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Glass ceramic materials with composition 75TeO2–xBi2O3–(25-x)ZnO (x=13, 12, 11) possessing transparency
in the near- and mid-infrared (MIR) regions were studied in this paper. It was found that as the Bi2O3 content
increased in the glass composition, the observed crystallization tendency is enhanced, and high crystal concen-
trationswere obtained for the glasseswith high Bi2O3 content whilemaintaining transparency in theMIR region.
Crystal size in the glass ceramic was reduced by adjusting the heat treatment conditions; the smallest average
size obtained in this study is 700 nm. Bi0.864Te0.136O1.568 was identified using X-ray Diffraction (XRD) and
found to be the only crystal phase developed in the glass ceramics when the treatment temperature was fixed
at 335 °C. The morphology of the crystals was studied using Scanning Electron Microscopy (SEM), and crystals
were found to be polyhedral structures with uniform sizes and a narrow size distribution for a fixed heat treat-
ment regime. Infrared absorption spectra of the resulting glass ceramicswere studied. The glass ceramic retained
transparency in the infrared region when the crystals inside were smaller than 1 μm, with an absorption coeffi-
cient less than 0.5/cm in the infrared region from 1.25 to 2.5 μm. The mechanical properties were also improved
after crystallization; the Vickers Hardness value of the glass ceramic increased by 10% relative to the base glass.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Tellurite glasses have drawn much attention in recent years and
are considered as promising materials for a variety of optical devices
such as optical switches, fibers and optical storage devices due to
their high transmittance from the visible to mid-infrared (MIR) spec-
tral regions, high refractive index (n>2) and unique non-linear opti-
cal properties [1–3].

At the same time, tellurite glass ceramics have also attracted in-
creasing interest; tellurite glass is considered to be a good host-
glass matrix in which to form crystalline phases because its high re-
fractive index is close to that of many crystals, and this index match
reduces scattering loss at crystal-glass interfaces. The formation of
these crystals breaks the long-range average isotropy of the tellurite
glass and can lead to high values for non-linear optical properties
such as second harmonic generation (SHG) in tellurite glass ceramics
[4–6]. Other optical properties such as luminescence or up-
conversion in rare earth doped tellurite glass ceramics had also
been studied extensively in recent years [7,8]. Additionally, the
mechanical properties of the base glass have been demonstrated
es).
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to improve after crystallization in tellurite glasses such as the
BaO–Er2O3–TeO2 system. [9]. Based on these previous research efforts,
tellurite glass ceramics show great potential for applications in the
field of optical functional devices [10,11].

Recently, it was found that TeO2–Bi2O3–ZnO (TBZ) glasses con-
taining crystal phases exhibited high second harmonic generation
and were considered to be promising materials for non linear optical
applications [2,12] and the crystallization kinetics and thermal behav-
ior of this glass system have drawn increasing interest with the goal
of achieving superior optical properties and functionalities. [13–15].

The TeO2–Bi2O3–ZnO system studied in this paper is based on re-
sults demonstrated in some of our earlier work [13]. In the present
work, TeO2, Bi2O3 and ZnO contents were varied in order to improve
the crystallization behavior exhibited by this glass system. During the
experiments, it was found that the crystal concentration was most
strongly impacted by changes in the Bi2O3 content. Therefore, to ex-
amine the influence of Bi2O3 content on the crystallization behavior,
a composition of 75TeO2–xBi2O3–(25-x)ZnO was chosen to be stud-
ied systematically, where “x” was chosen to be 11, 12 and 13 within
the glass forming region. Thermal properties and crystallization be-
havior were investigated and compared within different composi-
tions and thermal treatments. Infrared absorption spectra and
Vickers Hardness of resulting glass ceramics of the composition
75TeO2–13Bi2O3–12ZnO were studied. Heat treatment times were
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Fig. 1. DSC thermogram of the base glasses in the composition of 75TeO2–xBi2O3–(25-
x)ZnO; x=11, 12, 13.

Table 1
Characteristic temperatures of the base glasses in the composition of 75TeO2–

xBi2O3–(25-x)ZnO; x=11, 12, 13.

