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Abstract. Crystallisation Kinetics of the erbium doped soda-tellurite glasses were studied using the differential ther-
mal analysis (DTA) and differential scanning calorimetery (DSC) techniques. The DTA curves in the temperature range
of 350 K to 650 K were obtained from isochronal heating rates, chosen in the range of 2 to 20 K/min. DSC isother-
mal curves were used to calculate the fraction of crystals formed on reheating. The apparent activation energies for
devitrification were derived by measuring the shifts in the values of T, and Tx with heating rates, using the Kissinger
method. The derived values of apparent activation energies for isochronal and isothermal methods varied in the
range of 190-204 + 5 kJ mol”. The X-ray powder diffraction analysis of heat treated and transparent samples
showed the presence of nano-scale size sodium-tellurite crystals. These crystallites were found to have a strong
influence on the full width of half maxima of the transition in Er”": “lizn — “Tis», which extended from 70 nm in the

vitreous materials to 132 nm in glass-ceramic materials.

1. Introduction

In the last decade efforts were made to broaden and
flatten the overall bandwidth of erbium doped fibre
amplifier, which in turn would increase the transmis-
sion capacity of wavelength-division-muitiplexing
(WDM) systems in the optical networks”. Mori et al”
discussed different approaches for enhancing bandwidth
of over 40 nm that is beyond the available bandwidth
in Er-doped silicate fibre amplifiers. Amongst vari-
ous techniques proposed, one of the techniques is based
on the use of Er-ion as dopant in high-refractive index
(n>1.9) tellurite glass as hosts, which offers multiple
sites Er-ions and aids the line broadening to 80 nm.
Tellurite glass fibre based Er-ion doped fibre amplifiers
are therefore capable of providing seamless signal ampli-

fication with small-signal gains exceeding 20 dB over
a bandwidth as wide as 80 nm, spanning across C- and
L-bands from 1530 to 1610 nm”.

The emission line shape and cross-section at a wave-
length of the rare earth (RE) ions may be increased
in glassy hosts by changing the ion environment from
aperiodic glassy structure to a 3d-crystallites in the trans-
parent glass-ceramic materials"” while retaining the
properties of the glassy matrix, which then suggests
that a transparent glass-ceramic host may be able to
provide a solution for a broadband and multi-channel
optical amplification. However the main challenge in
ensuring the transparency of such materials is in con-
trolled nucleation followed by the limited growth rate
of crystals formed in the glass matrix. For designing
waveguides or fiber-based devices, characterization
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of thermal stability and crystallization characteristics of
tellurite-based glasses are essential. Crystal growth dur-
ing reheating of glass preforms during fiber fabrication
contributes to overall linear loss via light-scattering cen-
ters in the waveguide and, therefore negates any signal
gain. In this paper we have investigated the overall
kinetics of devitrification and analyzed the crystal growth
properties for making a transparent glass-ceramic com-
posite for light amplification”. This paper also explains
how controlled crystallization increases emission cross-
sections of the Er’ jon while retaining transparency of
glass.

2. Experimental

The sodium tellurite glass compositions in the range
of: {XNa,O-(100-X)TeO:}1.y (Er20s)y (Where X =5
to 25) were prepared according to the following pro-
cedure. High-purity oxides (99.999% and 99.99% pure)
were batched and weighed using the constituent oxides
molar masses and percentages and then mixed. Each
mixture of powders was heated in a furnace at tem-
peratures ranging from 1000 to 1100 K depending on
the melting properties of each composition. The melt-
ed bath was then kept under a flow of dry oxygen
gas passed at 1.5 LPM (liter per minute). After this
treatment, the melts were cast into mould preheated
at the glass transition temperature and the solids were
annealed at this temperature for 2 h before being cooled
down slowly to room temperature with a cooling rate
of 025 K min". The glass sample was cut to have 5
mm X 5 mm x 2 mm size. The glass samples were heat
treated at various temperatures from glass transition
to crystallization temperature with different soaking
time. Isothermal and non-isothermal measurements were
done using Perkin-Elmer Differential Scanning
Calorimeter 7 (DSC) and Differential Thermal Analyzer
(DTA) respectively. For isothermal runs small amount
of glass samples weighing 20-30 mg were placed inside
baked alumina powder to provide a very good thermal
contact. The sample was then heated at a rate from
10 K per minute under a purge of nitrogen gas main-
tained at a rate of 250 ml min”. For non-isothermal
runs, the glass samples were heated at a number of
heating rate between 2 and 30 K per minute. In case
of DSC scans, each sample was hermetically sealed
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inside an aluminium pan and heated to near crystal-
lization temperature rapidly (500 K min™) and then held
for 20 minutes allowing for crystal growth to occur.

