C: these glasses have a strong exothermic
peak F associated with defect-fluorite crystallization in
the same range of temperature as C1, though this peak
F is due to an internal crystallization contrary to C1 for
glass A.

It is important to underline that no thermal effect as-
sociated with crystallization events in the bulk of the
glass was detected by DTA for glass A even for the
massive sample (Fig. 1). This is due to the low zircono-
lite nucleation and crystal growth rates in glass bulk
in comparison with the ones of silicate phases growing
from glass surface. Thus during DTA runs, the energy
involved in zirconolite crystallization in the bulk is too
weak to be detected. However for glasses B and C, an
exothermic effect associated with zirconolite crystal-
lization will be observed (see below).

The endothermic effect observed near 1260°C is
probably associated with titanite and anorthite disso-
lution in the residual glass. The fact that this effect is
smaller for the massive sample (Fig. 1) indicates that
the amount of crystalline phase formed during DTA
runs is lower than for ground samples. In this case,
silicate phases nucleate only on the crucible surface
and on the air-melt interface. It can be noticed that the
dissolution temperature range is lower than the titan-
ite (1382°C [17]) and anorthite (1553°C [18]) melting
points.
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Figure 4 DTA curves for different heating rates: 1°C-min~! (a),
5°C-min~! (b), 10°C-min~! (c), 20°C-min~! (e), 30°C-min~! (f),
40°C -min~" (f) and 50°C - min~! (g). (Glass A, particle size <20 pm).

3.1.2. Effect of heating rate

For glass A, the only crystal growth activation ener-
gies E; which can be calculated from DTA curves are
the ones of titanite and anorthite but not the one of
defect-fluorite/zirconolite. Nevertheless, it is interest-
ing to further characterize titanite and anorthite crys-
tallization processes by evaluating E.. Indeed, these
silicate phases can have a crucial role on the long-term
behavior of glass-ceramics if the devitrification ther-
mal treatment is badly controlled. Should that arise,
the crystallized surface layer could occupy a signifi-
cant fraction of glass-ceramics and the silicate phases
should then be taken into account to evaluate the chem-
ical durability of the wasteform. Moreover, as titanite
and anorthite form on the surface of glass-ceramics,
these crystalline phases together with the surface resid-
ual glass would always be the first phases leached by
groundwater in the storage repositories.

DTA curves were recorded for glass A at various
heating rates ranging from 1° to 50°C - min~! (Fig. 4).
The 20 um size fraction was chosen for this study be-
cause in this case the exothermic effects C2 and C3 are
well resolved (Fig. 1). A progressive displacement of
T,(C2,C3) towards higher temperature and an increase
of §T,(C2,C3) were observed with increasing the heat-
ing rate . The variation of 7;, with « (Table III) was
used to extract E. values using the modified form of
the Kissinger equation:

In (a”/sz) = —mE_./RT, + constant 3)

and the modified form of the Ozawa equation:
Ino = —mE_/nRT, + constant (€))
TABLE III DTA peak temperature of titanite (7,(C2)) and anorthite

(T,(C3)) crystallization as a function of the heating rate (glass A, particle
size <20 pum)

Heating rate o (K- s7h 1,(C2) (K) 1,(C3) (K)
0.0166 1195 -

0.0866 1231 1291
0.1766 1249 1318
0.3583 1267 1343
0.5466 1280 1356
0.7250 1288 1365
0.9233 1295 1373

where n is the Avrami constant and m is the crys-
tal growth dimensionnality. These equations were
established by Matusita and Sakka [5, 6] assuming that:

— nucleation does not occur during crystal growth
— crystal growth is interface controlled (# does not de-
pend on time for a given temperature).

However, similar equations were also obtained by
Macfarlane et al. [7] for diffusion controlled crystal
growth. This generally occurs when the composition of
the crystals and the composition of the parent glass are
different. In this case the crystal growth rate u generally
decreases with time for a given temperature according
to u oct~'/2 [19]. However, for crystals exhibiting den-
dritic or spherulitic morphologies, growth rate is gen-
erally constant [19, 20].

