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Abstract

Transparent glass-ceramics have been prepared by heat-treating oxyfluoride glasses in the Na, O—Al,03;—SiO,—LaF; system. The nanocrystallisation
of LaF; was achieved by controlling time and temperature parameters. Glasses and glass-ceramics were characterised by dilatometry, DTA, XRD
and TEM. The mean crystal size (<20 nm) and the crystal fraction increase with the temperature of heat treatment, while they reach a maximum
at about 20h at a temperature close to T,. The crystallisation of phases containing glass modifier elements as well as F anions leads to the
increase in the viscosity of the remaining glass matrix. Phase separation occurs in glass-ceramics depending on the glass composition which affects

nanocrystallisation.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluoride crystals and glasses are characterised by low phonon
energy, optical transparency and rare-earth ion solubility that
make them suitable for optical amplifiers and up-conversion
devices and lasers.'* However, fluoride crystals are costly to
produce and fluoride glasses are characterised by poor chemical
durability and mechanical stability. In transparent oxyfluoride
glass-ceramics the optical active ion may be incorporated into
a fluoride crystalline phase, thus offering a better alternative to
both fluoride glasses and crystals.’

Wang and Ohwaki reported the first transparent PbF;-
containing oxyfluoride glass-ceramic obtained by heat
treatment.® Dejneka reported LaF3-containing glass-ceramics
as a more suitable host for rare-earth ions (RE) due to the better
solubility of LaF3 for RE than PbF,.” A large concentration of
nanocrystals with narrow size distribution is required in order
to minimize the scattering losses in photonic applications,
which can be done by controlling the nucleation and crystal
growth within the glass matrix. The crystallisation studies
are usually focused on isochemical systems, in which both
crystals and glass matrix have the same composition that is
not the case in NapO-Al,03-Si0,-LaF3 system, where only
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LaF3 will crystallise. Riissel explained the nanocrystallisa-
tion of CaF, in silicate glasses through the increase in the
viscosity of the remaining glass matrix.’ The crystal-glass
interface acts as a diffusional barrier and notably decelerates
the crystal growth velocity that leads to the crystallisation of
nanocrystals with size in the range from 10nm to 50 nm. The
crystallisation behaviour, structure and the fluorescence prop-
erties of NayO—Al,03-SiO>-LaF3 and Er’* and Yb>*-doped
glass-ceramics have already been investigated®!” but the
nucleation-crystal growth process and the variation on the size
and number of crystals as a function of the thermal treatment
as well as the interface characteristics need to be studied.
The present work is based on this objective and constitutes a
preliminary study on the processing and characterisation of
transparent LaF3-containing glass-ceramics. Glasses and glass-
ceramics have been characterised by dilatometry, differential
thermal analysis, X-ray powder diffraction and transmission
electron microscopy in order to determine the influence of the
composition and the time—temperature conditions on the size
and the quantity of nanocrystals.

2. Experimental
2.1. Processing of glass-ceramics

The oxyfluoride glasses were prepared by melting reagent
grade SiO; (Saint Gobain, 99.6%), AI(OH)3 (Aldrich) or Al,O3
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Nominal and analysed compositions (in mol%), glass transition temperatures (7) and the temperature of the maximum of the crystallisation peak (7¢) of the three

transparent oxyfluoride glasses.

40Si-12La 40Si-10La 55Si-10La

Nominal Analysed Nominal Analysed Nominal Analysed
SiO, 40 455 40 39.3 55 56.4
AL O3 30 25.7 30 33.0 20 19.8
Na,O 18 16.5 20 18.2 15 13.6
LaF3 12 7.5 10 6.6 10 7.8
Lay 03 0 4.8 0 29 0 2.4
F~ (wt%) 7.7 4.6 6.6 4.1 6.9 5.2
T, (°C)£2°C 570 583 598
T. (°C)£2°C 685 875 706

(Panreac), NayCO3 (Panreac, 99.5%) and LaF3 (Panreac, 99%)
in an electric furnace. The batches were first calcined in cov-
ered platinum crucibles up to 1300-1400°C and then melted
2h within the temperature range of 1450-1600 °C depending
on composition. The melts were quenched in air onto a brass
mould and then annealed above the glass transition tempera-
ture. Glass-ceramics were obtained by controlled crystallisation
of LaF3 by using cubic samples that were heat treated at temper-
atures between T and T + 100 °C in steps of 20 or 25 °C during
20 h. Kinetics studies were also performed in order to determine
the influence of the treatment time at temperature close to Ty
(from 10h up to 72 h).

