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Abstract

The crystallization behaviour of aluminosilicate glasses of lanthanum (LAS) and yttrium (YAS) containing 2-8 mol%
of Ln,O5 (Ln = La or Y), 12-30 mol% of Al,0Os, and 64-80 mol% of SiO, has been studied by DTA, XRD and SEM-EDX
analysis. X-ray diffraction results indicate the presence of the mullite phase and La,Si,05 in the monoclinic high-temper-
ature G form (group space P2,/c) for the LAS glasses, and mullite y-Y,Si,O- in the monoclinic structure (group space C2/
m) and a small amount of B-Y,Si,O7 in the orthorhombic structure (space group Pna2) for the YAS. For both cases, very
little tridymite phase is observed. The results also show that the values of 7, for YAS are higher than those for LAS
glasses. The crystallization of LAS glasses is more difficult than that of YAS. For all samples, we observed only one kind

of mullite (Al/Si = 3.14).
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Yttrium and rare earth aluminosilicate glasses
have similar and interesting physical properties and
previous studies of the vitreous phases in the Ln,O—
Al,03-Si0; (Ln = La — Lu and Y) have shown that
the glassy zone decreases with the ionic field strength
(z/r?) of the Ln*" cation [1-7] (z: Ln valency, r ionic
radii). These glasses have high glass-transition tem-
peratures [1-3,8], interesting mechanical properties
such as high hardness and elastic modulus
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[4,5,9,10], and a great chemical durability [11-13].
These glasses have a large range of applications in
modern technology, for example, as a host material
in laser applications, for bonding of silicon nitride
ceramics, and a matrix for storage of long-lived actin-
ides. Our work is concerned mainly with the applica-
tion of these glasses as a matrix for the conditioning
of long-lived actinides. Lanthanum and yttrium have
been chosen to simulate trivalent actinides because
firstly their phase diagrams are known as well as
relevant physico-chemical properties, and secondly
spectroscopic studies with multinuclear (*’Al and
70) NMR can be carried out to obtain structural
information without the problems of paramagnetism
presented by the other lanthanide cations.

However, it is important to point out the discrep-
ancies observed in the reported phase diagrams of

0022-3115/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2005.09.003


mailto:sadiki@univ-perp.fr

N. Sadiki et al. | Journal of Nuclear Materials 348 (2006) 70-78 71

the constituent binary subsystems such as Ln,Oz—
Al O3, Lny05-SiO, and Al,03-SiO,. For example,
a critical assessment of only Ln,O3-Al,O5 systems
has been made by Wu and Pelton [14] using the
technique of coupled thermodynamic-phase dia-
gram analysis. For the Ln,O3-SiO, systems, some
thermodynamic modelling has been carried out
but essentially of the miscibility gaps and metasta-
bility on the rich SiO, side [15]. In the last two
papers [14,15] references on the experimental phase
diagrams could be found. For the two ternary sys-
tems, studies of the phase diagram have been respec-
tively carried out on the La,03-Al,05-SiO, and
Y,05-Al,05-Si0; systems by Mazza and Roncheti
at 1300 °C in air [16] and by Vomaka and Babush-
kin [17] up to 1700 °C and under nitrogen. Kolitsch
et al. [18] reported the phase relationships in the sys-
tems Ln,03-Al,03-Si02 and recently a thermo-
dynamical assessment of the Y,0;-Al,03-SiO,
system has been given by Fabrichnaya et al. [19]
in good agreement with previous experimental work
[20,21]. Concerning definite compounds, up to now
only one quaternary compound is known with a
composition La,03 - Al,O3 - 2Si0, (LaAlSiOs) hav-
ing an orthorhombic cell and a structure related to
tuscanite and latiumite aluminosilicate minerals
[18], all of the other definite compounds belonging
to the corresponding sub-binaries. For the La,Oz—
Al,O3 and Y,03-Al,03 binaries the definite com-
pounds are as follows respectively:

1.1. Aluminate definite compounds with rare earth
oxides

Four definite compounds between Al,O3; and
(La/Y),03 are known to exist namely: (a) The
perovskite: LaAlO; (LA) melting congruently at
2100 °C [22] and having a rhombohedric structure
(JCPDS-85-1071) [23], and YAIO; (YA) with an
orthorhombic structure (JCPDS-70-1677) [24] and
some discrepancies both in the value of the melting
point and its congruent or non-congruent behav-
iour. (b) Only observed on the binary Y,03;-Al,0;
phase diagram, the garnet Y3;AlsO, (3YS5A) with
a congruent melting point at 1951 °C [25] and a
cubic structure (JCPDS-79-1891) [26] and the
monoclinic (JCPDS-34-0368) [27] Y4AlLO9 (2YA)
compound melting congruently at 2020 °C [28].
The 2LA corresponding compound is known to
exist in a moderate temperature range [29]. (c) The
B-alumina hexagonal-type structure LaAl;;Og

(L11A) showing a domain of existence [30] and a
non-congruent melting point of 1928 °C.