Characteristic temperature
(±2 °C)

Tg Tx1 Tp1 Tx2 Tp2 Tx3 Tp3 ΔT=
(Tx1−Tg)

75TeO2–13Bi2O3–12ZnO 333 358 366 368 382 442 470 25
75TeO2–12Bi2O3–13ZnO 333 361 365 376 389 451 473 28
75TeO2–11Bi2O3–14ZnO 335 363 385 381 395 443 473 28
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chosen in an attempt to realize glass ceramic morphology possessing
small crystallites with narrow crystallite size distributions within the
glassy matrix leading to good optical transparency. The resulting glass
ceramic was shown to retain transparency in the infrared region
when the crystals formed in the host glass are smaller than 1 μm
with refractive indices close to that of the parent glass; and the me-
chanical properties were also modestly improved after crystallization.
Enhanced strength, high transmission in the infrared region, and po-
tential optical functions resulting from crystallization and uniform
crystal phase make this glass ceramic promising material for various
fiber-based applications and other optical communication and stor-
age devices.

2. Experimental

Glasses with composition of 75TeO2–xBi2O3–(25-x)ZnO (x=
13,12,11) were prepared with high purity raw materials: TeO2 (Alfa
Aesar, Tech, 99.999%), Bi2O3 (Alfa Aesar, Tech, 99.999%) and ZnO
(Alfa Aesar, Tech, 99.0%). Raw materials (50 g) were mixed and
then melted in a platinum crucible at 850 °C for 15 min. The glass
melt was then cast on a brass plate which had been pre-heated at
285 °C. The glass then was annealed at 285 °C for 8 h. A two-step
heat treatment was used to nucleate and then grow the crystals in
glass matrix. Firstly, the base glass was heated at 330 °C for 22 h for
nucleation, samples were then heated at 335 °C for either 2, 7, 11,
17, 22, 26, 30 or 64 h to induce varying levels of crystal growth. Fol-
lowing heat treatment, the glass ceramic samples were cut and
given an optical polish for further investigation.

All the characteristic temperatures of the base glasses were mea-
sured with a Differential Scanning Calorimetry (DSC, TA instruments
Inc) at a heating rate of 20 °C/min. The measurement was taken
from room temperature to 550 °C.

A Nikon Type 115 polarizing optical microscope was used to
investigate the microstructure of glasses and glass ceramics. Bright-
field images of the glass-ceramic were recorded by a CCD camera.
The boundaries of the crystals on the focal plane were found using a
Matlab program, and the areas enclosed by the boundaries were cal-
culated, therefore the volume fraction of the crystals can be estimated
from the area fraction of the crystals on the focal plane.

The transmittance of the base glass and the glass ceramics in near
infrared region was measured using a Magna-IR 560 Fourier Trans-
formed Infrared Spectrometer (FTIR) from Nicolet. The system was
purged with N2 to remove atmospheric water and CO2 in the sample
chamber. The absorption coefficient in the infrared region was
calculated based on the transmittance of the glass and glass ceramic
samples by considering the effect of Fresnel reflection at the sample
surfaces.

X-ray Diffraction (XRD) measurements were performed on the
glass ceramic samples with Cu Kα irradiation (1.540562 Å, Rigaku
ULTIMA IV In.) at 40 kV and 40 mA. The XRD patterns were compared
with International Centre for Diffraction Data (ICDD) PDF files to
identify the crystal phases formed in the glass ceramics.

A Bruker Senterra micro-Raman spectrometer was used to investi-
gate the molecular structure of the glasses. A laser at 532 nm with en-
ergy of 10 mWwas introduced to a microscope and was focused on the
glass sample by the objective. The backward Raman scattered light was
collected by the same objective and imaged onto a spectrograph
equipped with a cooled CCD camera. Raman spectra in the range of
70 to 800 cm−1 were recorded with a resolution of 3–5 cm−1.

Vickers hardness was measured for the base glass and glass ce-
ramics using a DUH-211S dynamic micro hardness tester (Shimadzu)
with a Vickers indenter. The force load on the sample surface was 25 g
with a loading rate of 7.1 gF/s.

