
Introduction

Phosphate and borophosphate glasses have been
studied in recent years for various technological
applications [1]. One of them is for glass-to-metal
seals due to their low melting temperature and low
viscosity. Borophosphate glasses reveal higher chemical
durability than phosphate glasses due to the incorp-
oration of boron oxide into the structural network,
mostly in the form of BO4 tetrahedra, which transform
metaphosphate chains into three-dimensional net-
work [3]. Zinc borophosphate glasses were studied in
several papers [3–6]. Glass-forming region in the
ZnO–B2O3–P2O5 ternary system was published in
1975 by Ushakov et al. [3]. Clinton and Coffeen [4]
studied zinc borophosphate glasses for the application
as packaging and enameling solder glasses and Brow
and Tallant [2] for seals in flat panel displays.
Structure of zinc borophosphate glasses in the
compositional series of xB2O3(1–x)Zn(PO3)2 was
studied by Brow [5] using XPS and 11B MAS NMR.
By curve fitting of O1s spectra he obtained the
relative concentrations of P–O–P, P–O–Zn and P–O–B
bonds in these glasses. Brow and Tallant [2] studied
the structure of Zn(PO3)2–B2O3 and Zn2P2O7–B2O3

glasses with 31P and 11B MAS NMR technique and
Raman spectroscopy. From these studies they proposed
a model of the evolution of glass structure from
phosphate to borophosphate network. The relations
between structure and physical properties of glasses
within ZnO–B2O3–P2O5 ternary system were studied
in [6] within several different compositional series.

Kinetics and mechanism of crystallization of zinc
borophosphate glasses was studied in [7] by thermal
analysis and X-ray diffraction. Zinc borophosphate
glasses after crystallization give at least 2 crystalline
products. One of them is BPO4 and the other is a zinc
phosphate, the composition of which depends on the
ratio of Zn/P in the sample after the formation of BPO4.

The doping of zinc borophosphate glasses with
other oxides, which are able to enter glass network, can
retain the relatively good chemical durability of
borophosphate glasses and modify their properties [8, 9].
Doping of borophosphate glasses with antimony
oxide [10] showed that the borophosphate network is
able to incorporate a relatively high content of this
intermediary oxide. This paper deals with the
preparation and study of the effect of Sb2O3 on the
thermal behaviour and crystallization of zinc boro-
phosphate glasses in two compositional series.

Experimental

Glasses of series (100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3

and (100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3 were
prepared from reagent grade ZnO, H3BO3, H3PO4 and
Sb2O3 in batches of 20 g. In the first stage the reaction
mixture was heated slowly in a platinum crucible up
to 600°C with the final calcination at the maximum
temperature for 2 h to remove water. After the
calcination the reaction mixture was heated slowly up
to 1200–1280°C. After 20 min heating at the maximum
temperature, the obtained melt was cooled by pouring
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into a graphite mould of 30x30 mm dimensions to
form a suitable glass block. The obtained glasses were
separately annealed for 15 min at a temperature close
to their Tg and then slowly cooled to room temperature.

Thermal behaviour of the glasses was studied
with the Netzsch DTA 404 PC equipment in the DSC
mode in the temperature range of 20–1000°C at the
heating rate of 10°C min–1. For these measurements
glassy samples were powdered in a vibrational mill
with the corundum lining for 30 s. The measured
samples were placed in silica crucibles. Dilatation
curves of the studied glasses were measured on the
equipment TMA CX04R to obtain glass transition
temperature, dilatation softening temperature and the
thermal expansion coefficients. These measurements
were carried out at the heating rate of 10°C min–1. For
these measurements the cubes of 5×5×5 mm were cut
out from glass blocks.

Results and discussion

In the first series (100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3

under the slow cooling the melt homogeneous glasses
were obtained within the compositional region of
x=0–42 mol% Sb2O3, whereas in the second compositional
region (100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3

homogeneous glasses were obtained only within the
compositional region of y=0–28 mol% Sb2O3. All the
obtained glasses were transparent and their glassy
state was checked by X-ray diffraction analysis.
Thermal analysis of ZnO–B2O3–P2O5–Sb2O3 glasses
was carried out with powder samples of mean particle
size �8 �m. Figures 1a and 1b show DSC curves of

glass samples from the compositional series
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3, where
x=0–42 mol% Sb2O3. Figure 2 shows DSC curves of
glass samples from the compositional series
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3, where
x=0–28 mol% Sb2O3. From the obtained DSC curves
we determined the values of the glass transition temp-
erature, Tg (determined as the midpoint of the change
in Cp) and the crystallization temperature, Tc, (deter-
mined as the onset of the first crystallization peak)
using the software ‘Proteus Analysis’ supplied with
the equipment.

The obtained compositional dependence of glass
transition temperature for the glasses of the first series
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 is shown in
Fig. 3. As can be seen Tg values in this glass series de-
crease with increasing Sb2O3 content from 479°C for
the undoped glass 50ZnO–10B2O3–40P2O5 down to
391°C for the glass 58[50ZnO–10B2O3–40P2O5]·42Sb2O3.
As the structural studies [8] showed that antimony ox-
ide enters structural network in the form of SbO3 pyr-
amids, which is accompanied by the depolymeriza-
tion of phosphate chains and formation of Sb–O–P
bonds, we can conclude that this process results in a
decrease of bonding strength inside the network re-
flected by the observed decrease in the glass transi-
tion temperature with increasing Sb2O3 content. Simi-
lar trend in Tg values we can see in the glasses of the
second compositional series
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3 (Fig. 4), where
Tg decreases from 477°C, for the undoped glass
60ZnO–10B2O3–30P2O5, down to 421°C for the glass
with y=28.6 mol% Sb2O3.
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Fig. 1 DSC curves of glass series (100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3



