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ABSTRACT

The existence of a relatively wide glass domain has been put in evidence in the SiO2-B20s-
La2Os ternary system, using a melt-quenching method. This domain extends from a region
surrounding the lanthanum metaborate (LaB3Os) composition in the B2Oz-La.0O3 binary system
to ternary compositions bearing up to 39 mol% SiO». Outside this domain, phase separation
phenomena and/or crystallization of La-rich borate (LaBOs) and borosilicate (LasSi2BO10)
phases are observed during quenching. The evolution of glass transition temperature (T4) with
composition in the glassy domain has been studied and discussed according to structural
changes put in evidence by !B MAS NMR. Moreover, the evolution of the thermal stability of
a series of glasses derived from a lanthanum metaborate glass by substituting B.Os by
increasing amount of SiO2 (up to 36 mol% SiO2) was studied by DTA and thermal treatments
followed by characterization by XRD and Raman spectroscopy. In spite of silica-enrichment
along the glass series, the first phases crystallizing during heating were always lanthanum

borates (LaB3Os, LaBO3) according the following sequence when SiO content increases:
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LaB3Os — LaB30¢ + LaBOs-LT — LaBO3-LT — LaBOz-LT + LaBOs-HT (LT and HT for
low and high temperature forms respectively). The evolution of the nature of crystalline phases
and thermal stability is discussed taking into account the changes occurring in glass structure
with SiO content. Because of their high glass transition temperature (Tq > 660°C) and their
lack of hygroscopicity, transparent glasses in this system could find application, for instance in

optics by partially substituting La by optically active rare earths.

1. Introduction

Due to their low thermal expansion and high chemical durability, borosilicate glasses represent
an important subject of interest as they are encountered in many fields, such as laboratory
glassware, cookware, drug packaging, optics, lighting and flat-panel display. Borosilicate glass
matrices are also used widely to immobilize highly radioactive nuclear waste, because they
provide high incorporation capacity, good thermal stability and long-term chemical durability
and self-irradiation resistance [1]. Such nuclear waste glasses are very complex systems,
bearing numerous chemical elements and in particular, large amounts of rare earth (RE)
elements originating from the fission processes that occur in the fuel during its stay in nuclear
reactors. Indeed, REs represent one of the most abundant families of elements present in the
solutions arising from spent fuel reprocessing (about 20 wt% RE oxides) [2].

Previous studies on a RE-rich 7-oxides borosilicate glass, used as a model for nuclear waste
glass developed to immobilize high concentration of waste, showed that the incorporation of
RE®*" ions was greatly impacted by variations of B2Os content, which could be due to the
existence of a structural relationship between RE and B in the glassy structure [3], while studies
performed on other RE-rich borosilicate glasses suggest the formation of a local RE-metaborate
structure incorporating preferentially RE®* ions [4,5,6]. To improve the understanding of RE-

rich borosilicate glasses structure and also to enhance the immobilization properties of nuclear



waste glasses, it is thus of great interest to elucidate the chemical and structural relationship
that could exist between boron and RE in glasses, starting with the simplest systems bearing
simultaneously these two oxides, like B2O3-RE2O3 binary system [7,8,9,10] or SiO2-B20s-
RE2Os ternary system, and then progressively increasing the complexity of the glass
composition.

In this work, we focus our interest on RE = La because La is one of the most abundant RE in
nuclear waste [2] and it enables to perform NMR characterization (La®** ion is not
paramagnetic). It appears that only few data have been gathered on the possibility to prepare
glasses in the SiO2-B.03-La>03 ternary system [11,12]. Moreover, to the best of our knowledge,
no phase diagram has been reported in literature for this ternary system with La,Os or any of
the other RE oxides. Usually, another component, such as an alkali oxide, is added to the ternary
system to facilitate glass preparation [13,14]. In comparison with the very little studied SiO-
B203-RE2O3 ternary system, an important number of studies have been reported on glasses
belonging to the SiO2-Al.O3-RE2O3 ternary system containing aluminum in place of boron
[15,16,17,18,19,20,21,22,23]. RE aluminosilicate glasses have been envisaged both for optical
applications [16,18] and as matrices for the storage of actinides produced by nuclear industry
[20,21].

In this paper, we will first outline bibliographic data on crystalline and glassy phases reported
in the SiO2-B203-La>03 system. Then, we will present results concerning the extension of the
glass domain in this system, obtained after melt quenching specifying the phases formed outside
this domain. The effect of changing the composition of glasses belonging to this ternary system
on their crystallization tendency during heating (thermal stability and nature of crystalline
phases) will be also presented. The main objective of the present work is to bring elements of
knowledge on this ternary system little studied in literature but involving compounds frequently

used in more complex glasses (SiO2, B.Os and RE2O0s) for instance for nuclear waste



immobilization or optical applications. Such ternary glasses could find applications in optics
by partially replacing lanthanum by a trivalent optically active RE in their compositions.
Moreover, the study of the evolution of their crystallization tendency and structure by changing
composition may be useful to understand the thermal stability and structural characteristics of
complex borosilicate nuclear glasses containing RE. A detailed structural study of the SiO-
B20s-La>0s ternary glasses will be presented in another paper. The crystallization and structural
study of the RE-metaborate (REB3Os) glass composition belonging to the B.O3z-RE203 binary

system for RE = La and Nd was already published [9,10,24].

2. Crystalline and glassy phases in SiO2-B203-La20s3 ternary system
2.1. Crystalline phases

Ten crystalline phases belonging to the SiO2-B203-La20s ternary system have been reported in
the literature: three phases in the B2O3-La>Oz binary system (LasBOs, LaBO3 and LaB3z0s) [25]
three phases in the SiO2-La>Oz3 binary system (La>SiOs, Lag.33SisO2 and LazSi>0O7) [26,27,28],
and four phases bearing simultaneously SiOz, B>Os and La>Os (LaBSiOs, LazSi2BOxy,
Lag.s6SisBO2s and Lai1oSiaB2026) on which closer attention will be paid below. However, no
crystalline phases containing both SiO2 and B203 have been reported in the SiO2-B.Oz binary
system [29]. According to the crystallization results that will be presented below, it is important
to note that two forms have been reported in the literature for LaBOs (La-orthoborate): a high-
temperature form (HT) and a low-temperature form (LT) that all consist of isolated BOs units
((BO3)*) bearing three non-bridging oxygen atoms (NBOs) [30,31,32]. All the crystalline
phases reported in literature are indicated in the SiO,-B,0O3-La>Os ternary diagram shown in

Fig. 1.



Stillwellite REBSIOs (RE203.B203.2Si02) was first discovered in an Australian ore deposit
[33], with major RE being Ce, and has since been synthesized and studied for different REs
(La, Ce, Pr, Nd, Sm) [34,35], using either solid-state reaction or hydrothermal synthesis. The
crystalline structure belongs to the trigonal crystal system (space group P3:1) [36,37]. It is
composed of infinite helical chains of BO4 and SiOs4 units (Fig. 2a). Si atoms, bearing two
NBOs, are linked to two consecutive BO4 units (which do not bear any NBOs) by two bridging
oxygen atoms (BOs), thus forming 6-membered rings (1Si + 2B + 30) linked by the BO4 units
along the 3; axis [38]. It is important to underline that no BO3 units exist in this structure. RE>*
ions are located along an axis formed by the Si atoms. They are surrounded by nine oxygen
atoms [38] (Table 1): 4 NBOs linked to Si atoms, 4 BOs engaged in Si-O-B bonds and 1 BO
engaged in a B-O-B bond. It is worth noting here the similarities between the crystalline
structure of stillwellite LaBSiOs (La203.B203.2Si02) and La-metaborate LaB3Os
(La203.3B203). Transforming LaB3Os into LaBSiOs is equivalent to replacing 2B203 by 2SiO;
i.e. transforming [B3Os]* units into [BSiOs]* units. LaBsOs is formed of infinite chains of 8-
membered rings (2BO4 + 2BO3) linked by the BO4 units, analogous to the stillwellite infinite
chains [39]. For temperature above 140°C (for RE = La), a phase transition of stillwellite toward
a monoclinic structure (space group P3:21) is observed, leading to a slight distortion of the
structure but maintaining the helical chains of rings [40,41]. Stillwellite is of interest because
of its ferroelectric, non-linear optical and piezoelectric properties [42,43]. This phase was also
reported as a product formed during nuclear waste glass dissolution experiment under severe
conditions [44]. For RE = Gd, a distinct phase exhibiting the same stoichiometry as stillwellite
(GdBSIOs) and belonging to the monoclinic crystal system was observed, identical to the one
reported for small REs (Nd-Dy) within the REBGeOs (borogermanate) family [35,45].
Otherwise, for bigger RE (La-Nd), REBGeOs exhibits the same crystalline structure as

stillwellite, along with ferroelectric properties [35,45].



