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bstract

he differential thermal analysis (DTA), X-ray diffractometer and scanning electron microscopy/energy dispersive spectrometer (SEM/EDS)
echniques were used to investigate the microstructural characterization and the thermal behavior of the three (1 − x)TeO2–xCdF2 (x = 0.10, 0.15,
.25 mol) glasses. The effect of the heating rate, annealing temperature and CdF2 content on the thermal and the microstructural properties of
eO2–CdF2 binary glasses were enquired. DTA analysis has shown that as the CdF2 content in the glass composition increases, the value of the glass

ransition and the peak crystallization temperatures shift to higher values. SEM/EDS investigations have shown that the crystal formation of �-TeO2,

-TeO2 and CdTe2O5 crystal phases were observed when the 0.90TeO2–0.10CdF2 and the 0.85TeO2–0.15CdF2 glass samples were annealed to

emperatures above the crystallization temperatures. X-ray diffraction (XRD) results illustrated clearly the transformation of the metastable �-TeO2

hase to stable �-TeO2 crystalline phase as the annealing temperature was increased from 385 to 425 ◦C for the 0.75TeO2–0.25CdF2 glass.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Solid-state lasers are being used in various medical and mil-
tary applications. The active medium of a solid-state laser
omprises of a glass or crystalline host material doped with a
are-earth ion such as erbium, neodymium, thulium or trans-
ission ions such as Cr3+. The excited states of rare-earth ions

re not strongly coupled with thermal vibrations of the crys-
alline lattice and as a result the laser threshold can be attained
t relatively low pump intensities.1–3

The glasses when doped with rare-earth ions have great
dvantages over crystals since they can be easily prepared
n a large variety of chemical compositions with high opti-
al quality.1 Among many oxide glasses, tellurite glasses are

referred over silicate and phosphate glasses due to their
elatively low phonon energy, high refractive index, high dielec-
ric constant, good corrosion resistance, thermal and chemical

∗ Corresponding author. Tel.: +90 212 285 3206; fax: +90 212 285 6386.
E-mail address: gozenl@itu.edu.tr (G. Özen).
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tability.1,4,5 Tellurium oxide, however does not transform to the
lassy state as a pure oxide under normal processing conditions.
he alkali oxide or a fluoride addition to tellurium increases

he glass-forming tendency by producing non-bridging oxygen
ites which decrease the average coordination number of tel-
urium. Hence the glass formation requires modest cooling rated
o prevent crystallization.1,6

El-Mallawany1 suggested that the structure of the most sta-
le crystalline phase of tellurium dioxide is tetragonal and also
nown as paratellurite (�-TeO2). The �-TeO2 has different mod-
fications that are known as �-TeO2, �-TeO2 and �-TeO2.7,8

n order to differentiate these modifications from each other,
rrangements of corner sharing TeO4 units and their bonds can
e investigated.2 The earlier studies about the tellurite glasses
howed that �-TeO2 phase was not always formed.1 For example
kagi et al. did not observe the �-TeO2 phase in the K2O·TeO2
inary glass system.9 The �-TeO2 phase has an orthorhombic

tructure and is a metastable polymorph of the �-TeO2.5,10 It
as a short-range atomic arrangement unlike the �-TeO2 and
he �-TeO2 phases. The formation of the �-TeO2 phase in the
lassy matrix is observed when the tellurite glass was modi-

mailto:gozenl@itu.edu.tr
dx.doi.org/10.1016/j.jeurceramsoc.2008.05.029
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ed by WO3, Nb2O5 or PbO annealed at about 440 ◦C.11,12 The
ransformation of the �-TeO2 phase to the stable �-TeO2 takes
lace at higher temperatures. The �-TeO2 is described as the
uperposition of the �-TeO2, �-TeO2 and the �-TeO2 phases
nd acts as an intermediate phase in between the crystalline and
he glassy structure.

An understanding of the crystallization behavior is impor-
ant to develop and use TeO2-based glasses as a laser material
r an optical switching device, which will bear high thermal
oads and thus crystallization is likely to occur during lasing.
he relation between the crystallization and the local structure
f the glasses has already been discussed in the literature for
arious compositions.10,13 This study inquires about the thermal
nd the microstructural properties of CdF2 containing tellurite
lasses. The effect of the heating rate, annealing temperature and
dF2 content on the thermal and the microstructural properties
f TeO2–CdF2 binary glasses were investigated in detail.

