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Abstract

This paper investigates the bimodal oxide filler system to study the viscous behavior and thermal expansion properties of glass
composites. Zinc oxide and cordierite, which are two types of filler, with different average diameters (10 um and 1 pm, respectively),
were considered in a Bi2O3 containing glass with various volume fractions (up to 40 vol%). The experimental results for the composites
with the bimodal filler distribution show a reduced viscosity. The viscosity increased from fine particles to coarse particles with an
increase in the volume fraction of the composite. Both viscosity and coefficient of thermal expansion (CTE) decreased significantly in the
composite with the cordierite filler. The CTE is determined from the volume fraction with respect to particle size and distribution. On
the other hand, viscosity is dependent on the particle distribution, particle size, and volume fraction of the composite.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Currently, glass-filler composites are used for applica-
tions such as semiconductor packaging, low temperature
co-fired ceramics, and display panels [1]. The preparation
of suitable glass-filler composites is controlled by glass flow
and viscosity. The study of glass viscosity from the
transformation stage to the working temperature stage
involves crucial steps that relate to the behavior of the seal
[2]. Fig. 1 displays a schematic presentation of the sealing
behavior of a glass-filler composite. The first phase consists
of the firing stage of the glass-filler composite, and the
second stage represents sealing with the filler distribution
in the matrix.

Some researchers have implicated various properties,
such as dielectric, thermal, and coefficient of thermal
expansion (CTE) of the composite, by using bimodal
distribution in polymer composites [3,4]. Previous research-
ers [5] studied the co-addition of oxide filler and various
other types of filler to the glass composite. However, the
filler of the same type with bimodal distribution in glass
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composites has rarely been investigated. This paper is an
extension of previous work on an earlier approach that uses
filler with two mean size distributions [6].

The present investigation focuses on the bimodal filler
size distribution in glass composites and the effects of filler
size and distribution of the viscous and CTE behavior of
these glass composites. The composites were formed by
adding one or more fillers to a glass matrix in various
volume fractions to control the viscous and thermal expan-
sion properties. The filler arrangement in the liquid phase of
the composite, as a function of the firing temperature with
respect to viscosity, was observed. Thus, the relationship
between particle size, distribution, volume fraction, viscos-
ity, and CTE allows for key physical parameters of the
composite to meet product specifications.

2. Experimental procedure

A glass composition was prepared with 44 Bi,0;,
34 ZnO, and 22 B,03. To achieve such a glass batch, the
appropriate amounts of Bi,O; (99.9%, Aldrich), ZnO
(99.9% Aldrich) and B,O3 (99.98% Aldrich), were mixed
and melted in air in an electric furnace at 1500 °C using an
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Fig. 1. Schematic diagram of the glass-filler composite that is used for sealing and the distribution of fillers in the glass matrix with respect to
temperature. Sealing is used for a plasma display panel, which has a space between the two glass substrates bonded by glass powder. The sealed paste is
fired at a softening temperature (a)—(d), cooled down to room temperature and then heated again for glass viscous flow (e)—(f): (a) green composite (b)
after binder burn out (c) sintering of glass (d) viscous flow (e) upside down of plate (f) wetting of molten glass and (g) ideal shape of sealed.

alumina crucible. The quenched glass cullet was ball-milled
to an average particle size of 100 um frit. Then, the frit was
pulverized with a jet mill to an average particle size of
5 um. Commercially available cordierite and zinc oxide
(Sigma-Aldrich Inc.) fillers were also considered. For both
of the filler, the particle size was distributed over a wide
range from coarse (10 pm) to fine (1 pm).

The glass-filler composites were prepared by adding the
two fillers described above (zinc oxide and cordierite) with
two broad ranges of particle sizes. The mixtures were
prepared in various proportions, with 10, 20, 30, and
40 vol% fraction. The coarse and fine filler sizes were
added to the glass powder with coarse to fine proportions
of unity (50:50), in a bimodal filler mixtures. Zirconia balls
with 3-mm diameters were added to the mixture and mixed
well in a container inside a tubular mixer (Model T2 F,
Glenmills, Basel, Switzerland). The arrangement of the
fillers in the liquid phase of the composite were studied at
various temperature ranges, from 480 °C to 580 °C, inside
a sintering furnace, during a firing cycle with a 30-min
holding time.

The glass transition temperature and exothermic and
endothermic peaks of the glass-filler mixtures were analyzed
using a differential thermal analyzer (DSC, NETZSCH,
STA 449 F3). The measurements were performed in air at a
heating rate of 10 °C/min. The samples were prepared by
cold pressing the composite mixture. The surface morphol-
ogy of the composites, after firing inside the furnace (Ajeon,
S-18, sintering furnace) at 480 °C for a 10-min holding time,
was analyzed with a scanning electron microscope (SEM;
Hitachi S-4300). The densities of the green composites were
calculated by using a pycnometer (Micromeritics, Accupyc
IT 1340). The crystallization phases of the green and fired
composites were analyzed using XRD techniques (X-ray

diffractometer, DMAX 2500) at 4 kV with a scan speed of
2°/min.