SEM and DTA results show that titanite and anorthite
elongated crystals nucleate from sample surface [4].
Crystals morphology (dendritic for titanite and needle-
like for anorthite) are in accordance with a constant
crystal growth rate. Moreover, because of the high sur-
face nucleation rate, it can be assumed that all the sur-
face nuclei are formed before crystal growth. Hence
no new nuclei form during growing. Equations 3 and
4 can thus be used with n = m = 1: surface crystal-
lization with u constant (Table II). It can be noticed
that in this case, the modified Equations 3 and 4 are
the same as the classical Kissinger and Ozawa equa-
tions [5]. Fig. 5a and b show respectively the Kissinger
and Ozawa plots for the two crystalline phases. These
curves were fitted using linear regression and activa-
tion energies were extracted (Table IV). The E. values
obtained using either the Kissinger or the Ozawa equa-
tions give very similar results. This is not surprising
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Figure 5 Kissinger (a) and Ozawa (b) plots corresponding to the surface
crystallization for glass A (particle size <20 pm).
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TABLE IV Titanite and anorthite crystal growth activation energies
deduced from linear regressions for Ozawa and Kissinger type plots
(n = m = 1) (Fig. 5). Correlation coefficients are given in brackets

Activation energy for
titanite crystallization

Activation energy for
anorthite crystallization

Plot type (kJ - mol~1) (kJ - mol™1)
Ozawa 514 (0.999) 427 (0.998)
Kissinger 493 (0.999) 405 (0.998)

because these two equations are equivalent for a small
T, range [21]. The E. value associated with anorthite
is lower than the one associated with titanite. This dif-
ference could be partly due to a weak decrease of the
viscous flow activation energy of the melt between the
temperature ranges of titanite (7p: 922-1022°C) and
anorthite (7,: 1018-1100°C) crystallization.
Comparison of these results with the ones reported
by Hayward et al. [21] for titanite crystal growth in
a Nap0-Al,03-Ca0-TiO,-Si0; parent glass indicates
that, in this latter case, crystal growth occurs between
810°-910°C (particle size <37 um) with E. = 461 +
57 kJ -mol~! and E. = 480 4 57 kJ-mol~! (values
respectively obtained from the Ozawa and Kissinger
type plots). These values are only slightly lower than
the ones obtained in this study (Table IV). These weak
differences are probably due in part to different flow ac-
tivation energies between the two corresponding melts.

3.2. Differential thermal analysis of glasses
BandC

3.2.1. Comparison with glass A

Comparison of the DTA curves recorded for glasses

A, B and C (size fraction 125-250 um) indicates that

there are great differences between the three samples,

especially in the low temperature range (Fig. 6):

— Two new relatively sharp exothermic peaks referred
as F (T, = 875°C) and Z (T, = 1022°C) are detected
for glass C. These effects are also observed for sample
B but peak F is displaced towards higher temperature
(T, = 952°C) and becomes wider and less intense
whereas peak Z remains almost unchanged (7, =
1029°C). It is interesting to notice that the very wide

C2 crystals
dissolution

\

endothermic <«€———> exothermic
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Figure 6 DTA curves of as-quenched glasses A, B and C (heating rate:
10°C - min~!, particle size 125-250 pm).
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and weak effect C1 observed for sample A occurs in
the same temperature range as peak F for sample B.

— Effects C2 and C3 attributed to surface crystallization
of titanite and anorthite respectively for glass A, are
displaced to higher temperature and are not resolved
for samples B and C.

— Endothermic effects previously attributed to titanite
and anorthite dissolution in residual glass are still
present (7, ~ 1260°C). However, a new and weak
endothermic effect (D in Fig. 6) is observed at high
temperature (7;,: 1290°-1320°C) for glasses B and C.
This effect seems to be correlated with the occurrence
of peaks F and Z.

