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Abstract
In France, high-activity level wastes resulting from nuclear fission are condi-
tioned in a homogeneous sodium-aluminoborosilicate glass by high-temperature
vitrification. The tolerance of even a small fraction of crystals could enable an
increase in the waste loadings, in addition to promoting process flexibility. If
the waste loading were to be increased in French nuclear glass, cerianite (CeO2)
crystals could precipitate. In this study, we investigated the cerianite crystalliza-
tion in a simplified nuclear glass melt at different temperatures, Ce2O3 wt%, and
shear conditions. Furthermore, the evolution of the viscosity along with cerian-
ite precipitation was followed. It was found that Ce2O3 is highly soluble in the
glass melt, as even for a Ce2O3 wt% as high as 10% wt, the cerianite fraction in
dynamic conditions at 1100◦C after 8 h of crystallization was less than 1% vol.
In addition, shear strongly accelerates cerianite crystallization and a high Ce2O3

content can engender the precipitation of highly branched dendrites. The evolu-
tion of the cerianite fraction did not significantly affect the viscosity of the glass
melt. Finally, unlike what has been observed in the well-known platinum group
metal (PGM)-bearing melts, a glass melt containing .8 vol% of cerianite crystals
remains Newtonian.

KEYWORDS
conditioning, crystallization, viscosity

1 INTRODUCTION

In France, high-activity level wastes resulting fromnuclear
fission are conditioned in alumino-borosilicate glasses by
high-temperature vitrification.1 In this process, the cal-
cined waste is mixed with the glass precursor and then
heated to the vitrification temperature. For the hot crucible
melter, the technologymost commonly used in France, the
temperature of vitrification is usually around 1100◦C, but

© 2023 The American Ceramic Society and Wiley Periodicals LLC.

in other furnace technologies it can be as low as 1000◦C,
as in the case of the in-can melter,2,3 and can reach up
to 1250◦C1–3 for the cold crucible technique. The waste-
to-glass ratio is determined by considering the solubility
of species coming from the calcine, in order to obtain a
homogeneous melt. Exceeding solubility limits are gen-
erally avoided, because this can degrade the long-term
behavior of the glass and also because the precipitation of
particles can directly affect the physical properties of the
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melt, changing or even compromising the technological
feasibility of the vitrification process.4,5 The tolerance of
even a small fraction of crystals during vitrification could
lead to a more flexible process, allowing changes in the
composition of the calcine or the immobilization of other
types of nuclear wastes, in addition to increasing the waste
loading.4,6
Previous studies7–12 have shown that the presence of

less than 1 vol% of platinum group metal particles (PGM:
here, Ru, Rh, Pd) leads to a very shear thinning and
thixotropic behavior. The high viscosities shown in PGM-
bearingmelts at low shear rate regimes are associated with
its strong tendency for particle aggregation, which can sig-
nificantly increase the effective particle volume fraction by
trapping the liquid inside its aggregates. As well as affect-
ing the rheological properties of the melt, PGM particles
can engender changes in electrical conductivity and are
prone to settling.8,13 Nonetheless, the extensive studies car-
ried out in the last decade on the impact of PGM particles
on the glass melt physical properties have contributed to
a deeper understanding of this particle-melt system and
consequently, to better control of the vitrification process.
Unlike PGM particles, crystals are soluble in the melt,

and their fraction can fluctuate during the vitrification
process.14–16 In the case ofmulticomponentmelts, different
crystals can precipitate,17,18 and the fraction of a particu-
lar crystal is a function of temperature and time.14, 19–22
In addition, the flow conditions can also affect crystalliza-
tion. Different theoretical and simulation studies of hard
sphere, colloidal, and simple liquid systems23–32 indicate
that a gentle flow can increase both nucleation and crys-
tal growth rate due to the increase in matter transport. In
agreement with theoretical results, the rare experimental
evidence available indicates that the crystallization kinet-
ics of silicate melts are favored by stirring,33–35 but to our
knowledge, no study on crystallization under dynamic
conditions in nuclear glasses has been reported.
Among all the crystalline phases likely to precipitate in

the French glassy matrix at higher waste loadings, cerian-
ite (CeO2) is the one stable at the highest temperatures,
controlling the liquidus of the nuclear melt. For instance,
cerianite has been reported to be stable up to 900◦C for
compositions containing as little as 1 wt% of Ce2O3.17,18
Hence, an increase in the waste loading would potentially
stabilize this phase at vitrification temperatures, and there-
fore the study of cerianite crystallization and its effect on
melt properties is essential to properly control the pro-
cess. Aside from being of interest in vitrification, cerianite
presents a simple composition and cubic morphology,
which is preferable for an initial study considering the
numerous variables involved in crystallization.
In this work, we investigated cerianite crystallization in

a simplified nuclear glass matrix at different temperatures,

Ce2O3 weight contents, and flow conditions (quiescent and
dynamic) to define the cerianite composition-temperature
domain, morphology, and effect of shear on crystalliza-
tion. Furthermore,we studied the evolution of the viscosity
alongwith cerianite precipitation, and compared the effect
of cerianite particles on viscosity-shear dependency to that
shown by PGM-bearing melts at an equivalent volume
fraction.

2 EXPERIMENTALMETHODS

For this study, a simplified nuclear glass series namedCXX
was used, where XX means the nominal Ce2O3 weight
content. We elaborated the glasses and carried out crystal-
lization and rheological studies, as shown in Figure 1 and
detailed in the following sections.

2.1 Glass elaboration and
characterization

The glasses were synthesized from the following reagents:
SiO2 (Sibelco, 99.4%), Al2O3 (Sigma Aldrich, 98%), H3BO3
(VWR Prolabo, 100%), CaO (Sigma Aldrich, 99.9%),
Nd2O3 (Sigma Aldrich, 99.9%), Na2CO3 (Acros Organi-
cos, 99.95%), and CeO2 (Sigma Aldrich, 99.9% and VWR
Prolabo, 99.95%). The well-mixed reagents were melted
in a platinum-rhodium (90%Pt-10%Rh) crucible (vol-
ume = 500 cm3) in a muffle furnace at the elaboration
temperature (Te, presented in Table 1) for 3 h. After this
cycle, the melt was poured onto a stainless steel plate, and
the glass obtained was ground. The resulting fine powder
was replaced in the crucible and melted twice more. The
total elaboration time at Te was 7 h, and after the third
plateau, the melt was quenched on a steel plate (at room
temperature), and the glass disc obtained was annealed at
550◦C for 6 h. Batches of about 200 g of glass were thus
obtained.
An additional batch of 800 g of the C10 glass was

elaborated in a furnace heated by the Joule effect. The
well-mixed precursors were inserted into the furnace cru-
cible at 1200◦C slowly in order to control foaming due to
reduction of Ce4+ to Ce3+. The melt was then heated up
to Te, and remained at this temperature for 3 h before
being quenched on a steel plate. A mechanical stirrer was
used during the entire process to ensuremelt homogeneity.
This batch, namedC10SG,was used for the experiments on
crystallization in dynamic conditions.
A differential thermal analyzer (SETSYS Evolution,

Setaram Instrumentation) with platinum crucibles was
used to determine the glass transition temperature (Tg).
The DTA curves are presented in the Supplementary
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JIUSTI et al. 3

F IGURE 1 Flow chart showing the experimental methods used in this work.