. Experimental procedure

.1. Glass synthesis

Three different compositions of glasses with 0.10, 0.15 and
.25 mol of CdF2 content were prepared by using high purity
eO2 (99.99% purity, Aldrich) and CdF2 (99% purity, Aldrich)
owders. Powder batches of 7 g were weighed in a PrecisaTM

B220A sensitive balance and ground in an agate mortar for
min in order to obtain a homogenized structure. A platinum
rucible with a closed lid was used for the melting processes
n an electrically heated furnace at 900 ◦C for about 15–90 min.
he molten glass was removed from the furnace at 900 ◦C and
as cast by dipping the platinum crucible in a icy water bath for
uenching.

.2. Thermal behavior and crystallization

Differential thermal analysis (DTA) scans of as-
ast 0.90TeO2 + 0.10CdF2, 0.85TeO2 + 0.15CdF2 and
.75TeO2 + 0.25CdF2 glass specimens were carried out in
TATM Q600 DTA/TGA/DSC. The DTA scans were recorded
sing 3–15 mg as-cast glass specimens which were powdered
nd heated with the heating rates of 5, 10 and 20 ◦C/min
etween 20 and 1000 ◦C temperatures in a platinum crucible
nd using the same amount of alumina powder as the reference
aterial. TA Instruments Universal Analysis ProgramTM

as used to determine the glass transition temperatures Tg,
elected as the inflection point of the step change of the
alorimetric signal and the Tp temperatures measured at the
eak of crystallization. The effects of different heating rates on
he crystallization peak temperatures (Tp) were also examined
hrough the DTA curves recorded with the heating rates of

, 10 and 20 ◦C/min. The heat-treated glass samples were
repared by heating the as-cast glasses above the crystallization
eak temperatures obtained from the DTA analyses and
uenched immediately by immersing the platinum crucible into
ater.

r
b
F
c
t
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.3. Microstructural characterization

Optical microscopy (OM) was performed with a NikonTM

clipse L150 microscope equipped with NikonTM Coolpix 4.0
P digital camera. Scanning electron microscopy (SEM) was

arried out both in a JEOLTM Model JSM 5410 operated at 15 kV
nd linked with NoranTM 2100 Freedom energy dispersive spec-
rometer (EDS) attachment and in a JEOLTM Model JSM-T330
perated at 25 kV and linked with a Zmax 30 Boron-up light
lement EDS detector. For the OM and SEM investigations,
ptical mount specimens were prepared using standard metal-
ographic techniques followed by chemical etching in a 95%
istilled water +5% HF solution for 10–20 s. The etched opti-
al samples were coated with palladium–gold for the SEM and
EM/EDS observations. X-ray diffraction (XRD) technique of

he glasses scanned with the heating rates of 5, 10 and 20 ◦C/min
lasses to certain annealing temperatures was performed using
BrukerTM D8 Advanced Series powder diffractometer and
as used for acquiring the glass structure and the identifica-

ion of the crystallized phases. All traces were recorded using
u K� or Co K� radiation and the diffractometer setting in the
θ range from 10◦ to 90◦ by changing the 2θ with a step size
f 0.02◦. All samples were ground to fine powder for inves-
igation and Eva Software was used to label peaks and then
istinguish the crystalline phases existing in the sample. After
btaining the heat-treated glasses, ICDD (The International Cen-
re for Diffraction Data®) data files were used for identifying the
rystallized phases by comparing the intensities and the peak
ositions.

. Results and discussion

In the earlier studies of Silva et al. claimed that the maximum
dF2 content in the glass-forming TeO2–CdF2 binary system
as 0.15 in molar ratio.14 The present study has shown that it is
ossible to obtain amorphous structures with higher concentra-
ions of CdF2 content. Preliminary experimental results of the
resent investigation demonstrated the effect of the heating rate,
nnealing temperature and CdF2 content on the thermal and the
icrostructural properties of TeO2–CdF2 binary glasses. The

hermal properties including the crystallization behavior, were
nvestigated using differential thermal analysis. Formation and
he transformation of the crystalline phases in the microstructure
f the glass samples were examined through a XRD, SEM/EDS
nd OM analysis.