Using the same method as for sample A, peaks F and
Z were identified after thermal treatments at different
temperatures for samples B and C. The XRD patterns
reported in Figs 7 and 8 indicate that:

— The first exothermic peak F can be attributed to
the crystallization of the defect-fluorite phase yet
reported in [4] which corresponds to a totally
cationic disordered zirconolite (cubic structure). The
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Figure 7 XRD patterns of glass C heat treated up to: 890°C (a), 950°C
(b), 1022°C (c), 1050°C (d) and 1150°C (e). Heating rate 10°C - min~!,
particle size 125-250 um. Samples were kept for 12 min at these tem-
peratures and were then rapidly cooled to room temperature. (@: titanite,
O: anorthite, x: defect-fluorite, +: zirconolite).
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Figure 8 XRD patterns of glass B heat treated up to: 972°C (a), 1068°C
(b)and 1130°C (c). Heating rate 10°C - min~!, particle size 125-250 pm.
Samples were kept 12 min at these temperatures and were then rapidly
cooled to room temperature. (@: titanite, O: anorthite, x: defect-fluorite,
+: zirconolite).



detection of this crystalline phase during DTA run
is in accordance with the results obtained after a 2
h isothermal treatment at 7, = 860°C performed on
glass C [4].

— The second but less intense exothermic effect Z can
be attributed to the irreversible transformation of
the previous defect-fluorite phase into zirconolite-
2M (cationic reordering). The defect-fluorite phase
can be thus considered as an intermediate disordered
phase with a cubic structure which grows at 7,(F)
and transforms irreversibly into zirconolite-2M at
higher temperature 7,(Z). This crystallization and
phase transformation sequence is also in accordance
with the results of the isothermal heat treatment study
of glass A [4]: the defect-fluorite phase is observed
for T, < 1000°C and is totally transformed into zir-
conolite for 7. > 1000°C. However, because of its
low nucleation rate in the bulk of glass A, no thermal
effect is detected neither for defect-fluorite crystal-
lization nor for its transformation into zirconolite.
The effect C1 detected for glass A was attributed to
defect-fluorite formation only from sample surface.

It is interesting to notice that a similar evolution with
temperature (crystallization followed by phase trans-
formation) has already been observed by Vance ef al.
[22] for an amorphous zirconolite alkoxide precursor
using DTA and isothermal treatments. These authors
observed an exothermic peak (7, = 750°C) attributed to
defect-fluorite phase crystallization followed by a weak
exothermic peak at higher temperature (7, = 1025°C)
associated with the defect-fluorite — zirconolite trans-
formation. This last temperature is very similar to the
one found in this study, 7,(Z): 1022°-1029°C. More-
over, a DTA exothermic peak at 7, = 690°C was also
observed by Weber et al. [23] during the recrystalliza-
tion of a sample of curium doped metamict zirconolite.
These authors attributed this effect to the crystalliza-
tion of a pseudo-cubic intermediate phase. During their
DTA study of a natural metamict zirconolite sample,
Lumpkin et al. [24] detected also an exothermic ef-
fect attributed to the crystallization of a defect-fluorite
structure at 7, = 780°C. The different authors who
worked on metamict zirconolite did not perform their
DTA runs at temperature high enough to be able to
detect the transformation of defect-fluorite into zir-
conolite. However, it is important to underline that the
DTA peak temperature associated with defect-fluorite
crystallization (7,(F)) strongly depends on the sample
studied. This seems to be less the case for T,,(Z) com-
paring the results of this study with the one of Vance
et al. [22].

Moreover, supplementary remarks can be made:

(i) The enthalpy of defect-fluorite crystallization
|AH(F)| (proportional to the peak area) from either
a silicate glass (this study, Fig. 6) or from an amor-
phous alkoxide precursor [22], is always higher than
the enthalpy associated with the defect-fluorite —
zirconolite transformation |A H(Z)|. This result can be
easily explained because of the small enthalpy differ-
ence between zirconolite and defect-fluorite due only to
cationic reordering whereas a deep reorganization (and

consequently a higher transformation enthalpy) of the
amorphous precursor (glass or amorphous precipitate)
is necessary for defect-fluorite crystallization.

(i1) Different factors may influence the exothermic
peaks shape and position for the defect-fluorite crys-
tallization:

— Nuclei concentration differences between samples B
and C due to different nucleation rates [4] may explain
the decrease of §7,(F) and the increase of AT,(F)
and AT, (Z) observed in Fig. 6 for glass B. Moreover,
the increase of the defect-fluorite crystallization peak
intensity §7,(F) and its displacement towards lower
temperature for glass C (Fig. 6) show that glass stabil-
ity decreases in the order glass A > glass B > glass
C. This is in accordance with the results obtained
by isothermal treatments [4] which indicate that zir-
conolite nucleation rate increases between glass A
and glass C.

