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a Department of Metallurgical and Materials Engineering, Faculty of Chemical and Metallurgical Engineering,
Istanbul Technical University, Maslak 34469, Istanbul, Turkey

b Department of Physics, Faculty of Science and Letters, Istanbul Technical University, Maslak 34469, Istanbul, Turkey
c TUBITAK, The National Research Institute of Electronics, Gebze 41470, Kocaeli, Turkey

Received 25 August 2004; received in revised form 5 January 2005; accepted 10 January 2005
Available online 12 March 2005

Abstract

DTA, XRD and SEM investigations were conducted on the (1− x)TeO2–xWO3 glasses (wherex = 0.15, 0.25 and 0.3). Whereas the
0.75TeO2–0.25WO3 and 0.7TeO2–0.3WO3 glasses show no exothermic peaks, an indication of no crystallization in their glassy matrices,
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wo crystallization peaks were observed on the DTA plot of the 0.85TeO2–0.15WO3 glass. On the basis of the XRD measurements o
.85TeO2–0.15WO3 glass samples heated to 510◦C and 550◦C (above the peak crystallization temperatures),�-TeO2 (paratellurite),�-TeO2

nd WO3 phases were detected in the sample heated to 510◦C and the�-TeO2 and WO3 phases were present in the sample heated to 55◦C.
EM micrographs taken from the 0.85TeO2–0.15WO3 glass heated to 510◦C showed that centrosymmetrical crystals were formed as a
f surface crystallization and were between 3�m and 15�m in width and 12�m and 30�m in length. On the other hand, SEM investigati
f the 0.85TeO2–0.15WO3 glass heated to 550◦C revealed the evidence of bulk massive crystallization resulting in lamellar crystals be
�m and 3�m in width and 5�m and 30�m in length. DTA analyses were carried out at different heating rates and the Avrami co

or the 0.85TeO2–0.15WO3 glass heated to 510◦C and 550◦C were calculated as 1.2 and 3.9, respectively. Using the modified Kis
quation, activation energies for crystallization were determined as 265.5 kJ/mol and 258.6 kJ/mol for the 0.85TeO2–0.15WO3 glass heate

o 510◦C and 550◦C, respectively.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The tellurite glasses when doped with rare earth ions have
reat advantages over the crystalline systems since they can
e easily prepared in a large variety of chemical compo-
itions with high optical quality. Recently, the interest has
rown in the conversion of infrared into visible light by en-
rgy up-conversion, due to the potential applications in pho-

onics such as optical data storage, lasers, sensors and optical
isplays.1 Tellurium oxide (TeO2)-based glasses containing
eavy metal oxides such as Tl2O, Bi2O3 and WO3 are espe-
ially potential candidates for optoelectronic devices due to

∗ Corresponding author. Tel.: +90 212 285 3355; fax: +90 212 285 2925.
E-mail address: ovecoglu@itu.edu.tr (M.L.̈Oveçoğlu).

their superior physical properties such as low melting t
perature, high dielectric constant, high refractive index, l
third order non-linear susceptibility, good infrared transm
sivity and relatively high chemical durability and high el
trical conductivity.2 In these glasses, TeO2 is the main glas
former which does not transform to the glassy state u
normal conditions. The addition of alkali oxide to telluri
increases their glass forming tendency and produces
bridging oxygen sites which reduces the average coordin
number.3

Currently there exists a substantial amount of litera
which has reported the thermal, optical and structural p
erties of TeO2 based glasses.4–8 Kosuge et al.9 reported
that the R2O–TeO2–WO3 (R: Li, Na, and K) glass sys
tems have a very wide glass forming region suggesting