The existence of the RE borogermanosilicate REzGe1.08Si0.92BO10 crystalline phase was first
reported [46] and then synthesized with Si atoms only, which led to RE3Si2BO1o
(BRE203.B203.4Si02) composition with RE = Sm [47], Eu [48], Ce [49], Nd [50], La [51], Gd
[51] and Dy [51]. This crystalline structure is orthorhombic (space group Pbca) [46] and
exhibits alternating layers of (SiO4)* (Qo units) and (BSiOg)® entities, along the ¢ axis (Fig.
2b). (BSiOs)* groups consist in a BOs triangle (B@0,> where @ is a bridging oxygen atom)
linked to a SiO4 tetrahedron by one oxygen atom (Q1 unit). There are no BO4 units in this
structure and only Si-O-B bonds are observed. (BSiOs)® groups are analogous to the (Si.07)%
dimers observed in La,Si>O7 [28]. RE*" ions are located in three distinct sites, coordinated either
to 8 or 9 oxygen atoms (Table 1). These crystals were first obtained while attempting to form
other RE-rich crystalline phases, such as borovanadates or fluoride borates by reaction in a
sealed quartz tube [47,49,50] (which led to a contamination of the melt by SiO), or were
intentionally prepared either by solid-state reaction and chemical vapor transport methods [48]
or from high temperature solutions [51]. Very recently, NdsSi.BO10 was reported as a product
of crystallization in glass system simulating nuclear glass waste [52].

RE10Si4B202¢ Oxyapatite crystals (RE = La [53,54], Y [54], Gd [54,55], Pr [55], Nd [55], Sm
[55], Eu [55], Dy [55], Tb [56]) belong to the hexagonal crystal system (Space group P63/m).
The oxyapatite structure is common to Lao.s6SisBO26 and pure silicate REg.33SisO26 compounds
[27,28], with the replacement of one or two Si atoms by one or two B atoms thus creating
negative charges which are compensated by 1/3 or 2/3RE®*" ions per formula unit. The structure
consists in isolated (SiO4)* (Q° units) and (BO4)® units, along with free oxygen atoms O? (Fig.
2¢.). It is important to note the presence of very charged boron tetrahedral (BO4)* units in the
mixed B-Si apatite. To the best of our knowledge, this is the only occurrence of such isolated
boron tetrahedral units in a crystalline structure. RE3* ions are located in two different sites,

either in 7-fold coordination (6h site) or 9-fold coordination (4f site). The 6h site is surrounded



by 1 free oxygen anion and 6 NBOs whereas the 4f site is coordinated by NBOs only.
RE10Si4B2026 crystals were obtained either via wet chemical route, flux or solid-state reaction.
RE10Si4B2026 with TR = Tm, Yb or Lu could not be formed (at least under the same wet
chemical conditions) [54] due to the small size of RE3* ions, and RE,SiOs and REBO3 phases
were formed instead. RE10Si4B2026 compounds represent good host lattices in order to prepare
luminescent materials or possible magneto-optical materials [54,55,56,57]. Lag.esSisBO2s is
also an oxyapatite phase but to the best of our knowledge only one paper reported the existence
of this phase [53]. In comparison with the oxyapatite La10SisB2026 described above, one B atom
has been here substituted by one Si atom involving a positive charge excess compensated by

the rejection of 0.33La%" ions (i.e. one positive charge by formula unit).

2.2. Glassy phases

Following the discovery and study of crystalline stillwellite (LaBSiOs)-like materials, several
studies were carried out, dealing with the glass formation domain in the ternary system SiO-
B203-La>03, in order to prepare ferroelectric glass-ceramics with pyroelectric properties, by
controlled crystallization of the glass [11,58]. In this case, several glass samples were obtained
in a restricted domain of the ternary system close to the stillwellite composition (Fig. 1), by
melting reagent mixtures between 1480 and 1550°C followed by rapid quenching between
metallic plates. Some of these samples were reported as transparent according to the authors,
like the one with the stillwellite stoichiometric composition. Nevertheless, it is important to
underline that numerous samples prepared in these studies were melted in corundum crucibles
which could induce melt pollution by Al>Os. However, the authors of these studies did not
report any chemical analysis of their samples melted in such crucibles to check this point
[11,58]. Different properties of these glasses were studied, such as density, dielectric

permeability and dielectric loss [11]. Crystallization of three different phases were put in



evidence when performing heat treatment on the glassy samples: LaBSiOs (stillwellite), LaBOs
(La-orthoborate) and La»SioO7, as single-phase or polyphase systems [11,58]. Structural
changes between LaBSiOs glasses and glass-ceramics, such as loss of long-range ordering and
its influence over the structural units like BO4 units, were studied using infrared reflectivity and
Raman spectroscopy [59], but not with NMR spectroscopy. More recently, some work focused
on the electrodynamic characteristics of this kind of stillwellite-based materials, in relation with
optical applications [60]. However, a higher number of studies has been performed on the
analogous RE-borogermanate glasses [58,61,62,63] where SiO was totally replaced by GeO»
for various reasons according to the authors of these works: i) It is easier to vitrify ternary
compositions when SiO; is replaced by GeOg, ii) Ge-containing glass compositions show a
better ability to crystallize in stillwellite (REBGeOs) at low temperature than Si-containing
glasses and finally iii) LaBGeOs crystals exhibit an interesting combination of properties, such
as high electrical resistance and pyroelectric coefficient.

A recent study on high refractive-index glasses, related to the BaO-La203-B203-TiO2-SiO;
system, also started from the SiO2-B203-La.03 ternary system [12]. In comparison with the
works performed on glasses with composition close to stillwellite presented above, a wider
zone of the diagram was explored by these authors (Fig. 1), by heating their mixtures at lower
temperature (1400°C) in Pt crucibles but they did not give any indication about their quenching
method and rate. Depending on their composition, the samples obtained exhibited phenomena
of partial or total crystallization or phase separation after melting or only sintering of the initial
mixture without melting, or were completely homogeneous, transparent and XRD amorphous
(Fig. 1). For instance, mixtures with high La,Oz content (40-60 mol%) did not lead to
homogeneous melt and had a high tendency to crystallize, whereas mixtures with high B>O3
content (40-60 mol%) and 20-40 mol% SiO; lead to phase separation. However, mixtures with

20-30 mol% La»03, 40-50 mol% SiO- and 30-60 mol% B»0s lead to homogeneous glasses after



melting (Fig. 1) and the evolution of their viscosity with temperature was measured (as
expected, SiO2 substitution by B»Os induced viscosity decrease). Moreover, these glasses
exhibit refractive index between 1.63 and 1.72 and their linear thermal expansion coefficient
(CLTE) varies in the range (60-70).107°C™. Several structural characterizations were
performed on homogeneous glasses by IR spectroscopy, indicating that the introduction of
increasing La,Os amount induced a decrease of the silicate network polymerization and an
increase of the proportion of BO3 units [12]. Once again, the authors did not report any NMR

study of their glasses.