— The higher T,,(F) values (>875°C) observed in this
study in comparison with the values reported in lit-
erature either for a metamict (7,(F): 690°-780°C
[23, 24]) or an alkoxide precursor (7,(F) = 750°C
[22]) can be explained because defect-fluorite nucle-
ation and growth rates for a silicate glassy precur-
sor becomes only significant when the viscosity of
the supercooled liquid is low enough to allow diffu-
sion, thatis to say for T > T, = 760°C. Besides, there
are less diffusion problems for the metamict and the
alkoxide precursor that only contain the constitutive
oxides of zirconolite than for the glass-ceramic in
which zirconolite is only a dilute component. More-
over, from the structural results reported in literature,
one can think that the formation of the crystalline
state is easier from metamict zirconolite than from a
glass. Indeed, EXAFS studies performed on natural
metamict zirconolite samples showed that Zr**+ ions
are mainly 7-coordinated as in zirconolite crystals
and with nearly identical bond lengths [25]. Ti K-edge
XANES studies performed on the same amorphous
samples showed that Ti** ions are mainly fivefold
coordinated with trigonal pyramids sites. Such a ti-
tanium site exists also in crystalline zirconolite [26].
On the contrary EXAFS studies performed on various
silicate glass samples indicate that Ti** and Zr** ions
local environments are different from their environ-
ment in zirconolite (titanium is mainly 5-coordinated
as square pyramids [27] and zirconium is mainly 6-
coordinated [28, 29]). Although no such structural
studies were performed on the parent glasses A, B
or C, these bibliographic results show that, contrarily
to glasses, the local environment of Ti** and Zr**
ions in amorphous zirconolite is very similar to the
one in crystallized zirconolite. Consequently, at least
for titanium and zirconium ions, crystallization needs
less reorganization for amorphous zirconolite than for
glasses.

Thermal treatments performed in the C2 4 C3 tem-
perature range (1050°-1150°C) for samples C con-
firmed that this effect is due to titanite and anorthite
crystallization as for sample A (Figs 7d and e and 8b
and c). It is interesting to notice that the intensity of
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zirconolite XRD lines decreases when titanite and anor-
thite form. This evolution can be explained by the occur-
rence of a reaction between these crystals and zircono-
lite [30]. Furthermore, this kind of reaction could partly
explain the progressive displacement towards higher
temperature of C2 and C3 effects when composition
changes (Fig. 6) from A to C because of the higher
amount of zirconolite nuclei which form near the sur-
face and which disturb silicate phases crystallization.

3.2.2. Effect of particle size

Attribution of C1, C2 and C3 exothermic peaks was
confirmed by recording DTA curves for four size frac-
tions (<20, 125-250, 400-800 and 1600-2000 pm)
and for a massive sample of as quenched glass C
(Fig. 9). Displacement of the C2 4 C3 effects towards
higher temperatures with increasing the particle size
(Fig. 10a) shows that the corresponding crystallization
processes are initiated by the surface, which is in ac-
cordance with SEM observations [4]. Moreover, as for
glass A (Fig. 1), a decrease of the intensity of the corre-
sponding dissolution peaks (7}, ~ 1260°C) is observed
for the highest size fraction. On the contrary, peaks F
and Z do not significantly change with size fraction
(Figs 9 and 10). This shows that defect-fluorite crys-
tallization in glass C and its consecutive transforma-
tion into zirconolite are mainly bulk phenomena. This
agrees with SEM and XRD observations reported in [4]:
defect-fluorite crystals nucleate in the bulk and cationic
ordering in these crystals (transformation into zircono-
lite) obviously do not depend on glass particle size.
The slight decrease of the defect-fluorite crystalliza-
tion peak width AT, observed for the massive sample
(Figs 9e and 10c) seems to indicate that a weak con-
tribution of defect-fluorite surface crystallization oc-
curs for ground samples. The small endothermic ef-
fect D is detected for all particle size samples (T, ~
1320°C) and is probably due to zirconolite crystals dis-
solution in the residual glass. It can be noticed that
this dissolution temperature is lower than the ones re-
ported in literature for pure zirconolite decomposition
(T ~ 1525°C [31)).

