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Abstract

Glasses in the ternary system ZnO–Sb2O3–P2O5 were investigated as potential alternatives to lead based glasses for low temperature
applications. The glass-forming region of ZnO–Sb2O3–P2O5 system has been determined. Structure and properties of the glasses with the
composition (60 � x)ZnO–xSb2O3–40P2O5 were characterized by infrared spectra (IR), differential thermal analysis (DTA) and X-ray
diffraction (XRD). The results of IR indicated the role of Sb3+ as participant in glass network structure, which was supported by the
monotonic and remarkable increase of density (q) and molar volume (VM) with increasing Sb2O3 content. Glass transition temperature
(Tg) and thermal stability decreased, and coefficient of thermal expansion (a) increased with the substitution of Sb2O3 for ZnO in the
range of 0–50 mol%. XRD pattern of the heat treated glass containing 30 mol% Sb2O3 indicated that the structure of antimony–phos-
phate becomes dominant. The improved water durability of these glasses is consistent with the replacement of easily hydrated phosphate
chains by corrosion resistant P–O–Sb bonds. The glasses containing P30 mol% Sb2O3 possess lower Tg (<400 �C) and better water dura-
bility, which could be alternatives to lead based glasses for practical applications with further composition improvement.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lead based low-melting glasses have been employed for
most commercial applications, such as adhesives for glass,
ceramic or metal materials, sealing or coating frits for elec-
tronic components, conductive or resistive pastes [1–3].
Unfortunately, lead based glasses contain a great quantity
of PbO, which is deleterious to health and environment
[4,5]. New lead free low-melting glasses are being studied
during recent years. The unique physical properties, includ-
ing high coefficient of thermal expansion (a), low glass
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transition temperature (Tg), of phosphate glasses make
them superior to silicate and borosilicate glasses for low-
melting application as alternatives to lead based glasses
[6–8]. However, problem that has been highlighted of such
systems is that they usually have poor water durability due
to the existence of easily hydrated phosphate chains.
Recent results indicate that it is possible to prepare phos-
phate glasses with excellent resistance to aqueous corrosion
by adding such metal oxides with high valence cations like
Fe2O3, Al2O3, etc., to phosphate glasses [9,10], but result-
ing in an increase in Tg significantly.

The improvement of water durability of phosphate
glasses containing SnO has also been proved [11], and
ZnO–P2O5 glasses containing large amount of SnO have
attracted extensive investigation in recent years [12–14].
These glasses posses lower Tg and excellent water durabil-
ity that make them suitable for potential alternative to lead
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Fig. 1. Glass formation region of the ternary system ZnO–Sb2O3–P2O5.
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glasses. But the fluctuation problem of Tg of tin-containing
zinc phosphate glasses, due to the oxidation of tin from +2
valance to +4 valance, could not be eliminated completely,
thereby rendering it undesirable for industrial application
[15]. Moreover, from a cost standpoint, the extensive use
of SnO will lead to a remarkably increase in cost of glass
raw materials. As such there remains a need for tin-free
low-melting glasses for practical application.

Theoretically, glasses containing Sb2O3 will also have
low melting and transition temperatures as Sb3+ has a lone
electron pair [16]. And Sb2O3 is much cheaper than SnO.
Ghost and Chaudhuri [17] synthesized Sb2O3-containing
V2O5–P2O5 glasses with lower Tg and improved stability
against moisture under ambient conditions. Koudelka
et al. [18] found that the incorporation of Sb2O3 into boro-
phosphate network of 50ZnO–10B2O3–40P2O5 glasses
modified its structure and decreased the Tg values. How-
ever, there has been no experiment conducted to evaluate
the structure and properties of ternary glasses in the system
ZnO–Sb2O3–P2O5. With a view to develop new low-melt-
ing glasses, the ternary ZnO–Sb2O3–P2O5 glasses were pre-
pared and characterized in this study.