3. Experimental Procedures

3.1. Glass synthesis

In order to explore the glass domain in the ternary system SiO2-B203-La>03, numerous samples
whose compositions are given in Tables 2-3 and in Fig. 3 (different series from Ax to Gx can
be distinguished) were prepared starting with mixing reagent-grade powders of La>Osz (dried
for 12 hours at 1000°C to remove any water trace), SiO (dried for 12h at 400°C) and H3zBOsa.
The mixture (10-30 g) was then placed in a platinum crucible, heated, under air, at 1550°C for
30 min and quenched by casting and pressing between brass plates (obtaining plates less than
1mm thick). According to a previous study using a similar melt quenching method [64], the
quenching rate may be estimated close to 10*°C/min. The short melting duration (30 min) was
chosen to limit boron evaporation (B2Osz is the only volatile oxide in the mixture). Some
compositions that easily vitrify were also cooled directly under air in the platinum crucible after
removal from the furnace (natural cooling), this is the case for instance for the samples of the
AXx series derived from the La-metaborate glass composition by substituting increasing SiO-
amounts for B>Os (Table 2, Fig. 3). Some quenched samples with composition close to

stillwellite (LaBSiOs) were ground, melted and pressed again, in order to try to obtain clear



glasses. Indeed, such compositions close to stillwellite were reported in literature as leading to
transparent glasses [11], but we did not succeed in obtaining transparent samples despite several
attempts also modifying the weight of mixture in the crucible, the melting temperature and
duration, and even introducing slight B2Os excess (several mol%) in the mixture to take into
account a possible boron volatilization during melting. The composition of several samples (see
Tables 2 and 3) was checked by EPMA (CAMPARIS, Paris, France) with a CAMECA SX100
apparatus (15 kV, 50 nA) using the following standard references: BN for boron, LasReOs for
lanthanum and CaMgSi>Oe for silicon. It appeared that analyzed compositions were close to
nominal compositions (never more than 5% of the initial B,O3z amount evaporates during
melting). Thus, in the rest of this article, the actual glasses composition will be considered as
similar to their theoretical composition.

In the present study, a sample is considered as glassy if it exhibits transparent and XRD
amorphous areas of at least 1 cm? (Fig. 4a) after quenching of the melt by pressing between
metallic plates or by natural cooling after crucible removal from the furnace (Fig. 4b). For
several transparent XRD amorphous samples the absence of crystalline phases was verified by
scanning electron microscopy (SEM). The presence of small phase separated or crystallized
areas outside the transparent glassy area (Figs. 4c,e and 5c,e) may be due to less efficient
guenching rate in the corresponding regions of the sample. The completely opaque and XRD
amorphous samples (Fig. 4d) are reported as phase separated as verified by SEM (Fig. 5a),
whereas the samples with small transparent areas (less than 1 cm?) along with opaque XRD
amorphous zones are marked as partially phase separated (Fig. 4c). When crystallization occurs
in the entire sample, as put in evidence by SEM, XRD and Raman spectroscopy, the samples
are reported as crystallized (Figs. 4f and 5f). The nominal compositions of all the samples
prepared in this study are reported in Tables 2 and 3 and their state after quenching (glassy with

or without phase separation, or crystallized) is indicated in the ternary diagram (Fig. 3).



To enable the identification by XRD and Raman spectroscopy of the crystalline phases formed
in several samples during melt quenching, the following reference phases were prepared as
ceramics by solid state reaction: LaBO3 (LT and HT), LasSi2BO1o, La10SisB2026 and LaBSiOs.
For this, stoichiometric proportions of HsBOs, SiO2 and La20Os were weighted, mixed, pressed
and sintered at different temperatures for different times: LaBOs-LT (900°C-9h), LaBO3-HT
(1550°C-4h + 1580°C-2h + quenching in water), LasSi.BO1o (950°C-12h + 1200°C-12h +
1550°C-72h), La10SisB2026 (950°C-12h + 1200°C-12h + 1500°C-12h), LaBSiOs (950°C-12h
+ 1200°C-12h + 1500°C-12h). According to the samples, intermediate grinding + sintering
operations were carried out to improve the single-phase character of the ceramics. To complete
this series, a LaB3Og crystalline reference sample was prepared by crystallization (850°C-12h)
of LaB3Og glass. Except LaBSiOs sample that contains small amounts of LazSi-BOxo, all other

samples exhibit good single-phase character (see Fig. 6 below).

3.2. Samples characterization

X-ray diffraction (XRD) powder measurements were carried out to check for the presence of
crystalline phases in all quenched transparent and partially or totally opaque samples, with the
help of an X'Pert PRO PANalytical instrument (Acy-ke = 0.15406 nm) at room temperature. For
comparison, the XRD patterns of the reference crystalline phases (ceramic samples) were also
recorded. The microstructure (crystallization and phase separation) of the partially or totally
opaque samples was studied with the help of a JEOL 7800F Field Emission Gun Scanning
Electron Microscope (FEG-SEM), in back-scattered electron (BSE) mode coupled with EDX
using a BRUKER Quantax 400 system.

Differential thermal analysis (DTA) measurements were performed on a DTA/TG STA 449
Netzsch apparatus, using powdered glass samples (~ 200 mg) with controlled grain size (80-

125um) and a heating rate of 10°C/min to determine the glass transition temperature Tg



(determined as the onset of the first endothermic effect) and to check the exothermic effects
associated with crystallization. In order to get more information on glass thermal stability and
on the crystallization processes occurring during heating, the glasses of the Ax series were heat-
treated for 10 minutes at a temperature close to the extremum (Tp) of the first exothermic effect
observed on their DTA curve and then studied by XRD and Raman spectroscopy. Raman
spectra of partially crystallized samples and of reference crystalline phases were acquired at
room temperature with the help of a Renishaw Invia apparatus with laser excitation at A = 473
nm. Spectra were recorded on the 200-1500 cm™ range in dispersive mode with a 2400
lines/mm grating and a CCD camera.

1B MAS NMR (Magic Angle Spinning Nuclear Magnetic Resonance) study of three glass
series (Ax, Bx and Dx) has been performed to follow the evolution with composition of the
relative proportion of BOs and BO4 units deduced from spectra simulation. Experiments were
performed using a Bruker Avance Il 500WB spectrometer, operating at a magnetic field of
11.72T (B Larmor frequency of 160.14 MHz). Spectra were collected at a sample spinning
frequency of 12.5 or 14 kHz using a commercial CPMAS zirconia probe. Chemical shifts are
reported in ppm relative to an external sample of 1 M aqueous boric acid (19.6 ppm). All spectra
were processed and simulated to extract the relative proportions of BO3z and BO4 units according

to a theoretical approach described elsewhere [65].

4. Results

4.1. Exploration of the glass domain

The glass formation domain (transparent glasses) that has been determined in this work (Fig.
3) extends from compositions belonging to the B20s-La>Oz binary system close to the
lanthanum metaborate composition (AQ) to compositions in the ternary system that can contain

more than 38 mol% SiO> (B4). This glass domain is marked out on the right side of the diagram



by a wide area roughly parallel to the join SiO.-B>Os where phase separation (without
crystallization) occurs during melt quenching leading to opalescent or opaque glasses (Figs.
4c,d and 5a-d). This area corresponds to compositions that contain less than 18 mol% La;Os
near the join B2Os3-La203 to compositions with less than 27.5 mol% La.Os near stillwellite
(LaBSiOs). On the left side of the diagram, roughly parallel to the join SiO2-B,03, the glass
domain is marked out by strong crystallization tendency (LaBOs3, La3zSi2BO10, La2Si>07) during
melt quenching for samples bearing more than 35-40.5 mol% La»Os (C6, FO-F2) (Figs. 4f and
5f). For slightly lower La>Os content (Dx series), partial crystallization can be observed in
limited regions of the samples that were probably not quenched as efficiently as the main
transparent glassy regions (Figs. 4e and 5e). It can be noted that for the SiO2-poor samples such
as F0, the crystallization of the low temperature form of LaBO3 (LaBOs3-LT) as main phase was
observed by XRD (Fig. 6) and Raman spectroscopy (Fig. 7), whereas for samples with higher
SiO2 content such as F2 and S2, the crystallization of the high temperature form of LaBOs
(LaBO3-HT) at the same time as LasSi2BO10 occurs (with sometimes small amounts of La;Si>O7
and LaBOz-LT) (Figs. 6 and 7). Due to the increasing crystallization tendency of the melt with
La2Os content and to the high refractory character of this oxide (mp = 2304°C) [66] in
comparison with SiOz (mp = 1722°C) [66] and B203 (mp = 450°C) [66], we did not try to melt
and quench compositions containing more than 40.5 mol% La;0Os (F1) that would have most
certainly not led to transparent glasses. As for compositions with SiO> content of the order of
47-50 mol% only phase separated or crystallized samples were obtained (B5, E5), we did not
try to melt and quench compositions with SiO> content higher than 50 mol%.

