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bstract

he sintering behavior of a Pb-free Bi2O3–B2O3–SiO2 glass system was examined as a function of Bi2O3 content. The glass transition tem-
erature and the crystallization temperature of the glasses decreased with different decreasing gradients as the Bi2O3 content increased. The
hange in temperature affected the sintering behaviors of the glasses. In the case of the 40 mol% Bi2O3 addition, large pore accompanied

ver-firing phenomenon was observed when the sample was sintered over the optimum sintering temperature. However, over-firing was not
bserved in the sample with 45 mol% of Bi2O3 because of the crystallized phases during sintering. When the Bi2O3 content was 50–55 mol%,
he crystallization temperature became lower than the glass transition temperature, which resulted in the crystallization of glass and it hindered
ensification.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

There has been an increase in interest regarding sintered
lasses using amorphous powder as a raw starting material
nd their application to complex-shaped filters,1,2 composites3

nd glass–ceramics.4,5 In particular, significant developments
n various electronic industries such as flat panel displays, low-
emperature co-fired ceramics, and the packaging industry, need

variety of glass types, which can be easily densified at low
emperatures.6–8

PbO-containing glass systems have become popular as com-
ercial low temperature sinterable glass due to their high struc-

ural stability, low glass transition temperature and good thermal
nd electrical characteristics.6,9 One of the advantages of PbO
lasses is that they do not easily crystallize even when they
ontain 70% of PbO. This is because the PbO glass systems
orm PbO4 structures easily since Pb plays the role of an inter-
ediate due to its own ionic field strength.10 However, recent

nvironmental regulations have restricted the wide use of PbO

ystems, so the development of Pb-free or Pb-saving materi-
ls, which can replace PbO, has been undertaken. Bi2O3, BaO
nd ZnO have been employed as candidate materials that can
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eplace PbO, particularly in the PbO–B2O3–SiO2 system.11–13

n this case, in order to obtain low glass transition tempera-
ures, unlike the PbO glass system, a great amount of glass net-
ork modifier is necessary, thus resulting in devitrification and
lass crystallization which affect glass properties and sintering
ehavior.13,14

It is well known that the sintering of glass materials is ruled
y the mechanism of viscous flow, which is different from the
iffusion mechanism of solid ceramics. Therefore, viscosity is
ne of the most important factors that can determine the sin-
ering behavior of glasses.15 If crystallization occurs during
lass sintering, viscous flow is hindered. Depending upon the
lass composition, crystallization occurs near the optimum sin-
ering temperature (Tsint), at which maximum densification is
btained. When the crystallization temperature (Tc) of a glass is
ower than the Tsint, densification does not occur because the
rystallized phases lead to an infinite viscosity of the glass.

hen Tc is higher than Tsint, however, densification can occurs
asily.16–19

In this study, the sintering behavior of Pb-free Bi2O3–
2O3–SiO2 glasses was studied as a function of Bi2O3 con-

ent. The glass transition temperatures, the optimum sintering

emperatures and the crystallization temperatures of the glasses
ere evaluated. The sintering behaviors of the glasses as a func-

ion of Bi2O3 content were discussed with respect to crystalli-
ation.

mailto:jjkim@knu.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.013
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Table 1
Experimental compositions of the Bi2O3–B2O3–SiO2 glasses (mol%)

Designation Bi2O3 B2O3 SiO2

35Bi 35 35 30
40Bi 40 30 30
45Bi 45 25 30
50Bi 50 20 30
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Tsint, however, could not be determined from the DSC results.
In the case of 55Bi, the TC begins right after the Tg. It is found
that the TC and Tg decreased from 500 to 413.3 ◦C and from
430.4 to 387.5 ◦C, respectively, as a function of Bi2O3 content.
5Bi 55 15 30
0Bi 60 10 30

. Experimental

High purity chemicals of Bi2O3 (Kojundo chemical lab Co.,
td, 99.6%, Japan), H3BO3 (Kojundo chemical lab Co. Ltd.,
9.9%, Japan), and SiO2 (Kojundo chemical lab Co. Ltd., 99.9%,
apan) were used as starting raw materials. The amount of SiO2
as fixed at 30 mol%, and the remaining 70 mol% was filled
ith Bi2O3 and B2O3, and the batch compositions employed

re presented in Table 1.
The compositions are designated by the Bi2O3 content.

eighed raw powders were mixed in an alumina crucible for
5 min and melted at 1100 ◦C for 30 min in a Pt crucible. Then
he molten glass in the crucible was dipped into cold water for
uenching. The glass frit was roughly crushed in an alumina
ortar and then planetary-milled (Pulverisette 6, Fritsch, Ger-
any) for 2 h at 400 rpm. The crystallization of the glass powders
as analyzed using an X-ray diffractometer (MO3-XHF, MAC
cience Co., Japan). The density of the glass frits was mea-
ured using a gas-pycnometer. The glass transition temperature
as measured using a DSC (Thermal Analyzer, DSC 2920, TA

nstruments, USA) in the temperature range between room tem-
erature and 650 ◦C at a heating rate of 5 ◦C/min. The glass
owders were isostatically pressed under a pressure of 100 MPa
or 3 min in order to form green pellets. The pellets were sintered
n the temperature range between 430 and 470 ◦C at a 10 ◦C
ncrements for 2 h at a heating rate of 5 ◦C/min and then the
ellets were furnace cooled. The density of the sintered pellets
as measured by the Archimedes method. The sintered pellets
ere broken by using a screw die and the fracture surface of

he sintered samples was observed using a scanning electron
icroscope (JEOL, JSM-5400).