TABLE 1 Nominal and measured compositions of the CXX glasses studied in this work in weight content. The nominal compositions
are identified with an “N” together with the name of the glass. All glasses were elaborated in a muffle furnace, and one 800 g batch from C10
(C10SG batch) was elaborated in a furnace heated by the Joule effect. Composition was determined by electron probe microanalyzer (EPMA)
(see text).

Oxide C04 N C04 C10 N C10 C10SG C13 N C13 C15 N C15
B2O3 15.0 14.2 14.0 10.7 13.0 13.6 11.0 13.2 9.7
Na2O 14.8 15.7 13.9 13.6 15.8 13.4 12.5 13.1 12.1
Al2O3 5.3 5.6 5.0 4.5 5.1 4.8 5.2 4.7 5.2
SiO2 49.3 49.0 46.2 49.7 45.1 44.7 46.8 43.7 46.4
CaO 5.8 5.4 5.4 5.0 5.4 5.2 5.4 5.1 5.4
Ce2O3 4.0 4.2 10.0 11.0 10.1 13.0 13.4 15.0 15.8
Nd2O3 5.9 5.9 5.5 5.5 5.4 5.3 5.7 5.2 5.5
Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Te 1250◦C 1350◦C 1350◦C 1380◦C 1400◦C

Section. The mass density ρ of the glasses was measured
at room temperature by the Archimedes principle, using
a high precision balance (AT200, Mettler Toledo). Glass
homogeneity and the absence of inclusions were verified
by scanning electron microscopy (SEM) analyses (Supra
55 FEG, Zeiss). The viscosity at high temperature was
determined using the rheometer-furnace-rotor setup
described in Section 2.3.
A Cameca SX Five FE TACTIS electron probe micro-

analyzer was used to perform elemental analysis of the
glasses obtained. Quantifications were carried out at 12 kV,
10 nA with a 10 µm beam spot on the glass matrix. A
TAP crystal was used to detect the Kα of Na, Si, and Al,
a LiF crystal to detect the Lα of Nd, a PET crystal to detect
the Kα and Lα of Ca and Ce, and a PC3 crystal to detect
the Kα of B. The compositions measured are presented in
Table 1.

2.2 Crystallization in static (quiescent)
conditions

Isothermal treatments from 850 to 1250◦Cwere carried out
in a tubular furnacewith an 80× 30× 20mmchamber that
ensures a maximal temperature variation of ± 2◦C. The

glasses were treated in closed platinum capsules to avoid
the volatility of Na and B. The heat treatments lasted 24 h
each, as it was considered that this duration was enough
to reveal the thermodynamically stable crystals in each
glass-temperature condition. An additional heat treatment
mimicking the thermal cycle used in the dynamic exper-
iments (plateau of 10 min at 1350◦C + plateau of 8 h at
1100◦C + cooling in air) was performed with the C10SG
glass to allow comparison between the quiescent and
dynamic conditions. Since the interest was to determine
the stable crystals, finely powdered glass was used in order
to accelerate crystallization by heterogeneous nucleation.
The treated sample was retrieved by cutting the tips of the
capsules and collecting the glass pieces. These pieces were
then embedded in epoxy resin and polished prior to anal-
ysis by SEM (Supra 55 FEG, Zeiss), in order to determine
which crystals (if any) were present.

2.3 Crystallization in dynamic
conditions

The dynamic experiments were carried out using the
rheometer-furnace-rotor setup shown in Figure 2A.
The equipment consisted of a stress-imposed rheometer
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4 JIUSTI et al.

F IGURE 2 (A) Rheometer-furnace setup for viscosity measurements: 1-Rheometer, 2-Rheometer support, 3-Multiblade rotor,
4-Standard platinum crucible for viscosity measurements, and 5-Furnace. (B) Photos of the polished sections obtained for each condition of
crystallization in dynamic conditions: 1-top and 2-bottom of the crucible, 3 - Multiple pieces that were in contact with the crucible.

(Rheometrics Scientific SR5000)1 fixed on a support2
where a rotor3 was attached. This rotor was immersed in
molten glass contained in a platinum-rhodium crucible
(13.5mm radius and 40mm length)4 placed at the center of
a vertical tubular furnace5 (Tmax = 1500◦C). The geometry
used was a multi-blade rotor with a 9-mm radius and
27-mm long, detailed in Puig et al.9 The pair composed of
the crucible and themulti-blade geometry formed a virtual
Couette cell, for which an analogy with the concentric
cylinder geometry is necessary (i.e., Couette analogy) to
extract the viscosity/shear-rate curves from the data.36 The
rheological parameters (shear stress 𝜎, strain 𝛾, shear rate
�̇�) were obtained from the geometrical factors determined
via the calibration procedure described in Puig et al.9
In order to observe the crystallization behavior in

conditions similar to those encountered in the vitrification

TABLE 2 Conditions of the dynamic crystallization
experiments.

Glass Condition
Temperature
(◦C)

Shear rate
(s−1)

Time
(h)

C10SG 1 1100 0.2 8
C10SG 2 1100 2 8
C10SG 3 1100 20 2
C10SG 4 1100 20 4
C10SG 5 1100 20 8
C13 6 1100 20 8
C15 7 1160 20 8

furnace, seven different conditions were created (Table 2)
by submitting the samples to three different shear rates
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JIUSTI et al. 5

corresponding to three shear regimes: high, medium, and
low shear (20, 2, and .2 s−1, respectively).
For each experiment, the filled crucible was inserted

into the furnace and heated up to the elaboration tem-
perature (see Table 1) to dissolve crystals that might have
formed during the filling step. The temperature was main-
tained for 10 min, and then decreased by ∼30◦C/min
(controlled by the inertia of the system) to the chosen
measurement temperature (1100 or 1160◦C). After the crys-
tallization experiments according to the conditions shown
in Table, the crucible was removed from the furnace with
a controlled descent speed of about 2 cm.min−1 to avoid
further crystallization while preserving the furnace com-
ponents. With this method, the approximate cooling rate
was 30◦C/min. The samples were then annealed at 550◦C
for 6 h in order to remove the residual stresses in the glass.
The annealed samples were removed from the crucible

by drilling, giving cylinders 20mm indiameter and approx-
imately 25 mm in height. Small pieces of glass that were
located between the crucible wall and the drilling tool
while the core was being removed were also recovered.
The cylinders obtained were cut in half along the longi-
tudinal axis, and one of each resulting semi-cylinders was
cut in half along the transversal axis. The two samples thus
obtained were embedded in resin and their surfaces were
polished before SEM analysis. The glass pieces were also
embedded so that the surface formerly in contact with the
crucible wall could be analyzed. Three polished sections
were obtained for each condition: (1) the top and (2) the
bottom half of the crucible, and (3) pieces of the “border”
region of the crucible (Figure 2B).