E crystals
dissolution

<«——>» exothermic

endothermic

T T T T T T
700 800 900 1000 1100 1200 1300 1400
Temperature ("C)

Figure 9 DTA curves for different size fractions of glass C (heating rate:

10°C - min~"', sample weight & 200 mg): <20 pm (a), 125-250 zm (b),
400-800 pm (c), 1600-2000 um (d) and massive sample (e).

860

1300
1200 @ (a)
5
6 1100—;7
:Q* 1000 ng) AR O ©
e P P S e
800 T T T T
0 1000 2000 3000 4000 5000 6000 7000
particle size (Lm)
200
160 _ﬁ §
2: 120 ¢ ¢
= b
o
0% 80 ( )
| | | | | |

0 1000 2000 3000 4000 5000 6000 7000
particle size (lLm)

(c)

[ I I | I I I
0 1000 2000 3000 4000 5000 6000 7000
particle size (ULm)

Figure 10 Evolution of exothermic DTA peaks (F(®), Z(0) and
C2+C3(00)) with size fraction (glass C) from Fig. 9 (heating rate:
10°C - min~"): (a) evolution of the peak temperature T}, (b) evolution
of the maximum height §7}, and (c) evolution of the width at half-peak
maximum AT7},. Abscissa corresponds to the highest particle size of each
fraction.

3.2.3. Effect of heating rate

Fig. 11 shows the evolution of DTA curves recorded
for glass C at different heating rates ranging from 1 to
40°C - min~!. The 125-250 pm size fraction was cho-
sen for this study because in this case, the Z effect little
interferes with the C2 + C3 effect (Fig. 9). A progres-
sive displacement of T,(F) and 7,,(Z) towards higher
temperature with « is observed (Table V). It was used to
extract defect-fluorite crystallization (E.(F)) and trans-
formation into zirconolite (E.(Z)) activation energies.
However n and m parameters must be known in order
to use either modified Kissinger or Ozawa equations.
SEM studies reported in Part 1 of this work [4] showed
that the defect-fluorite crystals nucleate mainly in glass
bulk with a 3-dimensional growth. This was easily ob-
served for glass A, for which the crystal density in bulk
is not too high. The same 3-dimensional crystalliza-
tion mode was assumed for glass C. Moreover, it was
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Figure 11 DTA curves for different heating rates (glass C, parti-
cle size 125-250 pum, sample weight ~ 100 mg): 1°C-min~! (a),
5°C-min~! (b), 10°C-min~! (c), 20°C - min~! (d), 30°C - min~! (e)
and 40°C - min~! (f).

showed that the defect-fluorite nucleation rate of glass
A exhibits a narrow maximum at T, =790°C [30].
Therefore, it can be assumed that no new nuclei are
formed during defect-fluorite crystal growth (Fig. 11)
and that the activation energy determined by DTA cor-
responds only to the activation energy for the crystal
growth of defect-fluorite [12]. Furthermore, the nucle-
ation rate of defect-fluorite in glass C is so fast that
the number of nuclei formed during DTA runs can be
considered as constant irrespective of the heating rate.
Study of Table II shows that for such a situation, two
possibilities exist for the n and m parameters: n =3
and m = 3 (constant crystal growth rate) orn = 1.5 and
m = 1.5 (crystal growth rate proportional to  ~'/2). The
Avrami constant n can be deduced using the following
equation [5, 7] which is a general form of the modified
Ozawa equation for 7' not necessarily equal to 7j,:

Ine = —(mE./nRT) — (1/n)In[— In(1 — x)]
+ constant ©)

which gives the evolution of x (amount of crystallized
defect-fluorite) at the temperature 7 during a DTA run
as a function of the heating rate «. x can be determined
from DTA curves:

x=15/S (6)

where S is the area under the DTA curve between the
temperature at which crystallization starts (7;) and the
temperature at which crystallization is complete (7).
S is the area of the DTA curve between T;, and the

