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The variation of the BaO content on the quaternary PbO-B2O3-TiO2-BaO system’s glass
formation tendency was investigated in relation to transition temperatures, such as melt
temperature (Tf), liquidus temperature (Tl), crystallization temperature (Tc) and glass
transition temperature (Tg). Compositions were melted between 800◦C and 1300◦C. In order
to obtain bulk glass samples, glass formation was carried out using a preheated cylindrical
brass mould without forcing the cooling rate to increase. Glass formation tendency
increased with increasing the temperature ratios of Tg/Tl and Tc/Tl and with decreasing
Tg/Tc. Eutectic compositions preferentially formed glasses from melts due to their low
melting temperatures. C© 2002 Kluwer Academic Publishers

1. Introduction
Glass-ceramics [1–3] have been widely used in the elec-
trical/electronic industry using some unique advantages
of glass processing such as versatility of fabrication
and specific features such as pore-free, low crystalliza-
tion temperature and narrow-distribution fine grains by
controlled crystallization. However, ferroelectric glass-
ceramics have not drawn much attention and only a few
reports about lead titanate glass or glass-ceramic pro-
cesses have been made [4–10]. PbTiO3 glass samples
in these reports were produced mainly by a rapid twin
roller quenching technique [11].

To produce a stable PbTiO3 glass, it is necessary
to add a glass former such as SiO2 or B2O3 and/or
modifiers such as alkaline or alkali rare-earth species.
This fact suggests that it is difficult to produce PbTiO3
glasses containing a high volume fraction of PbTiO3 us-
ing the conventional cooling method in which a glass
is fabricated by natural cooling of a melt. Furthermore,
it is rare to detail the microstructures and ferroelectric
properties of the PbTiO3 glass-ceramic samples. This
may reflect the poor properties of the glass-ceramics
compared to those of the ceramics derived from pow-
der sintering or sol-gel processes, which arise from the
small volume fraction of PbTiO3 crystals and the high
volume fraction of glassy phases. For the production of
stable glasses where a high volume fraction of a crys-
talline phases can by precipitated by a controlled heat
treatment, it is of importance to investigate some factors
deciding the glass formation of a glass-forming system.

A glass formation tendency of a glass-forming sys-
tem is governed by nucleation and crystal growth that
take place during cooling from the melt [12]. This phase
transformation is directly related to a transition temper-
ature such as the liquidus temperature, crystallization

temperature and glass transition temperature, which
purely depend on glass compositions. These factors
can be controlled by manipulating the glass composi-
tion, thereby being critical in the design of the starting
composition to fabricate a stable glass. In general, a
quaternary system offers more flexibility in the glass
formation than a binary system or a ternary system.
The present authors adopted the quaternary glass sys-
tem of 30PbO-(40 − x)B2O3-30TiO2 − xBaO (mol%)
to investigate the glass formation tendency by corre-
lating the transition temperatures of the as-solidified
glasses with varying BaO content.

2. Experimental procedures
Starting compositions were prepared by weighing
reagent-grade oxide powders, mixing them in a porce-
lain mortar with a small amount of acetone, then dry-
ing in an oven at 120◦C (compositions in Table I). The
dried mixture was heated at 400◦C for 30 min to re-
move water and acetone, so that an abrupt volatile re-
action could be avoided during melting. Melting was
carried out in a Pt crucible between 800◦C and 1300◦C
for 10 min–20 min. the melt of 20 gr-40 gr per batch
was cast in a brass mould preheated at 400◦C, whose
dimensions were 40 mm in height and 10 mm in dia-
meter. The weight of the starting composition was cho-
sen to have approximately a constant melt volume fit-
ting into the casting volume of the mould. In order to
confirm whether the melt of a given composition forms
a glass by natural cooling, the melting-casting proce-
dure was repeated 3 or 4 times by changing the melting
temperature (designated as the glass formation tem-
perature, GFT, hereinafter to avoid a confusion with
the thermodynamic melting temperature) up to 1300◦C.
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T ABL E I Lead titanate glass composition and solidification results

Transition temperature ◦C
Initial composition (mol%) (measured by DTA)