1.2. Silicate definite compounds with rare earth
oxides

A lot of informations concerning the SiO,~(La/
Y),0; definite compounds are available on the
literature [31-39] and four compounds are known.
The disilicates La,Si,0; (La2S) and Y,Si,O7 (Y2S)
with a non-congruent melting behaviour at, respec-
tively, 1750 and 1775 °C. La2S is known under two
crystallographic forms [31] the tetragonal A form
(B-Ca,P,0O5 structure type) which transforms at
1200 °C into the monoclinic G-form (a-Ca,P,0O--
type structure). The high temperature G form could
be preserved at room temperature during cooling
except for slow cooling. Y2S shows a very rich poly-
morphism, well studied [32-36] with up to possibly
six structural forms with the following sequence:
z <>y (JCPDS- 22-1103) «» o (JCPDS-38-0223) «»
B (JCPDS-82-0732) <> v (JCPDS-45-0042 [37]) <> o
(JCPDS-42-0168) occurring respectively at 1030,
1200, 1225, 1445 and 1535 °C. The monosilicates
La,SiOs (LS) and Y,SiOs(YS) with a congruent
melting points respectively at 1930 and 1980 °C,
both have a monoclinic structure but with different
space groups: LS P2,/c (JCPDS 40-0234) and YS
12/a (JCPDS-74-2158, [38]). Three other com-
pounds have been reported in these binaries:
LaySi304, and Y4Si30, with a congruent melting
point respectively at 1975 and 1950 °C, and obser-
vable only at high-temperature respectively above
1600 and 1650 °C with a quadratic structure. A
third has also been reported with an apatite-like
structure of hexagonal symmetry (space group
P63/m) having discrepancies in terms of the right
chemical formula and cell parameters [16,39].

The Al,03-Si0, phase diagram due to its impor-
tance in both earth sciences and modern ceramic
technology has been extensively studied with many
controversial results [40-43] as far as the liquidus
line shape, the melting behaviour of the unique
compound the mullite (congruent or non-congru-
ent) and has been reassessed by Erikson and Pelton
[44]. Mullite is the only compound of the binary
stable under normal T/P conditions. Mullite is a
non-stoichiometric compound with the following
formula  AL'[Aly,2,Si, 2" O, 0.17 <x<0.59
[45], derived from the well-known sillimanite
(Al,SiOs) structure, with x = 0, obtained by substi-
tuting aluminium atoms by silicon in tetrahedral
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Fig. 1. Schematic representation of the La;03;-Al,03-SiO, and Y,03-Al,05-SiO, ternary systems in weight % with the observed

crystalline phases and glass-forming zones.

site, creating oxygen vacancies (2 Si*" + 0% —
2AIFT 4+ 0) to preserve the electroneutrality. The
solid solution is in x = 0.17 to x = 0.59 [45] and stoi-
chiometric mullite, 3A1,05-2Si0,, corresponds to
x = 0.25. Mullite crystallizes, like the sillimanite, in
an orthorhombic structure with the Pbam space
group and for the stoichiometric formula the
cell parameters are a=7.545 A, b="7.689 A,
c=2.884 A (JCPDS 15-776 [46]). The evolution of
the cell parameters of the mullite solid solution was
firstly shown by Cameron [47] in the eighties and
revisited later [43,48]. In Fig. 1, we report schemati-
cally the two ternary phase diagrams showing the

observed phases and the glass-forming region as
known for the YAS system.

2. Experimental

Four compositions (Table 1) were chosen: 10, 20
and 30 wt% of La and Y rare earth oxides, between
50 and 60 wt% in silica in order to meet the require-
ments of a possible commercialization of these
glasses for actinide waste storage. These glasses are
called LASn or YASn with n=1-4. All glasses
were synthetized starting from the oxides (La,O;
99.0% Prolabo, Y>03 99.4% Prolabo, Al,O3 99.9%

Table 1
Theoretical and experimental compositions (SEM-EDX) of LAS and YAS glasses
Glass Starting atomic comp. % Measured atomic comp. % Al/Si Al/(AI+Si)