Scanning electron microscopy (SEM, Hitachi, SU-6600) was used
to investigate the morphology of the crystalline phase in the glass ce-
ramics. Prior to SEM investigation, the glass ceramic samples were
etched in 37% HCl solution for 1 min at room temperature to improve
contrast.

3. Results

Characteristic temperatures of the base glasses were obtained
from the DSC curves shown in Fig. 1. The glass transition temperature
Tg was taken as the inflection point of the endotherm (obtained by
taking the first derivative of the curve), the crystallization tempera-
ture, Tp, is the maximum of the exothermic peak, and Tx was defined
as the onset temperature of the crystallization peak. The characteristic
temperatures of the base glasses are shown in Table 1; the accuracy of
the measurement is ±2 °C.

As shown in Fig. 1, Tx and Tp decrease when the Bi2O3 content is
increased in the glass compositions. Tg for the different compositions
are the same to within the experimental error of the instrument. The
75TeO2–13Bi2O3–12ZnO glass has the smallest ΔT, which is defined as
(Tx1−Tg), also known as the crystallization window. In general, a
small value of ΔT indicates the instability of the thermal properties
of glasses.

Fig. 2 shows microscope images of glass ceramics with different
compositions after the same heat treatment. Glasses with different
compositions were heated at 330 °C for 22 h for nucleation, then
335 °C for 22 h for crystal growth. Fig. 2(a) shows the glass ceramic
with a composition of 75TeO2–13Bi2O3–12ZnO, crystals with uniform
size (about 5 μm) were dispersed homogenously in the glass matrix,
and the crystal concentration is much higher than that found in the
glass ceramics with the compositions of 75TeO2–12Bi2O3–13ZnO
and 75TeO2–11Bi2O3–14ZnO which are shown in Fig. 2(b) and (c), re-
spectively. The crystal volume fraction can be estimated from the mi-
croscope images using a Matlab program: the area fraction of crystals
was calculated for a given focal plane, and the volume fraction was
estimated from this value by assuming the presence of uniformly
sized and distributed particles in the matrix. For Fig. 2(a), the crystal
volume fraction is about 5%, for Fig. 2(b) and (c), the crystal volume
fractions are both less than 1%. It was found that when the Bi2O3 con-
tent was increased in the composition, crystal formation was en-
hanced dramatically and higher crystal concentration was obtained
under the same heat treatment.



Fig. 2. Optical micrographs (100× objective lens) of TBZ Glass ceramic in the composition of: (a) 75TeO2–13Bi2O3–12ZnO; (b) 75TeO2–12Bi2O3–13ZnO; (c) 75TeO2–11Bi2O3–14ZnO. All
the glasses were heated at a nucleation temperature of 330 °C for 22 h, then a subsequent growth step at 335 °C for 22 h.
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To analyze the structural mechanisms of the phenomena, the glass
structure was investigated using Raman spectroscopy. Laser light of
λ=532 nm with energy of 10 mW was focused on the base glasses
to measure the Raman shift; all the spectra were normalized to the
peak located at 740 cm−1 which has the highest intensity, the result
is shown in Fig. 3.

There are three main bands in the Raman spectra, located at
around 400, 650, and 740 cm−1. The peak near 400 cm−1 is assigned
to the bending mode of O\Te\O linkages; the band near 650 cm−1

is attributed to the vibration of the Te\O bonds in the TeO4 trigonal
bipyramid or the Te\O\Te linkages constructed by two unequal
Te\O bonds [16,17]; the peak at 740 cm−1 is identified as the
stretching of Te\O and Te_O which contain non-bridging oxygen
in TeO3+1 or TeO3 units. As shown in Fig. 3, the increase of Bi2O3 con-
tent in the glass composition leads to the intensity increase of bands
at 400 cm−1 and the decrease of bands at 650 cm−1. In addition,
the Raman band at about 400 cm−1 is shifted to the lower frequency
region as Bi2O3 content increased in the composition.