2.2. Characterisation of glasses

The base glass compositions were chemically analysed by
X-ray fluorescence and flame photometry.

Glass transition temperature (1) was determined by dilatom-
etry in a Netzsch Geritebau dilatometer, model 402 EP, using
a 2°Cmin~! heating rate in air. The estimated error on Tg is
£2 °C. Differential thermal analysis (DTA) was performed on
a Netzsch HSTA 409 with a heating rate of 10°C min~! in air
and a particle size range of 500-800 pm.

Oxyfluoride glasses and glass-ceramics were characterised
by transmission electron microscopy (TEM) in a Hitachi H7100
employing the carbon replica method. The samples were chem-
ically etched with a 5% HF solution during 20s.

Powder XRD analyses were carried out with a D-5000
Siemens diffractometer using monochromatic Cu Ka radiation
(1.5418 A). After checking the crystallisation of LaF3, the angu-
lar range 22-30° (26) with a step length of 0.03° (20) and a fixed
counting time of 12 s/step was chosen to record the LaF3 (11 1)
peak in optimum conditions in order to minimize the errors in
the mean crystal size calculation.

3. Results

Table 1 summarises the nominal and analysed compositions
(in mol%), glass transition temperatures and the temperature of
the maximum of the crystallisation peak of the three oxyfluoride
glasses belonging to the system Nap O—Al,03—-Si0,-LaFj3 stud-
ied in the present work. Chemical analysis of glass 40Si—12La
demonstrates that the maximum incorporation of fluorine into

the glass matrix, as expected in silicate glasses, is less than
5 wt%, which corresponds to 10 mol% of LaF3; in the nomi-
nal composition. The LaF3 content has been fixed at 10 mol%
for the other two glasses in order to avoid a big excess of
La;O3 in the glass matrix after fluorine volatilisation. The use of
aluminium hydroxide for glass 40Si—12La leads to a large differ-
ence between nominal and analysed compositions, which may be
due to the highly hydrated AI(OH)3. The other two glasses were
obtained using Al»O3, calcined at 800 °C during 12 h, in order
to optimize the agreement of Al;O3 content between nominal
and analysed compositions.

Thermal treatments up to 7 + 100 °C of oxyfluoride glasses
40Si-12La and 55Si—10La showed crystallisation of LaF3 only,
while it was not possible for glass 40Si—10La. Whereas the
oxyfluoride glass-ceramics remain transparent in the case of
glass 40Si—12La, the samples become translucent for heat treat-
ment from 640 °C in the case of glass 55Si—10La.

Fig. 1 depicts the XRD pattern of glasses 55Si—10La treated
20h at 620 °C, 40Si—12La treated 20 h at 645 °C and 40Si—10La
treated at 680 °C during 20 h. The XRD patterns of the two first
glass-ceramics match that of hexagonal LaF3; (PDF file No. 32-
0483) whereas 40Si—10La glass-ceramic matches that of LaF3,
cristobalite (PDF file No. 75-1544) and an unknown phase.
High alumina content (33 mol%) might inhibit the crystallisa-
tion of single LaF3 phase at temperatures below crystallisation
of cristobalite.