2.4 Postmortem analysis (after
crystallization under dynamic conditions)

The cerianite fraction of the polished Sections 1 and 2
(Figure 2B) for each crystallization condition was deter-
mined by both image and chemical analyses. SEM images
were acquired and processed using the protocol described
in ref. [18] and [11]. The entire surface (approximately
200mm2) of each polished sectionwasmappedwith a 250x
magnification. The crystallized area fraction was obtained
from image processing using the ImageJ free software. As
the distribution of the cubic crystals was homogeneous
within the sample, we considered that the area fraction is
equivalent to the volume fraction (Φsurf = Φvol ).37 We also
collected the Feret diameter (the longest distance between
two parallel planes restricting the object perpendicular to
that direction) and the density per area of cerianite crystals
from the ImageJ analysis report.
The composition of the glass matrix and crystals after

crystallization was determined by EMPA, as described

TABLE 3 Properties of the CXX glass series. The digits in
brackets are the uncertainty of the least significant number.

Ident. %Ce2O3

Density
(g/cm3) Tg (◦C) TL(◦C)

C4 4.2(1) 2.677(3) 566(3) 987 < TL < 1011
C10SG 10.2(1) 2.792(1) 571(3) –
C10 11.0(1) 2.806(2) 566(3) 1159 < TL < 1184
C13 13.6(1) 2.867(1) 576(3) 1184 < TL < 1207
C15 15.8(1) 2.911(2) 577(3) 1232 < TL < 1254

in Section 2.1. To ensure that the crystal was not taken
into account by the electrons’ interaction volume, the
measurements were made a few micrometers from the
crystals. About 50 points were measured in order to obtain
good accuracy and verify any possible heterogeneity in
the glass matrix. Because of the evaporation of B2O3 and
Na2O during the dynamic experiments, the Ce2O3 varia-
tion in the glassmatrix compositionwas determined by the
Ce2O3/SiO2 ratio, since SiO2 is less susceptible to evapo-
ration. The CeO2 crystal fraction was then determined by
Equations 1 and 2, where the cerianite density (ρcerianite) is
equal to 7.28 g.cm−3.38

%𝐶𝑒2𝑂3consumed = %𝐶𝑒2𝑂3parent glass

−

(
%𝐶𝑒2𝑂3
%𝑆𝑖𝑂2

%𝑆𝑖𝑂2 parent glass

)

(1)

%Cerianite ≅
𝜌glass

𝜌cerianite
%𝐶𝑒2𝑂3consumed (2)

Polished sections containing the glass pieces previously
in contact with the crucible wall (item 3 in Figure 2B) were
also analyzed by SEM, applying the same protocol as that
used for the other polished sections.
The sample obtained from condition 5 (Table 3) was ana-

lyzed by synchrotron X-ray microtomography in order to
recreate the 3D shape of the cerianite crystals and their
spatial distribution. The microtomograph of the European
Synchrotron Radiation Facility (ESRF, ID19 beamline,
Grenoble, France) was used to scan pieces a few millime-
ters thick taken from the bulk and border regions (i.e.,
one sample from the recovered cylinder and one from the
shattered glass). A volume of approximately 1 mm3 with a
resolution of 1.6 µmwas mapped.
In addition to chemical analyses by EMPA, Raman and

XRD analyses were performed after crystallization to con-
firm the nature of the cerianite crystals. For the XRD
analyses, two different samples were involved: (1) Frag-
ments that had been in contact with the platinum crucible
wall of an additional sample of C10 glass heat treated in
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static conditions in a muffle furnace for 24 h at 1100◦C
(after an additional treatment, because the sample com-
ing from the platinum capsule was too small), and (2) a
fragment of the sample recovered from the C10SG 20 s−1
8 h condition, whose glass matrix was partially dissolved
in nitric acid in order to improve the concentration of the
crystals. Both samples were ground, and the analyses were
performed with an X’Pert PRO PANalytical instrument
using Cu-Ka radiation (λ= .15406 nm). XRD patterns were
collected in standard (θ−2θ) geometry between 20 and 80◦
and a step of .013◦. The Raman analyses were performed
on several crystals in the bulk of the samples C10SG .2 s−1
8 h, C10SG 20 s−1 8 h, C13 20 s−1 8 h, C15 20 s−1 8 h, the sam-
ple of C10SG previously heat treated in a platinum capsule
mimicking the thermal cycle used in the dynamic exper-
iments, and crystals of surface of the condition C10SG 20
s−1 8 h, that is, six samples in total. A RamanHoriba Jobin-
Yvon HR800 spectrometer equipped with an argon laser as
excitation source (532 nm) was used.

2.5 Rheological behavior

A rheology study was carried out simultaneously with the
dynamic crystallization experiments described in 2.3, that
is, the viscosity datawere acquiredwhile the crystallization
occurred. In addition, a steady state regime measurement
was performedwith the C15 glass after crystallization (con-
dition 7 in Table 2was repeated) to investigate the existence
of non-Newtonian behavior. The measurement consisted
in imposing successive shear stress values from 200 Pa to
0.8 Pa (after a pre-shear of 200 Pa for 60 s). This test was
done to compare the rheological behavior of this system
with previous results obtained for a PGM-bearing melt.9,10