Ln Al Si (0] Ln Al Si (0] Th. Exp. Th. Exp.
LASI 4.678 9.97 21.16 64.19 4.78 8.87 21.95 64.39 0.471 0.404 0.320 0.288
LAS2 4.674 7.46 23.22 64.64 4.69 7.45 23.20 64.66 0.321 0.321 0.243 0.243
LAS3 1.35 12.73 21.6 64.32 1.05 12.9 20.52 65.44 0.590 0.628 0.371 0.385
LAS4 2.89 13.76 19.46 63.89 2.94 13.86 20.36 62.85 0.707 0.680 0.414 0.405
YASI1 6.40 9.48 20.11 64.01 6.37 9.49 20.11 64.04 0.470 0.471 0.320 0.320
YAS2 6.37 7.10 22.11 64.42 7.15 7.76 22.20 62.87 0.321 0.349 0.243 0.259
YAS3 1.89 12.55 21.30 64.26 2.54 12.34 22.14 61.75 0.589 0.557 0.370 0.375
YAS4 4.03 13.34 18.86 63.77 4.6 13.24 19.69 64.39 0.707 0.672 0.414 0.402
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Pechiney, and SiO, Prolabo) carefully mixed and
melted under air during around 2 min on a water-
cooled aluminium plate associated to a vertical axis
laboratory scale solar furnace of 2 kW with an aver-
age solar flow (900—-1000 W m~2). The cooling rate is
around 200 °C s~ !, the melting time of two minutes
was chosen to satisfied both a good chemical homo-
geneity of the glasses and no composition shifts due
to a preferential vaporization of silica. La,O5; was
first heat-treated in an alumina crucible during two
hours at 1100 °C in order to eliminate anionic impu-
rities and the same heat treatment was applied after
the mixing and before melting. After melting, trans-
parent quasi-spherical glassy droplets between 2 and
6 mm in diameter were obtained.

Glass composition was controlled by SEM-EDX
analysis after a metallization with gold, the beam
energy was 15 keV for glasses and 10 keV for the
annealed samples. Glass transition and crystalliza-
tion temperatures were determined by differential
thermal analysis (DTA) with a SETSYS Evolution
1750, SETARAM device. Measurements were done
on small glass pieces, placed in a platinum crucible.
The reference crucible is an empty platinum cruci-
ble. Experiments were carried out up to 1500 °C
with a heating rate of 10 °/min. Phase analysis was
carried out with an automatic powder diffractome-
ter, Ni filtered CuK,, radiation (4 =1.54178 A) in
the 10-70° (20) angular range at a scanning speed
of 0.4 °/min.
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Fig. 2. DTA curves of LAS (a) and YAS (b) glasses (heating rate 10 °C min~").
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3. Results
3.1. Chemical analysis

Glass composition was controlled by SEM-EDX
and the results are given in Table 1, each value being
an average of about 15 values. We encounter the
same problems outlined in the literature concerning
the sodium analysis, nevertheless it is clear that the
measured Al/Si ratios are in good agreement with
the initial theoretical ones.

3.2. Thermal analysis

The results of the DTA analysis of finely crushed
LAS and YAS glasses are given in Fig. 2 and Table 2.
All curves show a slope change attributed to the
glass transition temperature 7, determined to
43 °C. Our measured values are in good agreement
with previous work [4,8]. Exothermic peaks are due
to phases crystallization and endothermic peaks to
melting processes. Except for LAS3 and YAS3, crys-
tallization peaks are broad indicating a slow process
of crystallization. Endothermic peaks are only
observed on YAS glasses and are attributed to a
solidus temperature.

3.3. Crystallization

Using the DTA results and to have a better
knowledge of the crystallized phases, different

annealing processes were carried out at temperature
just above the observed crystallization temperature:
quite short time annealing (2 h for having good X-
ray spectra) and more longer time (5 h up to 15 h)
to be more close to equilibrium conditions. The final
samples are examined by X-ray diffraction and
SEM-EDX. XRD results are given in Table 3 and
in Figs. 3-5. All the XRD patterns present a ‘vitre-
ous dome’ between 20° and 40° in 26 even for the
LASI glass annealed for 15h at 1150 °C reflecting
residual glass. The nature of the observed crystal-
lized phases is consistent with the phase diagrams
and the results are given in Table 3. In all the
XRD spectra where mullite is observed the patterns
are of enough good quality to calculate the cell
parameters which are reported in Table 3. Using
the data of Cameron [47], in particular the curve
giving the evolution of a versus the composition in
the solid solution range, the composition of the
mullite could be obtained. For all the samples, mull-
ite crystallizes with the same composition corre-
sponding to an Al/Si ratio of 3.14 and an x value
of the general mullite solid solution formula
Al;’I[AIZHXSiz,zX]IVOIO,x with x =0.275 very close
to the value of stoichiometric 3:2 mullite (x = 0.25).