Concerning the SiO2-B»03 system that represents the right side of the triangular diagram (Fig.
3), in accordance with literature results [67] some of us verified in a previous paper [68] the
possibility to easily obtain transparent glasses in this system without La>Osz in spite of the

existence of a subliquidus miscibility gap [69]. Nevertheless, as it is the case for pure SiO2 and



B203 [25,26] as soon as a small La2O3 amount is introduced in binary SiO2-B>0O3 compositions,
a strong phase separation is put in evidence with formation of small amorphous droplets as
shown in Fig. 5d (G1) when 1 mol% La,O3 was added to the 80SiO»-20B>03 composition (GO0)
and homogeneous glasses cannot be obtained, which suggests the existence of a wide
immiscibility gap all along the join SiO2-B203 probably making the connection between the
two binary immiscibility gaps (SiO2-La,0Oz and B20s-La>03). It is interesting to remark that,
whereas for the phase separated samples (such as C3, C4, C14, EO) close to the main glass
domain presented above, SEM and EDX show the presence of isolated or aggregated
amorphous La-poor particles appearing in black on the BSE SEM images (Fig. 5b,c), the
droplets appear in white on the BSE SEM image of sample G1 (Fig. 5d). This difference
indicates a strong La-enrichment in the droplets for this sample in accordance with EPMA
analysis (36Si02-35B203-29La>0z3 in mol%). It can be noted that the composition of the
droplets in sample G1 is the same as the one of glass A6 located in the ternary glass domain
(Fig. 3) in accordance with the possible existence of a large immiscibility gap in the ternary
system all along the join SiO2-B,0:s.

The extended glass series Ax almost parallel to the join B2O3-SiOz is well representative of the
extent of the glass formation domain highlighted in Fig. 3, starting from the lanthanum
metaborate (AO) composition to the 36SiO.-35B203-29La,03 (A6) composition (by
progressively substituting B.Oz by SiO>). The Ax series was selected to follow the evolution of
Tgand for the crystallization investigations presented below because this series very easily lead
to totally transparent glass samples either by melt quenching between metallic plates or by
natural cooling of the melt in the Pt crucible outside the furnace (Fig. 4b). The evolution of Ty
for the transparent glass samples of the Dx series (roughly parallel to the Ax series but with
higher La2O3 content (~ + 7.5 mol%)) and Bx series (with increasing B2O3 content (B1 to B4))

series is also presented below.



It is important to remark that any sign of hygroscopicity was not detected for none of the
transparent glasses of the B2O3-La>O3 binary and SiO2-B,03-La,03 ternary systems, in spite of
the high B2O3 content of these glasses, which is very interesting for potential applications in
the field of optics for instance. This observation is in agreement with that reported by

Chakraborty et al. [7] for B.Os-La.0O3 binary glasses.

4.2. Evolution of glass transformation temperature in the SiO2-B203-Laz03 system

DTA experiments were carried out on a large number of glassy transparent samples and on the
transparent areas of slightly crystallized samples. Values of glass transition temperature (Tg)
are distributed between 666 and 712°C * 2°C within the vitreous domain (Tables 2 and 3). Tq
was also measured for the sample with stillwellite composition (E5) which exhibits phase
separation (Figs. 4d and 5a), and the value obtained (716°C) is in accordance with the values
given by Sigaev et al. [11] (710-720°C) for their glass samples with composition close to
stillwellite. The evolution of T4 for Ax, Dx and Bx series is shown in Fig. 8a. For the Ax series,
where B20s is progressively substituted by SiO., it appears that Ty remains almost constant
(674-678°C) as long as SiO2 content remains < 18 mol% (A0-A3) and then significantly
increases from 681 to 697°C (A4-A6) when SiO2 content reaches 36 mol%. For glasses of the
Dx series (D0-D4, containing about 7.5 mol% La>Oz more than glasses of the Ax series, Fig.
3), a continuous increase of Tg is observed when B20s is substituted by SiO> along the series
from the binary glass DO (666°C) to glass D4 (712°C). The comparison of the evolution of Ty
versus the SiO./B»03 ratio for the Ax and Dx series is presented in Fig. 8b. It clearly appears
that, whereas the addition of La;Os to Ax glasses without SiO2 (A0) or with only a small SiO;
content (A1) induces a decrease of Ty between -11°C (D0) and -3°C (D1), when SiO2/B,03 >
0.3 the addition of La>O3 leads to an increasing difference between the glass transformation

temperatures of the two glass series from +3°C between D2 and A3 glasses to +15°C between



D4 and A6 glasses. For transparent glasses of the Bx series (B2-B4) whose B,Os content
decreases from 40 to 30 mol% whereas their SiO2/La>O3 ratio remains constant (= 1.2), it

appears that Tqincreases from 687 to 710°C.

4.3. Crystallization and thermal stability

Except several studies performed on the crystallization of B2Os-La>O3 binary glasses and more
especially on the stoichiometric La-metaborate (75B.03-25La;03) composition
[9,10,70,71,72,73], very few papers deal with the crystallization of B203-SiO,-La;03 ternary
glasses with a focus only close to the stillwellite (25B203-25Si02-25La203) composition
[11,58]. In recent papers [9,10], we focused on the structure and the mechanism of
crystallization of La- and Nd-metaborate glasses by confirming their heterogeneous
crystallization tendency and determining the corresponding activation energy with DTA
experiments. For binary glasses with La>,O3 content higher than 25 mol%, the crystallization of
La-orthoborate was also observed (in association with LaB3Os as expected from the B.Os-
La2Os3 phase diagram [74]), firstly as LaBOs-HT (metastable) that then transforms into LaBOz-
LT (stable) with increasing temperature [75]. In their work on the crystallization of glasses with
composition close to that of stillwellite (20-35 mol% B20s, 45-60 mol% SiO», 20-35 mol%
La203), Sigaev et al. [11,58] indicated that LaBSiOs, LaBOs and La>SiO7 may crystallize
during heating and that LaBSiOs (stoichiometric stillwellite) preferentially crystallized from
glass surface. These authors also specified that because of the high phase separation tendency
of the glass compositions they studied, the crystallization of stillwellite was very difficult to
control to prepare glass-ceramics in comparison with glasses of similar compositions belonging
to the B20O3-Ge0,-La>0s3 ternary system [58].

In the present work, we only focused on the study of the crystallization of the glasses of the Ax

series from AOQ to A6 during heating by performing DTA experiments on powders (80 - 125



pm) and isochronal heat treatments close to the temperature T, of the first exothermic DTA
peak on powders and quenched plates followed by XRD and Raman spectroscopy
characterizations to determine the nature of the crystalline phases formed. In Fig. 9a is shown
the evolution of the first exothermic DTA effect for glasses Ax (several weak exothermic effects
were also detected at T > 1000°C for the SiO2-rich glasses but their origin will be not discussed
in this paper). A significant shift of T, towards high temperature is observed as soon as SiO: is
added to the La-metaborate composition (+47°C between glasses A0 and Al), whereas for
higher SiO2 content (> 13.5 mol%) T, tends to stabilize more or less between 812 and 827°C.
Similarly, the DTA peak width firstly increases between glasses A0 and A2 and then tends to
stabilize for higher SiO; content which indicates that the B2O3/SiO; substitution induces a
decrease of the crystallization rate at least between glasses A0 and A2. As glass stability against
devitrification on heating is frequently characterized by the difference Tx- Tq (where Tx is the
extrapolated onset crystallization temperature on heating for the first exotherm detected by
DTA), the evolution of this difference has been plotted in Fig. 9b for all glasses of the Ax series.
It clearly appears that glass stability firstly increases when SiO; is substituted for B2Os in the
La metaborate glass composition (until 13.5 mol% SiO3, glass A2) and then decreases.