2. Experimental procedure

2.1. Glass preparation

The raw materials used in the preparation of ZnO–
Sb2O3–P2O5 glasses were reagent grade zinc phosphate
(Zn3(PO4)2 � 4H2O), antimony trioxide (Sb2O3), and phos-
phorus pentoxide (P2O5). The 100 g batch was thoroughly
mixed and pre-treated at 260 �C for 4 h to avoid the vola-
tility of P2O5 at high temperature, and then melted using a
high-purity alumina crucible at 930–1050 �C for 1 h. Melt-
ing conditions were optimized to produce a minimal Al2O3

pickup from the crucible and a minimal volatility of Sb2O3.
Each melt was stirred two times in a step of 20 min. The
homogenous melt was cast into a preheated steel plate to
form a rectangular block. The block was properly annealed
at 10 �C above the Tg for 2 h, and then slowly cooled to
room temperature in a muffle furnace. The glass samples
were kept in a desiccator before using.

2.2. Methods of analysis

Infrared spectra of the glass samples were measured on
an infrared spectrophotometer (TJ270-30A, TJ Photics,
China) using KBr pellet method. Differential thermal ana-
lyzer (SDT Q600, TA instruments, USA) was used to
detect the glass transition temperature (Tg) and thermal
stability of the glass samples under a heating rate of
10 �C/min. An approximate measure of the thermal stabil-
ity of each glass is determined from the temperature differ-
ence, DT, between the first crystallization temperature and
Tg. X-ray diffraction patterns of the glass samples after
heating were collected using an X-ray diffractometer
(D/MAX-rB, Rigaku, Japan). Coefficients of thermal
expansion (a, 50–300 �C) were measured by a horizontal
dilatometer at a heating rate of 4 �C/min. Glass density
(q) of the bulk samples was measured at room temperature
by the Archimedes’ method using ethanol as the suspend-
ing medium. The molar volume (VM) was calculated using
the expression VM = M/q, where M is the average molar
weight of the glass. The errors in Tg, a, and q are estimated
at ±2 �C, ±2 � 10�7 �C�1 and ±0.02 g/cm3, respectively.

Water durability of the bulk glasses were evaluated from
their weight loss of per unit surface area in deionized water
(pH � 6.70) at 50 �C for 1 day, and at 90 �C for up to 5
days. Rectangular samples (approximately 30 � 20 �
5 mm3) were cut, ground, polished, cleaned and weighted
(±0.1 mg). The dimensions were measured before suspend-
ing the glass samples in a thermostatic tank containing 4 L
deionized water, which was heated and hold at 50 or 90 �C.
Each sample was removed from the thermostatic tank after
immersion for per day, dried in an oven at 120 �C for 2 h
and weighted. After the samples have been removed, the
deionized water in the thermostatic tank was replaced by
fresh water. Duplicate measurements were made. Micro-
scopic appearance of the samples before and after immer-
sion in deionized water at 90 �C for 5 days was observed
by a binocular microscope (Leitz Ortholux II POL-BK,
Germany). The loss of deionized water for each cycle is
estimated at 5%, and the error in weight loss is estimated
at ±10%.

3. Results

The approximate region for glass formation in the ter-
nary system ZnO–Sb2O3–P2O5 is illustrated in Fig. 1. Open
and close circles denote transparent and crystallized sam-
ples confirmed by XRD respectively, while half-open cir-
cles denote opaque samples without crystallization. It was
observed that the glass-forming region crosses the entire
ternary system, from 40 to 70 mol% P2O5. The glass sam-
ples with high content of Sb2O3 (P20 mol%) were typically
yellow in color, which became more noticeable with
increasing Sb2O3 content. The surface of samples with
P2O5 content P50 mol% became white after several weeks



Fig. 2. Infrared spectra of the (60 � x)ZnO–xSb2O3–40P2O5 glasses.

