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bstract

he scope of this study is to determine the different crystal formation in the 0.8TeO2 + 0.2CdF2 glasses heated with different rates to various
nnealing temperatures by using differential thermal analysis (DTA), X-ray diffraction (XRD) techniques, chemical analysis, optical microscope
nd scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS). Different number of exothermic peaks were observed indicating

he different crystallization or the transition of certain phases in the glass structure as the heating rate of DTA scans varied from 5 to 20 ◦C/min. On
he basis of the XRD investigations �-TeO2, �-TeO2 and CdTe2O5 crystalline phases were determined. SEM/EDS investigations of all the glasses
evealed the presence of different phases correlated with the XRD analysis.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Tellurite glasses have more advantages over silicate and
orate glasses because of their physical properties like low-
elting temperature, high-refractive index, high-dielectric

onstant and good infrared transmissivity. Demonstrating a wide
ange of unique properties, tellurite glasses have potential appli-
ations such as pressure sensors, data storage, optical displays,
ptical amplifiers or as new laser hosts, optical modulators and
ptical memory storage systems.1 Especially having the highest
on-linear index n2 in all possible oxide glasses, TeO2-based
lasses with different components have become very prevalent
hich can be used as optical switches, second- and third-order
on-linear optical materials.1

TeO2 structure does not form glass easily under normal
uenching conditions but by adding other agents as glass mod-
fiers, it is possible to make tellurite glasses.2,8,17 Typically
ellurite glass network demonstrates paratellurite which is also
nown as �-TeO2 where TeO4 units are only bonded at their

orners. Further studies on the structure of the tellurite glasses
ave shown that shown that there is the evidence of �-TeO2,
-TeO2 and lately found �-TeO2 phases in tellurite glass sys-

∗ Corresponding author. Tel.: +90 212 285 3355; fax: +90 212 285 2925.
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ems. �-TeO2 is formed in binary tellurite glasses heated slowly
p to 440 ◦C and annealed for 60 h.18,3,10,11 �-TeO2 phase is
xpected to exist as a superposition of domains �-, �- and
-crystalline phases that is also known as to be an intermedi-
te phase between crystalline and glassy state and has a cubic
tructure.4

The potential use of the glass materials to design a fiber laser
equires no crystallization in the matrix. Hence, it is vital to
nderstand the crystallization behavior by studying the ther-
al properties and the microstructure for this application. This
ork includes the investigation of glass formation, thermal and

he crystallization behavior of the 0.8TeO2 + 0.2CdF2 binary
lass. In literature a binary TeO2–CdF2 phase diagram does
ot exist but with the present investigation one of the possi-
le glass forming compositions will be enlightened and studied
hich was found to be a non glass forming composition in ear-

ier studies.2,5 The glass formation in the binary TeO2 + CdF2
ystem in literature takes place with CdF2 contents varying
etween none to 0.15 mol.6 After the evaluation of the thermal
roperties with the help the differential thermal analysis (DTA)
cans, the X-ray diffraction (XRD) and optical microscope and
canning electron microscopy/energy dispersive spectroscopy

Optical-SEM/EDS) characterizations of the glass were per-
ormed. Also chemical analyses of the samples were made with
he atomic absorption technical to follow the compositional
rack.

mailto:demettatar@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.042
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. Experimental procedure

.1. Glass synthesis

Glass synthesis was carried out by using high-purity TeO2
99.99% purity, Aldrich) and CdF2 (99% purity, Aldrich) pow-
ers. Glass samples were prepared to constitute the composition
f 0.8TeO2 + 0.2CdF2 in molar ratio (now hereafter referred to
s the 0.8TeO2 + 0.2CdF2 glass). Power batches of 7 g were
eighed in a PrecisaTM XB220A sensitive balance and ground

n an agate mortar for 5 min. Glass melting was carried out using
Pt crucible with a closed lid in an electrically heated furnace at
00 ◦C for about 60 min. The molten glass was removed from the
urnace at 900 ◦C and was cast by dipping the platinum crucible
n a shallow water bath.

.2. Thermal behavior and crystallization

DTA scans of as-cast 0.80TeO2–0.20CdF2 glass specimens
ere carried out in TA Q 600 DTA DSC Instruments. The
TA scans were recorded using 3–15 g as-cast glass specimens
hich were powdered and heated with the heating rates of 5, 10

nd 20 ◦C/min between 20 and 1000 ◦C temperatures in a plat-
num crucible and using the same amount of alumina powder as
he reference material. TA Instruments Universal Analysis Pro-
ram was used to determine the glass transition temperatures
Tg), selected as the inflection point of the step change of the
alorimetric signal and the peak temperatures (Tp) measured
t the peak of crystallization. The effects of different heating
ates on the crystallization Tp were also examined through the
TA curves with the heating rates of 5, 10 and 20 ◦C/min. The
eat-treated glass samples were prepared by heating the as-cast
lasses above the crystallization peak temperatures obtained
rom the DTA analyses and quenched immediately by dipping
he platinum crucible into water.