.1. DTA investigations

Differential thermal analysis investigations were conducted
n the as-cast 0.90TeO2 + 0.10CdF2, 0.85TeO2 + 0.15CdF2 and
.75TeO2 + 0.25CdF2 glass samples to understand the effect of
dF2 content and the heating rate on the thermal properties. The

espective DTA thermographs of the glass samples were scanned

etween 200 and 800 ◦C at 20 ◦C/min heating rate are given in
ig. 1. For all scans given in Fig. 1, glass transition, Tg, peak
rystallization, Tp and melting temperatures, Tm, are marked on
he thermographs of the respective glasses and given in Table 1.
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ig. 1. DTA curves of as-cast (a) 0.90TeO2–0.05CdF2 glass, (b) 0.85TeO2–0.15
dF2 glass and (c) 0.75TeO2–0.25 CdF2 glass, scanned at a rate of 20 ◦C/min

vertical broken lines are drawn as a guide for the eye).

It can be seen from Fig. 1 and also from Table 1 that, as the
dF2 content in the glass composition increases, the value of the
lass transition temperatures shifts to higher values in very little
mounts. This behavior was also seen in other tellurite glasses
aving different modifiers such as Nb2O5.7 On the other hand
lasses containing K2O content has shown that the Tg, shifts to
ower values as the K2O content increases.15 As seen in Fig. 1,
here are different number of peak crystallization temperatures
Tp) occurred at a range of 376–421 ◦C following the glass tran-
ition temperatures for three compositions. As the CdF2 content
ncreases from 0.10 to 0.25 in molar ratio, the number of the
xothermic peaks observed on the respective thermographs also
ncreases from one to three (Fig. 1). The maximum values of the
xothermic peaks depending on the composition occur at differ-
nt temperatures when the samples were scanned with the same
eating rate. Hence different crystal formations occur for each
xothermic peak as the CdF2 content increases. A similar claim
an also be made for the endotherms which represent the melt-
ng processes of these glasses. The first melting temperatures,
m1, can be seen on very close values of the three samples so

he same crystalline phase might be dissolving.
The glass-forming tendency (Kg) assessed by the difference

etween the first crystallization peak temperature (Tp1) and the
lass transition temperature (Tg), is a measure of the glass ther-
al stability.16,17 The thermal stability of a glass comprises

he temperature interval during while the nucleation is taking
lace.18 The glass stability of the certain glass system can be

xplain by the Hurby’s parameter which is

gl = Tx − Tg

Tm − Tx

(1)

T
o
v
b

able 1
lass transition (Tg), crystallization peak and melting temperatures of the (1 − x)TeO

dF2 content (mol%) Tg (◦C) Tp1 (◦C) Tp2 (◦C)

0 316 404 –
5 318 384 417
5 319 376 391
ig. 2. DTA scans of the as-cast 0.90TeO2–0.10CdF2 glass with different heat-
ng rates of 5, 10 and 20 ◦C.

The glass-forming tendency of CdF2 containing tellurium
xide glasses is reported to be smaller than most of the exist-
ng tellurite glasses containing different modifiers.15,16,18–21 The

gl value for each glass composition was determined from the
espective DTA curve by using the lowest crystallization and
he melting temperatures observed and are listed in Table 1. The
hermal stability of the 0.90TeO2–0.10CdF2 glass is 88, on the
ther hand this value decreases to 66 for the 0.85TeO2–0.15CdF2
lass and 57 for the 0.75TeO2–0.25CdF2 glass. As a result it
an be said that the thermal stability of the glass decreases as
he CdF2 content in the glass increases. The value of 57 for
he 0.75TeO2–0.25CdF2 glass heated with 20 ◦C/min, is smaller
han most of the tellurite glasses like TeO2–LiCl which has a
hermal stability value of 136 obtained with 20 ◦C/min heat-
ng rate, TeO2–Nb2O5 which has a value 157 and TeO2–PbCl2
hich has 191.1,2,22 This consequence estimates the difficulty
f obtaining CdF2 containing glasses.

In order to investigate the effect of the heating rate on the ther-
al properties and the crystallization behavior of TeO2–CdF2

lasses DTA analysis was performed at the heating rates of 5,
0 and 20 ◦C/min between 200 and 800 ◦C and are illustrated
n Figs. 2–4. These curves exhibit an endothermic transition in
etween 300 and 330 ◦C. The glass transition, crystallization
eak and the melting temperature values change and shift with
ifferent heating rates for each composition.