To compare the crystal phases grown in the three glass composi-
tions, the glasses were all heated at 330 °C for 22 h, then 335 °C for
64 h. The XRD patterns were recorded for the three glass ceramics,
and the results are shown in Fig. 4. By comparison to XRD patterns
in the ICDD data base, the main crystal phase in the 75TeO2–

13Bi2O3–12ZnO and 75TeO2–12Bi2O3–12ZnO glass ceramics was
identified as Bi0.864Te0.136O1.568 with PDF # 38-0865. However, the
XRD pattern of the 75TeO2–11Bi2O3–14ZnO does not match this as-
signment, indicating a different crystal phase or stoichiometry,
which has not yet been identified. Future work will explore the
Fig. 3. Raman spectra of glasses in composition of 75TeO2–13Bi2O3–12ZnO, 75TeO2–

12Bi2O3–13ZnO and 75TeO2–11Bi2O3–14ZnO. The excitation laser is 532 nm with a
power of 10 mW.
evolution (and possible dissolution) of these phases as a function
of temperature using hot stage XRD. In Fig. 4, the XRD patterns of
glass ceramics in the composition of 75TeO2–12Bi2O3–12ZnO and
75TeO2–11Bi2O3–14ZnO show a broad peak centered at 2θ=28ºwhich
represents the base glass, but this peak disappeared in the XRD patterns
of the 75TeO2–13Bi2O3–12ZnO glass ceramics. In addition, the intensity
of the diffraction peaks of the glass ceramic in 75TeO2–13Bi2O3–12ZnO
ismuch higher than the other two compositions; all of these results indi-
cate the higher relative crystallinity of the glass ceramic in 75TeO2–

13Bi2O3–12ZnO [18], this is in agreement with the results of the optical
microscopy shown in Fig. 2.

As discussed above, the formation of homogenously dispersed
crystals in 75TeO2–13Bi2O3–12ZnO is the best among all of the
three glass compositions studied. Low crystallization temperature,
high relative crystallinity, and narrow distribution of crystal size
make this composition a good choice for high strength glass ceramics.
As an important infrared material, transparency in the IR region is al-
ways essential for tellurite glass ceramics [3,4,9,16]. Therefore, fur-
ther work was focused on the optical and mechanical properties of
this composition.

With good control of heat treatment, crystal sizes can be reduced
and the glass ceramics formed will retain high transparency in the in-
frared region. Fig. 5 shows SEM images of one of the glass ceramic
compositions (75TeO2–13Bi2O3–12ZnO) which has crystals with
sizes ranging from 700 nm to 3 μm depending on the heat treatment
used.

To investigate the optical properties of the glass ceramics, samples
with thicknesses of 2 mm were optically polished and the transmit-
tance was measured using FTIR. The absorption coefficient α was
Fig. 4. XRD patterns of glass ceramics in the system of 75TeO2–13Bi2O3–12ZnO,
75TeO2–12Bi2O3–13ZnO and75TeO2–11Bi2O3–14ZnO. All the glass samples were heat-
ed at 330 °C for 22 h, then 335°C for 64 h.* — Bi0.864Te0.136O1.568.

image of Fig.�2
image of Fig.�3


Fig. 5. SEM micrographs of glass ceramics in the composition of 75TeO2–13Bi2O3–12ZnO. (a) Glass was heated at 330 °C for 22 h, then 335 °C for 2 h, crystal size is approximately
700 nm;(b) Glass was heated at 330 °C for 22 h, then 335 °C for 11 h, crystal size is approximately 3 μm; glass ceramics were etched in 37% HCl for 1 min before investigation.
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calculated based on the transmittance of glass and glass ceramic sam-
ples using the following relations:

α ¼ −1
t
ln

T
1−Rð Þ2 ð1Þ

R ¼ n−1
nþ 1

� �2
ð2Þ

where α is the absorption coefficient of the sample; T is the transmit-
tance; R is the reflection at the sample surfaces; n is the refractive
index of the sample; t is the thickness of the sample. As tellurite
glasses exhibit high refractive index, the reflection at the surface is
typically high and cannot be ignored. Therefore, the absorption coef-
ficient α was calculated considering the reflection of incident light at
the sample surfaces as shown in Eq. (1). The absorption coefficient of
the base glass and glass ceramics in the 75TeO2–13Bi2O3–12ZnO com-
position is shown in Fig. 6, where the effective refractive index of the
tellurite glass ceramic has been assumed as n=2.