3 RESULTS

3.1 Glass characterization and crystal
domains

The measurement results for Ce2O3 wt%, density, glass
transition, and liquidus temperature of each glass
are shown in Table 4. The density of the glass rose
as the Ce2O3 was increased, due to the high molar
mass of Cerium. A linear regression between Cerium
content and glass density resulted in the equation
ρ(± 0.02 g.cm−3) = 0.021[%wtCe2O3] + 2.58 (r2 = 0.993).
The glass transition temperatures for C4, C10, C10SG, C13,
and C15 determined based on thermal analysis were 566,
571, 566, 576, and 577 ± 3◦C, respectively. Although it is
generally accepted that cerium plays a role of network
modifier, some studies reported that it can play a dual

role in a glass structure (glass network modifier or a glass
network former) depending on its content.39,40 The slight
Tg increase observed when Ce2O3 increased can be an
indication that for the Ce2O3 content range studied here,
cerium can act as a glass network former, or, as proposed
by Wang et al.40 it can enhance linkage and compactness
of the glass structure.
In the interval of TL shown in Table 4, the minimum

value is the highest temperature for which cerianite crys-
tals were observed after the 24 h heat treatment, and the
maximal value is the lowest temperature forwhich no crys-
tals were observed after 24 h. For the composition range
studied, the liquidus temperature can be approximated by
TL (± 25◦C) = −0.73[%wtCe2O3]2 + 35[%wtCe2O3] + 866
(r2 = 0.97).
Figure 3 shows the SEMmicrographs of the glasses C10,

C13, and C15 treated at different temperatures for 24 h.
The presence of cerianite (cubic crystals) and apatite (aci-
cular crystals) can easily be identified in the images, as
already extensively discussed in previous studies of simi-
lar aluminoborosilicate nuclear glasses.18,41,42 In Figure 4,
the cerianite-only domain is found in terms of temperature
and Ce2O3 wt% content.
For both apatite and cerianite domains, the maximum

temperature increased with the cerium content. The ceri-
anite is stable above 1000◦C (the in-canmelter vitrification
temperature) from about 4 wt% of Ce2O3. The results indi-
cate that Ce2O3 has a high solubility in the glass matrix at
the temperatures explored here (in agreement with what
has been found in previous studies43) and that the cerianite
crystallization kinetics are very slow for all the conditions
of shear and Ce2O3 wt% studied. Figure 4 indicates that
an increase in the lanthanide content able to be incorpo-
rated into the apatite structure can stabilize it at higher
temperatures, and possibly at the temperature range of the
vitrification process. For the glass system studied in this
work, apatite is expected to be stable above 1000◦C from
about 8 wt% Ce2O3.
Based on the interest of this work the composition C10

was chosen to initiate the study in dynamic conditions,
since it showed the cerianite temperature domain between
1060 and 1159◦C, which is centered within the vitrification
temperature of the hot crucible melter (∼1100◦C).

3.2 Crystallization in dynamic
conditions

As described in Section 2.3, nine different crystallization
experiments were carried out in dynamic conditions. The
cerianite fractions determined by chemical and image
analyses for each of these conditions are presented in
Table 4.
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TABLE 4 Cerianite fraction, mean Feret diameter, characteristic crystal size (S), and crystal volumetric density for the different dynamic
crystallization conditions. The digits in brackets are the uncertainty of the least significant number.

Cerianite fraction (vol%)

Glass Cond.
Temp.
(◦C)

Shear
rate (s−1)

Time
(h)

Image
analysis

Chemical
analysis

Mean Feret
diameter
(µm)

S
(µm)

Crystal
volumetric
density, NV
(102 m−3)

C10SG 1 1100 0.2 8 0.011(2) 0.22(1) 3.5(2) 4.8 9(1)
C10SG 2 1100 2 8 0.11(2) 0.36(2) 9.0(5) 13.0 5.0(6)
C10SG 3 1100 20 2 0.006(1) 0.11(1) 3.6(2) 3.7 11(1)
C10SG 4 1100 20 4 0.09(2) 0.36(2) 12(1) 13.2 4.0(5)
C10SG 5 1100 20 8 0.18(3) 0.65(3) 25(1) 21.5 1.8(3)
C13 8 1100 20 8 0.56(5) 0.87(4) – – –
C15 9 1160 20 8 0.82(6) 1.2(1) – – –

Figure 5 shows the cerianite volume fraction (Φ) deter-
mined by image and chemical analyses for the different
conditions studied. Considering the results of the chemical
analyses for the shear rate of 20 s−1 (Figure 5A), the ceri-
anite content increased with time, reaching 0.65 vol% after
8 h of crystallization. For the same experiment duration,
the conditions of crystallization at 0.2 and 2 s−1 (Figure 5B)
resulted in a cerianite volume content of 0.22% and 0.36%,
respectively, whichmeans the overall crystallization kinet-
ics seem to be accelerated by shear. The highest cerianite
fraction (1.2 vol%) was obtained for the C15 glass after
8 h of crystallization under the highest shear rate (20 s−1)
(Figure 5C).
The fraction determined by image analysis is always

lower than that determined by chemical analysis, but
roughly the same trend can be observed for both results.
The difference between the data is probably due to ceri-
anite’s strong tendency to heterogeneous crystallization,
which occurs on the cruciblewall and rotor blades, and this
is not accounted for in the quantification by image analy-
sis. In this consideration, the image quantification would
give the crystal fraction in suspension in the melt (bulk),
and the chemical analysis would give the total amount of
cerianite (bulk + surface). In fact, an effect on both bulk
and surface crystallization was noticed in the samples, and
the results and discussion regarding crystal morphology
and size are presented separately in the following sections.

3.2.1 Bulk crystallization

In Figure 6, we present mosaics of SEM images of the
bulk samples for each crystallization condition. The bigger
images (images for the crystallization conditions of 20 s−1
and 8 h) represent an area of about 12 mm2 each, and the
smaller ones are about 6 mm2 each. On the left of Figure 6,
images of all the crystallization experiment conditions per-

formed with the C10SG glass are presented. From these
images, it can be seen that as the time of experiment
and shear increased, the cerianite fraction rose, as already
shown in the crystal fraction values in Table 4 and Figure 5.
Additionally, an evolution of crystal size with both applied
shear and time can be observed. On the right of Figure 6,
the different Ce2O3 wt% is compared, and as well as the
obvious increase in crystal fraction, an evolution of crystal
morphology is also noticeable.
From the image analyses, the number and size of crystals

could also be determined. The volumetric number density
of crystals (NV) can be calculated from the number of crys-
tals per unit of area determined from image analyses (NA)
and the characteristic crystal size (S) as inEquation (3).44,45

𝑁𝑉 =
𝑁𝐴

𝑆
. (3)

The characteristic crystal size S is determined by:

𝑆 =

(
𝜙

𝑁𝐴

)0,5

, (4)

where Φ is the area fraction determined by image anal-
yses (from Table 4). The calculated values of S, NV are
shown in Table 4. The determination of crystal size based
on the image analyses can be subject to errors due to the
2D limitation, and therefore it does not precisely represent
the real size distribution. Nevertheless, analyses of crys-
tal size give essential insights into the effect of shear rate
on crystal growth. In this work, the Feret diameter was
used to compare the conditions studied, and more than
2000 particles were analyzed for each condition. The evo-
lution of the number of crystals per volume unit (NV) and
Feret diameter are shown in figure 7A,B. The cumulative
distributions of the crystal Feret diameters are plotted in
Figure 8. The crystal density and size distribution were not