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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the R2O–TeO2–WO3 glasses are suitable for the study of
the structural behavior of TeO2 containing glasses.10 Blan-
chandin et al.11 have investigated the structure of TeO2–WO3
glasses using DSC and XRD techniques. They reported two
new metastable crystalline phases in these glasses. However,
the data available on the crystallization kinetics, microstruc-
tural morphology and formation of crystalline phases in the
TeO2–WO3 system, to our knowledge, are incomplete. The
present study aims to fulfil this task. The present study is
also part of an ongoing investigation on the effect of the
WO3 content on the microstructure and crystallization ki-
netics of (1− x)TeO2–xO3 glasses and on the spontaneous
emission probabilities of the doped thulium (Tm) ion in these
glasses.12,13 In this work, (1− x)TeO2–xO3 glasses (where
x = 0.15, 0.25 and 0.3 in molar ratio) were investigated by
means of DTA, X-ray diffractometry and SEM techniques.

2. Experimental procedure

Tellurite glasses were prepared with the compositions
of (1− x)TeO2 + xWO3 (x = 0.15, 0.25, 0.30 in molar ra-
tio), all doped with 1.0 mol% Tm2O3 (now hereafter re-
ferred to as the 0.85TeO2–0.15WO3, 0.75TeO2–0.25WO3
and 0.70TeO2–0.30WO3 glasses, respectively). The Tm ion
is doped to exhibit absorption and luminescence transitions
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tallization and theTp temperature is measured at the peak of
crystallization. Crystallization experiments of annealed glass
samples were carried out in a muffle furnace which had an
approximate heating rate of 10◦C/min.

The microstructural characterization of the as-cast and
crystallized glass samples was carried out using both elec-
tron microscopy and X-ray diffraction techniques. Scanning
electron microscopy (SEM) investigations were conducted
in a JEOLTM Model JSM-T330 operated at 25 kV and linked
with an energy dispersive (EDS) attachment. For the SEM
investigations, optical mount specimens were prepared us-
ing standard metallographic techniques followed by chemical
etching in a HF solution (5%) for 1.5 min. The etched optical
samples were coated with carbon. The X-ray diffraction in-
vestigations were carried out in a PhilipsTM Model PW3710
using Cu K� radiation at 40 kV and 40 mV settings in the 2θ

range from 20◦ to 90◦. The crystallized phases were iden-
tified by comparing the peak positions and intensities with
those in the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) data files.

3. Results and discussion

3.1. Thermal analysis and microstructural
characterization
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n the TeO2–WO3 glasses intended for solid state laser
lications. All chemicals used in this study were reag
rade of TeO2 (99.999 % purity, Aldrich Chemical Com
any), WO3 (99.99% purity, Merck Chemical Company), a
m2O3 (99.9% purity Sigma Chemical Company). Batc
f 7 g size were thoroughly mixed and melted in a platin
rucible at 950◦C for 30 min in an electrically heated fu
ace in air, followed by removing the glass melts from

urnace and quenching them in air by casting and pre
etween two rectangular graphite slabs at room temper
series of wet chemistry analyses were done on bulk

uenched and heat-treated TeO2–WO3 samples. These an
ses have shown that the initial elemental stoichiomet
he bulk glass samples did not change after quenching
eat-treating.

Differential thermal analysis scans of as-cast glass s
ens were carried out in a Rigaku Thermoflex Thermal
lyzer equipped with PTC-10A temperature control un
rder to determine the characteristic glass transition tem
tures (Tg) and the peak crystallization temperatures (Tp).
fter pulverizing and grinding as-cast glass, static n

sothermal DTA experiments were performed by hea
0 mg glass powder at heating rates of 5◦C/min, 10◦C/min,
5◦C/min and 20◦C/min in a Pt-crucible and using the sa
mount of Al2O3 as the reference material in the temp
ture range between 20◦C and 700◦C. The crucibles use
ere matched pairs made of platinum and the temper
recision was±1◦C. TheTg temperature is selected as

nflection point of the step change of the calorimetric signa11

hereas theTc temperature is measured at the onset of c
Differential thermal analysis (DTA) investigations w
onducted on the as-cast TeO2–WO3 glasses. Prelimina
TA runs were carried out on the glasses containing
m2O3 (undoped) and on the ones doped with 1 m
m2O3 (0.01 mol Tm2O3) and DTA curves were identic