DTA scans of the as-cast 0.90TeO2–0.10CdF2 glass with dif-
erent heating rates of 5, 10 and 20 ◦C are given in Fig. 2 and
able 2. Only one exothermic peak was observed in the thermo-
raphs for each heating rate. As can be seen from Fig. 2 and also

able 2, the glass transition and the crystallization temperatures
f the glass composition demonstrates a very little shift to higher
alues with increasing scanning rates. The exothermic peak is
roader when the heating rate is 5 ◦C/min and it becomes sharper

2–xCdF2 glasses heated with 20 ◦C/min rate

Tp3 (◦C) Tm1 (◦C) Tm2 (◦C) Tm3 (◦C) Kg

– 569 709 – 88
– 576 684 – 66

421 583 636 676 57
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Fig. 3. DTA scans of the as-cast 0.85TeO2–0.15CdF2 glass with different heat-
ing rates of 5, 10 and 20 ◦C.

Fig. 4. DTA scans of the as-cast 0.75TeO2–0.25CdF2 glass with different heat-
ing rates of 5, 10 and 20 ◦C.

Table 2
Glass transition (Tg), crystallization peak and melting temperatures of the
0.90TeO2–0.10CdF2 glass heated with 5, 10 and 20 ◦C/min

Heating rate (◦C/min) Tg (◦C) Tp1 (◦C) Tm1 (◦C) Tm2 (◦C) Kg

5 310 395 569 709 85
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0 315 403 569 709 66
0 316 404 569 709 57

s the heating rate increases. Similar thermal behavior was also
bserved for the TeO2–LiCl glasses in which the value of the
lass transition and the glass crystallization peak temperatures
as increased as the heating rates increased.19,20
DTA scans of the as-cast 0.85TeO2–0.15CdF2 glass with dif-
erent heating rates of 5, 10 and 20 ◦C are given in Fig. 3. As
t can be seen from the figure and also Table 3, the glass tran-
ition temperature (Table 4) of the 0.85TeO2–0.15CdF2 glass

2
a
u
s

able 3
lass transition (Tg), crystallization peak and melting temperatures of the 0.85TeO2–

eating rate (◦C/min) Tg (◦C) Tp1 (◦C) Tp2 (◦C)

5 308 358 384
0 317 371 394
0 318 384 417
ramic Society 28 (2008) 3097–3106

emonstrates also very little shift to higher values with increas-
ng scanning rate. Two exothermic peaks exist for this glass
omposition when heated with different heating rates and these
alues shift to higher temperatures with higher heating rates. As
t can be seen from Fig. 3. Each exothermic peak might refer to
he formation or the transformation of the different crystalline
hases. Following to the exotherms, also two endotherms are
emonstrated in each thermograph of these glasses. Even though
he first endotherm of the glasses occurred at close temperatures,
he second ones varied and showed differences with different
eating rates.

DTA scans of the as-cast 0.75TeO2–0.25CdF2 glass with dif-
erent heating rates of 5, 10 and 20 ◦C are given in Fig. 4. As it can
e seen from Fig. 4 and Table 3, the glass transition temperature
or this composition demonstrates also very little shift to higher
alues with increasing heating rate. Even though two different
xotherms exist for the glasses heated with 5 and 10 ◦C/min,
here are four exotherms for the glasses heated with 20 ◦C/min.
t can be claimed from the temperatures of the exotherms that the
rst two crystallization peaks of the glasses heated with differ-
nt heating rates may refer to the formation of the same phases.
n the other hand the third and the fourth crystallization peaks
bserved when the glass heated with 20 ◦C/min may refer to the
ormation or transformation of different phases.

.2. XRD results

The crystalline phases corresponding to the exothermic pro-
esses seen in the DTA scans were identified by using the results
f the X-ray diffractometry investigations. The XRD patterns of
s-cast glasses with various amount of CdF2 content are given
n Fig. 5. The spectra exhibit a broad band ranging between 26◦
nd 42◦ of 2θ values which is an indication of a typical amor-
hous clustering observed in glassy solids. Two sharp peaks
ere detected for the 0.75TeO2–0.25CdF2 as-cast glass around
θ = 28◦ and 43◦ in addition to the broad band. The Bragg angle
f θ = 26.5◦ for the Cu K� radiation conditions (θ = 0.15418 nm)
orresponds unambiguously to the highest intensity peak of the
-TeO2.