. Results and discussion

The X-ray diffraction patterns of the Bi2O3–B2O3–SiO2
lasses as a function of Bi2O3 content are presented in Fig. 1. A
arge broad peak around 2θ = 25–30 was observed in 25Bi–55Bi,
hich is a typical feature of borate glasses.12 In the case of
0Bi, however, diffraction peaks appeared near 24◦, 29◦ and
2◦, which originated from Bi2SiO5 and Bi45BO69, signifying
hat the glass had crystallized. This is attributable to the devitrifi-
ation of the 60Bi glass during the quenching process. Since the

ddition of Bi2O3 induces low viscosity of glasses due to the for-
ation of non-bridging oxygen (NBO), devitrification might be

iable in the 60Bi even if it was water-quenched. However, in the
ase of 35Bi, a phase separation occurred due to the immiscibil-
Fig. 1. XRD results of quenched compositions after melting at 1100 ◦C.

ty in the melt which resulted in an opaque glass.20 Backscattered
lectron image observation, shown in Fig. 2, also supported the
hase separation phenomenon. Therefore, the compositions of
0Bi and 35Bi will not be considered for further examination.

Fig. 3 shows the DSC results of the glasses except for Bi35
nd Bi60. On the basis of the DSC curves, glass transition tem-
erature (Tg) and crystallization temperature (TC) values could
e obtained.21 In the case of Tg, three glass transition tempera-
ures – the extrapolated onset temperature, the extrapolated end
emperature and the mid temperature at which the heat capacity
s midway between the extrapolated heat capacity of the liq-
id and glassy states – were evaluated. The mid glass transition
emperature is indicated in Fig. 3 with plus (+) symbols. TC was
btained by an extrapolation of the DSC curve at the deflection
oint where an exothermic peak begins to appear over the Tg.
he TC is indicated by triangle (�) symbols. In the case of the
0Bi–50Bi glasses, a small exothermic peak below TC can be
bserved. This is considered to be the area where the fixed points
uch as Tsoft (softening point) and Tsint (sintering temperature)
ppear between the Tg and TC. The exact temperature of Tsoft and
Fig. 2. BEI micrograph of the 35Bi glass after quenching.
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the glass samples between DSC and X-ray measurements as
described in the experimental procedure.

Fig. 6 shows the relative density of specimens sintered at
various temperatures. In the case of the 40Bi sample, density
ig. 3. DSC results of (a) 40Bi, (b) 45Bi, (c) 50Bi and (d) 55Bi as a function of
emperature.

his seems to be caused by the decrease in glass viscosity since
i2O3 plays the role of network modifier.

Fig. 4 shows the X-ray diffraction patterns of specimens sin-
ered at various temperatures for 2 h. The crystallization of the
0Bi glass started at 480 ◦C as shown in Fig. 4(a). As shown in
ig. 4(b) and (c), in glasses containing 45Bi and 55Bi, crystal-

ization started at 460 and 390 ◦C, respectively. As the amount
f Bi2O3 increased, the temperature where the crystallization
as initiated decreased and the crystallized phase was Bi2SiO5

n every specimen.
Fig. 5 represents the Tg and TC of the glasses as a func-

ion of Bi2O3 content. The TC1 obtained from the DSC and the
C2 obtained from the X-ray were differentiated in Fig. 5. The

emperature at which sharp crystallization peaks appeared was

egarded as the TC2 from the X-ray diffraction of the specimens,
hich were sintered for 2 h. The Tg, TC1 and TC2 decreased
ith the introduction of Bi2O3. The TC1 and TC2 show almost

he same decreasing gradients. Since the gradient of Tg is smaller
F
t

ig. 4. XRD results of (a) 40Bi, (b) 45Bi and (c) 55Bi sintered at various tem-
eratures.

han those of the TCS (TC1 and TC2), the temperature gap between
he Tg and TCS for 40Bi is greater than that for 55Bi. This
s believed to be caused by the different thermal histories of
ig. 5. Glass transition temperature (Tg) and crystallization temperature (TC) of
he glasses obtained from the DSC and X-ray analysis.
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ig. 6. Relative densities of the glass samples after sintering at various temper-
tures.

ncreased as the sintering temperature increased and maximum
ensification was attained at 460 ◦C. However, when the spec-
men was sintered above the optimum sintering temperature
Tsint) where maximum densification was attained, the density of
he specimen dramatically decreased. This is the so-called over-
ring phenomenon.22 The 45Bi sample also showed maximum
ensification at 460 ◦C. However, a rapid decrease in density
as not observed in the 45Bi. On the contrary, remarkable den-

ification was not apparent in 50Bi and 55Bi even though the
intering temperature increased to 470 ◦C. This is caused by
arly crystallization before densification is initiated. Since the
intering of glass materials is ruled by the mechanism of viscous
ow, crystallization during sintering hinders viscous flow. That

s, when crystallization occurs first at a lower sintering tempera-
ure before densification has started, sintering is retarded due to
he steep increase in glass viscosity. The 50Bi and 55Bi samples

re such cases, i.e. the TC is very close to the Tg and crystalliza-
ion occurs below Tsoft and Tsint.