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

8 JIUSTI et al.

F IGURE 3 Scanning electron microscopy (SEM) images of the heat treated samples in static conditions. The compositions and
temperatures are indicated in the top and left side of the figures. The images were obtained at a magnification of 500 to 2000×.

determined for the C13 and C15 glasses because the com-
plex morphology of the crystals significantly degraded the
image analysis.
In Figure 7A, the calculated number of crystals per unit

of volume (NV) at 2 h was about 103 mm−3, and this
decreased to about 102 mm−3 at 8 h as crystallization devel-
oped. Likewise, the Nv decreased as the imposed shear was
increased (Figure 6B). The calculated NV at 2 h of crystal-
lization at 20 s−1 was similar to that observed after 8 h of

crystallization at 0.2 s−1. In both cases, the decline of nucle-
ated crystals was followed by an augmentation of themean
Feret diameter: the mean Feret diameter was 3.6, 12, and
25 µm for the conditions of 2, 4, and 8 h, respectively, and
3.3, 9.0, and 25 µm after 8 h of crystallization at the shear
rates of 0.2, 2, and 20 s−1, respectively.
Figure 8A shows a coherent evolution of the crystal size

distribution with the duration of the experiment. After
2 h, most crystals (about 88%) had a Feret diameter below
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F IGURE 4 Cerianite and apatite domain as a function of
Ce2O3 %wt content and temperature. : no stable crystalline
phase, ■: cerianite is the only stable phase, hexagons: apatite +
cerianite.

5 µm, while for 4 and 8 h, the quantities of crystals with a
Feret diameter of less than 5 µm were 71 and 40%, respec-
tively.When comparing the different conditions of shear in
Figure 8B, the same overall behavior as that describedwith
time can be observed. For the condition at 0.2 s−1, 96% of
the crystals had a Feret diameter below 5 µm, and a few
well-developed crystals reaching 100 µm also appeared. It
is possible that these big crystals may have originated dur-
ing the crucible filling and resisted the dissolution step
during the beginning of the experiment, hence had more
time to grow. For the crystallization at 2 s−1, 88% of the
crystals had a Feret diameter of less than 5 µm, and for the
20 s−1 condition, only 40%.
In Figure 9, we present several images of crystals

arranged schematically to allow a better comparison of
their morphology. The top line of the figure shows the
three conditions of time (2, 4, and 8 h), and the center line
shows the three conditions of shear (0.2, 2, and 20 s−1),
both for the C10SG glass at 1100◦C. The bottom line shows
the three different compositions (C10SG, C13, C15) after 8 h
of crystallization at 20 s−1. The figure of condition C10SG -
20 s−1 - 8 h appears three times. For the shortest experiment
duration at 20 s−1, there are mainly small particles (of
about 3 µm) and some star-shaped particles with Feret
diameters greater than ∼50 µmwhich have eight branches
(considering 3D), characteristic of dendritic morphology.
The crystals grew as the experiment duration increased,
and became concave cubes after 8 h. A 3D view of the crys-
tals for the condition C10SG 8 h 20 s−1 (Figure 10A) shows
multiple hollow cubic crystals randomly distributed in the
glass, which means that the different shapes observed in

the 2D images (Figure 9) are distinct planes of concave
cubes (Figure 10C). Less frequently, some crystals showing
an octapod morphology (Figure 10B), that is, a cube with
eight other small cubes developed in the corners, are visi-
ble. This morphology suggests that, as well as the increase
in crystal size, longer experiment duration leads to crystal
overgrowth.
Regarding the different conditions of shear, for the

0.2 s−1 condition we see mainly small round particles with
diameters of about 3 µm and a few developed crystals
whose dendritic nature is obvious. The crystals obtained
for the 2 s−1 condition seem to be dendritic crystals that
have ripened like those observed for the 20 s−1. The
increase in Ce2O3 wt% seems to have the greatest effect on
the cerianite morphology. Some highly branched dendritic
crystals developed for both the C13 and C15 glasses, as can
be seen in Figure 9 and also in Figure 6, where a dendritic
branch of about 500 µm is visible in the SEM images of the
C15 sample.

3.2.2 Surface crystallization

Figure 11 shows representative regions of the recovered
glass pieces that were in contact with the crucible wall dur-
ing the dynamic experiments. The linear nuclei density
and biggest crystal size could be determined by analyz-
ing the crystallized layer from the conditions of the C10SG
glass. A length of at least 50 mm was analyzed for each
condition, in order to obtain reliable data. The nucleus
counting was done manually and considered only the
crystals previously in contact with the crucible surface.
The results are shown in Figure 7C,D, where the biggest
crystal size presented is an average of the size of the 10
biggest crystals measured. The determination of the nuclei
density for the C13 and C15 glasses was subject to a con-
siderable error due to the complexity of the crystal layers
formed, and therefore it was not determined for these
glasses.
As observed for bulk crystallization, the cerianite

surface crystallization was affected by the duration of the
experiment, applied shear rate, and glass composition.
Both Figures 11 and 7C show an evolution in the size of
the biggest crystals with time, where crystals reach up to
370 µm after 8 h of crystallization at 20 s−1. When com-
paring the number of nuclei per mm, we see an increase
from 2 to 4 h, and then a decrease for the condition of 8 h.
The crystal morphologies are dendritic in all samples, as
observed for the crystals in the bulk, and show a ripened
morphology at 8 h, as the branches of the dendrites take
on a more cubic shape after 8 h (more obvious in the
3D images shown in Figure 10D). When comparing the
samples for the different conditions of shear, an evolution
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F IGURE 5 Evolution of the cerianite fraction as a function of (A) time, (B) applied shear rate, and (C) measured Ce2O3 wt%. Red
squares: fraction determined by image analyses, and green squares: cerianite fraction determined by chemical analyses. The lines are drawn
to guide the eye.

in crystal size is even more evident. At a shear rate of
0.2 s−1, a layer of only about 20 µm was formed, while
crystals reaching up to 370 µm can be found in the sample
submitted to a shear rate of 20 s−1 (as previously com-
mented). At the same time, the number of nuclei per mm
decreased as the shear rate increased. The Ce2O3 content
showed the most pronounced effect on the crystal layer.
The size of crystals reached up to 650 µm and 1 mm for
C13 and C15, respectively. For the C15 composition, the
higher temperature of the experiment might also play a
role in crystal growth, as the diffusion rate increases with
temperature.