or the undoped and doped glass of a given composition
he basis of these DTA runs, it can be concluded tha
ddition of 0.01 mol Tm2O3 has no effect on the therm
roperties of the (1− x)TeO2–xWO3 glasses. Therefore, t
xperimental results presented in this investigation be
o those of the 0.01 mol Tm2O3 doped (1− x)TeO2–xWO3
lasses.Fig. 1a–c represents the respective DTA cur
f the 0.85TeO2–0.15WO3, 0.75TeO2–0.25WO3 and
.70TeO2–0.30WO3 glasses scanned at a rate of 10◦C/min.
s seen inFig. 1, each DTA scan exhibits a small endoth
ic peak corresponding to the glass transition tempera

g. The Tg values, listed inTable 1, shift to higher value
ith increasing WO3 content. The 0.75TeO2–0.25WO3
nd 0.7TeO2–0.3WO3 glasses do not show any exotherm
eaks, an indication of no crystallization in their gla
atrices. On the other hand, two exothermic peaks occu
t 496◦C and at 537◦C following the glass transition
62◦C were observed for the 0.85TeO2–0.15WO3 glass
Fig. 1a). Both peaks can be attributed to the forma
nd/or transformation of crystalline phases. The temper
ifference between theTg and the first exothermic peak,Tp1,
T = Tp1− Tg, gives a measure for the thermal stability

he glass against crystallization. The�T value is 134◦C for
he 0.85TeO2–0.15WO3 glass and is higher than that of t
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Fig. 1. DTA curves of (1− x)TeO2–xO3 glasses with (a)x = 15 mol%, (b)
x = 25 mol% and (c)x = 30 mol%. All glasses contain 1.0 mol% Tm2O3. The
curves were obtained with a heating rate 10◦C/min. Tg, Tp andTm are the
glass transition, the crystallization and melting temperatures, respectively.

50TeO2–50LiCl glass.7 All three glasses exhibit the same
endothermic peak occurring atTm2 = 622◦C. In addition,
the 0.85TeO2–0.15WO3 glass shows a second endothermic
peak atTm1 = 607◦C (Fig. 1a).

The nature of the endothermic peak occurring at
Tm2 = 622◦C for all glass compositions can be verified by
consulting the TeO2–WO3 pseduo-binary phase diagram pre-
sented by Blanchandin et al.11 who showed that the eutec-
tic reaction: Liquid↔ �-TeO2 (paratellurite) + orthorhombic
WO3 takes place at 622◦C for the eutectic composition
22± 1 mol% WO3. Therefore, the endothermic peak at
T = 622◦C inFig. 1corresponds to the eutectic temperature of
the TeO2–WO3 binary. Considering the 0.85TeO2–0.15WO3

glass composition employed in the present investigation,
about 63% of the�-TeO2 and all WO3 transform com-
pletely to liquid above the eutectic temperature. Accord-
ing to the phase diagram,11 the remnant primary�-TeO2
phase for the 0.85TeO2–0.15WO3 glass melts at about
T = 656◦C as indicated by point A inFig. 1a. On the other
hand, for the other compositions of the present study, viz.
the 0.75TeO2–0.25WO3 and 0.7TeO2–0.3WO3 glasses, the
�-TeO2 phase melts completely atTm2 = 622◦C (Fig. 1b
and c) and there is still remnant orthorhombic WO3 phase
above the eutectic temperature. As reported by Salje and
Viswanathan,14 the orthorhombic WO3 phase transforms
to the tetragonal WO3 phase atT = 740◦C which is be-
yond the range of the present DTA investigation. The en-
dothermic peak occurring atTm1 = 607◦C in Fig. 1a for the
0.85TeO2–0.15WO3 glass can not be verified by the binary
phase diagram suggesting that it could correspond to the melt-
ing reaction of a metastable phase.