Fig. 7 shows a fracture surface SEM image of the 40Bi, 45Bi
nd 55Bi samples sintered at 460 ◦C and 470 ◦C. Fig. 7(a) and

p
v
u
p

Fig. 7. SEM photographs of 40Bi (a) and (d), 45Bi (b) and (e)
Ceramic Society 27 (2007) 819–824

d) corresponds to the 40Bi sample, (b)–(e) correspond to the
5Bi sample and (c) and (f) correspond to the 55Bi sample. Note
hat the 40Bi sample did not crystallize during the whole sinter-
ng process, while the crystallization for 45Bi was initiated at
he Tsint. In the 55Bi sample, crystallization occurred right after
he Tg. Fig. 7(a) shows the microstructure of the 40Bi sample,
hich was sintered at its Tsint. Crystallization did not occur and a

mooth fracture surface with fine isolated pores, which is a typi-
al feature of glass, could be observed after sintering. However,
ncreasing the temperature above its Tsint gave rise to the forma-
ion of large pores, as shown in Fig. 7(d). This caused a decrease
n the relative density due to the over-firing phenomenon, as
hown in Fig. 6. Fig. 7(b) shows the microstructure of the 45Bi
ample, which was sintered at its Tsint and (e) was sintered at
temperature 10 ◦C higher than the Tsint. Rough surfaces were
bserved in (b) and (e) due to the crystallized phases. Fig. 7(c)
nd (e) shows the microstructures of the 55Bi samples sintered
t 460 and 470 ◦C, respectively. Crystallized phases can be seen
n the fracture surface of 55Bi and densification had not yet
een initiated due to crystallization.

A schematic diagram, which explains the sintering behavior
n relation to the Tg, Tsint and Tc, is shown in Fig. 8. Fig. 8(a)–(c)
hows the sintering behavior of 40Bi, 45Bi and 55Bi, respec-
ively. Fig. 8(a) shows a case whereby Tc is higher than Tsint and
g. In this instance, maximum densification can be obtained at

he Tsint and the over-firing phenomenon occurred when sinter-
ng was conducted above the Tsint. Increasing the temperature
bove the Tsint generates gas in the sample, as well as caus-
ng the coalescence and expansion of pores that lead to the
ormation of large pores, as shown in Fig. 7(d). As the tem-
erature increases, the small pores can easily move to coalesce
ith the adjacent pores and grow to large pores because the vis-

osity of the glass decreases with an increase in temperature.
hen pore coalescence occurs, it results in an increase in the
ore radius and a decrease in pore pressure. Therefore, the pore
olume after coalescence is larger than the sum of the pore vol-
mes before coalescence, which led to the generation of macro
ores.23 Fig. 8(b) shows a case where the Tc and Tsint are nearly

, and 55Bi (c) and (f) sintered at different temperatures.
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ig. 8. Schematic diagram for the explanation of the sintering behaviors for (a)
0Bi, (b) 45Bi and (c) 55Bi in relation to Tg, Tsint and Tc.

he same, whereby densification and crystallization occur con-
urrently. Therefore, because of the increased viscosity due to
he crystallized phases, the movement of isolated pores is diffi-
ult even at higher temperatures, thus inhibiting the over-firing
henomenon. When the TC is located right after the Tg and crys-
allization occurs prior to densification as shown in Fig. 8(c), the
iscosity of the glass drastically increases with the formation of
he crystalline solid phase, which results in the retardation of
intering as shown in (c).

. Conclusions

The current study examined the effect of Bi2O3 content on
he sintering and crystallization behavior of the Pb-free low-
emperature firing Bi2O3–B2O3–SiO2 glass. A phase separation
as observed due to immiscibility in the melt of the 35Bi and
evitrification occurred in the 60Bi sample. Both the Tg and
c decreased as the Bi2O3 content increased. However, the Tc
howed a steeper gradient than the Tg with respect to the Bi2O3

ontent. This resulted in the different sintering behaviors of
he glasses. When the Tc was higher than the Tsint, the sample
as well-densified at the Tsint, and the over-firing phenomenon
ccurred at a sintering temperature over the Tsint. When the Tsint

1

1

Ceramic Society 27 (2007) 819–824 823

as higher than the Tg, and the Tsint and TC were about the
ame, crystallization and densification progressed at the same
ime. However, when the Tc is located in the vicinity of the Tg
right after the Tg) the crystallized phases remained as they were
ithout densification.
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