Figs. 2 and 3 display the XRD patterns, scanned over the
angular range of 22-30° (26), of the glass-ceramics obtained
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Fig. 1. XRD patterns of glasses 55Si—10La treated 20 h at 620 °C, 40Si—12La
treated 20 h at 645 °C and 40Si-10La treated 20 h at 680 °C.
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Fig. 2. XRD pattern of glass 40Si—12La treated 20 h from 570 °C () up to
670°C.

by heat treatment at temperatures from 7 up to 7z +100°C
during 20 h. In both cases, the intensity of the diffraction peaks
increases with the temperature of heat treatment, which is related
to an increase in the crystal fraction. The XRD lines were fitted
by curves of Gaussian shape. The size of the crystals has been
calculated using the Scherrer equation on the 20 ~27.5° peak
of LaF3 (11 1) from the patterns scanned over the angular range
22-30° (20) with a step length of 0.03° (26) and a fixed counting
time of 12 s/step following equation:
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Fig. 3. XRD pattern of glass 55Si—10La treated 20 h from 600 °C () up to
700°C.

where D is the mean crystal size, G is a constant whose value
is 0.9, A the wavelength of X-rays, B the corrected full width
at half maximum of the peak and 6 the Bragg angle. The area
under the 20 ~27.5° peak was also calculated to evaluate the
trends in the crystal fraction which is proportional to the area
under the peak. The errors for size and areas are given by the
peak fit determination.

Fig. 4a depicts the variation of the mean crystal size as a
function of time for glasses 40Si—12La and 55Si—10La treated
at 570 °C (Tg) and 620 °C (T, + 20 °C), respectively. Both glass-
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Fig. 4. Variation of the mean crystal size (a) and area under the 27.5° diffraction
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peak (b) of glass 40Si—12La treated at 570 °C and glass 55Si—10La treated at 620 °C

as a function of time of heat treatment. The lines are drawn as a guide to the eyes.
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Fig. 5. Variation of the mean crystal size (a) and area under the 27.5° diffraction peak (b) of glasses 40Si—12La and 55Si—10La treated during 20 h as a function of

the temperature of heat treatment. The lines are drawn as a guide to the eyes.

the crystals reaches a bigger value for glass 55Si—10La within
the whole time interval, being of 11 nm and 9 nm for glasses
55Si—10La and 40Si—12La, respectively.

Fig. 4b displays the variation of the area as a function of time
of heat treatment for glass 40Si—12La treated at 570 °C and glass
55Si—10La treated at 620 °C. In both cases, the area increases
up to 20 h of treatment while it remains approximately constant
for longer treatment times.

Fig. 5a shows the variation of the mean crystal size as a
function of temperature for glasses 40Si—12La and 55Si—-10La
treated during 20h. For both glasses, the mean crystal size
slightly increases with temperature and the maximum size being
smaller than 20 nm. Fig. 5b depicts the variation of the area as a
function of temperature of heat treatment for glasses 40Si—12La
and 55Si—10La treated during 20 h, showing a slight increase
within the temperature range studied.

Fig. 6 shows the variation of the glass transition temperature
as a function of the treatment temperature of glasses 40Si—12La
and 55Si-10La for a constant time of 20 h. In both cases, T val-
ues are increasing linearly with the temperature of heat treatment
while this variation is greater for glass 55Si—10La.

Fig. 7 displays the TEM micrographs of the glass 40Si—12La
(a) and its corresponding glass-ceramic obtained at 670 °C dur-
ing 20 h (b). A droped-like phase separation can be observed in
the base glass, which is enhanced after the thermal treatment as
it can be seen in the micrograph of the glass-ceramic (Fig. 7b).
This phase separation can be the responsible for the formation

of agglomerates of around 100 nm of LaFj3 crystals, at the same
time that the nanocrystallisation takes place.

Fig. 8 displays the TEM micrographs of base glass 55Si—10La
(a) and the glass-ceramic obtained at 700 °C during 20 h (b). In
this case, a slight phase separation phenomenon is also observed
but in a much less extent than in case of glass 40Si—12La. Fig. 8b
shows a homogeneous distribution of crystals with an estimated
size of 20-25nm, which is in good agreement with the cal-
culation from the XRD pattern (<20 nm). Electron diffraction
experiments confirmed the crystallisation of LaF3 in the two
glass-ceramics.
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Fig. 6. Variation of the glass transition temperature of glasses 40Si—-12La and
55Si—10La as a function of the treatment temperature for a constant time of 20 h.
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Fig. 8. TEM images of glass 55Si—10La, (a) base glass and (b) glass-ceramic obtained after treatment at 700 °C during 20 h.