Emission measurements were taken using a 5 watt
Innova Coherent Argon ion (Ar’) laser, a Titanium
Sapphire (Ti:ALOs) laser (Schwartz Electro Optic, model
CWBB, Orlando, Florida), driven by two 5 watt Ar"
lasers(Coherent model Innova 90, Santa Clara, California).
The Argon ion laser emits at 488 nm, whilst the
Ti:Sapphire laser is a continuous wave (CW) type in
which the strongest emission bands is between 710 nm
and 870 nm. In this study, we used the 800 nm wave-
length as the excitation source. These lasers were used
to excite ions in the glass samples, which were posi-
tioned in the pump beam in order to obtain a long path
length. The fluorescence spectrum from the sample was
recorded by the fluorescence spectrometer (Edinburgh
Instruments model FS 920, Livingston, UK), for which
the InxGaa-xAs detector was used for the near-infrared
range emission between 1450 and 1700 nm.

3. Results and Discussions:

The glass transition temperature (7%), corresponds to
a temperature range near which the viscosity may cor-
respond to 107 ~ 10" Pa s. The physical changes in the
glass in this temperature corresponds a transformation
from a solid-like to a liquid-like behaviour. The onset
of crystallization (7) indicates the temperature range in
which the glass viscosity is sufficiently low to permit
rapid crystal growth. T, is plotted by extrapolating onset
of the first crystallization exotherm, as shown in Fig. 1
From a DSC or DTA scan, the T: ~T; gap can be cal-
culated which is a rough estimate of glass stability on
reheating, and is considered to be an important indi-
cator for estimating the fibre drawing range of a glass
without encountering major crystallization. For fibre
drawing, a low enough viscosity ( ~ 10*° Pa s) must
be exhibited in this temperature region. Therefore, this
gap should be maximized so that the glass fibres exhib-
it low optical absorption and scattering losses. However,
for a glass to have a fibre drawing viscosity of ~ 10*°
Pa s well below its T, a large T-T; gap must be exhib-
ited corresponding to a shallow viscosity-temperature
relationship, i.e. a non-fragile glass-forming liquid like
behaviour, argued by Angell”.
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Fig. 1. DTA trace of glass (100-X)TeO, -X NaO for X= 10

to 25 when heated with 10 K/min Inset at left bottom

showing schematic representation of characteristic tem-
peratures.

Fig. 1 shows the DTA traces of glasses (100-x) TeO:
— x Na:O where x ranges between 10 and 25 mole
percent. The inset shown in figure illustrates the char-
acteristic temperatures of thermal analysis peaks. The
first endotherm at around 550 K is the glass transi-
tion temperature (7). The onset of this temperature
is obtained by interpolating the straight line just before
the transition and the straight line that occurs after
the initial change. The first exotherm in Fig. 1 at around
670 K is due to a crystallization event in the glass. The
onset of crystallization, Tz, is obtained by plotting the
‘lift-off” point from the baseline where slope begins to
change. The peak temperature of a crystallization
exotherm and melting temperature are designated by
T, and Ta, respectively. Irreversible transformations are
those in which reactants do not reform from the prod-
ucts on cooling. Here one of the reactant is a metastable
state (i.e. glass) and only requires heat to raise it above
T, to the under cooled liquid state to initiate the trans-
formation. Devitrification of glass is a classic example

Table 1. A comparison of Characteristic Temperatures of

Parameters, Determined by DTA

of an irreversible transformation. In such a type of reac-
tion, the sample temperature does not remain con-
stant during the transformation. As the glass devitrifi-
cation proceeds, heat released at the glass-crystal inter-
face raises the temperature of the sample. The rates
of such transformations generally have an exponen-
tial temperature dependence, causing them to proceed
more rapidly, which in turn raises temperature fur-
ther, and so on.