GFTa Glass
Sample no. PbO B2O3 TiO2 BaO Tf

◦C formation Tg Tc
b Tl Tl

c

PBT1 55 30 15 0 1100 CR – – – –
PBT3 60 30 10 0 1080 GL 469 552 706 601
PBT4 30 40 30 0 1300 CR – – – –
PBT5 40 30 30 0 1260 PC – – – –
PBTB2-2 30 37.5 30 2.5 1170 CR – – – –
PBTB2-3 30 35 30 5 1260 PC 484 557 847 893
PBTB2-4 30 32.5 30 7.5 1160 GL 481 584 900 910
PBTB2-5 30 30 30 10 1120 GL 471 598 727 893
PBTB2-6 30 27.5 30 12.5 1040 GL 450 600 761 885
PBTB2-7 30 25 30 15 1100 GL 455 587 775 905
PBTB2-8 30 22.5 30 17.5 1130 GL 456 570 791 926
PBTB2-9 30 20 30 20 1220 GL 440 543 866 964
PBTB2-10 30 15 30 25 1300 CR – – – –

aGlass formation temperature: the temperature at which the starting composition is melted.
bThe first exothermic peak for PbTiO3 crystallization in Fig. 6.
cMeasured using a hot-stage microscope.

Microstructures of the as-solidified samples were inves-
tigated using SEM (scanning electron microscopy) and
TEM (transmission electron microscopy). Chemical
analyses were carried out by EDXA (energy dispersive
X-ray analysis) and XRF (X-ray fluorescence). Transi-
tion temperatures were measured using DTA (differen-
tial thermal analysis) and a hot-stage microscope.

3. Results and discussion
Solidification of the melt was carried out for glass
formation throughout a systematic investigation for
ternary and quaternary systems. The solidification
results are listed in Table I with the initial compo-
sitions. The ternary lead titanate compositions (PbO-
B2O3-TiO2) were investigated as the preliminary ex-
periments. In most ternary compositions, the melts did
not solidify as glasses except for a few compositions,
such as PBT3 (60PbO-30B2O3-10TiO2 mol%), which

Figure 1 BF TEM image and selected area electron diffraction pattern of as-solidified glass whose composition is 30PbO-27.5B2O3-30TiO2-12.5BaO
(mol%).

contained relatively large proportions of lead and boric
oxides but a small proportion of titanium oxide. When
barium oxide was added to the ternary system as a
modifier, the glass formation tendency was remarkably
improved. The maximum amount of PbOTiO2 (about
1 : 1 mole ratio) in the starting quaternary composition
was 79 mol%.

In the quaternary glass system, the GFT ranged be-
tween 860◦C and 1270◦C depending on the compo-
sition. The as-solidified were classified into transpar-
ent glasses (GL), partly opaque/transparent crystallized
samples (PC), and totally opaque crystallized samples
(CR). The glasses obtained were transparent and yel-
lowish. These transparent samples were clearly con-
firmed to be amorphous as shown by the typical bright
field (BF) TEM image and the electron diffraction pat-
tern in Fig. 1 and by X-ray diffraction patterns in Fig. 2a.
In PC and CR samples, scattered opaque particles or
wave/stripe forms were developed during cooling.
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Figure 2 X-ray diffraction patterns for the as-solidified samples:
(a) glass, (b) partly crystallized sample of 30PbO-22.5B2O3-30TiO2-
17.5BaO (mol%) and (c) partly crystallized sample of 60PbO-30B2O3-
10TiO2 (mol%).

Figure 3 (a) Backscattered SEM image of a fracture surface and (b) EDXA spectra of an as-solidified sample of 30PbO-32.5B2O3-30TiO2-7.5BaO
(mol%).

The types of crystalline phases which occurred
during cooling were determined by the BaO content
in the composition and can be classified into two
types. The first category is a very large acicular form
of tetragonal TiO2 or Ti-rich phases which were
developed in the quaternary containing less than
7.5 mol% BaO. A typical example is shown in Fig. 3
together with its EDXA spectra. The occurrence of
these Ti phases may indicate that phase separation
took place in the melt or that TiO2 particles were not
completely dissolved in the melt. As shown by SEM
images in Fig. 4 and XRD patterns in Fig. 2b and c, the
second category is tetragonal PbTiO3 crystals, which
were formed in the quaternary composition contain-
ing more than 17.5 mol% BaO and in the ternary
composition. Therefore, different types of crystalline
phases and microstructure are expected when these
transparent glasses with different compositions are
crystallized.
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Figure 4 Backscattered SEM images of PbTiO3 crystals formed during solidification of melts with the compositions of (a) 60PbO-30B2O3-10TiO2

and (b) 30PbO-22.5B2O3-30TiO2-17.5BaO (mol%).