In order to find out the formation or the transformation of
he crystalline phases that may exist in these binary systems,
-ray diffractometry scans were accomplished by annealing the

amples above the peak crystallization temperatures determined
rom the respective DTA results. The 0.90TeO2–0.10CdF2 glass
as annealed at 424, 419 and 408 ◦C with the heating rates of

0, 10 and 5 C/min respectively. The XRD patterns of these
nnealed samples are presented in Fig. 6. The ICDD card val-
es of the paratellurite (�-TeO2) phase which has a tetragonal
pace group P41212(92) with lattice parameters a = 0.481 nm

0.15CdF2 glass heated with 5, 10 and 20 ◦C/min

Tm1 (◦C) Tm2 (◦C) Tm3 (◦C) Kg

571 632 711 50
571 632 653 53
576 650 684 66
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Table 4
Glass transition (Tg), crystallization peak and melting temperatures of the (1 − x)TeO2–xCdF2 glass heated with 5, 10 and 20 ◦C/min

Heating rate (◦C/min) Tg (◦C) Tp1 (◦C) Tp2 (◦C) Tp3 (◦C) Tp4 (◦C) Tm1 (◦C) Tm2 (◦C) Tm3 (◦C) Kg

5 310 357 367 – – 572 632 – 47
10 318 369 381 – – 572 616 681 51
20 319 376 391 421 500 576 650 684 57
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ig. 5. X-ray diffraction patterns taken from (1 − x)TeO2–xCdF2 glasses
x = 0.10, 0.15, 0.25) in the as-cast condition.

nd c = 0.761 nm,25 �-TeO2 phase which has a orthorhombic
rystal structure and is a polymorph of paratellurite with lattice
arameters a = 8.448 nm, b = 4.993 nm and c = 4.2995 nm24 and
admium tellurium oxide (CdTe2O5) which has space group
f P2/m(10) and has a triclinic structure with lattice parame-
ers of a = 6.866 nm, b = 3.801 nm and c = 9.098 nm.26 The peaks
bserved in all the XRD scans are identified to belong to the sta-
le �-TeO2, metastable �-TeO2 and the CdTe2O5 phases. This
roofs that the scanning rate does not have an effect on the for-
ation or the transformation of the crystalline phases in this

omposition.

XRD patterns of the 0.85TeO2–0.15CdF2 glasses heated to

55 and 405 ◦C with a rate of 20 ◦C/min followed by quenching
n water are given in Fig. 7. It can be seen that the formation

ig. 6. X-ray diffraction patterns taken from 0.90TeO2–0.10CdF2 glass (a)
eated to 424 ◦C with a rate of 20 ◦C/min, (b) heated to 419 ◦C with a rate
f 10 ◦C/min and (c) heated to 408 ◦C with a rate of 5 ◦C/min.25,26

i
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ig. 7. X-ray diffraction patterns taken from 0.85TeO2–0.15CdF2 glass (a)
eated to 455 ◦C and (b) heated to 405 ◦C with a rate of 20 ◦C/min.25,26

f the �-TeO2 phase starts at the initial step of 405 ◦C and no
ther crystal formations take place at this temperature. When
he glass is annealed at 455 ◦C, CdTe2O5 crystalline phase was
dentified accompanying to the �-TeO2 crystalline phase. The

etastable phase, �-TeO2, was not observed in the XRD scans
f the samples anneal at neither temperatures. The earlier studies
how that in some of the TeO2-based binary glass systems such
s TeO2–LiCl and TeO2–ZnO, only crystalline phase formation
bserved was �-TeO2.2,24

The XRD patterns of the 0.75TeO2–0.25CdF2 glass heated
o 385 and 425 ◦C with a rate of 20 ◦C/min followed by quench-
ng in water are given in Fig. 8. When the sample was heated to