Table 1 summarizes the characteristic temperature of
tellurite. T-90 has the highest glass transition temper-
ature and a large Tx — T gap, indicating that the nucle-
ation may be slow due to the exponential dependence
on 4T, which is why we chose this glass for heat treat-
ment studies. However, the lowest value of 47, means
that once the crystals are formed, they grow rapidly
due to a large overall transformation.

Three different conditions can be considered based
on the empirical observation of Tx-T; and Tw-Tx or
Tw-T, and explain the overall crystallization tendency
of glasses described in Fig. 1.

AT = (Tx - Tg) difference, €))

S = AT(T” ~ ") = AT, parameter, and )
b4 Tg

r.-1,)_ar ratio. 3)

Hy="2t 8-
T,-T, AT,

3.1 Non-isothermal crystallization:

A typical DTA curve for a TeO. glass sample obtained
at a heating rate of 10 K min™ is shown in Fig. 1, where
T, is the glass transition temperature, Tx is the onset
temperature of crystallization, and T; is the peak of
exothermal crystallization. Due to the dependence of
glass crystallization on time, the crystallization peak

Sodium Tellurite Glasses and Their Thermal Stability

Sample | Compositions, moi% Ty K T, K To K Ty K AT, K Hg, S K AT, K ATy K
T95 Te0,95, NayO-5 562 665 670 963 103 035 092 5 293
T-90 Te0,-90, NayO-10 563 690 708 918 127 056 406 18 210
T-85 Te0y-85, Na0-15 551 662 679 823 111 069 342 17 144
T-80 Te0,-80, Na,0-20 535 649 661 743 114 121 256 12 82
T-75 TeQ,-75, Nay0-25 523 620 630 733 97 036 [ 185 i0 | 103
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Fig. 2. The normalised crystallisation peaks for glass 90TeO,
-10Na;O with various heating rates in K/min.

position shifts to higher temperatures as the heating rate
increases. The normalized crystallization peaks (Tp)
of 10Na,0-90TeO:, are shown in Fig. 2 for various heat-
ing rates determined from DTA curves. Since the DTA
could not be used at higher heating rate than 25 K min’
!, we were unable to extend the temperature range of
measurements. On the other hand the DSC could have
been used, but in our experience we have found that
even hermetically sealed tellurite glass attacks the DSC
cell by contaminating platinum holder.

On the basis of the J-M-A equationg), Ozawa” and
Chen'” proposed a method, which enables the deter-
mination of the value of activation energy (E.) from
the shift in the devitrification peak (7}) position as a
function of isochronal heating rate (8) in accordance

1,

with the Kissinger method :

In [—%J = E%{%)[mp In(1-x))]- m(f‘z&j @

Using equation 4, the overall activation energy E. can
be determined either at x=0, i.e. the onset of devitrifi-
cation or at x=0.5. This equation is also useful for ana-
lyzing whether the overall devitrification peak is a con-
volution of one or more thermal events by taking the

T
derivative of the term, In [——;} with respect to x, along

the devitrification exotherm. In order to acquire the
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Fig. 3. In(T/B) v/s1000/T, for glass 90TeO, -10NaO.

value of the activation energy of the crystallization, a
linear relationship between In (T/f) and 1000/T, was
plotted in Fig. 3, from which activation energy, E.,
for the tellurite based glasses can be calculated using
equation 4, which are tabulated below.