Quantitative analyses for the as-solidified glasses
were carried out using XRF. The XRF results for Pb,
Ti, and Ba elements are presented in Table II in weight
fractions. Boron was not considered in this table be-
cause the boron atom is too light to be detected in the
XRF equipment used. Table II shows that considerable
losses of Pb and Ba were caused by interactive melt-
ing at high temperatures, so that the fraction of the Ti
element had a corresponding increase. This increase in
the fraction of Ti may cause the formation of Ti-rich
pyrochlore phases during crystallization. Therefore, an
excess amount of Pb must be added in the starting com-
position to compensate for this loss of Pb. It is also as-
sumed that a considerable amount of B is volatilized
due to the low melting temperature of B2O3.

To investigate the glass formation tendency in
PBTB2 series compositions, the GFT was plotted as
a function of the BaO content in Fig. 5. This figure
shows 3 regions of glass formation, partly crystallized
and crystallized zones. The glass formation tendency

Figure 5 The glass formation ability with BaO content and glass forma-
tion (melting) temperature in the composition of 30PbO-(40-x)B2O3-
30TiO2-xBaO (mol%).
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T ABL E I I XRF quantitative analysis

Composition, wt%

Sample no. PbO TiO2 BaO

Starting composition before melting
PBTB2-5 63.01 22.56 14.43
PBTB2-6 60.82 21.77 17.41
PBTB2-9 55.07 19.71 25.22
PBTB5-2 61.72 18.41 19.87
PBTB5-5 69.23 16.30 14.47
PBTB7-8 66.46 23.11 10.43

Glass composition after solidification
PBTB2-5 58.76 ± 0.77 28.26 ± 0.06 12.98 ± 0.63
PBTB2-6 62.22 ± 1.13 26.09 ± 0.06 11.68 ± 0.60
PBTB2-9 52.78 ± 0.16 28.86 ± 0.06 18.36 ± 0.74
PBTB5-2 56.07 ± 0.25 26.61 ± 0.06 17.32 ± 0.73
PBTB5-5 66.30 ± 1.33 21.63 ± 0.05 12.07 ± 0.62
PBTB7-8 56.94 ± 0.54 28.56 ± 0.06 14.50 ± 0.66

Figure 6 DTA curves of PbTiO3 glasses (heating rate: 10◦C min−1,
compositions in Table I.

was greatly influenced by the GFT and the BaO con-
tent. The GFT was a minimum of 1040◦C at 12.5 mol%
BaO and rapidly increased with the variation of the BaO
content on both sides of this value, showing the eutec-
tic effect [13]. Therefore, it can be concluded that the
glass formation tendency is maximized at 12.5 mol%
BaO and decreases as the BaO content deviates from the
value of 12.5 mol%. Transparent glasses were obtained
in the range between 7.5 mol% and 20 mol% BaO. Be-
yond this range, glasses were not formed by naturally
cooling the melts. Fig. 5 also shows that for the same
composition a higher GFT is preferred to produce the
glass. This phenomenon could be related to phase sepa-
ration or a change in the structure of the melt at a critical
melting temperature.

Fig. 6 represents DTA curves of as-solidified glasses
of PBTB2 series compositions, showing glass transition
temperature Tg, crystallization temperature Tc. and liq-
uidus temperature Tl, whose values are listed in Table I.
The DTA curves show several exothermic peaks where
PbTiO3 metastable phases (i), PbTiO3 crystals (ii), un-
known barium-titanium-borate phases (iii) or Ti rich
phases (iv) are formed depending on the glass com-

Figure 7 Temperature ratios between transition temperatures with vari-
ation of BaO content in the composition of 30PbO-(40-x)B2O3-30TiO2-
xBaO(mol%).

position. The glass transition temperature (marked as
filled-arrows) and liquidus temperature (marked as line-
arrows) have minimum values at about 10–12.5 mol%
BaO, while the crystallization temperature has a max-
imum of 600◦C at 12.5 mol% BaO (PBTB2-6). Com-
pared to the glass formation tendency shown in Fig. 5,
the change in these transition temperatures with the
BaO content leads to the conclusion that the glass for-
mation tendency increases with increasing Tc and de-
creasing Tg or Tl.