TABLE V DTA peak temperature of defect-fluorite (7},(F)) and zir-
conolite crystallization (7,(Z)) as a function of the heating rate (glass C,
particle size 125-250 pm)

Heating rate (K -s~!) 1,(F) (K) Tx(Z) (K)
0.016700 1107.0 1240.0
0.086700 1140.3 1284.0
0.17830 1157.5 1299.0
0.37000 1176.0 1315.0
0.56500 1190.8 1330.0
0.68330 1199.6 1334.0

0.7
..
~ 9
x
=07 -9
E ~.
5
E 14 )
2.1 4
| | | |
12 a1 08 0.6 04 -0

Figure 12 Evolution of In[—In(1 — x)] against In« for glass Cat T =
918°C (size fraction 125-250 pm).

arbitrarily fixed temperature 7. In this case, Equation 5
leads to:

d(n[—In(1 — x)])/dInx = —n (7

Choosing T = 918°C (Fig. 11), x was calculated for
a =20, 30 and 40°C - min~! by plotting In[—In(1 —x)]
against In . The plot obtained is showed in Fig. 12 with
a linear fit giving n ~ 2.6. Between the two possibili-
ties (n =3 and n = 1.5) indicated in Table II for a bulk
nucleation process with a constant number of nuclei,
the n & 2.6 value appears closer to 3. Thus, defect-
fluorite crystal growth rate seems to be constant. This
can be understood because, as the crystal morphology
is very likely to be dendritic, a constant crystal growth
rate is expected even if the crystallization is intrinsi-
cally controlled by diffusion (incongruent crystalliza-
tion) [19, 20, 32]. Therefore, n = 3 and m = 3 constants
were chosen to extract E.(F). Fig. 13a and b show

-14
-16— E,(F)=440 kJ.mol"
=~ .18
=
T 204
£
"‘Es/ =22
£ 24
26 (a)
-28 | | I |
082 084 086 088 09 092
1000/T (F) (K™
p
1
0 | E (F) = 447 kl.mol”
-1 4
g7
3 -
4 (b)
-5 I I | |
082 084 08 08 09 092

1000/T (F) K

Figure 13 Modified Kissinger (a) and Ozawa (b) plots (n = 3, m = 3)
corresponding to the defect-fluorite crystallization for glass C (particle
size 125-250 pm).
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TABLE VI Defect-fluorite and zirconolite crystal growth activa-
tion energies deduced from linear regressions for modified Ozawa and
Kissinger type plots (Figs 13 and 14). Correlation coefficients are given
in brackets

Activation energy
for defect-fluorite
crystallization

Activation energy
for zirconolite
crystallization

Plot type (kJ - mol™1) (kJ - mol™1)

Modified Kissinger 440 (0.995) -
n=3,m=3)

Modified Ozawa 447 (0.996) -
(n=3,m=3)

Kissinger (n = 1,m = 1) - 527 (0.998)

Ozawa(n =1,m = 1) - 549 (0.998)

respectively the modified Kissinger and Ozawa plots
corresponding to these values. The calculated crystal
growth activation energies using linear regression are
respectively E.(F) =440and 447 kJ - mol~' (Table VI).
The value determined with the modified Ozawa equa-
tion was lower than the activation energy obtained by
Vance et al. [22] using the Ozawa equation (n = m) for
defect-fluorite crystallization from an alkoxide amor-
phous precursor (E.(F) = 940 kJ - mol~") but is close
to their value E.(F) = 430 kJ-mol~! deduced from
isothermal measurements and considered by them-
selves as more probable. Furthermore, for a metam-
ict zirconolite sample, Weber et al. [23] determined
a crystallization activation energy E. ~ 560 kJ - mol~!
by DTA (Kissinger method, n = m = 1). These discrep-
ancies between the activation energies reported in lit-
erature show that even for amorphous zirconolite, E.
depends on the preparation method and on the com-
position of the material (presence of impurities in nat-
ural samples). Furthermore, even if the two samples
(metamict and alkoxide precursor) appear XRD amor-
phous, their degree of disorder are probably different.