3.3 Cerianite characterization

The XRD of both samples prepared as described in Sec-
tion 2.4 are shown in Figure 12A. In both of them, cerianite
crystals (CeO2) could be identified (JCPDS 43–1002). The
Raman spectra (normalized to the greatest absolute inten-
sity) of the different samples are shown in Figure 12B;
the spectrum of cerianite crystal was added to the plot
for comparison. The intense band located at 466 cm−1

that corresponds to the F2g phonon symmetry of cerian-
ite is present in all spectra, as well as the weak band at
1180 cm−1.46 The weak bands observed at 270 and 315 cm−1
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F IGURE 6 Scanning electron microscopy (SEM) images of the samples recovered for each condition of crystallization carried out in the
rheometer. The left images show all five conditions for the C10SG glass, and the right images compare C10SG, C13, and C15 for the same
conditions of shear and duration. All the experiments were performed at 1100◦C, except for C15 glass.

were previously attributed to surface modes. The small
bands at 550 cm−1 that appeared in all samples are report-
edly linked to oxygen vacancies, but neither a red shift in
the F2g band nor a band at 2300 cm−1 corresponding to the
presence of Ce3+ in the crystals were observed. Therefore,
the oxygen vacancies could be due to a few substitutions for
Ce4+ by Nd3+(present in the glass compositions), although
a high intensity peak is expectedwhen amajor substitution
occurs and no evidence of Nd substitutionwas found in the
XRD analyses.46 More importantly, no difference regard-
ing composition (C10, C13, C15) or shear condition (static,
0.2 or 20 s−1) was observed.

3.4 Rheological behavior

3.4.1 Viscosity evolution during
crystallization

The viscosity data acquired simultaneously with the crys-
tallization experiments in dynamic conditions are pre-
sented in Figure 13, represented as relative viscosity ηR,
which is the apparent viscosity during crystallization
divided by the viscosity of the liquid ηL. The experiments
performed with the C10SG glass are shown in Figure 13A,
and the comparison between the different compositions
for the condition at 20 s−1 for 8 h is shown in Figure 13B.
Figure 13A shows no significant change in the viscosity

of the C10SG glasses for any of the conditions. The viscos-
ity increment after 8 h was nearly the same (∼15%) for the
experiments at 2 and 20 s−1, even though the cerianite frac-

tion was different (0.20 and 0.75%, respectively). For the
0.2 s−1 condition, the oscillation of the rotor makes it diffi-
cult to estimate the viscosity increment properly, but based
on the average value the increasewould be∼7%. Figure 13A
also shows that for the C10SG glass, the relative viscosity
curves for the three conditions at 20 s−1 overlap, indicating
good reproducibility of the experiment.

3.4.2 Postcrystallization behavior

According to the results from Section 3.2.1, condition
9 resulted in a Φ = 0.82 ± 0.06% (or Φ = 1.2 ± 0.1% by
chemical analysis), which is comparable to the PGM
fractions studied in.9–11 We therefore repeated the crys-
tallization experiment for condition 9 and then evaluated
the effect on viscosity as a function of the shear stress (τ).
Figure 14 shows the results from the C15 glass together
with the results of previous studies for similar conditions
of temperature and particle fractions.
The rheograms of all PGM-bearing melts shown in

Figure 14 exhibit a Newtonian plateau at low shear,
followed by a drop in viscosity and a second Newtonian
plateau at high shear. The increase in viscosity from
high to low shear occurs from a critical stress (τc), and
the whole rheogram can be described by a simplified
Cross model extensively discussed elsewhere.10,11,47 For a
volumetric content of 0.7%, Puig et al.11 verified a viscosity
at a low shear rate that was 300 times higher than the
viscosity at high shear. On the other hand, this work
showed that a system containing 0.8 vol% of cerianite
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F IGURE 7 Evolution of volumetric nuclei density and mean Feret diameter with (A) time and (B) shear rate, and evolution of linear
nuclei density and biggest crystal size with time (C) and shear rate (D). C10SG glass at 1100◦C. The lines are included to guide the eye.

crystals continued to show Newtonian behavior, like the
glass with no suspended particles studied in.11

4 DISCUSSION

4.1 Crystallization in dynamic
conditions

The system studied here can be considered as a solution
within which cerianite (CeO2) crystals precipitate at sub-
liquidus temperatures. In this case, the cerianite fraction
is expected to increase up to an equilibrium fraction that
depends on the cerium concentration and the tempera-
ture at which the crystallization is taking place. Cerianite
nucleates on surfaces (such as the crucible wall) and in
the bulk (homogeneous nucleation), and the nucleated

crystals grow to reach the equilibrium fraction. Both nucle-
ation (on the surface and in the bulk) and crystal growth
happen concomitantly, and their rates depend on the ther-
modynamic and kinetic parameters of the system.14, 48–50
In addition, the morphology of a crystal evolves from a
euhedral to a dendritic morphology by increasing the driv-
ing force towards crystallization, that is, the degree of
supersaturation.50–54
The overall behavior for both bulk and surface crystal-

lization involved an increase in the cerianite fraction (Φ)
with time and shear rate, accompanied by a decline in the
number of nuclei (Nv) and an augmentation of crystal size.
The decrease in the number of nuclei shown in Figure 7A
as the crystallization developed can be explained by the
Ostwald ripening phenomenon. As a system advances
towards equilibrium, the small crystals dissolve, and the
larger crystals continue to grow because larger crystals
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F IGURE 8 Cumulative distribution of the Feret diameter of cerianite crystals for the different experiment durations (A) and conditions
of shear rate (B). C10SG glass at 1100◦C.
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F IGURE 9 Cerianite crystal morphologies for the conditions studied. The images are a mosaic of different crystals in order to make the
analysis of the morphology possible and do not represent the real size distributions and densities of the crystals. The 150-µm scale bar is valid
for all crystals.

are more energetically favored than smaller ones. This
same trend was observed for the conditions with differ-
ent shear rates, where the condition at 0.2 s−1 showed
the highest number of crystals for both bulk and sur-
face crystallization. Recent theoretical and experimental
studies25,32–34,55,56 have suggested that an increase in the
stirring speed of melts can in fact increase the crystal
nucleation rates. Although our results indicate the oppo-
site trend, this could be a consequence of the Ostwald
ripening phenomenon. The Nv for the condition of 0.2 s−1
after 8 h observed in Figure 7B is similar to that observed
after 2 h (a quarter of the time) of crystallization at
20 s−1, thus suggesting that the nucleation happens faster
at higher shear. As indicated by the evolution of the ceri-
anite fraction with time and shear rate in Figure 5B, the
cerianite fraction for the condition of 20 s−1 after 8 h was
higher, which means the crystallization happened faster
and is more prone to Ostwald ripening at short times. In
other words, our results do not contradict what has been
found in recent studies, and indicate that more data on the
evolution of Nv with time for the different conditions of
shear would help to clarify this hypothesis.

