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Abstract

Nanocrystallization of ErF3 in oxyfluoride glass of composition 55SiO2 � 20Al2O3 � 15Na2O � 10ErF3 (mol%) has been observed by its

heat treatment above the glass transition temperature. The crystallization mechanism of this glass has been substantiated by the

microstructural and compositional changes in the crystalline phase. Studies have been made through dilatometry, X-ray diffraction

(XRD), transmission electron microscopy (TEM) and differential scanning calorimetry (DSC). Maximum crystal size of 20 nm has been

obtained, on variation of heat treatment time and temperature. Transmission electron microscopy (TEM) images of the as-annealed

glass before heat treatment showed nonoccurrence of phase separation on quenching the melt. But after heat treatment for 10 h at

620 1C, ordered regions of dark contrast (0.5 nm) with respect to the matrix had appeared. These regions are believed to be associated

with the process of onset of nucleation of fluorite phase.
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1. Introduction

Rare earth doped oxyfluoride glass ceramic systems
comprise mainly oxide glasses and can offer optical
properties of rare earth fluoride crystals [1]. These glasses
combine the mechanical strength and chemical resistance
of aluminosilicate glasses with low phonon energy and
facilitate incorporation of rare earth ions in the fluoride
crystals. Erbium fluoride glass ceramics are excellent
materials for photonic applications [2–5] due to their
ability to host rare-earth ions in crystalline precipitates in
which the phonon energy is very low. If the optically active
ion is incorporated into the fluoride crystalline phase, the
intensity of the characteristic laser emission is enhanced.
Ideally the crystal size should be in the range 5–100 nm,
with a narrow size distribution in order to minimize
scattering losses [6,7]. The crystallization of fluoride phase
is achieved by heat treatment at temperatures slightly
above the glass transition temperature (Tg). Base glass

composition, temperature and time of heat treatment will
influence the crystallization process, phase composition
and crystal size.
Chen et al. [8] studied a complete spectroscope of energy

transfer processes in oxyfluoride glass ceramics containing
CaF2 nano-crystals doped with various amounts of Er3þ

and Yb3þ . The coefficients of energy transfer from Er3þ

to Yb3þ and transfer from Yb3þ to Er3þ back for the
glass ceramic system were determined to be 5.8� 10�16

and 1.3� 10�16 cm3/s, respectively.
Pan et al. [9] studied the upconversion luminescence for

Er3þ in a germanate–oxyfluoride and a tellurium–
germanate–oxyfluoride transparent glass–ceramic using
800 nm excitation and observed significant increase in
upconversion luminescence of transparent glass–ceramics
in comparison to those of corresponding as-prepared
glasses.
Gugov et al. [10] observed that the transparent glass

ceramics in the system SiO2 �B2O3 �PbO �CdO �PbF2 �

CdF2 �YbF3 �ErF3 showed infrared to visible anti-Stokes
(upconversion) luminescence. Both the Stokes and anti-
Stokes luminescence spectra of glasses could be explained
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with clustering of the Yb3þ and Er3þ ions in fluorine-rich
regions. At the annealing temperature these regions act as
nucleation precursors.

Zeng et al. [11] studied Er3þ doped transparent oxy-
fluoride glass ceramics, obtained by heat treatment of the
precursor glasses with compositions 50SiO2 �xPbF2 � (50�x)
PbO � 0.5ErF3 in (mol%). The intensity of upconversion of
luminescence significantly increased in glass ceramics com-
pared to that of precursor glass. The emission bands,
centered on 660 nm and 410 nm, were simultaneously
observed in glass ceramics but could not be seen in the
precursor glass.

In the present work, the process of crystallization of
oxyfluoride glass and its crystallization kinetics, have been
analyzed using dilatometry, DSC, XRD, and TEM.