.3. Microstructural characterization

Optical microscopy (OM) was performed with a NikonTM

clipse L150 microscope equipped with NikonTM Coolpix 4.0
P digital camera. SEM was carried out both in a JEOLTM

odel JSM 5410 operated at 15 kV and linked with Noran
100 Freedom energy dispersive spectrometer (EDS) attach-
ent and in a JEOLTM Model JSM-T330 operated at 25 kV and

inked with a Zmax 30 Boron-up light element EDS detector.

or the OM and SEM investigations, optical mount specimens
ere prepared using standard metallographic techniques fol-

owed by chemical etching in a 95% distilled water + 5% HF
olution for 10–20 s. The etched optical samples were coated

b
t
c
T

able 1
lass transition Tg, crystallization Tp, annealing Ta, melting Tm temperatures and the

(◦C/min) Tg Tp1 Tp2 Tp3 Tp4 Ta1 T

5 314 356 369 399 440 365 3
0 315 389 423 – – 400 4
0 320 439 – – – 475
ig. 1. DTA scans of the as-cast 0.8TeO2–0.2CdF2 glass with different heating
ates of 5, 10 and 20 ◦C.

ith palladium–gold for the SEM and SEM/EDS observations.
RD technique of the glasses scanned with the heating rates of 5,
0 and 20 ◦C/min glasses to certain annealing temperatures was
erformed using a Bruker D8 Advanced Series powder diffrac-
ometer and was used for acquiring the glass structure and the
dentification of the crystallized phases. All traces were recorded
sing Cu K� radiation at 1.5418 Å and the diffractometer set-
ing in the 2θ range from 10◦ to 90◦ by changing the 2θ with a
tep size of 0.02◦. All samples were ground to fine powder for
nvestigating and Eva Software was used to label peaks and then
istinguish the crystalline phases existing in the sample. After
btaining the heat-treated glasses, The International Centre for
iffraction Data® (ICDD) data files were used for identifying

he crystallized phases by comparing the intensities and the peak
ositions.

. Results and discussion

.1. DTA investigations

The DTA curves of as-cast glasses heated with different heat-
ng rates of 5, 10 and 20 ◦C/min are demonstrated in Fig. 1. Glass
haracterizing temperatures such as Tg, Tp and melting temper-
ture (Tm) were also determined for each heating rate and are
iven in Table 1.

The curves exhibit an endothermic transition which cor-
esponds to the glass transition temperature, Tg, and several
xothermic peaks that give information about the crystallization
r transformations of the crystalline phases.19 As it is known the

eginning of the first exothermic reaction is the onset crystalliza-
ion temperature where the crystallization first starts and the peak
rystallization temperature is the maximum of the exotherm.6

hermal investigations with DTA and DSC on different glasses

thermal stability Kg, of the glasses

a2 Ta3 Ta4 Tm1 Tm2 Tm3 Kg (Tp1 − Tg)

83 411 457 574 620 660 42
50 – – 572 605 662 74
– – – 580 – 660 119
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Fig. 2 shows the X-ray diffraction patterns taken from the
as-cast glass heated to 365, 383, 411 and 457 ◦C with the heat-
ing rate of 5 ◦C/min. As it can also be seen from the figure
there are no detectable peaks in the as-cast glass. The glass
D. Tatar et al. / Journal of the Europ

ave shown that increasing the heating rate also increases the
elated peak temperatures, and generally increases the peak areas
ith small amounts. As it can be seen from Fig. 1, the resolu-

ion between contiguous peaks change with different heating
ates and demonstrates a range of thermal divergences, for that
eason generally smaller heating rates are favored.27 It can be
bserved from the DTA scans that with higher heating rates, peak
emperatures gets higher and peak heights become larger. Both
ig. 1 and Table 1, also show that the glass transition temper-
ture varies from 314 to 320 ◦C while the number of dominant
rystallization peak temperatures decreases as the heating rate
hanges from 5 to 20 ◦C/min.