Concerning defect-fluorite transformation into
zirconolite-2M, it was assumed that it occurs also
by a process of nucleation and growth as showed in
reference [22]. In this case, because of the small defect-
fluorite crystal size (<100 nm), it can be assumed that
zirconolite crystallization starts from their surface to-
wards their bulk and is controlled by interface reaction
[22]. n=m =1 constants were thus used to extract
E.(Z). Fig. 14 shows the linearly fitted Kissinger
and Ozawa plots for the exothermic effect Z. The
activation energies obtained by the two methods give
respectively E. =527 and 549 kJ - mol~! (Table VI).
Comparison can be made with the E. =800 kJ - mol~!
value determined by Vance et al. [22] using the Ozawa
equation (n =m) and the E. = 330 kJ-mol~! value
determined using isothermal measurements and con-
sidered as more probable by these authors. Whereas the
defect-fluorite — zirconolite transformation occurs in
the same temperature range 1020°-1030°C for the two
samples (glass C and alkoxide precursor), differences
are observed between their E.(Z) values. The origin
of these discrepancies are not clear but may be due to
microstructural and composition differences between
the zirconolite crystals grown in glass C and the ones
formed from a pure alkoxide precursor [22].
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Figure 14 Kissinger (a) and Ozawa (b) plots (n = 1, m = 1) corre-
sponding to the defect-fluorite transformation into zirconolite for glass
C (particle size 125-250 pm).

3.3. Crystallization of the melt followed
by DTA

After DTA runs, only a slight crystallization is ob-
served in DTA crucibles for glass A and no significant
exothermic effects are detected on the DTA curves dur-
ing cooling (from 1450°C to room temperature with a
10°C - min~! cooling rate). However, for glasses B and
C, the samples recovered after DTA runs (cooling rate
10°C-min~! from 1600°C) exhibit large crystals on
their surface. The size of these crystals—which can be
larger than 1 mm for some of them- indicates that they
have grown from only a small number of nuclei on the
crucible surface or on the air-melt interface. Correla-
tively, large and wide exothermic effects, referred as B
(Tp(B) ~ 1245°C) and Z (T,(Z) ~ 1040°C) in Fig. 15b,
are detected on DTA curves during cooling of sample
C. These effects are less intense for glass B. The inten-
sity and width of these two peaks vary from one test to
another for glass C. Moreover the intensity of peak B
was showed to depend on the nature of the DTA cru-
cible (alumina or platinum). All these observations are
in accordance with a heterogeneous nucleation process
occurring on a small number of nuclei which may vary
from one sample to another. Fig. 16 shows an example
of SEM micrographs for a sample of glass C recov-
ered at room temperature after a DTA run. Two kinds
of crystals were observed and identified:

— Very large crystals which appear in white on SEM
images and show dendritic shapes with perpendicular
crystal growth directions. EDX and XRD studies in-
dicate that these crystals correspond to ZrO, (bad-
deleyite) which have incorporated a small amount of
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Figure 15 DTA curves recorded for glass C: (a) first heating
(10°C-min~!) to 1600°C, (b) cooling (10°C-min~!) to room tem-
perature, (c) second heating (10°C - min~") to 1600°C (Sample weight
~ 300 mg, massive sample). Arrows on the figure indicated heating or
cooling.
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Figure 16 Back-scattered SEM micrographs of glass C after a DTA run
(heating rate 10°C - min~' to 1600°C and cooling to room temperature
at the same rate). Baddeleyite crystals are white and zirconolite crystals
are light gray.

TiO,. Notably, samples were quenched at 1200°C
to room temperature after cooling the melt from
1650°C. The results obtained show that growth
of ZrO, is responsible for the first exothermic
effect (B in Fig. 15b). The strong endothermic
peak detected at 7, = 1372°C during reheating
(Fig. 15c) is probably associated with ZrO, dis-
solution in the residual glass. This effect was not
observed during the first heating (Fig. 15a) where
only titanite, anorthite and zirconolite dissolution
occurred.