On the DSC curves of the studied glasses we
have observed also that with increasing Sb2O3 content
the change in Cp in the glass transition region increases
(Fig. 1). The values of �Cp (in J mol–1 °C–1) were
obtained from measured �Cp (in J g–1 °C–1) values by
multiplication with molecular mass calculated as

M [xM(Sb O ) 100–x)(0.5M(ZnO)

0.1M(B O ) 0.4M(P O

2 3

2 3 2

� � �

�

(

5
–1))]/100 [g mol ]

The heat capacity changes, �Cp=Cpl–Cpg (Cpl is
the heat capacity in the liquid-state and Cpg is the heat
capacity of the glassy state) in the glass transition
region were found to be independent of the heating
rate. The values of �Cp for the
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 glasses as
a function of Sb2O3 content are shown in Fig. 5. From
this figure it is evident that �Cp values steeply
increase with Sb2O3 content from 2.8 (x=0) to
17.8 J mol–1 °C–1 (x=33.33). A correlation between
�Cp and fragility characteristic is not so straightforward
like the correlation between the fragility and the ratio
Cpl/Cpg, but strong liquids usually show smaller
changes of �Cp in the glass transition region than the
fragile liquids [11]. From this point of view, the
observed �Cp changes (Fig. 5) indicate that the
fragility of the (100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3

glasses increases with increasing Sb2O3 content.
Nevertheless, from the range of obtained �Cp values
we can classify the studied glasses as typical strong
liquids [11].

From the obtained dilatation curves of the studied
glasses we have got glass transition temperatures Tg

which were by 6–8°C higher than the values obtained
from DSC curves. Dilatation softening temperature Td

was usually by 20–30°C above Tg values. Compos-
itional trends in both glass series were similar as the
trends in Tg determined from DSC curves. The compos-
itional dependence of thermal expansion coefficient, �,
(evaluated in the temperature range of 150–250°C) of the
glass samples from the series of
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 is shown in
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Fig. 2 DSC curves of glass series
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3

Fig. 3 Glass transition temperature, crystallization
temperature and thermal expansion coefficient of
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 glasses

Fig. 4 Glass transition temperature, crystallization
temperature and thermal expansion coefficient of
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3 glasses

Fig. 5 Changes in heat capacity in the glass transition region for
the (100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 glasses



Fig. 3 and that of the glass samples from the series
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3 is shown in
Fig. 4. In both compositional series the values of � in-
crease with increasing Sb2O3 content. In the first series
� increases from 6.6 up to 11 ppm °C–1, whereas in the
second series � increases from 7.3 to 9.3 ppm °C–1.

DSC curves (Figs 1 and 2) show also that all
glasses crystallize on heating in the temperature range
of 500–622°C. As can be seen from Fig. 1, thermo-
analytical curves of glasses with a low Sb2O3 content
reveal at least 2 crystallization steps, as well as the
glasses with a high Sb2O3 content. The crystallization
temperature Tc in the glasses of the
(100–x)[50ZnO–10B2O3–40P2O5]·xSb2O3 series de-
creases with increasing Sb2O3 content up to
x=23 mol% Sb2O3 and remains nearly unchanged
(Fig. 3), whereas in the second glass series
(100–y)[60ZnO–10B2O3–30P2O5]·ySb2O3 Tc reveals
a minimum in the glass with y=16.7 mol% Sb2O3. The
reproducibility in the determination of crystallization
temperature is lower than at Tg values. We have ob-
served that measurements of thermoanalytical curves
in alumina crucibles gave close Tg values, but sub-
stantially lower Tc values (by 40–60°C than in silica
crucibles). We assume that the heterogeneous nucle-
ation of crystallization processes take place on the
alumina/glass sample contact, which is the reason for
the observed lower crystallization temperatures of the
studied glasses at the DSC measurements in alumina
crucibles.

We have tried to identify the crystallization
products using X-ray diffraction. In the parent glass
of the composition 50ZnO–10B2O3–40P2O5 we found
that the first crystallization peak corresponds to the
formation of crystalline boron phosphate BPO4 and the
second to the formation of crystalline zinc diphosphate
Zn2P2O7. With increasing amount of Sb2O3 in the stud-
ied glasses diffraction lines of antimony ortho-
phosphate SbPO4 can be observed on the X-ray dif-
fraction pattern and the intensity of diffraction lines
of SbPO4 increases with increasing Sb2O3 content. As
some amount of phosphate anions is used for the for-
mation of SbPO4, the ratio of ZnO/P2O5 in the remain-
ing composition increases, which results in a decrease
in the content of zinc diphosphate Zn2P2O7 and an in-
creasing content of zinc orthophosphate Zn3(PO4)2 in
the crystallization products. In some glass composi-
tions with a high Sb2O3 content we have observed in
X-ray diffraction patterns also diffraction lines of
Zn(SbO3)2 compound containing Sb5+. As the melting
of the studied glasses is carried out in air, it seems that
the reactions Sb3+

�Sb5+ take place during the melt-
ing and cooling glass melt.

Conclusions

This study showed that zinc-borophosphate glasses
are able to dissolve a relatively high amount of
antimony oxide. The incorporation of Sb2O3 into the
structural network of both parent zinc borophosphate
glasses of the composition 50ZnO–10B2O3–40P2O5

and 60ZnO–10B2O3–30P2O5 results in a decrease of
the glass transition temperature, which shows on the
weakening of chemical bonds in the glassy network.
The evaluation of strong/fragile character of glass
melts showed that the melts of studied glasses belong
to strong liquids. An observed increase of fragility of
the studied glasses with increasing Sb2O3 content is in
a good agreement with the weakening of chemical
bonds in the glass structure reflected by a decrease in
glass transition temperature.
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