The difference between the first crystallization peak tem-
erature (Tp1) and the Tg can be used to evaluate the glass
orming tendency (Kg) which is a measure of the glass ther-
al stability.27,15 The thermal stability of a glass comprises the

emperature interval during which the nucleation is occurring.22

urby parameter, Kgl, is also a unit reveling to the glass stability
f the certain glass system and can be given as26

gl = Tx − Tg

Tm − Tx
(1)

Both of the Tg and Tp temperatures increase from 314 to
20 ◦C and 365 to 431 ◦C, respectively, when the heating rate
hanges from 5 to 20 ◦C/min. As a result of these variations of
g and Tp temperatures the glass-forming tendency also varies
rom 42 to 119 ◦C with the heating rate of the sample. On the
iterature, the glass-forming tendency of some ZnF2 containing
ellurium oxide glasses is reported to be grater than 160 ◦C which
s greater than 119 ◦C obtained for the present glass system
ith 20 ◦C/min heating rate. However this values (Kgl = 119 ◦C)

ndicates that the 80TeO2 + 20CdF2 binary glasses have higher
hermal stability than some TeO2 + PbCl2 and TeO2 + K2O
lasses.5,16 The thermal stability of the 0.80TeO2 + 0.20CdF2
inary glasses which has a value of 119 ◦C show similarity to
he 0.90TeO2 + 0.10BaO glass which is 123 ◦C.21

Different numbers of melting temperatures also exist for each
can. Glass heated with a 5 ◦C/min scanning rate exhibits three
ifferent endotherms at 574, 620 and 660 ◦C temperatures. Glass
eated with a 10 ◦C/min exhibits three different endotherms at
72, 605 and 662 ◦C. Finally glass heated with a 20 ◦C/min scan-
ing rate exhibits two different endotherms at 580 and 660 ◦C.

Four exothermic peaks at 356, 369, 399 and 440 ◦C following
he glass transition at 314 ◦C are observed for the glass heated
ith a rate of 5 ◦C/min which indicates the existence of four dif-

erent levels of crystallization or transformations of some phases
n the glass matrix. Glass heated with 10 ◦C/min has demon-
trated two exothermic reactions at 389 and 423 ◦C. Finally glass
eated with 20 ◦C/min also demonstrates single exothermic peak
t 439 ◦C. Since there are four different exothermic peaks on the
hermal curves of the glass heated with the rate of 5 ◦C/m, there
s only one peak on the curves of the glass heated with the rate of

0 ◦C/m. It can be claimed that the exothermic reactions taking
lace on the smaller heating rates, add up and appear as sums and
verlaps which refers to the crystallization mechanism change.
s a consequence it is harder to calculate the activation energy

F
h

ig. 2. XRD patterns of glasses heated to 365, 383, 411 and 457 ◦C temperatures
ith the heating rate of 5 ◦C/min.

nd the Avrami parameter of the intersected exotherms and for
hat reason it is hard to indicate the crystallization mechanism
f these glasses by using the non-isothermal technique. Having
ore than one exothermic peak refers to the existence of multi-

le phase of crystallization.13,20,22,24 Also with earlier studies it
s understood that PbF2 containing tellurite glass compositions
how multiple crystallization peaks.2,9 At the same time there
re PbF2 containing tellurite glasses with single crystallization
eaks as well.12,14

.2. XRD results

X-ray diffractometry scans were accomplished on the basis
f DTA results to identify the crystallizing phases in the glasses
nnealed above the respective peak temperatures observed at
ifferent heating rates. The XRD pattern of as-cast glass was
lso recorded and given in Figs. 2–4. The spectrum exhibits a
arge amount of peak broadening at 2θ values ranging between
6◦ and 42◦ which indicates typical amorphous clustering of
lassy solids.
ig. 3. XRD patterns of glasses heated to 400 and 450 ◦C temperatures with the
eating rate of 10 ◦C/min.
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ig. 4. XRD patterns of glasses heated to 475 ◦C with the heating rate of
0 ◦C/min.

eated to 365 ◦C with a heating rate of 5 ◦C/min shows �-
eO2 crystals with the addition of CdTe2O5 crystals in triclinic
orms in its structure. As a following step in the glass heated
o 383 ◦C, �-TeO2 crystals and the triclinic CdTe2O5 crystals
xist with higher intensities. The glass heated to 411 ◦C has
lso �-TeO2 crystals but with less intensity relative to the glass
eated to 383 ◦C on the other hand �-TeO2 and CdTe2O5 crys-
alline phases form dominantly. When the glass was heated
o 457 ◦C, the intensities of the �-TeO2, CdTe2O5 and the �-
eO2 crystalline phases decrease as can be seen in Fig. 2. As a
esult, when the annealing temperature increases from 365 ◦C
o 383 ◦C the metastable phase which is known as �-TeO2 is
he dominant crystalline phase formed and when the tempera-
ure further increases to temperatures above 411 ◦C, the gamma
hase diminishes and a new crystalline phase which is �-TeO2
ppears.28–30