— Smaller crystals which appear in gray on SEM im-
ages and which show a lath-like morphology similar
to the one observed for zirconolite crystals grown at
high temperature in glass A [4, 33]. EDX and XRD
studies confirmed that these crystals corresponded
to zirconolite and were responsible for the second
exothermic effect (Z in Fig. 15b). It is interesting

to notice that the zirconolite crystals have essen-
tially grown on the large ZrO, crystals yet formed.
Moreover, these crystals are not randomly oriented
compared with the main crystal growth directions of
baddeleyite (Fig. 16). This phenomenon is probably
due to epitaxial relations between the two crystalline
phases which favor heterogeneous nucleation of zir-
conolite on baddeleyite. The existence of such crys-
tallographic relations is not surprising because the
two structures can be considered as defect-fluorite
structural derivatives. Moreover, a careful study of
SEM images shows that zirconolite crystals grow at
the expense of ZrO, crystals which are consequently
progressively consumed during cooling as confirmed
by XRD. This result indicates that baddeleyite crys-
tals firstly nucleate and grow at low undercooling
(and thus control the liquidus temperature of the melt)
but become unstable versus zirconolite for higher
undercooling.

Therefore, slow cooling of highly TiO,-ZrO, enriched
melts firstly lead to ZrO; crystallization (T < 1300°C,
Fig. 15). For lower temperatures this phase transforms
into zirconolite reacting with the residual supercooled
liquid. This crystallization sequence observed during
the cooling of melt C is in accordance with the results
concerning glass A devitrification reported in [34]: zir-
conolite is the only crystalline phase that forms in the
bulk for 1000° < T, < 1200°C whereas baddeleyite
crystals grow for 7. > 1250°C at the expense of zir-
conolite (7¢: crystal growth temperature).

4. Conclusions

From the DTA study of (TiO,-ZrO;)-rich glasses per-
formed for different particle size fractions and different
heating rates, the following main conclusions can be
drawn:

1. The determination of nucleation mechanisms
(bulk or surface) by recording DTA curves for differ-
ent glass particle sizes are in good accordance with
the results deduced from isothermal treatment reported
in [4]: defect-fluorite (precursor phase of zirconolite)
nucleates in the bulk of the glass whereas titanite and
anorthite nucleate on the surface.

2. For the lowest TiO; and ZrO, concentrations, only
exothermic effects associated with the crystallization
of titanite and anorthite from glass particles surface are
clearly detected respectively at 7, = 980° and 1050°C
for the smallest size fraction (<20 pum). The activation
energy E. associated with crystal growth of titanite and
anorthite was determined using the Kissinger or Ozawa
methods (n = m = 1, surface nucleation with a constant
crystal growth rate). The E. values obtained by these
two methods are very similar. The Kissinger method
gives respectively E. = 493 and 405 kJ - mol~! for ti-
tanite and anorthite. The fact that no clear exothermic
effect associated with zirconolite (or defect-fluorite)
crystallization is detected during DTA runs can be ex-
plained by a low bulk crystallization rate for this glass
composition.
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3. Forhigher TiO; and ZrO; concentrations, two new
exothermic effects associated with phenomena occur-
ring in the bulk of the glasses are detected. The first
one (near 880°C) is due to the crystallization of the
defect-fluorite phase that has already been observed af-
ter isothermal treatment at 860°C [4]. The second one
(occurring at higher temperature near 1020°C) is due
to the transformation of the defect-fluorite phase into
zirconolite by cationic ordering. Activation energy as-
sociated with defect-fluorite crystallization was deter-
mined for the (TiO,, ZrO,)-richest glass using the mod-
ified Kissinger (440 kJ-mol~!) and Ozawa (447 kJ -
mol~") methods with n =3 and m =3 (3-dimensional
growth controlled by diffusion with a constant
crystal growth rate). Defect-fluorite transformation
into zirconolite is assumed to occur by nucleation
and growth from crystal surface and E. =527 kJ-
mol~! was obtained using the Kissinger equation
n=m=1).

4. During cooling of the melt with the highest TiO,
and ZrO, concentrations, exothermic effects associ-
ated with baddeleyite and zirconolite crystallization
are detected. Baddeleyite nucleates heterogeneously for
low undercooling giving large crystals. For higher un-
dercooling, zirconolite nucleates heterogeneously and
grows on baddeleyite crystals.
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