On the basis of DTA results, X-ray diffractometry scans
were carried out to verify the nature of crystallizing phase(s)
in the glassy matrix at temperatures aboveTg for all glasses
of the present investigation. X-ray diffractometry patterns
of the as-cast (1− x)TeO2–xWO3 (x = 0.15, 0.25, 0.3 mol)
glasses revealed no detectable peaks, confirming that they
consist of only amorphous glass matrix in the as-cast state.
Further, conforming with the DTA data, X-ray patterns of
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Table 1
Value of glass transition,Tg, crystallization peak temperature,Tp, and melting,Tm,

Glass composition (mol%) Tg (◦C) Tp1 (◦C)

TeO2 WO3

70 30 398 –
75 25 386 –
85 15 362 496
he 0.75TeO2–0.25WO3 and 0.7TeO2–0.3WO3 glasses take
rom specimens heated aboveTg did not show any crys
allization peaks. On the other hand, as seen inFig. 2, X-
ay investigations on the 0.85TeO2–0.15WO3 glass heate
o 510◦C and 550◦C above the peak crystallization te
erature at a rate of 10◦C/min followed by quenching i
ir showed the evidence of devitrification.Fig. 2b shows

he X-ray diffraction pattern of the 85TeO2–15WO3 glass
eated at a rate of 10◦C/min to 510◦C followed by quench

ng in air. Thed-values of the first, fourth and fifth pea
n Fig. 2b matched the card values of the paratellurite�-
eO2) phase which has a tetragonal crystal structure

attice parametersa = 0.481 nm andc = 0.761 nm.15 On the
ther hand, thed-values of the second and third pe
atched the calculated values of the new polymorph na
y Blanchandin et al.11 as the�-TeO2 phase having the o

horhombic symmetry with the calculated lattice para
ersa = 0.845 nm,b = 0.499 nm andc = 0.430 nm. Thus, it i
vident fromFig. 2b that TeO2 exists in two polymorph
t 510◦C: the stable�-TeO2 phase and the metastable�-
eO2 phase. In addition, characteristic peaks belongin

temperatures of the (1− x)TeO2–xWO3 glasses

Tp2 (◦C) Tm1 (◦C) Tm2 (◦C) �T = Tc − Tg (◦C)

– – 622 –
– – 622 –
537 607 622 134
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Fig. 2. X-ray diffraction patterns of the 85TeO2–15WO3 glass taken (a) at room temperature, (b) heated at a rate of 10◦C/min to 510◦C and (c) heated at a
rate of 10◦C/min to 550◦C followed by quenching in air.