Glass samples of the 75TeO2–13Bi2O3–12ZnO composition were
heated at 335 °C for varying times and the evolved crystal phase
was identified using X-ray diffraction for both the glass and glass ce-
ramics, as shown in Fig. 7. This figure shows the XRD patterns of the
base glass and glass ceramics, as well as microscope images of glass
ceramics as a function of heating time. The XRD patterns were com-
pared with ICDD files to identify the crystalline phases in glass ce-
ramics as Bi0.864Te0.136O1.568.

Due to the presence of a single crystal phase, the crystallized vol-
ume fraction can be estimated based on the difference in densities be-
tween the base glass and the glass ceramics. The density of crystalline
Fig. 6. Absorption coefficient of glass and glass ceramics in the composition of 75TeO2–

13Bi2O3–12ZnO, the dotted lines represent fitting curves with the function of λ−4.
Bi0.864Te0.136O1.568 is 8.31 g/cm3 (ICDD), and the density of the base
glass of 75TeO2–13Bi2O3–12ZnO was measured to be 6.31 g/cm3,
therefore the crystallized volume fraction can be estimated using
Eq. (3):

x ¼ ρgc−ρg
ρc−ρg

; ð3Þ

where x is the crystallized volume fraction of glass ceramic, ρg is the
density of base glass (6.31 g/cm3), ρc is the density of crystal
(8.31 g/cm3), ρgc is the density of glass ceramic measured using Ar-
chimedes' principle. The calculated crystallized fraction is shown in
Fig. 8; all the glass ceramic were first heated at 330 °C for 22 h for nu-
cleation, then at 335 °C for varying times for crystal growth:

The increase of both crystal size, as estimated from optical micro-
scope images, and Vickers hardness as a function of heat treatment
time is shown in Fig. 9.

4. Discussion

An understanding of the crystallization behavior exhibited in this
glass system requires an analysis of the mechanism of the influence
of Bi2O3 content on the crystalization behavior of TBZ glasses. Several
physical pathways exist that would describe the increase in the num-
ber density of crystals with an increase in Bi2O3 content, including an
increase in the number of quenched-in nuclei as well as an increase in
the tendency for phase separation. Because the glasses were melted
under identical conditions, and the distribution of crystals appears
uniform throughout the bulk, one explanation of the increase in crys-
tal fraction with increasing Bi content is that the Bi leads to the forma-
tion of crystal nuclei in the glass as it is being quenched from the melt.
These quenched-in nuclei are extremely difficult to avoid in tellurite
glasses, and have been shown to impact the crystallization tendency
[3]. In this model, the increased Bi content would induce the forma-
tion at high temperatures, close to that of the melt, of Bi-rich crystal
nuclei, which are subsequently grown during the thermal treatment.
An alternate hypothesis is that the crystallization stability of the high-
Bi glasses is reduced due to nanoscale phase separation of a Bi-rich
glassy phase in the network. The XRD pattern of the crystallized
75TeO2–13Bi2O3–12ZnO glass in Fig. 4 indicates that the crystalline
phase in this glass is Bi0.864Te0.136O1.568, which is dramatically richer
in Bi than the glass network and would suggest that the crystal nuclei
developed during treatment were first formed in the Bi-rich phases in
glass. In tellurite glasses with Bi2O3 added, some of the Bi3+ ions will
coordinate non-bridging oxygen and form BiO6 units or BiO3 units in
the glass matrix [20,21]. When the number of Bi3+ ions increases, the
number of these units will also increase, which could lead to the for-
mation of a separate Bi-rich phase in the glass matrix. Future work is

image of Fig.�5
image of Fig.�6
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Fig. 7. XRD patterns and optical micrographs (100× magnification) of glass and glass ceramics in the composition space 75TeO2–13Bi2O3–12ZnO for nucleation and growth sched-
ules shown. The microscope images (a), (b), (c) and (d) correspond to the XRD patterns (a), (b), (c) and (d), respectively.
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planned using hot stage XRD to study the evolution of these crystal
phases in-situ in order to clarify the mechanistic pathways for crystal
growth.