2. Experimental

2.1. Glass synthesis, crystallization and chemical analysis

The glass-forming compositions studied are represented
by the generic formula:

55SiO2 � 20Al2O3 � 15Na2O � 10ErF3:

Glass batches having above mol% compositions were
prepared from SiO2, Al2O3, Na2CO3, Al2O3 and ErF3 raw
materials. Batches were at first calcined for 2 h at 1200 1C
and then melted for 1.5 h at 1550 1C. The molten batches
were quenched and remelted twice in order to achieve the
homogeneous transparent glasses. Glass–ceramics were
obtained by controlled crystallization of ErF3 at heat
treatment temperatures between Tgþ30 1C for various
duration of time.

The above glass samples were analyzed by X-ray
Fluorescence Spectroscopy (XRF) with a Panalytical
Spectrometer (Epsilon 5). The contents of these oxides
were determined by employing the melting method with
Li2B4O7. The fluorine content was analyzed with hard-
pressed pellets of powdered glass (�6 g) in order to avoid
volatilization. The batch composition and melted compo-
sition of the oxyfluoride glasses are presented in Table 1.
The loss of fluorine during the melting process in air is
approximately 38%, which is similar to the observation
made by Pablos-Martin et al. [12].

2.2. Characterization techniques

2.2.1. X-ray diffraction

Crystal phase analysis of glass–ceramics was carried out
after heat treatment at 620 1C for different duration of
time. The ceramised glass samples were ground to
�75 mm. XRD experiments were performed by X-ray
powder diffractometer (PW 1830, Panalytical) using Ni
filtered Cu-ka, X-radiation with scanning speed of
0.051(2y) per minute. The diffraction pattern was recorded
within Bragg’s angle ranges 101o2yo701. The phases
were identified by JCPDS numbers (ICDD—PDF2
data base).

2.2.2. Transmission electron microscopy

Glass–ceramic samples were ground to a thickness of
o100 mm using SiC paper ending with 1200 grit for TEM
(Transmission Electron Microscopy) measurements. An
epoxy adhesive was used to mount a copper support ring
of diameter 3 mm and 1 mm hole was performed on the
thinned sample. The samples were thinned by operating
the Gatan Dual Ion Beam Miller, at an incident angle of
151, with an accelerating voltage of 6 kV and a combined
gun current of 6 mA. Samples were carbon coated and
analyzed by TEM (JEOL JEM 3010 No. EMI 130005-8 at
300 kV) by an ultra-thin window.

2.2.3. Differential scanning calorimetry

The Differential Scanning Calorimetry (DSC) measure-
ments were performed using Setaram Instrument (Model
Setsys Evolution 16/18) with powdered Al2O3 as inert
reference material. In this work, non-isothermal experi-
ments were performed with finely powdered glass samples
(� 200 mm) of about �100 mg with particle size of
1–1.20 mm in order to reproduce bulk conditions. The
DSC scans were carried out at different heating rates (5,
10, 15, 20, 30, 40 1C/min).
Analytical models of Kissinger and Marrota were used

to analyze the DSC data and to determine the activation
energy for crystallization. Avrami exponent was also
calculated by Augis-Bennet equation.

3. Results and discussion

3.1. X-ray diffraction and the crystallization process

The X-ray diffraction patterns of the glass–ceramic sam-
ples after heat treatments at 620 1C for varying times between
1 and 80 h are shown in Fig. 1. The JCPDS reference files
have been used to identify the crystal phase. The orthorhom-
bic erbium fluoride (PDF file no. 00-005-0541) is observed as
major phase. Crystal phase of erbium fluoride was identified
after 1 h of heat treatment at 620 1C. The peak intensity of
erbium fluoride increases with increase in heat treatment
time. The crystallite size of the erbium fluoride was calculated
from the (111) peak of ErF3 (2yE27.91) using the Scherrer

Table 1

Batch composition and melted composition compositions (in mol%) of

base glass.

Glass

components

Batch composition

(mol%)

Melted composition

(mol%)

Na2O 15.0 14.8

Al2O3 20.0 20.5

SiO2 55.0 55.1

ErF3 10.0 6.2

Er2O3 0.0 3.2

F- (wt%) 6.5 4.2
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