Additionally, based on the morphology of the crystals
(dendritic to skeletal), the crystal growth at the condi-
tions studied here is diffusion limited.51,53 Under quiescent
conditions, as a crystal grows within the melt the region
around it becomes chemically impoverished, hindering
growth. When a solution is stirred, the size of this impov-
erished region is expected to decrease, and consequently
the growth rate increases. In the case of crystals nucleated
in the bulk, both the mean Feret diameter and the crys-
tal size distribution curves show an increase in crystal size
with shear rate. For the crystals nucleated at the surface,
this phenomenon is evenmore visible. Based on the size of
the biggest crystals, the growth rate estimated for the crys-
tals nucleated at the surface for the conditions of 0.2, 2, and
20 s−1 are 3, 9, and 47 µm.h−1, respectively.
Particularly in the case of cerianite crystals, the evo-

lution of the redox equilibrium of cerium in the glass
melt is another factor that may affect its kinetics of crys-
tallization. It is well known that the ratio Ce4+/(Ce3++
Ce4+) increases as the temperature of themelt decreases,57
which could decrease the solubility of the total cerium in
the melt,43 that is, favour the precipitation of cerianite.
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F IGURE 10 3D views reconstructed from X-ray
microtomography images: (A) Crystals dispersed in the glass
matrix; (B) crystals showing an octapod morphology found in the
bulk; (C) different planes of the hollow cubic crystals and (D) 3D
views of one of the crystals from the surface of the crucible showing
a ripe dendritic morphology. Condition 5 (C10SG, 8 h, and 20 s−1).

F IGURE 11 Scanning electron microscopy (SEM) images of
the cerianite layer crystallized on the surface of the crucible wall for
the different conditions of the experiments. (A) Different conditions
of crystallization for the C10SG glass and (B) crystallization at 20 s−1

for 8 h for the C10SG, C13, and C15 glasses. All experiments were
performed at 1100◦C, except for C15, performed at 1160◦C.
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F IGURE 1 2 (A) XRD plots of the samples collected from the surface and from the bulk. See text for more details. (B) Raman spectra of
crystals precipitated under the different conditions studied in this work.
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F IGURE 13 Evolution of relative viscosity ηR = η/ηL, where ηL is the viscosity of the liquid at the beginning of the experiment. (A)
Different conditions of shear for the C10SG glass, and (B) at 20 s−1 for the C10SG, C13, and C15 glasses. The experiments were done at 1100◦C,
except for the C15 glass (1160◦C). The viscosity at �̇� = 0.2 s−1 shows a fluctuation due to rotor oscillations, and are noticeable only for slow
stirring.
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F IGURE 14 Evolution of the relative viscosity with the shear stress (τ) for a glass containing 0.82 vol% of cerianite compared to results
for glasses containing PGM particle fractions between 0 and 1.4 vol% studied previously.10,11.

Because the thermal treatments were performed at tem-
peratures lower than the elaboration temperature, and
the kinetics of the redox reaction are diffusion-controlled,
higher shear rates could induce the melt to reach its redox
equilibrium at shorter times, and therefore accelerate the
precipitation of cerianite.58 Nevertheless, the conclusions
regarding the effect of shear on the crystallization kinetics
of cerianite remain unchanged.
Regarding condition 5 (C10SG – 1100◦C-20 s−1-8 h), the

crystals that grew on the surface of the crucible reached
a significantly bigger size (370 µm) than those in the bulk
(maximum size ∼120 µm). As mentioned earlier, the crys-
tallization experiment was done in a virtual Couette cell,
which implies an intrinsic relationship with the concen-
tric cylinder geometry. A special feature of this type of
geometry is that the shear rate is not homogeneous in the
gap between the cylinders.36,59 Considering that the Cou-
ette analogy implies a virtual inner cylinder (the rotor)
and the outer cylinder (the crucible) to determine the cal-
ibration factors, a speed gradient is also present in the
gap. Therefore, unlike the crystals in the bulk that are
transported together with the melt, the crystals growing
on the surface of the crucible are fixed and submitted to
stronger convection,60,61 and there is probably a higher
amount of Ce2O3 available to be attached in the growing

crystals. Regarding their morphology, the sections shown
in Figure 10C evidence an initial dendritic crystal that
changes towards a cubic shape due to the decrease in
the supersaturation of the melt (decrease in the Ce2O3%).
This morphology is also an indication that the system
approaches equilibrium.
In the case of the different Ce2O3 concentrations, the

bigger crystals in the bulk (Figure 6) and on the surface
of the crucible of the samples C13 and C15 compared to the
C10SGglass can be explained by thehigher degree of super-
saturation. However in the case of the C15 glass, it might
also be related to the higher temperature of crystallization
imposed (in order to access the cerianite-only domain), as
the kinetics of diffusion accelerate at higher temperatures.
The classical dendritic morphologies observed for the C13
and C15 glasses (especially those nucleated on the surface
of the crucible), which show a higher degree of branch-
ing when compared to the crystals developed in the C10SG
glass, are linked to the higher degree of supersaturation.
As the driving force for crystallization is higher in these
glasses, the morphology is expected to shift towards den-
drites, and the degree of branching also increases. This
could be an indication that if highly branched dendrites
(which could lead to a more pronounced effect on the rhe-
ology of the melt, for example due to the higher aspect
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ratio) need to be avoided, the Ce2O3 wt% has to be limited.
Nonetheless, the morphology of crystals is very sensitive
to solvent,62 so the aforementionedmight not be true if the
melt is considerably different chemically.
Based on some previous studies [31]–[33] and accord-

ing to the growth theory,63 a strong enough convection
could induce a more euhedral morphology for which a
maximal growth rate is displayed. The conditions used in
this work did not permit any observation of such a phe-
nomenon, as for all conditions dendritic crystals (more or
less ripened) appeared and, thus, supersaturation seems
to be the only factor controlling their morphology. Per-
haps if higher shear rates had been used, this phenomenon
would be visible, but there are equipment limitations at
high temperatures due to the low viscosity of the melt.
Furthermore, the XRD and Raman analyses showed no

difference between the cerianite crystals precipitated in the
different conditions, indicating that the shear conditions
do not affect the crystal chemistry.