WO3 are also seen which has an orthorhombic crystal struc-
ture with lattice parametersa = 0.738 nm,b = 0.751 nm and
c = 0.385 nm.16 On the basis ofFig. 2b, it can be concluded
that the first crystallization peak (exotherm atT = 496◦C)
of the DTA scan of the 0.85TeO2–0.15WO3 glass shown in
Fig. 1a corresponds to the simultaneous crystallization of
these polymorphs and WO3. Fig. 2c shows the X-ray diffrac-
tion pattern of the 85TeO2–15WO3 glass heated at a rate of
10◦C/min to 550◦C followed by quenching in air. In addi-
tion to the characteristic WO3 peaks, other peaks inFig. 2c
matched thed-values of the paratellurite (�-TeO2) phase and
there is no evidence of the metastable�-TeO2 phase. Thus, on
the basis ofFig. 2c, the second exotherm inFig. 1a is the result
of the transformation�-TeO2 → �-TeO2. The DTA (Fig. 1a)
and XRD results (Fig. 2b and c) for the 0.85TeO2–0.15WO3
glass of the present investigation partially match the results of
Blanchandin et al.11who reported three peaks on DSC curves,
first corresponding to the crystallization of�-TeO2, second
to the crystallization of WO3 and the third peak pertaining
to the transformation�-TeO2 → �-TeO2. In other words, de-
spite the fact that the same crystalline phases are found in both
investigations, their order of appearance in a thermal plot is
distinct in the study by Blanchandin et al.11 compared to the
present study whose first thermal peak incorporates the crys-
tallization of the above-mentioned phases. We believe that
this discrepancy is due to higherT and higher thermal sta-
b
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T = 510◦C followed by quenching in air.Fig. 3a is a repre-
sentative SEM/SEI micrograph (secondary electron imaging
mode) which reveals the presence of large centrosymmetric
fan-like crystals varying between 3�m and 15�m in width
and about 12�m and 30�m in length. EDS spectra taken
from four different locations on these crystals (regionT in
Fig. 3a) have shown that they contained 35.36± 1.3 at.% Te,
4.53± 0.3 at.% W, 50.11± 0.2 at% O, indicating that these
are TeO2-rich crystals surrounded by a glassy matrix (re-
gion G). In addition, white globular particles (indexed as
W) varying between 3�m and 4�m in size are also present
in the microstructure. EDS spectra taken from these glob-
ular particles revealed that they contained 28.24± 1.5 at.%
W, 69.11± 0.2 at.% O, 2.45± 1.3 at.% Te, suggesting that
they are the WO3-rich crystals.Fig. 3b and c shows the
SEM micrographs from a different location taken in the sec-
ondary (SEI), back-scatterred (BEI) electron imaging modes,
respectively, andFig. 3d is the corresponding X-ray topogra-
phy micrograph.Fig. 3b–d suggests that these crystals have
penetration depths (thickness) of only few microns into the
glassy matrix.Fig. 3e is a cross-sectional SEM/SEI micro-
graph taken at a tilt angle of 75◦ from the same region which
reveals a worm-like structure typical of an amorphous glass
matrix. Thus, as can also be seen inFig. 3e, the TeO2-rich
crystals do not penetrate into the bulk of the glass matrix
which indicates the fact that surface crystallization is the
p
h nt
l
r f the
s
a M
m
s he
g
ility value (�T = 134◦C) achieved in the present study.

To obtain better understanding of the morphology and
f the crystallizing phases, SEM investigations were
ucted on the 0.85TeO2–0.15WO3 glass heated to 510◦C
nd to 550◦C followed by air-quenching.Fig. 3a–d show
series of SEM micrographs taken from the outer su

nd Fig. 3e shows the SEM micrograph taken from
ross-section of the 0.85TeO2–0.15WO3 sample heated
redominant mechanism for the 0.85TeO2–0.15WO3 sample
eated toT = 510◦C. EDS spectra taken from four differe

ocations of the sample cross-section (region G inFig. 3e)
evealed that the amorphous glass matrix in the bulk o
ample contained 26.10± 0.5 at.% Te, 13.73± 0.3 at.% W
nd 60.16± 0.3 at.% O.Fig. 4a–c shows the respective SE
icrographs taken from the surface of the 85TeO2–15WO3

ample heated to 550◦C which reveal lamellar crystals in t
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Fig. 3. SEM micrographs of the 85TeO2–15WO3 glass heated at a rate of 10◦C/min to 510◦C followed by quenching in air: (a) a representative SEM/SEI
micrograph showing the morphology of fan-like surface crystals, (b) SEM/SEI, (c) SEM/BEI and (d) topography micrographs taken from a region indicating
the shallow nature of these crystals, (e) a cross-sectional SEM micrograph indicating the presence of typical amorphous (glassy) worm structure.

shape of long rods between 1�m and 2�m in thickness and
5�m and 30�m in length oriented in various directions. Fur-
thermore, these micrographs reveal the fact that massive crys-
tallization must have taken place in the microstructure. EDS
analyses taken from these crystals revealed that they con-
tained 34.7± 1.2 at.% Te, 3.65± 0.7 at.% W, 52.6± 0.9 at.%
O, suggesting that they are TeO2-rich crystals.Fig. 4d is
a cross-sectional SEM micrograph which shows that these
crystal rods penetrated into the bulk of the sample in various

directions. EDS spectra taken from different regions in the
crystals (regions Y inFig. 4d) have confirmed that these are
the TeO2-rich crystals seen inFig. 4a–c.