85 ◦C, �-TeO2, �-TeO2 and CdTe2O5 crystalline phases were
bserved. Comparing the XRD patterns given in Figs. 7b and 8b,
t can be seen that the formations of the �-TeO2 and CdTe2O5

ig. 8. X-ray diffraction patterns taken from 0.75TeO2–0.25CdF2 glass (a)
eated to 425 ◦C with a rate of 20 ◦C/min and (b) heated to 385 ◦C with a rate
f 20 ◦C/min.25,26
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hases occur when the CdF2 content was increased from 0.15 to
.25 mol. The transformation of the metastable �-TeO2 to stable
-TeO2 can be observed clearly in the thermal behavior of this
lass. When the annealing temperature increases from 385 to
25 ◦C as shown in Fig. 8a, the intensities of the stable �-TeO2
lso increase and the metastable �-TeO2 dissolves and dimin-
shes. It can also be seen in Fig. 8 that the amount of the CdTe2O5
rystals formed in the glass also increases with the annealing
emperature. The transformation of the metastable �-TeO2 to sta-
le �-TeO2 was also observed in other TeO2-based glasses such
s 0.95TeO2–0.05K2O , (1 − x)TeO2 – xZnO glasses at tem-
eratures above 430 ◦C and also 0.85TeO2–0.15WO3 glasses at
emperatures above 440 ◦C.12,15,23 On the other hand almost no
tructural changes were observed in TeO2–BaO glasses heated to
ifferent annealing temperatures and the dominant �-TeO2 phase
t lower temperatures did not disappear but lost its intensity.16

.3. SEM and SEM/EDS investigations

In order to investigate the morphology of the resultant
icrostructures after crystallization, SEM analysis was per-

ormed on the TeO2–CdF2 glasses. Surface and cross-section
EM micrographs were taken in the secondary electron imag-

ng (SEI) mode for all the samples. Fig. 9a and b are a series of
urface SEM/SEI micrographs demonstrating both the surface
nd the cross-section of the 0.90TeO2–0.10CdF2 glass samples
eated to 408, 419 and 424 ◦C with different heating rates were
erformed and showed similar morphologies. The glasses heated
o 408 and 419 ◦C contained disoriented needle-like crystals in
maller sizes. The crystal sizes at these annealing temperatures
ary between less than 1 �m in width and about 3 and 5 �m in
ength. These disoriented needle-like crystals exist both in the
urface and the cross-section of these glasses, hence a bulk crys-
allization mechanism might be taking place in this composition
egardless the annealing temperature.

Fig. 9a and b are representing SEM/SEI micrographs
aken from the surface and the cross-section of the
.90TeO2–0.10CdF2 glass heated to 424 ◦C with 20 ◦C/min. The
tructure reveals the presence of elongated centro-symmetric
tripe-shaped crystals varying between 1 and 5 �m in width
nd about more than 50 �m in length. Fig. 9a and b show
hat there are actually two different crystal formations inter-
onnected with each other. There are radiating crystals which
re made up clover-like crystals between 20 and 60 �m in size
urrounded by elongated acicular prismatic and tabular crys-
als also as radial nodules around them. These two different
rystal formations interfere with each other and might refer to
ifferent formations of different phases. XRD scans given in
ig. 6 show the crystals that are present refer to the CdTe2O5,
-TeO2 and/or �-TeO2 crystalline phases. EDS spectra taken

rom the acicular grains have revealed that these grains con-
ained 27.435 wt.% Te, 1.497 wt.% Cd and 71.068 wt.% O,
hich indicates that they belong to a TeO2 containing crys-
alline phase. Fig. 9b is a SEM/SEI representative micrograph
aken from the cross-section of the 0.90TeO2–0.10CdF2 glass
ample revealing similar grains varying between 1 and 5 �m
n size also exist in the cross-section parts of the glass. Thus

s

s
h

ection of the 0.90TeO2–0.10CdF2 glass heated to 424 ◦C at a rate of 20 ◦C/min,
ollowed by quenching in air.

t can be inferred that bulk crystallization is the predominant
echanism for the 0.90TeO2–0.10CdF2 glass sample. In addi-

ion, EDS spectra taken from both the clover-like crystalline
rains labeled with a, contain 30.6 wt.% Te, 3.4 wt.% Cd and
6.0 wt.% O, and the regions labeled with b, contain 43.3 wt.%
e, 6.1 wt.% Cd and 50.6 wt.% O. These results confirm that

he clover-like crystalline regions have higher Cd content and
ight reveal to the formations of a cadmium containing tellu-

ite crystalline phase. EDS spectra taken from the needle-like
rystals labeled with c, contain 27.4 wt.% Te, 1.5 wt.% Cd and
1.1 wt.% O. Considering this EDS stoichiometry, the chem-
stry of these regions are different than those measured from
he clover-like crystalline grains. It can be concluded that the
eedle-like crystalline structure dominantly corresponds to the
ormation of the �-TeO2 phase which has a bulk crystallization
echanism. TeO2–LiCl glasses have trigonal-shaped paratellu-