Fig. 3 shows the X-ray diffraction patterns taken from the
s-cast glass heated to 400 and 450 ◦C temperatures with the
eating rate of 10 ◦C/min. Glass heated to 400 ◦C demonstrates
ominantly �-TeO2 (paratellurite) and some Cd2TeO5 crystals
nd also very little amount of �-TeO2 in its structure. Despite
he lower heating rate of 5 ◦C/min the crystal structure of the
d2TeO5 formation in the glass heated with 10 ◦C/min is mon-
clinic. As further step heating the glass to a higher temperature
f 450 ◦C results in the formation of dominantly monoclinic
dTe2O5 crystals and some paratellurite and little amount of �-
eO2 crystals in the glass matrix. As it can be seen from the XRD
can some of the crystalline phases in the glass structure formed

n intermediate annealing temperatures decomposed and dimin-
shed in the final XRD pattern. The transformation of �-TeO2
o �-TeO2 takes place in this heating rate as well because even
hough one of the initial crystals formed in the first annealing

p

0
t

able 2
rystal structure, lattice parameters, space group, figure numbers and the card numbe

rystal Crystal structure Space group a (nm) b (nm)

-TeO2 Tetragonal P41212(92) 4.81011
-TeO2 Orthorhombic P***(0) 8.448 4.993
dTe2O5 Monoclinic P2/m(10) 6.81 3.84
dTe2O5 Triclinic P-1(2) 6.866 3.801
eramic Society 29 (2009) 329–335

tep was �-TeO2, it diminishes mostly in the last step of heating
nd �-TeO2 crystals take their place.

Fig. 4 shows the X-ray diffraction pattern taken from the as-
ast glass heated to 475 ◦C with the heating rate of 20 ◦C/min. As
t can be seen from the DTA scans the 0.8TeO2–0.2CdF2 glass
as one exothermic peak at 439 ◦C. Glass heated to 475 ◦C has
ominantly �-TeO2 crystalline phase in its structure with the
ddition of monoclinic CdTe2O5.

Regardless the heating rate two dominant crystalline
hases formed are �-TeO2 and CdTe2O5 phases in the
.8TeO2–0.2CdF2 binary glass composition. Triclinic CdTe2O5
hase is observed in lower heating rate while the CdTe2O5 for-
ation occurred in monoclinic type for higher heating rates. As

t can be seen from the XRD patterns given in Figs. 2–4 that the
dTe2O5 which is also known as cadmium ditellurite is one of

he ferroelastic ditellurites.23,15,25 CdTe2O5 crystals have two
ifferent crystal structures as triclinic and monoclinic. It was
tudied by Redman and detected as mica like and piezo-electric.
rystal structures, lattice parameters, space group and card num-
ers of the crystal phases that are formed in the glasses are given
n Table 2.

.3. SEM and SEM/EDS Investigations

Fig. 5(a)–(c) shows the morphology of the crystalline phase
ormed when the glass is annealed at 383, 411 and 457 ◦C with
he heating rate of 5 ◦C/min. The crystal sizes at 383 ◦C anneal-
ng temperature might be very small since the microstructure of
he glass looks like amorphous with small grains even though it
ontains some crystalline phase. According to its XRD pattern
he dominant crystalline phase was �-TeO2 (see Fig. 2) hence
he morphology observed in the SEM image must be due to the
ormation of the gamma crystalline phase.

Fig. 5 (b) shows the morphology of the glass structure formed
hen the sample was annealed at 411 ◦C. As the �-TeO2 and
dTe2O5 crystal formations occur in the glassy matrix as it can
e identified from the XRD pattern for the glass annealed at
11 ◦C, the microstructure of the glass changes and the num-
er and the sizes of the grains become larger which indicates
he increment of the volume fraction of the crystalline phase
ith respect to that of the glass phase. Fig. 5(c) represents the
orphology of the glass structure formed when the sample was

nnealed at 457 ◦C. It is mainly formed by the glassy phase
hich is consistent with the relative intensities of the crystalline

hases observed in their XRD patterns.