3.2. Activation energy determination

Fig. 5 shows the DTA thermograms of the as-cast
0.85TeO2–0.15WO3 glass scanned at the heating rates of
5◦C/min, 10◦C/min, 15◦C/min and 20◦C/min. The glass-
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Fig. 4. (a–c) SEM micrographs and (d) cross-sectional SEM micrographs of the 85TeO2–15WO3 glass heated at a rate of 10◦C/min to 550◦C followed by
quenching in air.

transition (Tg), and the peak crystallization temperatures (Tp1
andTp2) are listed inTable 2. As seen inTable 2, the faster
the heating rates, the higher the peak temperatures and larger
the peak heights become. Similar to other thermal analysis
investigations reported in the literature,17–19 the Tg andTp
temperatures shift to higher values with increasing heating

rate. The shift of peak temperatures with different DTA heat-
ing rates can be used to estimate the activation energy for
crystallization and the governing crystallization mechanism.
If the nucleation and crystallization growth processes take
place simultaneously during the DTA runs, the activation en-
ergy for the crystallization of the glass samples is determined

Fig. 5. DTA curves of the 85TeO2–15WO3 glasses scanned at heating rates of 5, 10, 15, 20◦C/min.
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Table 2
Heating rate, glass transition and peak crystallization temperatures of the
85TeO2 + 15WO3 sample detected during the DTA scans

B (◦C/min) Tg (◦C) Tp1 (◦C) Tp2 (◦C)

5 361 487 517
10 359 497 533
15 355 507 545
20 352 514 555

by using the modified Kissinger method as shown by Matusita
et al.20–22The crystallization peak temperature is obtained as
a function of the heating rate, then the following relationship
is applied:

ln

(
Bn

T 2
p

)
= −

(
mQ

RTp

)
+ K (1)

whereB is the heating rate,Tp is the peak crystallization
temperature for a givenB, Q is the activation energy for

crystallization,R is the gas constant,n is the Avrami pa-
rameter,m is the dimensionality of crystal growth andK is
constant. As listed in detail inTable 3, the parametersn and
m are characteristics of various crystallization mechanisms
and they can take on various values depending on the gov-
erning crystallization mechanism;m = 1 when the predomi-
nant mechanism is surface crystallization andm = 3 for bulk
crystallization.20,21,23 When nucleation takes place during
DTA, m = n – 1. For the special case where surface crystal-
lization is the predominant mechanism,n = m = 1 for all heat-
ing rates, then Eq.(1) reduces to the well-known Kissinger
equation.24

The value of the Avrami constant,n, can be determined
from the Ozawa equation25:∣∣∣∣d ln(− ln(1 − x))

d lnB

∣∣∣∣
T

= −n (2)

wherex is the volume fraction crystallized at a fixed tempera-
tureT for the heating rate ofB. x is the ratio of the partial area
Fig. 6. (a) The Ozawa plot associated with the first exot
herm (Tp1) of the 85TeO2–15WO3 glass shown inFig. 5.
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at a given temperature,T, to the total area under the crystal-
lization exotherm and its value can be determined from the
exotherms seen inFig. 5. The plot of ln(−ln(1− x)) versus
ln B should be a straight line whose slope isn.

Fig. 6a and b represents the respective Ozawa25 plots
(ln(−ln(1− x)) versus ln B) of the 0.85TeO2–0.15WO3 sam-
ple related to the first and second exothermic peak shown in
Fig. 5. The values ofn determined from the slopes of these
plots are 1.2 for the first exothermic peak (Fig. 6a) and 4.01 for
the second exotherm (Fig. 6b). Considering experimental er-
rors, these values can be taken asn = 1 for the first exotherm23

andn = 4 for the second exotherm. Thus, as listed inTable 3,
them value associated with the first exotherm ism = n = 1 for
the special case of surface crystallization and it is equal to
n − 1 = 3 for the second exotherm. These values indicate that
surface crystallization is associated with the first exotherm