In order to determine the nature of the phases formed during the first exothermic event, heat
treatments have been performed on glasses Ax during 10 min at a temperature close to Ty
(heating rate 10°C/min) and then quenched to room temperature. The evolution of the XRD
patterns of heat treated glass Ax powders is shown in Fig. 10. Whereas LaB3Os is the only
phase that crystallizes in glass AO, the formation of LaBOz3-LT is detected as soon as SiOz is
introduced in the system and this new phase coexists with LaB3Os until composition A4 (22.5
mol% SiO2). When the amount of SiO2 becomes > 27 mol% (glass A5), LaBzOs no longer
crystallizes and LaBO3s becomes the only crystalline phase formed (LaBOs-LT in glass A5 and

a mixture of LaBO3-LT and LaBOs-HT in glass A6). The evolution of Raman spectra of the



heat treated glasses Ax (Fig. 11) shows a crystallization sequence very similar to that put in
evidence by XRD. Thus the crystallization phenomena associated with the first exothermic
effect along the Ax series can be summarized by the following sequence when increasing SiO>
content in the glass:
LaB30s — LaB30¢ + LaBO3-LT — LaBOs-LT — LaBO3-LT + LaBO3z-HT

It is important to underline that for all glasses Ax, the first exothermic effect observed on the
DTA curves after the glass transition temperature Ty on heating is always due to the
crystallization of lanthanum borate phases. The crystallization of silicate or borosilicate phases,
if it happens, occurs at higher temperatures. Moreover, it is important to indicate that SEM
preliminary observations (not shown here) showed that phase separation phenomena (not
detected by XRD and Raman spectroscopy) may also occur during heating. This is the case for
instance for glass A6 that contains the highest SiO> content and for which the separation of
SiO»-rich droplets was observed at the beginning of the exothermic event (799°C).

To complete these results concerning the crystallization tendency of glasses Ax during heating,
several results concerning the phases that may crystallize during melt cooling have been
obtained. For this, the white zones present on the surface of pieces of glass located outside the
space between the metallic plates during melt quenching (i.e. pieces of glasses that were not
efficiently quenched) were analyzed by Raman spectroscopy. It clearly appeared (spectra not
shown) that whereas LaB3Oe was the only crystalline phase detected in the white zones for glass
A0, for all glasses containing SiO2 (A1-A6) no LaB3Os crystallization was observed and

LaBOs-L T was always the main crystalline phase formed.

5. Discussion

5.1. Extension of the glass domain



A relatively large composition domain where homogeneous transparent glasses can be obtained
has been put in evidence in this work within the SiO»-B203-La>O3 ternary system using a melt
quenching with a rate close to 10*°C/min (Fig. 3). This glass domain, significantly wider than
those already prospected by Sigaev et al. [11] (close to the stillwellite LaBSiOs composition)
and Levitskii et al. [12] (Fig. 1), is limited by glass-in-glass immiscibility for the highest SiO>
and/or B2O3 concentrations and by high crystallization tendency of lanthanum borate and
borosilicate phases for the highest La,Oz concentrations during melt quenching. The separation
tendency of a La2Oz-poor glassy phase observed at the SiO2 and/or B2Osz-rich boundary, leading
to opalescent or totally opaque samples, is probably related to the existence of an immiscibility
gap all along the join SiO2-B20s3 in the ternary diagram due to the tendency towards phase
separation of the corresponding SiO»-La>;O3 and B2Oz-La>0Os binary systems (the extension of
the phase separation field for these two systems is shown by the two lines outside the diagram
in Fig. 3) [25,26]. Upon increasing the amount of La>Og, the impossibility to obtain glasses can
be explained both by the rapid and strong increase of the liquidus temperature (by analogy with
what occurs in the SiO2-La203 and B203-La203 systems when La2Os content is higher than
about 30 mol%) [25,26] and by the increasing amount of highly depolymerized (i.e. bearing a
high proportion of NBOs) and mobile units present in the melt, such as orthoborate (isolated
(BO3)*) and pyroborate (dimer (B2Os)*) units that have been put in evidence by Raman
spectroscopy in our La>,Os-rich quenched ternary glasses [75] and in La2Oz-rich binary B>Oz-
La203 glasses by Kajinami et al. [76] (La2Oz is a modifier oxide leading to NBOs formation in
the borosilicate network by acid-base reaction with network formers, it is the only modifier
oxide in our glasses). The high crystallization tendency in La>Os-rich samples (C6, FO, F1, F2,
B5) of LaBOs, LasSi2BO1o and/or LaxSi.O7 phases whose structures are made of highly
depolymerized units ((BSiOs)> (with 5NBOs + 1BO), (BO3)* (with 3NBOs) and (Si207)*

(with 6NBOs) groups respectively) as presented in Section 2.1 (Table 1, Fig. 2b), is in



agreement with this last hypothesis. Moreover, the proximity of LaBOs and LasSi2BOj1o
compositions to the La»Oz-rich limit of the glass domain (Figs. 1 and 3) suggests that these
phases are probably the first phases that crystallize during melt cooling in the ternary system as
it is the case for LaBO3 in the B203-La>O3 system for compositions with La>Osz content ranging
from 28 to 50 mol% [25].

It is important to underline that the composition range of transparent glasses in the ternary
system put in evidence in the present work starts from the glassy domain of B2O3-La,Os3 binary
system (between 22 and 33 mol% La»Osz, C10-C7) around the lanthanum metaborate
composition which is known to easily vitrify [7,10] and then by adding SiO; (C1, C2, C12,
C13) or substituting B2Os with SiO. (A1-A6, D1-D4) to these B.Oz-La>Os binary glasses, it is
possible to extend this binary glass domain in the ternary system and to obtain transparent
glasses bearing increasing SiO> content (but no more than 40 mol%). Different reasons may
explain the impossibility to obtain clear glasses and even to vitrify the melt for higher SiO>
content and thus to extend the ternary glass domain. The very high liquidus temperatures in the
binary SiO2-La;O3 phase diagram [26] (Tiiquidus > 1625°C) suggests that Tiiquidus probably
significantly increases for SiO.-rich ternary compositions making it more and more difficult to
obtain glasses when increasing SiO. concentration. Moreover, the increasing depolymerization
of the network (i.e. the increase of the NBOs proportion, due to the decrease of BO4 units
induced by increasing the SiO; proportion as shown by B MAS NMR (Fig. 12a,c) and
discussed in the next section) may also explain the difficulty to maintain long-range disorder
during melt quenching. Fig. 3 also shows that it is also possible to synthesize clear glasses, by
varying the amount of B.Oz and keeping constant the SiO2/La>Osratio (samples B1-B4 and S1-
D4-S2). Although some compositions, close to stillwellite (E5), were reported as glassy and
transparent in literature [11], it was not possible to obtain clear glasses in this region of the

diagram in the present work despite several attempts as already explained in the experimental



section. Indeed, the samples near the stillwellite composition (E1-E5) all exhibit partial or total
glass-in-glass phase separation (Fig. 4c,d and 5a,b). For instance, the stoichiometric stillwellite
composition leads to a phase separated microstructure which could indicate a spinodal
decomposition (Fig. 5a). The reason for the difference between our results and the ones of
Sigaev et al. [11] remain unclear but could be explained by the fact that these authors mainly
used corundum crucibles to melt their samples which could lead to melt pollution by Al.Ozand

would make easier to obtain clear glasses during quenching (inhibition of phase-separation).

5.2. Evolution of glass transformation temperature

A significant evolution of Tqwith glass composition has been put in evidence for the different
glass series Ax, Bx and Dx (Fig. 8). This evolution is linked to changes in glass structure and
chemical bonding when the SiO2/B,0s ratio or the La,O3 content increases. For instance, from
the 1B MAS NMR study of glasses of Ax, Bx and Dx series, the evolution with composition
of the relative proportions of BO3, BO4 and SiO4 units shown in Fig. 12 has been obtained. As
example the 1'B MAS NMR spectra of glasses of the Dx series are shown in Fig. 13a with an
example of simulation in Fig. 13b (glass D2) used to extract the relative proportions of BOs and
BO. units according to the method described in a previous paper [10]. The !B NMR parameters
(isotropic chemical shift iso, quadrupolar coupling constant Cq and quadrupolar asymmetry
parameter nq) deduced from the simulation of the spectrum of glass D2 are given in the legend
of Fig. 13. 1B NMR parameters of glass A0 (La metaborate) were given in [10]. For all other
ternary and binary glasses prepared in this study, !B NMR parameters (not useful in the
discussion of the present work) will be presented in another paper.