To investigate a correlation among Tg, Tc, and Tl, the
temperature ratios of Tc/Tl, Tg/Tl and Tg/Tc were plot-
ted as a function of the BaO content. Fig. 7 shows that
the glass-forming ability increases with an increase of
Tc/Tl or Tg/Tl and with a decrease of Tg/Tc. In other
words, glass formation becomes easier as the tempera-
ture differences of Tl-Tg or Tl-Tc, are smaller and Tc-Tg
is larger. These results indicate that a smaller value of
Tl-Tg or Tl-Tc increase the possibility for the melt to
bypass the crystallization zone, thus instantly to reach
an appropriate viscosity where atomic rearrangements
are difficult. When Tc-Tg values are smaller, on the
other hand, crystallization will be likely to occur due
to a small activation energy of nucleation and crystal
growth.

The relation between the glass formation tendency
and the transition temperature could be explained by
introducing the viscosity of the melt. The viscosity of
most glass-forming systems follows an empirical equa-
tion, known as the Vogel-Fulcher equation at a certain
temperature range [14, 15].

ln η = A

Tr − Trg
+ B (1)

Here A and B are constants, η is the viscosity, Tr
the reduced temperature (=T/Tf) and Trg = Tg/Tf. In
this equation, the logarithmic viscosity of the melt
is proportional to the reciprocal of Tr-Trg. Under the

2015



Figure 8 The reciprocal of Tr - Trg as a function of Tr(Tr = T/

TfTrg = Tg/Tf).

assumption that the glass system used in this study fol-
lows the Vogel-Fulcher relation, the plot of 1/(Tr-Trg)
versus Tr is plotted in Fig. 8 with variation in the BaO
content. This plot shows the glass-forming ability of
a glass-forming liquid at a certain temperature during
cooling from its melt.

Fig. 8 shows that the value of 1/(Tr-Trg) as a function
of Tr is always largest at 12.5 mol% BaO (PBTB2-6),
indicating that the temperature interval of cooling re-
quired for the glass formation is minimal. In addition,
1/(Tr-Trg) rapidly changes at about Tr = 0.5 and the in-
creasing rate is also greatest at 12.5 mol% BaO. It is
therefore assumed that an abrupt change in viscosity
begins at this point and thus the temperature interval of
cooling should be larger than Tf/2. The minimum in-
terval of cooling for bypassing the crystallization zone
can be estimated by introducing Tc/Tf. A larger value
of Tc/Tf will decrease the probability of crystallization
during cooling due to a smaller cooling interval and
thus a relatively larger cooling rate at the initial cooling
stage. Table III shows that the value of Tc/Tf is largest
at 12.5 mol% BaO, while decreasing on the both sides
of 12.5 mol% BaO. This tendency corresponds to the
glass-forming tendency shown in Fig. 5. Since the rapid
change in the viscosity begins at about Tr = 0.5, the
glass-forming ability increases due to the easier bypass
of the crystallization zone as Tc/Tf is bigger than about
0.5. If Tc/Tf is near or below 0.5, on the other hand,
the probability of crystallization will increase and the
glass formation will fail as long as the viscosity or the
cooling rate is insufficient to suppress crystallization.

As a result, the transition temperature has a great
influence on the glass-forming ability of a glass sys-

T ABL E I I I The temperature interval of cooling required for
by-passing crystallization

BaO 0 5 7.5 10 12.5 15 17.5 20
(mol%)

Tc/Tf 0.438 0.442 0.503 0.534 0.566 0.534 0.502 0.431

tem and they are sensitively correlated with each other.
There are many factors that should be considered to es-
tablish the criteria of glass-forming ability. Under the
glass-forming conditions used in this study, the ratio
or difference between the transition temperatures of
glasses could be a useful criterion to estimate the glass
formation ability of a glass system and thus to design
an optimal glass system.

4. Conclusions
Glass formation tendency was markedly improved
when BaO was added to the ternary PbO-B2O3-TiO2
system. The range of the BaO content for glass-forming
was 7.5 mol%–20 mol% in the 30PbO-(40-x) B2O3-
30TiO2-xBaO glass compositions. In this system, the
eutectic effect was observed at the composition con-
taining 12.5 mol% BaO, which readily produced a sta-
ble glass from the melt by natural cooling. The glass-
forming ability increased as the temperature ratios of
Tc/Tl or Tg/Tl increased and as the temperature ratio of
Tg/Tc decreased. Using the Vogel-Fulcher relation, the
correlation between these temperature ratios was made
by a plot of 1/(Tr-Trg) versus Tr and by considering the
minimal temperature interval of cooling for bypassing
the crystallization temperature zone. This confirmed
that the glass formation tendency can be explained in
terms of the ratios of transition temperatures of glasses,
which may offer a useful tool to estimate glass-forming
ability.
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