4.2 Rheological behavior

The viscosity increase caused by the presence of dispersed
particles in suspension in the melt can be estimated by
different models proposed in the literature.64–69 An esti-
mation using Quemada’s model69 and considering 1 vol%
of monodispersed spherical particles70 (a fair approxima-
tion for cubic particles71,72) would result in a 3% increase in
viscosity. The fact that the viscosity increase observed was
superior to the estimated value, and that both 2 and 20 s−1
conditions of shear showed similar behavior, even though
the resulting cerianite fraction was significantly different,
indicate that something other than crystallization is con-
tributing to the phenomenon. One of the reasons for this
increase could be the evolution of the redox equilibrium of
cerium. It is possible that it causes an effect similar to that
observed for glasses containing iron, where the oxidation
of the network modifier Fe2+ to the network former Fe3+
leads to an increase in the viscosity.34 Because the glasses
were elaborated at higher temperatures, at the tempera-
tures of crystallization used in this study (1100 and 1160◦C)
part of the cerium will oxidize (Ce3+ → Ce4+).43 As Ce4+
leads to a more compact glass structure,40 an increase in
the viscosity could occur. Another possible reason (per-
haps occurring simultaneously) is the evaporation of B2O3
and Na2O during the experiment. In Figure 15, we show
the evolution of the Na2O/SiO2 and B2O3/SiO2 ratio (in
weight %) in the C10SG glass matrix with time and shear
rate. The oxide/SiO2 ratio allows an accurate comparison,
because the consumption of Ce2O3 due to crystallization
can mask the evolution of the Na2O and B2O3 contents,
and SiO2 is much less susceptible to evaporation. The evo-

lution of the Ce2O3/SiO2 is also shown to evidence the
ongoing crystallization.
Figure 15A shows that the evaporation of Na2O and

B2O3 occurred mainly in the first 2 h of the experiment,
and then this rate reduced. Such behavior could be linked
to the steeper increase in viscosity in the first hours of
the experiment. Figure 15B shows that for the conditions
of 2 and 20 s−1, the B2O3 and Na2O contents were the
same, suggesting they underwent the same degree of evap-
oration, and which could explain the same increase in
viscosity observed in Figure 13A. The B2O3 content was
slightly higher for the 0.2 s−1 condition, which indicates
that evaporation was less significant for this sample.
When comparing the viscosity change for the differ-

ent compositions in Figure 13B, we can observe that the
increase took place with two different slopes for condi-
tions C13 and C15: a steeper increase during the first 2 h of
the experiment, followed by a more moderate slope. After
this, the slope shown by the C13 and C10SG glass are the
same. However for the experiment with C15 (at a higher
temperature), there is a more pronounced slope, backing
the evaporation hypothesis as the kinetics of evaporation
increase with temperature. The formation of the crystal
layer on the surface of the crucible, more accentuated for
C13 and C15 glasses, may also play a role in the viscosity
measured, but its effect cannot be estimated.
In summary, no significant change in relative viscosity

was observed for any of the conditions. The greatest change
was observed for the C15 glass (Figure 13B), which reached
an ηR of 1.35 after 8 h. The gross increase for this condition
was from 9.2 to 12.3 Pa.s, which is negligible in the con-
text of the vitrification process.73 The results suggest that
the increase in viscosity was mainly due to evaporation,
as only an increase of about 3% would be expected due to
crystallization.
In a comparison of the viscosity versus shear behaviors

for a PGM-bearing melt and the cerianite-bearing melt,
the differences between them can be explained by the
distinct morphology and nature of cerianite and PGM par-
ticles. While cerianite has a cubic shape, Platinum Group
Metal particles have acicular and spherical shapes (RuO2
needles and PdTe intermetallic spherical beads), and they
are frequently found aggregated in small units of about
50 µm,7 even at high shear. The PGM particles’ strong
interactions engender the formation of bigger aggregates
(reaching up to 500 µm13) in the melt when submitted to
low shear stress. Both the aggregation and the acicular
shape of RuO2 particles are assumed to be responsible for
the critical stress and viscosity augmentation observed in
PGM-bearing melts.11
Compared to PGMparticles, the chemical nature of ceri-

anite particles ismuchmore similar to that of themelt, and
cerianite presents itself as nearly cubic crystals (with some
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F IGURE 15 Evolution of the oxide/SiO2 ratio with (A) time and (B) shear rate for the conditions of crystallization with the C10SG glass.
T = 1100◦C.
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overgrown to form dendritic crystals). A study carried out
by Saar et al.74 estimated the critical crystal fraction (Φc)
needed for particle percolation (that promotes yield stress)
to occur for different particle shapes in crystal-bearing
melts. They found that for more equant shapes (spheri-
cal or cubic), this critical fraction is higher than for oblate
and prolate particles, and according to their study parti-
cle percolation of cubic crystals is expected to occur from
Φc = 0.22 (particle volume of 22%). Therefore, the New-
tonian behavior of the cerianite particle fraction studied
here could be expected. The non-equant cerianite crystal
morphology reported in the previous section for high lev-
els of supersaturation could strongly decrease Φc, but this
critical fraction could not be assessed due to the high solu-
bility of Ce2O3 in themelt. To summarize, our results show
that such a small cerianite crystal fraction will not affect
the operation of the vitrification process due to viscosity
changes.73 A study on the settling of cerianite crystals in
static and dynamic conditions would be the next step to
verify its effect on the process.

5 CONCLUSIONS

This work studied the effect of temperature, Ce2O3 weight
content, and shear rate on the crystallization of a simu-
lated nuclear glass enriched with Ce2O3. The increase in
Ce2O3 increases the liquidus temperature of the melt, sta-
bilizing the cerianite phase at typical waste vitrification
temperatures (above 1000◦C) from about 8 wt% of Ce2O3.
This increase in Ce2O3 content also shifted the apatite
domain to higher temperatures, meaning that a significant
increase in Ce2O3 content could also stabilize apatite at the
vitrification temperature.
Based on both static and dynamic experiments, it can be

seen that cerianite is prone to show heterogeneous nucle-
ation, and both its morphology and fraction depend upon
the Ce2O3 wt% and shear conditions. Cerianite crystalliza-
tion kinetics were slow for all conditions studied. Even
for a Ce2O3 content as high as 10 wt%, the cerianite frac-
tion after 8 h of crystallization at 1100◦C (the approximate
vitrification temperature in the hot crucible melter) was
less than 1 vol%. Nevertheless, the kinetics were acceler-
ated as the applied shear was augmented. The increase in
the Ce2O3 wt% led to higher cerianite fractions and to the
precipitation of highly-branched dendritic crystals, reach-
ing a length of 1 mm. No significant increment in viscosity
due to the crystallization of cerianite was observed for the
conditions studied.
For 15 wt% Ce2O3 glass compositions, a fraction of

0.8 vol% (in bulk) of cerianite was obtained, but such a par-
ticle fraction did not show any effect on the rheology of the
melt. This result differs significantly from what has been

observed for PGM particles. The results can be explained
by the different nature and morphology of the particles. A
study on sedimentation and aggregation phenomena is still
needed to completely understand the effect of cerianite on
the vitrification process.
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