For the Ax series (Fig. 12a), the B2O3/SiO> substitution induces a continuous decrease of the
proportion of BO4 units whereas the proportion of BO3z units (that may bear NBOs) slightly

decreases only above 22.5 mol% SiO> (A4) and the proportion of SiO4 units progressively



increases along the series. As BO4 units act as reticulating groups in borate and borosilicate
networks (assuming that BO4 units do not bear NBOs [77]), the decrease of their concentration
induces a depolymerization of the borosilicate network (increase of NBOs content), since the
proportion of modifier oxide (La2Oz) does not decrease along the Ax series (on the contrary the
La2Os content slightly increases, Table 2). Indeed, the continuous decrease of the proportion of
BO4 units indicates that along the series La>Os interacts more with the borosilicate network by
transferring oxygen anions to BOs or SiO units to form NBOs. Thus, the structural role of La®*
ions progressively changes, these ions acting more and more in as modifiers located close to
NBOs associated with SiO4 or BO3z units, and less and less as charge compensators near BOa
units. This depolymerization is expected to induce a decrease of T4. On the contrary, the
increase of the proportion of SiO4 units along the Ax series, together with the decrease of the
proportion of BO3 units observed above 22.5 mol% SiO., are expected to lead to an increase of
Ty, because tetrahedral SiO4 units increase glass dimensionality when they replace triangular
BOz units. Indeed, it is known that for oxide glasses Tq increases with the cross-link density of
the network, with the strength of the bond and with the tightness of the packing in the network
[78]. To explain the evolution shown in Fig. 8 for the Ax series, we propose that the decrease
of Tg, expected because of the depolymerization induced by the decrease of BOa4 units, is
compensated or dominated by two effects:

- The replacement of BO3z units by SiO4 units, that strengthens the network by increasing its
dimensionality,

- The La*" ions in modifying positions are more tightly bound to the borosilicate network, than
La®* ions in charge-compensating positions close to BO4 units because of the higher local
negative charge carried by NBOs. Then, the strengthened La*"- O bonds may also contribute to

the increase of Ty.



Only the second effect (La**- O bond strengthening) would be effective in the first part of the
AX series (A0 to A3), while both effects add together in the last part of the Ax series (A4 to
AB), explaining the plateau followed by the Tq increase in Fig. 8 when the SiO./B20s3 ratio
increases. The slight increase of La2Os content along the Ax series (+ 4.7 mol%, Table 2) may
also partly contribute to the increase of Ty.

As for the Dx series, the amount of La>Os is higher than for the Ax series. The continuous
increase of Tg when the SiO2/B20Os ratio increases (+46°C) suggests that the strengthening effect
due to La®*" ions dominates all along the Dx series (Fig. 8b). Indeed, according to Fig. 12c, it
appears that the amount of BO4 units decreases with the SiO2 content but remains significantly
smaller for the Dx series than for the Ax series (Fig. 12a).

For the Bx series, when the B2Os content decreases, the proportion of SiO4 units increases at
the expense of BOs units and the proportion of BO3 units remains almost constant (Fig. 12b).
As the amount of La>Os remains high for all transparent Bx glasses (26.3- 31.2 mol%), it is
expected that the La®*- O bond strengthening effect due to this structural evolution (location of
more and more La%* ions in a modifying position close to NBOs instead of in a charge-
compensating position close to BO4 units) would be at the origin of the increase of Tq when the
B20s content decreases (Fig. 8a).

It can be underlined that the Tg values of all La borosilicate glasses always remain significantly
higher than those of alkali borosilicate glasses for which T4 always remains lower than 600°C
[79,80]. This difference can be explained by the high field strength of RE3* ions in comparison

with alkali ions which are less strongly bonded to NBOs.

5.3. Crystallization and thermal stability
An important evolution of the nature of the phases crystallizing first during heating glasses of

the Ax series has been put in evidence (Figs. 10 and 11), with LaB3Os - the unique phase that



crystallizes in glass A0 - becoming less and less abundant in favor of LaBO3 when SiO> content
increases. This progressive modification of the type of La-borate crystallizing in the
undercooled melt - less than 140°C above Tg4 (Fig. 9b) - can be explained by structural
considerations on glasses by comparison with the borate units that compose the structure of
LaB30s and LaBO3 crystals. The evolution of the relative proportions of BO4, BO3z and SiO4
units determined by !B MAS NMR and shown in Fig. 12a indicates that along the Ax series
the proportion of BO4 units is reduced by 55% between compositions A0 and A6 whereas the
proportion of BOz units only decreased by about 20%. As the structure of LaB3Os crystals
consists of chains composed of BO4 and BO3z units in a 1:2 ratio [39], the progressive decrease
of the availability of BO4 units in the undercooled melt can explain the increasing difficulty of
their crystallization when the SiO2 content increases. Furthermore, the fact that BO3 units
always remain the main structural units present in glasses Ax (always higher than 47%, Fig.
12a) and that these units are more and more associated with NBOs along the series, according
to the discussion presented in section 5.2, may explain the preferential crystallization of LaBOs
for the SiO.-rich glasses Ax. Indeed, this crystalline phase is only constituted of highly
depolymerized (BO3)* orthoborate entities (total absence of BO4 entities in the structure) [31].
The evolution of glass stability presented in Fig. 9b, that exhibits a maximum around 14 mol%
Si0O2, may be explained as follow. The fact that glass A0 has the same composition LaB3zOs as
the phase that crystallizes (congruent crystallization) may explain that it is the less stable (Fig.
9b) and the one that crystallizes the fastest of the series (its DTA signal is the most intense of
the series, Fig. 9a). The progressive B>O3/SiOz substitution, that brings chemical and structural
complexity (increasing proportion of SiO4 units and formation of B-O-Si connections) and that
induces a continuous decrease of the amount of BO4 units available in the undercooled melt
(Fig. 12a), will hinder the nucleation and growth of La-metaborate crystals and will thus

increase glass stability which would explain the increasing part of the curve (Fig. 9b). When



SiO2 content increases, the glass structure becomes more and more depolymerized (see section
5.2), with probably the presence of mobile (BO3)* units as in binary B;Os-La,03 glasses
[10,76]. This may explain the increasing crystallization tendency of LaBO3z and thus the origin
of the decreasing part of the glass stability curve. Nevertheless, due to the increasing chemical
and structural complexity that limits the growth rate of LaBO3 crystals in the presence of an
increasing amount of SiO4 units, the DTA signal associated with LaBOs crystallization appears
broad and weakly intense (Fig. 9a).

By comparing glass stability with crystallization tendency during melt cooling for glasses AX,
it appeared that, whereas LaB3Os and then LaBOs were the first phases crystallizing during
glass heating along the series, during melt cooling the crystallization of LaB3Os was only put
in evidence for glass A0 while only LaBOs crystals were detected for glasses A1-A6. The lack
of LaB3Og crystallization during melt cooling of SiO»-bearing glasses may be explained by the
decrease of the amount of BO4 units in the melt due to both the B>O3/SiO- substitution as put
in evidence by !B MAS NMR study of glasses (Fig. 12a) and the fact that in borate and
borosilicate melts the BO4/BO3 ratio decreases with temperature [81]. As a consequence, the
increase of melt depolymerization and probably the increasing amount of mobile (BO3)* units
would explain the preferential crystallization of LaBOs during melt cooling at the expense of
LaB30s. This preferential crystallization is also in agreement with the fact that LaBOs3 is more
refractory than LaB3Os (melting temperature: LaBO3s (1660°C), LaB30s (1141°C) [25]) and is
thus expected to form before La metaborate during melt cooling.

Finally, it is interesting to remark that when the composition of glasses Ax approaches that of
stillwellite (E5, Fig. 3), the BO4/BOs proportions ratio determined by !B MAS NMR becomes
low (for instance for glass A6 this ratio reaches 0.39, Fig. 12a). This low proportion of BO4
units may be at the origin of the difficulties encountered by Sigaev et al. [58] to prepare

stillwellite glass-ceramics from glasses with composition close to stillwellite and may explain



the preferential heterogeneous nucleation that occurs in theses glasses. Indeed, as stillwellite
crystal is only composed of BO4 units (see Section 2.1), the structure of these glasses and that
of the crystalline phase of close composition are strongly different which may explain the lack
of bulk nucleation and the difficulties encountered to prepare stillwellite glass-ceramics in
addition to the difficulties we put in evidence to obtain homogeneous glasses from such melts

composition.