Fig. 3. DTA curves of the (60 � x)ZnO–xSb2O3–40P2O5 glasses under a
heating rate of 10 �C/min.

Table 2
Thermal properties for (60 � x)ZnO–xSb2O3–40P2O5 glasses from DTA

Sample Tg (±2 �C) Tc1 (±2 �C) Tc2 (±2 �C) DT (�C)

Sb0 422 554 No peak 132
Sb10 407 555 No peak 148
Sb20 402 534 No peak 132
Sb30 393 526 476 83
Sb40 384 540 463 79
Sb50 377 No peak 455 78

DT is the temperature difference between the first crystallization temper-
ature and Tg.
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in air, very likely due to reaction with humidity. It is sug-
gested that the glasses containing high amount of P2O5

are hygroscopic, and not suitable for practicable applica-
tions. Thus P2O5 content of the glass samples chosen for
present study was fixed on 40 mol% (see Table 1), as drawn
in Fig. 1 by dash line. Effect of the replacement of ZnO by
Sb2O3 on the glass structure and properties was
investigated.

3.1. IR spectra, DTA and XRD measurements

Infrared spectra of the glass samples are shown in Fig. 2.
For the spectrum of Sb0 glass, the mas(PO2) and ms(PO2)
vibrations of the O–P–O bonds of Q1 and Q2 tetrahedra
with non-bridging oxygens (ONB) are observed around
1263 and 1090 cm�1 respectively, whereas the absorption
peaks around 926 and 739 cm�1 are ascribed to the asym-
metric and symmetric vibrations of P–O–P bonds of bridg-
ing oxygens (OB) in phosphate chains [19–22]. The strong
band around 505 cm�1 is the absorption peak of bending
vibration of P–O bonds, d(P–O), of Q0 tetrahedra with
non-bridging oxygens. The phosphate tetrahedra are classi-
fied using the Qi terminology, where ‘i’ represents the num-
ber of bridging oxygens per tetrahedron [22]. A new
absorption peak around 628 cm�1, assigned following
Sudarsan and Kulshreshtha [23] to the stretching vibration
of P–O–Sb linkages, appears in the infrared spectra of these
Sb2O3-containing glasses. With an increase of Sb2O3 con-
tent as shown in Fig. 2, these absorption peaks in the high
frequency range become broader, less distinct and overlap
each other.

Fig. 3 shows the DTA curves of the synthesized glasses.
Characteristic temperatures of the glasses (Tg for glass
transition temperature, Tc1 and Tc2 for crystallization tem-
peratures) are summarized in Table 2. It is found that Tg

shifts monotonously to lower temperature with increasing
Sb2O3 content from 422 �C for Sb0 glass to 377 �C for
Sb50 glass, and the crystallization temperature Tc1

decreases firstly and then increases with a reduction in its
amplitude. A new crystallization peaks, Tc2, presents in
the DTA curves and shifts to a lower temperature for the
glass sample containing P30 mol% Sb2O3. Following the
DT value of the samples, one observes a higher value for
Sb10 glass, which means a more stable glass forming abil-
ity. The DT value decreases by further addition of Sb2O3.
Table 1
Batch composition of the glasses in (60 � x)ZnO–xSb2O3–40P2O5 system (mol%)

Sample P2O5 Sb2O3 ZnO Melting temperature (�C) Color O/P molar ratio a (±2 � 10�7 �C�1)

Sb0* 40 0 60 1050 Colorless 3.25 74
Sb10 40 10 50 1000 Colorless 3.50 80
Sb20 40 20 40 980 Pale yellow 3.75 98
Sb30 40 30 30 960 Pale yellow 4.00 108
Sb40 40 40 20 950 Yellow 4.25 115
Sb50 40 50 10 930 Yellow 4.50 122

* Sb denotes the ZnO–Sb2O3–P2O5 glass given in the table, and the next number denotes the molar percent of Sb2O3 in the glass.