ite crystals between 40–50 �m in length and 7–15 �m in width
or which the surface nucleation was taking place.2 TeO2–BaO
lasses also showed �-TeO2 formations in dendrite forms as
urface crystallization.16
Fig. 10a and b are SEM/SEI micrographs taken from the
urface and the cross-section of the 0.85TeO2–0.15CdF2 glass
eated to 405 ◦C with 20 ◦C/min. It can be seen in Fig. 10 that
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ig. 10. Typical SEM micrographs taken from the (a) surface region, (b) cross-
ross-section of the same sample heated to 455 ◦C. All samples were heated at

here are radial acicular crystals in the morphology. The struc-
ure reveals the size of the crystals vary around 1 �m in width
nd around 10 �m in length. Images show that there is actually
ne type of crystal formation in agreement with the XRD scan
iven in Fig. 7b identified as the �-TeO2 crystalline phase. EDS
pectra taken from both the cross-section and the surface of the
lass sample from the locations labeled with a contain 32.0 wt.%
e, 0.2 wt.% Cd and 67.5 wt.% O indicating that the crystals
ormed are �-TeO2. On the other hand the regions labeled with

contain 26.6 wt.% Te, 1.3 wt.% Cd and 72.1 wt.% O. These
esults demonstrate that the parent glass matrix prevails over the
-TeO2 crystalline phase.

SEM/SEI micrographs taken from different locations of
he surface of the 0.85TeO2–0.15CdF2 heated to 455 ◦C with
0 ◦C/min are given in Fig. 10c and d. The micrographs con-
ain both oriented and disoriented crystallizations in the shape
f needle-like acicular crystal structures. EDS spectrum, taken
rom the crystals labeled with a in Fig. 10c, revealed that the
rystalline phase contained 19.9 wt.% Te, 13.1 wt.% Cd and
2.9 wt.% O, indicating the formation of a CdTe2O5 crystalline
hase. EDS spectra taken from the crystals labeled with a and b in

ig. 10d, revealed that the crystalline phase contained 47.1 wt.%
e, 0.1 wt.% Cd and 52.9 wt.% O, indicating the formation of
TeO2-rich crystalline phase. If the XRD scan given in Fig. 7

s reconsidered then it can be claimed that these radial acicu-

r
d
t
s

n of the 0.85TeO2–0.15CdF2 glass heated to 405 ◦C, (c) surface region and (d)
of 20 ◦C/min, followed by quenching in icy water.

ar structures belong to the �-TeO2 phase. Similar formations
f TeO2-rich phase was also observed in 0.85TeO2–0.15WO3
lasses in the shape of large centro-symmetric fan-like crystals
arying between 3 and 15 �m in width and about 12 and 30 �m
n length.20

Fig. 11a and b are both surface and cross-sectional SEM
icrographs taken from the 0.75TeO2–0.25CdF2 glass sample

eated to 385 ◦C followed by water-quenching. It is observed
hat similar crystal formations have taken place in this glass
ample to the previous samples. Due to the XRD results of the
espective glass sample given in Fig. 8, there might be the for-
ation of �-TeO2 and CdT2O5 crystals with very little addition

f �-TeO2 in the sample. EDS spectrum, taken from the crys-
als labeled with c revealed that the crystalline phase contained
9.1 wt.% Te, 3.3 wt.% Cd and 67.7 wt.% O. EDS analyses show
hat the needle-like crystals refer to the formation of a TeO2-rich
hase in the glass body. As a consequence the crystalline phases
bserved in Fig. 10a and b might demonstrate the morphology
f the �-TeO2 or the �-TeO2 and CdT2O5 crystalline phases.