6. Conclusion

For the first time, the glass formation domain in the ternary diagram SiO2-B>03-La>,O3 was
extensively studied using a melt quenching method (quenching rate ~ 10*°C/min). The
extension of the vitrification domain is clearly related to the tendency towards phase separation
and crystallization within the corresponding SiO2-La.O3 and B20s3-La.0z3 binary diagrams. The
evolution of the glass transformation temperature among this domain has been studied and
correlated with changes that occur in glass structure: the increasing amount of depolymerized
borate and silicate entities associated with a strong decrease of the proportion of BO4 entities
(as shown by B NMR) and the consecutive evolution of the structural role of La®* ions when
silica content increases. The study of glass stability during heating revealed that, for a glass
series with increasing SiO2/B20s ratio extending along the glass domain, it is always La-borate
phases (firstly mainly LaB3Os and then LaBOs) that crystallize first, even for the compositions
richest in silica. This effect could be explained by the important decrease of the amount of BO4
units (present in the structure of LaB3Os crystals) and the increasing proportion of
depolymerized BO3 units (such as (BOs)* that are the only borate entities present in the
structure of LaBOs crystals) when the SiO. content increases.

Because of their relativity large domain of composition (0 - 38 mol% SiOy), their high

transformation temperature range (Tq > 660°C), their good thermal stability, their low



hygroscopicity and probably their good chemical durability against water alteration due to their
high rare earth oxide concentration and finally the possibility to partly substitute La by optically
active RE in their structure, such La>03-B.03-SiO> ternary glasses could find applications in
various fields such as optics. Moreover, as RE203, SiO2 and B20s3 are abundant oxides present
in the composition of borosilicate nuclear glasses, La,03-B203-SiO> ternary glasses can be
considered as very simplified models of such glasses (without alkali and alkaline-earth oxides)
to better understand the impact of La>Os addition (as fission product and only modifier oxide)

on the structure of the borosilicate network.
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Formula RESIBOs RE3Si2BO1o RE10Si2B2026

Mineralogical name Stillwellite - Oxyapatite
La, Ce, Nd, Sm, Eu, |, La, Pr, Nd, Sm, Eu,
RE La, Ce, Pr, Nd, Sm
Gd, Dy Gd, Dy, Tb
Space group P31 Pbca P6s/m
B coordination 4 3 4
NBO/B atom 0 2 4
_ 1.37-1.58 (1.48) | 1.329-1.475(1.384) | 1.557-1.615 (1.593)?
B-O distances (A)
[38] [51] [53]
Q" units (SiOa) Q? Q% Q! Q°
1.586-1.659
) ) 1.627-1.650 (1.638) 1.557-1.615 (1.593)?
Si-O distances (A) (1.623)
[51] [53]
[38]
La coordination 9[38]" 8 (Lal) - 9 (La2 et 3) 7 (6h) - 9 (4f)
2.412-2.762
) 2.395-2.697 (2.588) 2.304-2.825
La-O distances (2.591)
[51] (2.515-2.605) [53]
[38]
Helical chains of
Anionic groups BO; linked to [BSiOs]*, [SiO4]* [SiO4]*, [BO4]>, OF
[Si04]*
References [36,38,40,41,82,83] [47,48,49,50,51] [53,54,55,56]

Table 1. Overview of the crystalline phases containing both Si, B and RE reported in the ternary
system SiO,-B>03-RE203 from literature. Average distances are given in parenthesis. (%) Si and
B share the same site in oxyapatite and thus the distances given here correspond to the average
site. (°) According to Chi et al. [38] and Burns et al. [37] RE is located in 9-coordinated sites in
the stillwellite structure whereas according to Ono et al. [40] RE would be located in 10-
coordinated sites in the same structure. Voronko et al. [36] also reported that Ce is 9-fold

coordinated in Ce-stillwellite (CeBSiOs). This discrepancy between authors concerning RE



coordination may be explained by the fact that contrarily to the other authors [37,38], Ono et
al. [40] did not envisage the fact that one O site in the surrounding of RE could be split in two

sites with partial occupancies.



Composition
Sample _ Tq(°C) Remarks
SiO2 B20s3 La203
A0 0 75(74.1) | 25(25.9) | 677 CG
Al 9(8.9) |65(63.2) | 26(27.8) | 677 CG
A2 13.5 60 26.5 674 CG
A3 18 (17.9) | 55(54.3) | 27 (27.8) | 678 CG
A4 22.5 50 27.5 681 CG
A5 27 (27.2) | 45(43.3) | 28(29.5) 686 CG
A6 36 (35.5) | 35(33.9) | 29 (30.6) 697 CG
BO 30 45 25 686 PS
Bl 31.2 42.5 26.3 n.m. CG
B2 32.5 40 27.5 687 CG
B3 (=A6) | 36 (35.5) | 35(33.9) | 29 (30.6) 697 CG
B4 38.8 30 31.2 710 CG
B5 46.5 25 335 - CG + X (a, B, 7)
DO 0 67 (64.5) | 33(35.5) | 666 CG + X (B)
D1 8.3(8.3) |59(56.3) | 32.7(35.4) | 674 CG + X (B)
D2 16.4 (16.3) | 50 (48.6) | 33.6 (35.1) | 681 CG + X (B)
D3 245 (24.4) | 41 (39.7) | 345(35.9) | 695 CG + X (a, B)
D4 33.5 32.5 34 712 CG

Table 2. Nominal compositions (in mol%) of the samples of the Ax, Bx and Dx series along
with Tg for the glassy samples. For several samples, the true composition (in mol%) was
determined by EPMA (values given in parenthesis). Remarks concerning clearness and
crystallization of the samples (according to characterization by XRD and Raman spectroscopy)
are indicated in the last column (CG: Clear Glass, PS: Phase Separation, X: Crystallization (o
LasSi2BO1o, B: LaBO3-HT or/and LaBOs-LT, y: La:Si>Oy7). - : not measured. The error in the
determination of Tg (onset point on the DTA curves) is estimated close to = 2°C. Uncertainties

on EPMA determinations: SiO2 (0.2 - 0.5 mol%), B2O3 (1 - 2 mol%), La>03 (0.1 - 0.2 mol%).



Composition
Sample - T4 (°C) Remarks
SIO2 B20s La203

CO0 (=A0) 0 75 (74.1) | 25 (25.9) 677 CG
C1 4.8 71.4 23.8 673 CG + X (B)
Cc2 9.1 68.2 22.7 671 CG
C3 13.1 65.2 21.7 - PS
C4 19.4 59.1 215 - PS
C5 24.3 54.1 21.6 - PS
C6 0 65 35 - X (B)
C7 0 67 (64.5) | 33 (35.5) 666 CG+ X (B)
C8 0 70 (68.2) | 30 (31.8) 667 CG+ X (B)
C9 0 72 28 666 CG+ X (B)
C10 0 78 (76.5) | 22 (23.5) 674 CG
Cl1 0 82 (78.4) | 18 (21.6) 679 PS
C12 4.8 66.7 28.5 - CG+X(PB)
C13 4.7 74.3 21 - CG
Cl14 4.8 78.1 17.1 - PS
S1 30.9 37.8 31.3 697 CG+ X (B)
S2 35.9 27.8 36.3 - CG + X (a, B)
EO 38,5 375 24 - PS
El 41 325 26,5 - PS
E2 45 27.5 27.5 710 PPS
E3 43.3 35 21.7 - PS
E4 46.7 30 23.3 - PPS + CG
E5 50 (51.3) 25 (23) | 25 (25.7) 716 PS
FO 7.6 53.6 38.8 - X (B)
F1 22.3 37.2 40.5 - X (a, B)
F2 30.9 (31.3) | 30.1(28) | 39 (40.7) - X (a, B)
GO 80 20 - - CG
Gl 79.19 19.8 0.01 - PS

Table 3. Nominal compositions (in mol%) of the samples of the Cx, Dx, Ex, Fx and Gx series
along with T for the glassy samples. For several samples, the true composition (in mol%) was
determined by EPMA (values given in parenthesis). Remarks concerning clearness and

crystallization of the samples (according to characterization by XRD and Raman spectroscopy)



are indicated in the last column (CG: Clear Glass, PS: Phase Separation, PPS: Partial Phase
Separation X: Crystallization (a: LasSi2BOio, f: LaBOs-HT or/and LaBOs-LT). - : not
measured. The error in the determination of T4 (onset point on the DTA curves) is estimated
close to + 2°C. Uncertainties on EPMA determinations: SiO2 (0.2 - 0.5 mol%), B20s (1 - 2

mol%), La203 (0.1 - 0.2 mol%).