Fig. 5. Density (q) and molar volume (VM) as functions of Sb2O3 content
of the (60 � x)ZnO–xSb2O3–40P2O5 glasses. The error of q is estimated at
±0.02 g/cm3.

Fig. 6. Water durability of (60 � x)ZnO–xSb2O3–40P2O5 glasses as a
function of Sb2O3 content after immersion in deionized water at 50 �C for
1 day. The error of weight loss is estimated at ±10%.
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Small portions of the glasses containing 0, 20, and
30 mol% Sb2O3 were crystallized by heating for 4 h in air
at 564, 544, and 486 �C, respectively which correspond to
the temperatures of the first crystallization peak in the
DTA curves (see Fig. 3). The resulting XRD patterns
shown in Fig. 4 indicate that the major crystalline phase
changes with the substitution of different amount Sb2O3:
Zn2P2O7 (PDF#34-1275) for Sb0 glass and SbPO4

(PDF#35-0829) for Sb30 glass, and the crystalline phase
that existed in the 40ZnO–20Sb2O3–40P2O5 glass was not
identified by the PDF cards. An unknown Zn–Sb–P–O
compound might be formed after heating for the glass.

3.2. Density and molar volume

The density (q) and molar volume (VM) of the glasses
are shown in Fig. 5. It can be seen that q increases linearly
from 3.34 to 4.17 g/cm3 with increasing Sb2O3 content.
Obviously, the increase is mainly due to the much higher
mass molar weight of Sb2O3 than that of ZnO [24]. There
is also a linear increase in VM (from 31.9 cm3/mol for
x = 0 to 50.5 cm3/mol for x = 50) of (60 � x)ZnO–
xSb2O3–40P2O5 glasses in the same region.

3.3. Water durability

For the phosphate glasses containing different amount
of Sb2O3, the water durability as determined by the sample
weight loss in deionized water at 50 �C for 1 day is shown
in Fig. 6. The water durability of these glasses is found to
be sensitive to the glass composition. It can be seen clearly
that the glasses whose Sb2O3 content is P10 mol% have
much better water durability (less weight loss), which
increases with increasing amount of Sb2O3. Weight loss
decreases from 26.1 mg/cm2 for Sb0 glass to 1.3 mg/cm2

for Sb50 glass.
Fig. 4. X-ray diffraction patterns of Sb0, Sb20, and Sb30 glasses after
heating. ‘1’ and ‘2’ denote the crystalline phase of Zn2P2O7 (PDF#34-
1275) and SbPO4 (PDF#35-0829), respectively identified by the PDF card.
The glasses containing 30, 40, and 50 mol% Sb2O3,
which have better water durability in 50 �C water, were
also evaluated for water durability in deionized water at
90 �C for up to 5 days (see Fig. 7). Obviously, weight loss
of each glass after immersion in 90 �C water is much higher
than that in 50 �C. The average weight loss of Sb50 glass,
for example, is 6.7 mg/cm2/day after immersion for 5 days.
The curves of weight loss verse immersion time (days) are
approximate straight lines, which means an approximate
stable dissolution in water of these glasses. It was also
observed that the pH values of the solutions in which the
glass samples were immersed at 50 and 90 �C decreased
from neutral (�6.7) to acid.

In order to show more clearly where the optimum glass
may lie, Tg and thermal stability DT plotted against the
water durability of the glasses are illustrated in Fig. 8.
The water durability is determined by the weight loss in
water at 50 �C for 1 day (see Fig. 6). It can be seen that
Tg decrease with increasing durability, indicating that the
substitution of Sb2O3 for ZnO is beneficial to develop the
glass composition with both improved durability and lower



Fig. 7. Water durability of the glasses containing 30, 40 and 50 mol%
Sb2O3 as a function of immersion time in deionized water at 90 �C for up
to 5 days. The error of weight loss is estimated at ±10%.