To complement the information obtained by
XRD, all glasses after the annealing conditions out-
lined in Table 3 and polishing were examined by
SEM. The contrast of the micrographs is better
for La than Y glasses and better for the richer La
or Y samples. Some examples of the different types

Table 2

Glass transition crystallization and solidus temperatures of LAS and YAS

Glass Al/Si T, (°C) T. (°C) Tso1 (°C) Glass Al/Si T, (°C) T. (°C) Tso1 (°C)

LASI 0.471 884 YASI 0.47 913 1220 1358

LAS2 0.321 874 YAS2 0.321 916 1183 1360

LAS3 0.590 910 1055 YAS3 0.589 914 1087 1338

LAS4 0.707 896 1184 YAS4 0.707 906 1212 1344

Table 3

Phases detected in the XRD patterns of the LAS and YAS and Al/Si ratio in the mullite

Glass Al/Si th. Annealing Observed phases Al/Si a (nm) b (nm) ¢ (nm)
(T °C, th) mullite mullite mullite mullite

LASI1 0.471 1150°C, 15h La,Si,0,

LAS2 0.321 1080 °C, 5.30 h Cristobalite

LAS3 0.590 1060 °C, 2 h Mullite 3.14 0.75459 0.76937 0.28834

LAS4 0.707 1200 °C, 2 h Mullite + cristobalite 3.15 0.75473 0.76928 0.28839

YASI 0.470 1100°C, 5h Y,Si,07 + mullite 3.14 0.75459 0.76937 0.28834

YAS2 0.321 1100 °C, 5h Y,Si,07 + mullite + cristobalite 3.14 0.75459 0.76937 0.28834

YAS3 0.589 1060 °C, 2.5h mullite + tridymite 3.14 0.75459 0.76937 0.28834

YAS4 0.707 1200 °C, 2.30 h Y,Si,07 + mullite + Y,Si,0,* (traces) 3.14 0.75459 0.76937 0.28834

La,Si,0; (JCPDS-82-0729); Y,Si,07 (JCPDS-22-1103); Y,Si,0,* (JCPDS-82-0732).
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Fig. 3. X-ray diffraction patterns of annealed LAS (a) and YAS (b) glasses C = cristobalite; M = Mullite; L = La,Si,07; Y = y-Y,Si,07;

Y* = B-Y,Si,05.

of observed micrographs are given in Fig. 4. Figs.
4(a) and (b) corresponds to long time annealing of
LAS1 and LAS2 glasses (respectively 1150 °C,
I15h and 1080 °C, 5.30 h). Both exhibit the same
phases: cristobalite, needle-like crystallites of
La,Si,07 more developed in LAS1 and the residual
glass. It is interesting to note that these micrographs
are in excellent agreement with the X-ray data and
that cristobalie crystallizes mainly at the glass/

La,Si,05 interface in the LASI1 glass but in the bulk
residual glass in LAS2. Typical micrographs of the
2 h annealing are shown in Fig. 4(c) and (d), and
corresponds to LAS4 and YAS4, respectively.
Residual glass analysis has been carried out by
SEM-EDS. The results are given in Table 4. Results
for YASI and YAS2 are written in italic, in these
samples the size of the glassy areas is smaller than
the electron beam.
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Fig. 4. SEM micrographs of LAS annealed glasses (a): LAS1 (1150 °C, 15 h), (b): LAS2 (1080 °C, 5.5 h).
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Fig. 5. SEM micrographs of YAS annealed glasses (a): YASI (1100 °C, 5 h), (b): YAS3 (1060 °C, 2.5 h).

4. Discussion

Our glass compositions are represented in the
L3203*A12037Si02 and Y203*A120378i02 ternary
diagrams shown in Fig. 1. In particular, the glasses
YAS3 and YAS4 are out of the vitreous ranges
determined by other authors [6,7]. This shows the
importance of the use of a laboratory-scale solar
furnace compared to the classical method with plat-
inum metallic crucibles: (a) the interaction between

the molten droplet and the surroundings is very
low so that heterogeneous nucleation is minimized
and (b) the cooling rate is more higher (around
200°Cs™' as outlined in part 2). Concerning the
evolution of the glass transition temperature, the
measured T, are higher for yttrium glasses, due to
the effect of the ionic field strength (z/rz) which even
if the coordination number of the lanthanide ion is
not known is greater for Y than for La. It is interest-
ing to note that for the LAS glasses T, increases
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Table 4
Chemical compositions (atomic %) of residual glass of LAS and
YAS observed after crystallization