Figures caption

Figure 1. Ternary SiO»-B203-La>03 diagram showing the compositions (in mol%) studied in
literature [11,12] to prepare glasses. The glasses reported in the binary B,Os-La203 system by
Chakraborty et al. [7] are also indicated (melts were cooled in air in the crucibles). The nature
of the samples reported is referred as glassy (transparent, phase-separated) or containing
crystals using different symbols. Green circles and squares correspond respectively to the
transparent glasses reported by Levitskii et al. [12] (without indication about the quenching
method and rate) and Sigaev et al. [11] (rapid quenching of melt between metallic plates). The
binary and ternary glassy domains are surrounded by dotted lines. The crystalline phases
reported in literature (see Section 2.1) for both binary and ternary systems are also indicated:
LaB30s (a), LaBOs (b), LasBOe (c), LazSiO7 (d), Lag33SisO2s (), LazSiOs (f), Lag.eeSisBO26

(9), La1oSisB2026 (h), LasSi-BOqo (i), LaBSiOs (j).

Figure 2. Crystalline structure of: (a) LaBSiOs showing the helical chains of BO4 and SiO4
units along the 3; axis, (b) LasSizBO10 showing the isolated [SiO4]* tetrahedra and [BSiOg]*
entities (associating a [SiO4]* tetrahedron and a BOs triangle), (c) Lai0SisBO2s showing the
isolated BO4 and SiOy tetrahedral units (both in green in the figure). The isolated O ions
existing in the structure have not been shown in Fig. 2c. The direction of (a,b,c) crystallographic
axis are given for each representation. These figures were drawn from the structural data given

in references [38,51,53].

Figure 3. Ternary SiO2-B203-La>O3 diagram showing the compositions melted and quenched
in the present work. The nature of the samples obtained in this work (after macroscopic and

microscopic observations and XRD characterization) is referred to as glassy (transparent,



partially or totally phase separated) or containing crystals using different symbols. The glassy
domain (transparent glasses) put in evidence in this work is surrounded by dotted lines. The
different colors (red, blue, and green) correspond to the different glass series (Ax, Dx, Bx
respectively). The fields of phase separation of binary B2O3-La>,0Oz and SiO>-La,0O3 systems

[25,26] are also indicated (blue bold lines outside the diagram).

Figure 4. Macroscopic aspect of several samples of the SiO.-B»0s-La>Oz ternary system
obtained after melting and quenching: (a,b) composition 36Si02-35B,03-29La,03 (A6=B3),
exhibiting complete transparency; (c) composition 45Si0,-27.5B,03-27.5La,03 (E2) showing
partial phase separation; (d) composition 50SiO2-25B,03-25La,03 (E5) exhibiting total phase
separation; (e) composition 24.5Si0,-41B,03-34.5La,03 (D3) clear glass along with partial
crystallization of LasSi2BO10 and LaBOgz; composition 22.3Si02-37.2B203-40.5La,03 (F1)
totally opaque sample with crystallization of LazSioBO10 and LaBOz. Pressing between metallic

plates (a,c,d,e,f) or natural cooling in the Pt crucible outside the furnace (b).

Figure 5. SEM (BSE) images of several samples of the SiO2-B203-La,O3 ternary system
obtained after melting and quenching: (a) composition 50SiO2-25B,03-25La,03 (E5)
exhibiting phase separation (aspect of spinodal decomposition), see Fig. 3d; (b) composition
46.7Si02-30B203-23.3La;03 (E4) exhibiting phase separation; (c) composition 31.25SiO;-
42.5B,03-26.25La,03 (B1) exhibiting slight phase separation in limited areas of the sample;
(d) composition 80SiO2-20B203 + 1mol% La,Os (G1) exhibiting phase separation; (e)
composition 8.3Si0,-59B,03-32.7La203 (D1) exhibiting crystallization of LaBOs3 in limited
areas of the sample; (f) composition 7.6Si02-53.6B203-38.8La;03 (F0) exhibiting
crystallization of LaBOs throughout the sample. The dark droplets in (b,c) are La depleted
whereas the light ones in (d) are La-rich. LaBOg crystals appear in white in the SEM images

(e,f) because of La-enrichment in comparison with their surroundings.



Figure 6. Examples of XRD patterns of ternary samples (F0,F2,S2) showing the crystallization
of LasSi2BO10 (1), LaBO3-LT (o) and/or LaBOs-HT (m). The XRD patterns of several reference
crystalline phases prepared for this study are also shown for comparison: LazSizBO1o (JCPDS
01-071-6609), LaBO3-LT (JCPDS 04-013-4216), LaBOs-HT (JCPDS 00-008-0193), LaBSiOs
(JCPDS 00-019-0659), La10SisBOz (JCPDS 00-052-0699). The presence of LasSi2BO1o

impurity is detected in LaBSiOs (*).

Figure 7. Examples of Raman spectra of ternary samples (FO,F2) exhibiting strong
crystallization during quenching and of several reference crystalline phases (LaBOz-LT (o) and
HT (o), LasSi2BO1o (#)) synthesized for this study. The presence of La»Si.O7 (o) in F2 was
made by comparison with the Raman spectrum shown in reference [84]. The presence of apatite
crystals (La10SisBOgzs, LageeSisBO2s) in F2 sample cannot be excluded. (¢: band non-

attributed).

Figure 8. (a) Evolution of Tq with nominal B2O3 content for glasses of the Ax (o), Dx (A) and
Bx (o) series. (b) Evolution of T4 with the nominal SiO2/B20O3 concentration ratio for glasses
of the Ax and Dx series. The dotted lines shown in (b) are guides for the eye to facilitate the

comparison of the evolution of Tq for glasses of the Ax and Dx series.

Figure 9. (a) Evolution of the DTA curves (between 600 and 1000°C) of glasses Ax showing
the evolution of the first exothermic effect with glass composition (particle size: 80 - 125 um;
heating rate: 10°C/min). The amplitude of the variation of T4 of glasses Ax (674 - 697°C, Table
2) is also shown in the figure. (b) Evolution of (Tx - Tg) with the SiO2 nominal content of glasses
AX. Ty is the extrapolated onset crystallization temperature on heating for the first exotherm

detected by DTA

Figure 10. XRD patterns of glasses of the Ax series after heat treatment of powders (80-125um)

during 10 min at a temperature close to Tp (first exothermic effect on the corresponding DTA



curves, Fig. 20) : 766°C (A0), 812°C (Al), 828°C (A2), 826°C (A3), 827°C (A4), 812°C (Ab)
and 816°C (A6). The crystallization of LaB3Os (¢) (JCPDS 00-023-1140) in A0-A4, LaBOs-
LT (o) (JCPDS 04-013-4216) in A1-A6 and LaBO3-HT (o) (JCPDS 00-008-0193) in A6 is put

in evidence (see Fig. 6 for the XRD patterns of LaBO3-BT and -HT).

Figure 11. Raman spectra of glasses of the Ax series (quenched plates) after heat treatment
during 10 min at a temperature close to Tp (first exothermic effect on the corresponding DTA
curves, Fig. 20): 766°C (A0), 812°C (A1), 828°C (A2), 826°C (A3), 827°C (A4), 812°C (A5)
and 816°C (A6). The crystallization of LaB3O¢ (#) in A0-A3, LaBOs-LT (e) in A1-A6 and
LaBOs-HT (o) in A6 is put in evidence. For comparison, the Raman spectra of the
corresponding reference crystalline phases (LaB3Og, LaBO3-LT, LaBO3-HT) are also given at

the bottom of the figure.

Figure 12. Evolution with glass composition (nominal SiO2 or B2O3 contents) of the relative
proportion of BOs, BO4 and SiO4 units (BO3 and BO4 proportions were deduced from 1B MAS
NMR analysis (see Fig. 13b) whereas SiO4 proportion was calculated from glass composition)
for glasses of the Ax (a), Bx (b) and Dx (c) series. For SiO4 proportion calculations for the

different series, the analyzed SiO> content was used when available (Table 2).

Figure 13. (a) Evolution of !B MAS NMR spectra of glasses of the Dx series. (b) Contributions
of BOz and BO4 units to the simulated spectrum of glass D2. The following NMR parameters
were deduced from this simulation: BOz (75.1%, diso = 19.46 ppm, Cq = 2.69 MHz, ng= 0.48),

BO4 (24.9%, Siso = 1.42 ppm, Cq = 0.5 MHz, 1g = 0.6).
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