Fig. 8. Glass transition temperature Tg and thermal stability DT plotted
as functions of the water durability of (60 � x)ZnO–xSb2O3–40P2O5

glasses. The water durability is determined by the weight loss after
immersion in water at 50 �C for 1 day.
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Tg. The variation of DT, except for that of Sb10 glass, as
the function of the durability exhibits the same characteris-
tic as Tg.
4. Discussion

The IR results indicate that Sb2O3 participates in the
glass network, as the intensity of the new band around
628 cm�1 (see Fig. 2), ascribed to the stretching vibration
of P–O–Sb linkages, increases with increasing amount of
Sb2O3. The remarkable increase of molar volume (VM)
(see Fig. 5) supports this deduction. No change in the
slopes of q and VM with composition suggests no change
in structural role of Sb2O3 in these glass samples [25].
Although as glass network participant, the substitution of
Sb2O3 for ZnO does not expand the glass-forming region
remarkably. As mentioned hereinafter, the local structure
of Sb3+ is less symmetric and the field strength of Sb3+ is
much higher than that of Zn2+, which will cause the glass
containing large amount of Sb2O3 devitrified or even
crystallized.

The IR band around 505 cm�1, which is due to the
bending vibration of P–O bonds of Q0 tetrahedra,
decreases in intensity with increasing Sb2O3 content, while
the mas(PO2) vibration around 1263 cm�1 disappears. This
indicates that P–O–Sb linkages are formed from the poly-
merization of P–ONB bonds with Sb3+ cations. The shift
towards high frequency of d(P–O) mode may well arise
from the higher field strength of Sb3+ cation [24]. Sudarsan
and Kulshreshtha [23] observed that there are three P–O
stretching vibrations of P–O–Sb linkages at � 1140, 1060,
and 962 cm�1 respectively. Thus it can be deduced reason-
ably that the overlapping of these absorption peaks and the
peaks derived from phosphate network (�1263, 1090, and
926 cm�1) should, at least partly, respond for the broaden-
ing in the high frequency range.

Even though the structure of a glass may not be identical
to its crystalline counterpart, it is reasonable to expect to
general similarities between the crystal and glass structure
[26]. The XRD results of the ternary samples reveal the
change of glass structure with the substitution of Sb2O3,
and for the glass containing 30 mol% Sb2O3 the structure
of antimony–phosphate becomes dominant. The general
structure of the glasses containing 30 mol% Sb2O3 can be
visualized as consisting of PO4 tetrahedra and SbO3 pyra-
mids [27] joined together by bridging oxygens.

Sb3+ has a lone electron pair, which occupies a greater
angular volume than a bonding pair of electrons. As a par-
ticipant of glass network, the local structure of Sb3+ cat-
ions become less symmetric and the strain energy in the
glass network increases as a whole, thus resulting in a
decrease in the additional activation energy which is neces-
sary for glass network rearrangement [16]. So that there
will be an almost linear increase in a (see Table 1) and
decrease in Tg (see Table 2) of the glasses with increasing
amount of Sb2O3.

The electrostatic field around SbO3 pyramids with �3
charge presented in the glass attracts Zn2+ cations, which
will increase the activation energy for crystallization of
Zn2+ and PO4 units. Thus there is an increase in glass ther-
mal stability when 10 mol% ZnO was substituted by Sb2O3.
But on the other hand, as mentioned hereinbefore, the fur-
ther addition of Sb2O3 will cause the rearrangement of
glass network easier, namely will decrease the glass thermal
stability. A new crystallization peak Tc2 in the DTA curves
of the glass containing P30 mol% Sb2O3 was attributed to
the formation of SbPO4 as proved from the XRD patterns
shown in Fig. 4. The formation of SbPO4 at lower temper-
ature decreases the crystallization degree of zinc–phosphate
crystal. So the crystallization peak, Tc1, decreases in inten-
sity and shifts to higher temperature, even disappears in the
DTA curve of the glass containing 50 mol% Sb2O3.