The formation of critical nucleus can be explained
using classical theory for nucleation applicable in three
conditions'. Under condition 1, Gibbs volume free
energy (’AGy) changes steeply. As AT = Tn-Tx =
T'-T, are small crystal radius (r,*) and change is Gibbs
free energy (AG:*)is also small. AT gives rough esti-
mate of metastable crystal., which grows further cyrstalli-
sation process. The value of n (= 2.49) means that
the surface nucleation and one-dimensional growth are
dominant for metastable crystals formed at Tx. Since
Tw-Tx is the largest for T-95 glass, this explains that the
metastable crystals have the largest value for the Gibbs
energy of crystallization. The resultant AG(* and r*
mean that once the nucleation begins, the growth rate
will increase at least at a rate of [(Tm-To)}/T".

Under the condition 2, the surface energy term is con-
sidered same as in condition 1, except the Tn-Tx dif-
ferential is smaller. Consequently the 4G:* curve has
a smaller curvature compared to curve condition 1,
which when added together with surface energy (same
as in condition 1) yields 4G>* and r.*, both of which
are larger than those described under condition. For T-
90 glass the Tw-Tx gap is much smaller than in T-95.
The condition 3 represents a case where Tw-Tx may be



not only much smaller than in either condition 1 and
2, but also Tx-T, may also be much larger than the con-
ditions 1 and 2, discussed above. The presence of a
broad and small crystallization peak for glass is a clear
evidence for much reduced surface crystallization and
one-dimensional crystal growth, which might not be
occurring because the breadth of the crystallization peak.
The corresponding change in Gibbs free energy curve
will have shallower shape of cubic parabola. The
absence of exotherm reflects that AT and AT, are like-
ly to have the largest and smallest values. On the basis
of classical explanation, therefore, we may be able to
propose the magnitudes of critical radius compared
in a following ascending order.
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Fig. 4. Isothermal traces for glass 90TeO. -10Na:O using
DSC.
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Fig. 5. Volume fraction of crystallised at time t.

3.2 Isothermal Crystallization

The data for isothermal crystallization are recorded
in the temperature range from 670 to 740 K using DSC
and curves are shown in Fig. 4. The volume fraction
of crystallized x, crystallized at time t was determined
from the ratio of the area under the crystallization
exotherm up to time t to the total area, as shown in
Fig. 5 The values of the volume fraction crystallized,
x are plotted against time, t in minute for the glasses
in Fig. 6. From linear plots of In(-In(1-x)) against In (t,
sec) as shown in Fig. 7. The values of n (a dimen-
sionless exponent) and k (the rate constant) are derived
by calculating slope for the linear fit and substituting
values in the following equation

1.2
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Fig. 6. Fraction crystalized as function of time in 90TeO, -
10Na20.
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Fig. 7. JMA equation plots for isothermal crystallisation for
glass 90TeO, -10Na,O.
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Fig. 8. TTT plots for different values of fraction crystallised for
glass 90TeO,-10Na;0.

In[-n(lx)]=nlnk+nint &)
The activation energy E. is calculated using

In k = In ko —EJ/RT 6)
where R is the universal gas constant.

In tn = -0.367/n —In ko + E/RT )

tm is the exotherm maximum tn the volume fraction
crystallized x. The values of n, k and Ec are tabulated
in table 2.

The derived values of n, in general, indicate the mech-
anism of glass devitrification: n = 1 surface nucleation,
n = 2 one dimensional bulk growth and n = 3 two
dimensional bulk growth. The values of n for tellurite-
based glasses are less than 2, as is shown in table 2,
which suggest that the mechanism of devitrification
in these glasses is based on the surface nucleation and
one dimensional crystal growth'*'”. A prerequisite for
glass formation from the liquid state is that the cool-
ing be sufficiently fast to preclude crystal nucleation
and growth, since the crystalline phase is thermody-
namically more stable and, the crystal growth will

always dominate over the formation of the glass if
allowed to take place. From table 2, the temperature
dependence of the rate constant k was derived for the
binary compositions, from the Arrhenius equation 4:

Ink = 3.3 ——5%99— @)

Using the above values of n and k, we have com-
puted the partial time-temperature-transformation (¢-¢-
) curves for binary glasses for x= 10" to 10, which
are compared in Fig. 8.