Samples Si Al Ln (0]

LASI Parent glass 21.8 8.87 49 64.39
Residual glass 16.7 10.6 3.8 68.9

LAS2  Parent glass 23.20 745 469  64.66

Residual glass  16.7 8.8 4.5 67.7
LAS3 Parent glass 20.52 129 1.05 65.44
Residual glass  18.9 154 1.5 63.8

LAS4  Parent glass 2036 13.86 294  62.85
Residual glass  22.3 13.5 3.8 60.0

YAS1  Parent glass 20.11 949 637 64.04
Residual glass ~ 20.2 10.7 4.8 64.3

YAS2  Parent glass 22.2 7.76  7.15  62.87
Residual glass  22.1 9.3 5.6 63.9

YAS3  Parent glass 22.14 1234 254  6l1.75
Residual glass  20.6 10.9 3.1 65.2

YAS4  Parent glass 19.69 13.24 4.6 64.39
Residual glass  20.1 12.8 35 63.6

with the Al/Si ratio while for the YAS glasses T,
seems to be independent of it. These results are in
good agreement with previous results [4,8]. For
example in YAS glasses, Hyatt et al. [4] have found
a T, variation between 880 and 895 °C for glasses
richer in Y,O; and with Al/Si ratios varying
between 0.553 and 2. For the LAS glasses, the
results of Aronne et al. [8] also indicate that the
range of T, is between 841 and 860 °C with Al/Si
ratios ranging from 0.428 to 1.75. Concerning the
effect of the Ln/Si ratio, T, seems in a first analysis
independent for YAS glasses and decreases when
the La/Si ratio increases. It is clear that the effects
of the glass composition on the T, values of LAS
and YAS glasses and the role of La*'/Y*'and
AP’" ions and the Al/Si ratio depends on several fac-
tors, in particular the detailed structure of these
glasses which are not completely known.

For the YAS glasses, the differential thermal anal-
ysis results show an endothermic peak attributed to
the melting of the ternary eutectic mullite—yttrium
disilicate-silica with a measured temperature in very
good agreement with previous experimental data
[7,20] (1345-1371 °C) and recent thermodynamical
assessments [19] (1349-1379 °C). The composition
of this ternary eutectic in weight % is around 32%
Y,03, 22% Al,O5 and 46% SiO,, which is very close
to the YAS1 and YAS2 glass composition where the
endotherms are more important than in YAS3 and
YAS4.

Concerning LAS glasses, no thermal event corre-
sponding to a melting is observed in the DTA curves
up to 1550 °C.

5. Conclusion

The results obtained in this study can be summa-
rized as follows:

1. In agreement with the literature data, as outlined
previously, the glass transition temperature Ty is
higher for Y glasses than for the LAS glasses.
A better understanding will be available when
structural studies, actually running, by solid state
multinuclear NMR (170, ?’Al, and *°Si) and
X-ray and neutron diffusion will be completed.

2. In the DTA curves, melting is observed only in
the YAS glasses that correspond to the ternary
eutectic (composition: 32% Y,0;, 22% Al,O3
and 46% SiO, wt%, melting point ~1360 °C).

3. The phases observed during the crystallization of
the glasses are in good agreement with the pub-
lished phase diagrams and always a residual glass
is observed. Concerning the residual glass, despite
difficulties in accurate chemical analysis, a general
trend is observed: they have always a lower silica
content than the parent glasses. Due to the com-
position of these glasses mullite, disilicate and cris-
tobalite are the only crystallized phases observed.
For the mullite, the Al/Si ratio obtained in crystal-
lized glasses for La and Y samples is always the
same, 3.14, corresponding to a composition of
the solid solution of ALY'[Al;2,Siy 2" Oyo_, with
x = 0.275 very close to the value of stoichiometric
3:2 mullite (x = 0.25). For the disilicate, the high
temperature G form is observed for La,Si,O4
and two crystalline forms y and  for Y,Si,0O.

4. Concerning the potential interest of these glasses
for the storage of minor actinides, it is clear that
crystallization is more difficult in the LAS glasses
than the YAS glasses. Nevertheless, YAS1 and
YAS2 glasses are close in composition to a ter-
nary eutectic in the Y,03-Al,03-SiO, system
with a melting point is around 1360 °C, an
important result for manufacturing and shaping
of materials including actinide oxides.
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