It is well known that the poor water durability of phos-
phate glasses is due to the breaking and dissolution of
phosphate chains into water [9,28]. The change of solution
pH from neutral to acid supports the dissolution process in
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the present study. As participant of glass network, Sb3+

provides a stronger crosslink between phosphate tetrahe-
dra. The interlinkage of highly dissolvable P–ONB by
Sb3+ and the replacement of easily hydrated phosphate
chains by corrosion resistant P–O–Sb bonds improve the
durability of the glass samples undoubtedly. Thus the glass
containing larger amount of Sb2O3 have better water dura-
bility (less weight loss).

One may suspect that why the P–O–Sb bonds are cor-
rosion resistant. Sb3+ has a higher polarizing power
(� valence/radius, valence = +3, radius = 0.89 Å) [25],
which causes the oxygen attached to it to have a lower basi-
city or, in other word, a lower concentration of negative
charge. It therefore serves to reduce its attraction to the
positive ends, namely H+ ions, of H2O molecules [11]. On
the other hand, the lone pair of electrons of Sb3+ located
at the top of SbO3 pyramid [27,29] strongly attracts the
positive ends of H2O molecules, which will decrease the
attack of H+ ions to P–O bonds of P–O–Sb linkages. The
resulting increase of water durability of phosphate glasses
with the addition of Sb2O3 can be described by the follow-
ing reaction mechanism visually:
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The relationship of water durability and O/P molar ratio of
these glass samples is also considered. As can be seen in Ta-
ble 1 and Fig. 6, the optimum O/P ratio (best water dura-
bility) for the present work is 4.50. According to the
previous theoretical analyses on the mechanism and kinet-
ics of dissolution for phosphate glasses, however, the opti-
mum ratio would more reasonably close to 3.50 [26], which
corresponds to the structure Q1 where two PO4 tetrahedra
join together to form pyrophosphate (P2O7) groups. The
disagreement may be shed light on the fact that Sb2O3 par-
ticipate in glass network in the present study and seize a
portion of oxygen ions to form SbO3 pyramids, resulting
in a change of the glass network structure. The water dura-
bility of PO4–SbO3 groups is better than that of PO4–PO4,
namely P2O7, groups.

Although the addition of P30 mol% Sb2O3 to 60ZnO–
40P2O5 glass decreases the thermal stability remarkably
(see Table 2 and Fig. 8), these glasses are still deemed to
be the optimum as they possess both lower Tg and better
water durability. And our further work has indicated that
thermal stability, rather than Tg or durability, of the glasses
could be improved relatively easier with composition
improvement.
As mentioned above, in comparison with ZnO–P2O5

binary glasses, low-melting glasses based on the ZnO–
Sb2O3–P2O5 ternary system containing P30 mol% Sb2O3

possess the advantageous physical properties of lower Tg

(<400 �C) and better water durability. It can be considered
reasonably that, with further adjustment of glass composi-
tion, such system is a possible alternative to lead based
glasses used as sealing frits for plasma display apparatus
and transparent dielectric layer for plasma display panel,
etc.

5. Conclusions

The glass-forming region of ZnO–Sb2O3–P2O5 ternary
glasses has been determined, and structure and properties
of the glasses with the composition (60 � x)ZnO–xSb2O3–
40P2O5 (x = 0–50 mol%) have been investigated. Sb3+ cat-
ions participate in the glass network and polymerize with
P–ONB bonds to form P–O–Sb linkages. The substitution
of Sb2O3 for ZnO results in:

– an increase in density, molar volume and coefficient of
thermal expansion;

– a decrease in glass transition temperature and thermal
stability;

– an improved water durability, which is attributed to the
easily hydrated phosphate chains being replaced by cor-
rosion resistant P–O–Sb bonds.

The glasses containing P30 mol% Sb2O3 possess lower
Tg (<400 �C) and better water durability, which could be
alternative to lead based glasses for practical applications
with further composition improvement.
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