The microstructure of the 0.75TeO2 + 0.25CdF2 glass sur-
ace and cross-section heated with 20 ◦C/min to 425 ◦C are

epresented in Fig. 11c and d. XRD pattern given in Fig. 8
emonstrates the transformation of the �-TeO2 to �-TeO2 phase
ogether with CdTe2O5 crystals in the glass structure. As it can be
een from the figures, the major portion of the glass matrix was
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Fig. 11. Typical SEM micrographs taken from the (a) surface region, (b) cross-section of the 0.75TeO2–0.25CdF2 glass heated to 385 ◦C, (c)–(f) surface region, (g)
cross-section of the same sample heated to 425 ◦C. All samples were heated at a rate of 20 ◦C/min, followed by quenching in icy water.
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rystallized in needle-like elongated centro-symmetric stripe-
haped crystals varying between 5 and 10 �m in width and about
ore than 500 �m in length. EDS spectra taken from these

longated crystalline regions in Fig. 11d revealed needle-like
entro-symmetric crystals contain 80.6 wt.% Te, 0.5 wt.% Cd
nd 18.8 wt.% O, which confirms that these crystalline regions
re TeO2-rich regions. This result is consistent with the previ-
us findings of the other CdF2 containing glass structures. EDS
pectra taken from Fig. 11c and d showed that there are tabular
arallel to the cleavage and foliated crystals labeled with a and
abeled with b which contain 26.7 wt.% Te, 9.9 wt.% Cd and
1.0 wt.% O. This confirms that these flaky crystalline regions
re CdTe2O5 crystals that are formed in the glass sample. In
ig. 11d the dendrites are clearly visible and demonstrate the
rystallization of �-TeO2 phase which exists in the cross-section
f the glass. Hence it can be inferred that bulk crystallization is
lso the predominant mechanism for the 0.75TeO2–0.25CdF2
lass sample. It is understood that there is the existence of the
dTe2O5 crystal formation taking place in between the needle-

ike �-TeO2 crystals. Similar needle-like square-shaped crystals
ere also observed in TeO2–K2O glasses.15

. Conclusions

The structural role of CdF2 modifier for the tellurium oxide
lass system, and its own structural features were evidenced in
he study by investigating the different compositions of CdF2
ontaining glasses with varying heating rates. DTA investi-
ations have shown that increasing the CdF2 content in the
eO2–CdF2 binary glass system increases the glass transition

emperature, Tg. On the other hand the increment of the mod-
fier in the glass results in the decrement of the crystallization
eaks, Tp, and the melting temperatures, Tm. The thermal sta-
ility of the glass diminishes with the increasing CdF2 amount.
he smallest value of the thermal stability determined for the
.75TeO2–0.25CdF2 glass evidences the difficulty of obtaining
he amorphous glass structure.

Crystal formation of �-TeO2 and CdTe2O5 crystal phases
ere observed when the all glass compositions were annealed

bove the respective crystallization temperatures. The forma-
ion of �-TeO2 was only observed when the 0.90TeO2–0.1CdF2
nd the 0.75TeO2–0.25CdF2 glasses were annealed above the
rst crystallization peak temperatures. XRD results illustrated
learly the transformation of the metastable �-TeO2 phase to
table �-TeO2 crystalline phase for the 0.75TeO2–0.25CdF2
lass as the annealing temperature was increased from 385
o 425 ◦C.

SEM investigations of the surface and the cross-sections
or all compositions revealed that the crystallization is three-
imensional and may refer to the bulk crystallization type.
EM and SEM/EDS investigations of the 0.90TeO2–0.10CdF2
lass heated with different heating rates showed similar mor-
hologies which correspond to the formations of the �-TeO2,

-TeO2 and CdTe2O5 crystalline phases. The microstruc-

ures of the 0.90TeO2–0.10CdF2, 0.85TeO2–0.15CdF2 and
.75TeO2–0.25CdF2 glasses comprised elongated centro-
ymmetric stripe-shaped crystalline regions existed both in

1

1

ramic Society 28 (2008) 3097–3106 3105

he surface and cross-section. SEM investigations of the
.90TeO2–0.10CdF2 glass showed that there are actually two
ifferent crystal formations interconnected with each other.
he center of this structure was Cd-rich clover-like while the
urrounding needle-like structure was Te rich. The TeO2-rich
rystalline phase has a radial needle-like morphology in all com-
ositions where as the CdTe2O5 crystalline phase has a tabular
arallel to the cleavage and foliated morphology detected in only
.75TeO2–0.25CdF2 glass composition.
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and linear optical properties of (1 − x)TeO2–(x)PbF2 (x = 0.10,0.15 and
0.25 mol) glasses. J. Alloy Compd., 2006, 419, 294–298.

8. Cenk, S., Demirata, B. and Öveçoğlu, M. L., Özen, Thermal properties
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