3.3 Fluorescence properties of heat-treated Er-
doped sodium tellurite and X-ray diffraction
data

Fig. 9 shows emission spectra of Er’* ion in TeO»-

90, Na,O-10 glass. NHT is the as is glass, whereas the

rest are the heat treated at respective temperatures for

10 h. We observed that above 623 K, the samples were

0504 - -

Normalised emission au

0254

1450 1500 1550 1600 1650
Wavelength nm

Fig. 9. Er* ion emission spectroscopy for heat treated sodi-
um tellurite {0.005Er,03 0.995 [Nay0-10, TeO,-90]
glass for 10 h. NHT is a glass without heat treatment.

Table 2. Comparison of the Values of Activation Energy Ec, Avrami Exponent n, and Rate Constant k of Devitrification of
Binary Sodium Tellurite Glasses, Determined from Equations (4), (6) and (7)

Equation 4
Glass n = 01 In (k) s' = 4 E, kimol + 5
90TeO, -10Na,0 249 204
Glass n + 01 Equation 6 Equation 7
%0Te0, -10N&,0 176 In (k) 1 £ 2 E, kd/mol + 4 In (k) s' £ 2 E, kmol + 4
26 191 29 190
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opaque to the naked eye, it is for this reason all com-
parisons for emission line broadening were made below
623 K. An increase in the cross-section of the emission
of Er’* ion is expected due to the changing electric
dipole environment from glass to a sub-micro to micros-
rytsalline state crystalline state” while retaining the prop-
erties of the glassy matrix. Hence glass-ceramic sys-
tems could be a promising solution for a broadband
amplifier, provided that they remain optically isotrop-
ic and transparent. The crucial problem in getting such
materials is the nucleation of the starting glass and
the way to initiate it, and afterwards to control the crys-
tal growth of the particles in order to keep the trans-
parency of the system. The emission measurements
of the heat treated erbium doped sodium tellurite glass-
es are very similar in shapes, although they slightly var-
ied in intensity. We also observed changes in the area
of peak. Broadening of the emission mainly depends
on the distribution of the sites of Er’* ion in the glass
as well as the interaction of the Er’ ions with the near-
by dipoles. In our measurements, the effects of sample
size, detector position and other extraneous factors which
artificially broaden the Er spectra were excluded by
optimizing the experimental condition.

Since the glass-ceramics have both short-range and
longer range orders because of the presence of micro-
and nanoscale crystallinity, we expect the contributions
to electric and magnetic dipole to change in the vicin-

£}
&
2
% |603K2h
o
o)
£
583K2h
m
T T v T T T v T T T T
10 20 30 40 50 60 70

20

Fig. 10. XRD for 10 Na,0 90 TeO, glass crystallized at 603,
583 K for 10 h and not heat treated (NHT) sam-
ples. 603 K sample showing Na,O 8TeO, crystal'®.

B,

ity of Er-ions in the glass and crystals. Ligand fields
which include electric dipole and magnetic dipole gov-
ern the spectral broadening. 0.995 (10 Na:O 90 TeO:)
- 0.005Er0O:;s glasses are heat treated near glass tran-
sition temperature. Zhu el al'® suggested the formation
of new Na;O 8 TeO, (NTs) crystals when the sodium
tellurite glass is heat treated above 600 K. The X-ray
diffraction of these glasses confirms the presence of
sodium tellurite crystallites, as shown in Fig. 10.

4. Conclusions

Crystallization kinetics of the (XNa:O 100-XTeO)
glasses were studied and the overall activation energies
for the crystallization processes were determined to be
in thé range of 190-204 kJ mol" in the temperature
range 670 to 740 K. The crystallized phases formed
upon heat treatment of these glasses were identified by
XRD. The partial ¢-#-¢ curves were derived from the
JMA analysis. A new Na,O 8 TeO, (NTs) crystal phase
was observed when the sodium tellurite glass was heat
treated above 600 K. Controlled heat treatment of sodi-
um tellurite glass yielded transparent glass-ceramics
which exhibit the effects of line broadening from 80
nm to 130 nm.
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