and bulk crystallization is dominant following the second
exotherm inFig. 5. Oncen andm values are known, Eq.(1)
can be used to calculate the activation energy for crystalliza-
tion. A plot of ln(Bn/T 2

p ) versus 1/Tp should yield a straight
line whose slope (−mQ/R) can be used to calculate the acti-
vation energy for crystallization,Q.19 In other words, by sub-
stituting the appropriate values ofn, m andR (8.3144 J/mol
K) in Eq.(1) for these peaks, the activation energies are found
from the slope (−mQ/R) of a plot of ln(Bn/T 2

p ) against 1/Tp.
Fig. 7a and b gives the graphical solutions of Eq.(1) show-
ing the modified Kissinger plots of ln(Bn/T 2

p ) versus 1/Tp
pertaining to the first and the second exothermic peaks. As
seen inFig. 7a and b, parameters measured in four different
non-isothermal DTA analysis provide approximately a linear
fit of data points and the slope is nothing butQ/R (where
R = 8.31 J/K mol, gas constant). The activation energy,Q can

F
o
a

ig. 7. (a) The modified Kissinger plot pertaining to the first exotherm (Tp1) of the
f the crystal growth:m = 1). (b) The modified Kissinger plot pertaining to the s
nd the dimensionality of the crystal growth:m = 3).
85TeO2–15WO3 glass (Avrami parameter:n = 1.2 and the dimensionality
econd exotherm (Tp2) of the 85TeO2–15WO3 glass (Avrami parameter:n = 3.9
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Table 3
Values ofn andm for different crystallization mechanisms in the heating
process19,20,22

Crystallization mechanism n m

Bulk crystallization with a constant number
of nuclei (i.e., the number of nuclei is
independent of the heating rate)
Three-dimensional growth of crystals 3 3
Two-dimensional growth of crystals 2 2
One-dimensional growth of crystals 1 1

Bulk crystallization with an increasing
number of nuclei (i.e., the number of
nuclei is inversely proportional to the
heating rate)
Three-dimensional growth of crystals 4 3
Two-dimensional growth of crystals 3 2
One-dimensional growth of crystals 2 1
Surface crystallization 1 1

then be calculated as 265.5 kJ/mol associated with the first
exothermic transformation and 258.6 kJ/mol associated with
the second exothermic transformation. These values are com-
parable with the activation energy value of 238 kJ/mol for
surface crystallization of paratellurite (�-TeO2) crystals in a
0.7TeO2–0.3LiCl glass.7

4. Conclusions

On the basis of the results reported in the present investi-
gation, the following conlusions can be drawn:

1. The hypereutectic 0.7TeO2–0.3WO3 and 0.75TeO2–
0.25WO3 glasses doped with 1 mol% Tm2O3 do not crys-
tallize. On the other hand, devitrification of the hypoeutec-
tic 85TeO2–15WO3 glasses doped with 1 mol% Tm2O3
takes place in the vicinity of 490◦C and 530◦C with the
crystallization of the�-TeO2, �-TeO2 and WO3 phases
detected in the sample heated to about 510◦C and the
transformation of�-TeO2 to �-TeO2 detected in the sam-
ple heated to about 550◦C.

2. SEM investigations of the 0.85TeO2–0.15WO3 glass
heated to 510◦C revealed the presence of TeO2-rich
centrosymmetric fan-like crystals (between 3�m and
30�m in size) and WO3-rich globular particles (3–4�m
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that surface crystallization and bulk crystallization are as-
sociated with the first exotherm and the second exotherm,
respectively. The activation energy of crystal growth for
the 0.85TeO2–0.15WO3 glasses were determined using
the modified Kissinger equation. The activation energy
values are 265.5 kJ/mol for surface crystallization (first
exothermic peak) and 258.6 kJ/mol for bulk crystalliza-
tion (second exothermic peak).
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