Fig. 6(a) represents the microstructure of the
.8TeO2–0.2CdF2 glass heated with a rate of 10 ◦C/min
o 400 ◦C which is above the first peak crystallization temper-

rs of the crystallized phases

c (nm) α (◦) β (◦) γ (◦) CN Reference

7.6122 90 90 90 42-1365 1, 5
4.2995 90 90 90 52-0795 1, 10
9.85 90 115.2 90 49-1755 15
9.098 100.67 85.44 89.25 36-0345 15
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Fig. 5. Glasses heated with a scanning rate of 5 ◦C/min to 383, 411 and 457 ◦C:
(a) SEM micrograph of glass surface annealed at 383 ◦C; (b) SEM micrograph
of glass surface annealed at 411 ◦C; (c) OM micrograph of glass cross-section
annealed at 457 ◦C.
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ig. 6. Glasses heated with a scanning rate of 10 ◦C/min to 400 and 450 ◦C: (a)
M micrograph of glass cross-section annealed at 400 ◦C; (b) SEM micrograph
f glass surface annealed at 450 ◦C.

ture observed in its DTA curve. XRD pattern given in Fig. 3
emonstrates the crystal formation of �-TeO2, �-TeO2 and
onoclinic CdTe2O5 phases in the glass structure. Optical
icrograph of the glass shows a better representation of the

lass morphology and structure. Fig. 6(b) represents the glass
eated to 450 ◦C. It demonstrates very little amount of �-TeO2,
-TeO2 and also monoclinic CdTe2O5 crystals relatively to the
lass annealed at 400 ◦C with stronger intensities. It can be seen
hat the grains given in Fig. 6(b) transforms in to the dendrite
ike structures.

The microstructure of the 0.8TeO2 + 0.2CdF2 glass heated
ith a rate of 20 ◦C/min to 475 ◦C are represented in
ig. 7(a)–(f). XRD pattern given in Fig. 7 demonstrates for-
ation of �-TeO2 and monoclinic CdTe2O5 crystals. As it

an be seen from the figures, the major portion of the glass
atrix was crystallized. In Fig. 7(a) dendrites are clearly vis-

ble and demonstrates the crystallization of �-TeO2 phase.

DS spectra taken from the rectangular/square-shaped dendrites

labeled by a, b and c in Fig. 7(a) and (d)) revealed that these
rains contained 28.010 ± 0.8 wt.% Te, 0.194 ± 0.4 wt.% Cd
nd 71.613 ± 0.5 wt.% O, indicating the fact they belong to the
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Fig. 7. Glasses heated with a scanning rate of 20 ◦C/min to 475 ◦C: (a) SEM
micrograph of glass surface annealed at 475 ◦C; (b) OM micrograph of cross-
section annealed at 475 ◦C; (c) OM micrograph of surface annealed at 475 ◦C;
(d) SEM micrograph of cross-section annealed at 475 ◦C; (e) SEM micrograph of
cross-section annealed at 475 ◦C; (f) OM micrograph of cross-section annealed
at 475 ◦C.

�
T
a

4

a

Fig. 7. (Continued )

-TeO2 crystalline phase also detected in the XRD scan (Fig. 4).
he size of the dendrites is founded be about 2–3 �m in width
nd they grow in different directions as it can be seen in Fig. 7(d).
. Conclusions

The glass formation of 80TeO2 + 20CdF2 composition was
chieved during this study which was not reported in the lit-
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rature and found to be out of the glass forming region for
he TeO2–CdF2–PbF2 ternary glass system.6 Glass transition,
eak crystallization temperature and the melting temperatures
re found to be varying with the heating rate. Variations of the
alues of Tg and Tp temperatures cause a change in the glass
orming tendency from 42 to 119 ◦C with the heating rate of
he sample varying from 5 to 20 ◦C/min. Crystal formation of
-TeO2 and �-TeO2 with the addition of both monoclinic and

riclinic CdTe2O5 crystal phases were observed when the glass
amples were annealed to temperatures above the crystallization
emperatures. While there are four different exothermic peaks on
he thermal curves of the glass heated with rate of 5 ◦C/min, there
s only one peak on the curves of the glass heated with rate of
0 ◦C/min. It can be claimed that the exothermic reactions taking
lace on the smaller heating rates, add up and appear as sums
nd overlaps which refers to the change of the crystallization
echanism.
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tural characterization and crystallization kinetics of (1 − x)TeO2–xLiCl
(x = 0.6–0.4 mol) glasses. J. Eur. Ceram. Soc., 2007, 27, 1823–1827.

3. Weil, M., New phases in the systems Ca–Te–O and Cd–Te–O: the cal-
cium tellurite(IV) Ca4Te5O14, and the cadmium compounds Cd2Te3O9

and Cd2Te2O7 with mixed-valent oxotellurium(IV/VI) anions. Solid State
Sciences, 2004, 6, 29–37.
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