To analyze the structural mechanisms of the phenomena, the glass
structure was investigated using Raman spectroscopy, which is
shown in Fig. 3. The differences, while small due to the minor change
in composition, are repeatable and each curve represents the average
value of 20 separate measurements. When Bi2O3 content increases,
the intensity of Raman bands at near 400 cm−1 increase while the
bands at 650 cm−1 decrease; this indicates an increase in the number
of O\Te\O linkages and a decrease in the number of TeO4 units. In
addition, the 400 cm−1 band is shifted to lower frequency as the
Bi2O3 content increases, indicating the formation of Te\O\Bi or
Bi\O\Bi linkages [16,20]. In tellurite glasses, TeO4 units are the
basic structure units of glass network, and the number decrease of
TeO4 units and replacement of Te\O\Te linkages by the Bi\O\Bi
linkages indicates the glass network becomes more open when the
Bi2O3 content increases, and the appearance of Bi\O\Bi bonds also
indicates the formation of BiO6 groups or BiO3 groups which can
form Bi- rich separate phases easily in the glass [21]. Transportation
Fig. 8. Density and calculated crystallized volume fraction of glass and glass ceramic in
the composition of 75TeO2–13Bi2O3–12ZnO after different heating times (h) at 335 °C
for crystal growth. All the glass ceramics were first heated at 330 °C for 22 h for
nucleation.
and aggregation of Bi, Te, and O ions are important processes for the
nucleation and growth of Bi0.864Te0.136O1.568 crystals, so the rate of
nucleation and crystal growth was also influenced by the diffusion
rate of atoms when the heating temperature is much lower than the
melting temperature [19]. As the free volume of the glass network in-
creases with the addition of Bi2O3 and the formation of Bi\O\Bi link-
ages in the network, the diffusion rate of atoms through the high-
Bi2O3 glass matrix is expected to be higher at a given temperature,
thus leads to higher nucleation and crystal growth rates. In summary,
the increase of Bi2O3 is shown to enhance the process of nucleation
and crystal growth in the glass, and lead to higher crystallinity than
the glasses with lower Bi2O3 content under the same heating
treatment.

As shown in Fig. 5(a) and (b), crystals with uniform size were
formed in the glass ceramic. In Fig. 5(a), when the glass was heated
at 330 °C for 22 h, then at 335 °C for 2 h, the average crystal size is ap-
proximately 700 nm. To get glass ceramics with high transparency,
control of the size of the crystals is critical. Forming crystals smaller
than the wavelength of the incident light reduces the scattering dra-
matically, thus increasing the transmission. As an important transpar-
ent material in the infrared region, if the crystals in tellurite glass
Fig. 9. Crystal size and Vickers hardness of glass ceramics after different crystal growth
time. The glass ceramic was firstly heated at 330 °C for 22 h for nucleation. All the glass
ceramics are in the composition of 75TeO2–13Bi2O3–12ZnO.

image of Fig.�7
image of Fig.�9


957X. Hu et al. / Journal of Non-Crystalline Solids 358 (2012) 952–958
ceramic are less than 1 μm in diameter, scattering of light in the re-
gion of interest will be greatly reduced, and the glass ceramic will
maintain high transparency in the IR region.

In Fig. 6, curve (b) is the absorption coefficient of the glass ceramic
which was heated at 330 °C for 2 h, then 335 °C for 2 h, the absorption
coefficient is quite low (b0.5/cm) in the infrared region from 1.25 to
2.5 μm (8000 to 4000 cm−1) and is almost the same as that of the
base glass shown in curve (a). As shown in the SEM image in
Fig. 5(a), crystal sizes in this glass ceramic are ~700 nm, which is
smaller than the wavelength of the infrared light, thus the scattering
due to the crystals will be limited during propagation, the absorption
will be low and the glass ceramic will retain high transmittance.
When the glass was heated at 335 °C for 7 h, as shown in curve (c),
the crystal size in the glass reaches ~2 μm, the absorption coefficient
in curve (c) is about 4-fold of that in curve (a) in the region from
5000 cm−1 (2 μm) to 8000 cm−1 (1.25 μm) because the incident
light at or below this 2 μm length scale is scattered by the crystals.
When the crystal size increased to 3 μm after the sample was heated
at 335 °C for 11 h, the absorption coefficient keeps on increasing as
shown in curve (d), and is about 10 times of that in curve (a). For
all the curves in Fig. 6, the intense absorption band at 3000 cm−1 is
usually considered to be due to the absorption resonance of the OH
group in the glass [3]. It should be pointed out that the absorption co-
efficient of the glass ceramics is well fit with the function of λ−4 from
3600 cm−1 to 8000 cm−1 (see the dotted fitting lines), suggesting
the optical loss in these glass ceramics is mainly due to Rayleigh
scattering.