4. Discussion

The LaF3 crystallisation behaviour has been shown to be
similar for glasses 40Si—12La and 55Si—10La with regard of
the mean crystal size and area. The size and crystalline fraction
increase up to 20 h treatment at temperatures just above the glass
transition temperature, while they remain approximately con-
stant for longer treatment times. However, the growing in size
and crystallisation of LaF3 is slightly bigger for the composition
with higher SiO; content (glass 55Si—10La).

The nominal SiO/Al,O3 ratios are 1.33, 1.33 and 2.75
for the studied glasses 40Si—12La, 40Si—10La and 55Si—10La,
respectively. However, chemical analyses show quite differ-
ent values for glasses 40Si—12La and 40Si-10La, i.e. 1.77
and 1.19, respectively. Glass 40Si—10La showed the small-
est tendency for crystallisation of single LaF; phase at low
temperatures. Thus, it can be assumed in this case, that
the smaller the SiO,/Al,O3 ratio, the lower the crystallisa-
tion ability. Even though the treatment temperature of glass
55Si-10La was T, +20°C in order to be able to calcu-
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late the mean crystal size, Fig. 4 shows a bigger size and
amount of crystals as a function of time for glass 55Si—-10La
than for glass 40Si-12La, which is in accordance with the
biggest tendency for crystallisation as the SiO;/Al,Os3 ratio
increases.

On the other hand, crystal size and area slightly increase
with treatment temperature for a constant time of 20 h for both
glasses. In this case, there seems not to be a limit to the growing
of crystals through the viscosity of the crystal-glass interface
as in the case of CaF,-containing glass-ceramics studied by
Riissel.'* The crystalline fraction is assumed to increase within
the temperature range studied at the same time that the mean
crystal size increases from 10 to a maximum of 20 nm.

Glass transition temperature increases with treatment tem-
perature for both glasses 40Si—12La and 55Si—10La, according
to a decrease in the modifier content within the glass matrix
composition after LaF3 crystallisation. Nevertheless, the slope
of the increase is bigger for glass 55Si—10La, which might be
influenced at the same time by crystallisation as well as phase
separation phenomena. If it only depended on the crystalline
size and fraction, one may assume that a bigger crystallisa-
tion rate at a fixed temperature will lead to a bigger removal
of glass modifiers from the glass matrix, thus giving rise to
a more SiOp and AlpOs3 enriched glassy phase with a higher
T,.

The nanocrystallisation behaviour in this system seems to
be preceded by a phase separation process as shown in the
TEM micrographs. A more completed study at the nanometer
level using energy-filtered TEM imaging techniques (zero-loss
filtering and elemental mapping) is to be published.'® In this
work, it is revealed that La- and Si-enriched phase-separation
droplets are precipitated already during the preparation of
initial glass. Upon conversion of the glass in to a nano
glass-ceramics by appropriate annealing, LaF3 nanocrystals
are formed within these droplets. Excess silicon, also con-
tained in the phase-separation droplets, is relocated towards
the periphery of the droplets allowing only slight crystal
growth.

5. Conclusions

Three oxyfluoride glass compositions in the system
Na;0-Al,03-Si0,-LaF3; have been studied. Fluorine losses
cannot be avoided and the maximum incorporation is less
than 5 wt% (around 10 mol% of LaF3). The formation of LaF3
single phase depends on the glass composition. Nanocrystals
(size < 20 nm) have been obtained; the mean crystal size and the
crystal fraction increase with the temperature of heat treatment
and reach a maximum at about 20 h of treatment at temperature
near T. Glass transition temperature increases with the temper-
ature of treatment; the crystallisation of LaF3 leads to a decrease
of network modifier in the residual glass matrix. A phase separa-
tion occurs in base glasses and glass-ceramics that might affect
the nanocrystallisation process.
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