There are no sharp peaks in the XRD spectrum for either the base
glass or the glass nucleated at 330 °C for 22 h with no growth treat-
ment, only a broad band centered at 2θ=28º. These samples show
no evidence of crystallinity in the XRD. When the glass was then heat-
ed at 335 °C for 2 h for crystal growth following the nucleation treat-
ment, as shown in Fig. 7(d), XRD peaks appear indicating the
formation of a Bi0.864Te0.136O1.568 crystalline phase; the crystal
phase did not change when the glass was further heated at the
same temperature for 11, 22 and then 30 h, as shown in Fig. 7(a),
(b) and (c). Although the crystal size increased as the crystal growth
time increased, as shown in the microscope images on the right of
Fig. 7, the crystal phase remains the same. Uniform crystal phase
makes it easier to estimate and further control the properties of the
glass ceramics.

As the heating time increased, both the density of glass ceramics
and the crystallized fraction increased progressively. After heating
at 330 °C for 22 h, nuclei were already formed in the glass, and
when the glass is further heated at 335 °C, a higher temperature for
crystallization, larger nuclei will grow while some smaller nuclei
will dissolve, and the average crystal size will increase. The crystal
fraction will reach 7% when the glass was heated at 335 °C for 30 h.
Based on the calculated crystal fraction and crystal size, we can esti-
mate the crystal number density in the glass ceramic. The number
densities of glass ceramic with crystallization time of 2, 11, 22
and 30 h are roughly 4.4×1016, 0.25×1016, 0.03×1016 and
0.01×1016 m−3, respectively. As the growth treatment time in-
creases, the crystal size increases and the number density decreases,
indicating that the crystals grow larger due to the dissolution of smal-
ler crystals.

As shown in Fig. 9, the average crystal size in the glass ceramic in-
creased progressively from 700 nm to 8 μm when the crystallization
time increased from 2 h to 30 h. Vickers Hardness was also increased
initially as a function of crystallization time, but showed a maximum
when the crystal size reached 2 μm, after which the hardness de-
creased to a lower level. A well accepted explanation for this phe-
nomenon is that when the glass is heated at the crystallization
temperature for a long time, the thermal mismatch between glass
and the crystals evolved in the matrix, along with the increasing crys-
tal volume fraction produces micro-cracks at the crystal-glass
interface and reduces the strength of the glass ceramics [22]. To ana-
lyze this process, a further study on the microstructure of crystals and
fractures is needed.

5. Conclusion

Tellurite glass ceramics in the TeO2–Bi2O3–ZnO system were pre-
pared that exhibited transparency in MIR region. This is believed to
be due to the low scatter loss induced by the close refractive index
of the resulting crystalline phase as compared to that of the parent
glass. The influence of Bi2O3 content on the crystallization behavior
of this glass system was investigated, and it was found that the in-
crease of Bi2O3 content lead to a similar increase of the crystal con-
centration under the same heat treatment. The mechanism of
crystal growth was studied from DSC thermograms and Raman spec-
tra of glasses with differing Bi2O3 content. Lastly, Vicker's hardness
data for base glass and crystallized glass ceramics showed enhanced
mechanical properties of glass ceramics (up to a 10% increase) to
that of the parent glass material, suggesting a means whereby the
often limited mechanical robustness of tellurite glass and fibers, can
be improved.
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