3. Results

The results of the particle size analysis (PSA) for the
glass are shown with average particle size of 5 um (Fig. 2a).
Fig. 2(c) shows the fine particle size of cordierite in the
submicron range as being similar to the fine particle size of
zinc oxide in Fig. 2(b). In terms of bimodal distribution,
filler with coarse and fine particle sizes were chosen with
broad distributions in the composite [7]. The fraction that
tended toward unity showed the best results among the
distributions that were tested [8,9].

In the case of bimodal filler distribution, it has been
observed that fine fillers arrange themselves within the
interstitial gaps of the coarse filler (Fig. 3a—d). The
composite with a 40 vol% fraction of the cordierite filler
exhibits an excess amount of filler within the glass matrix,
which created voids in the composite (Fig. 3c). The
interphases are observed in the zinc oxide-glass composite
(Fig. 3d). This implicates that interphase layer results due
to interaction between zinc oxide filler dissolution in the
glass matrix. The zinc oxide-glass composite represent the
reactive system with lighter region represents the glass
matrix, darker region represents filler and the medium
region represents the interphase layer. The characteriza-
tions of the composites were carried out by the XRD
(Fig. 4). The composite with cordierite-glass shows amor-
phous nature in both green and fired conditions. On the
other hand the sharp and distinct peaks are observed in
zinc oxide-glass composite in both green and fired com-
posites. Partial dissolution of the zinc oxide filler within
the glass matrix was confirmed from the XRD analysis
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Fig. 2. PSA data of the (a) glass powder (b) zinc oxide, and (c) cordierite fillers (coarse and fine size).

interphase

Fig. 3. SEM-SEI images of the composites sintered at 480 °C for 10 min. (a) 10 vol% cordierite-glass composite (bimodal) (b) 10 vol% zinc oxide-glass
composite (bimodal) (c) 30 vol% cordierite-glass composite (bimodal) and (d) 30 vol% zinc oxide-glass composite (bimodal). (Light: glass matrix, dark:
zinc oxide filler particles and medium: interphase created due to the interaction between the glass matrix and filler).

(the distinct peaks, zinc oxide ICDD PDF Card No. 96-
230-0113).

The density of the glass particles (6.9 g/cm?) is higher
than that of filler, such as zinc oxide (5.7 g/em’) and
cordierite (2.6 g/cm?). As a result, the glass flows down-
wards due to the gravitational force of attraction. Conse-
quently, the drift force is applied to the lighter and denser
particles of the filler. The distribution of the filler in the
composite occurred on the major upper portion rather
than on the lower portion of the composite. Depending
upon the reactivity between the glass and the filler, the

densification can be classified as a non-reactive system,
partially reactive system, or completely reactive system
[10,11]. Fig. 5 clearly shows that an increase in the volume
fraction caused an increase in the densification after firing,
whereas an increase in temperature with a higher volume
fraction resulted in a decrease in the fired density due to
the development of crystalline pores and cracks. Pores
were observed in the zinc oxide-glass composite with
40 vol% fraction, as shown in Fig. 5. The density of the
reactive system (zinc oxide-glass composite) decreased signifi-
cantly when compared with the non-reactive (cordierite-glass
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Fig. 4. Green and sintered composites at 480 °C for 30 min (a) Composite
with zinc oxide as filler 10 vol% (zinc oxide ICDD PDF: 96-230-0113, not
fired), (b) zinc oxide-glass composite (fired) (c) Composites with cordierite
as filler 10 vol% (not fired), (d) cordierite-glass composite (fired).
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Fig. 5. Density as a function of filler content for composites (fired at
480 °C for 10 min). Density of glass particles (6.9 g/cm?), zinc oxide
5.7 g/cm3) and cordierite (2.6 g/cm3)A

composite) system, which evidenced the dissolution of the
filler into the glass matrix.

To observe the particle (cordierite filler) arrangement in
the liquid phase of the glass matrix during the firing cycle,
the composites were fired at different temperatures. The
composites fired at 480 °C showed, adequate distribution
of the filler throughout the glass composite without any
movement. As the firing temperature was increased to 520 °C,
the movement of the filler was observed (Fig. 6a;—ag). This is
confirmed from the distribution of fillers on the various
surfaces of the composite in the top, middle and bottom
layers. Coarse fillers are observed in the top portion of the
cordierite-glass composite, whereas the fine fillers are observed
in the lower portion of the composite. On increasing the firing
temperature to 580 °C, movement of the filler particles reverse
in the liquid phase of the matrix. The fine filler observed in the
top portion of the composite and coarse filler are observed in
the bottom portion of the composite (Fig. 6b;—bg). The
distributions of fillers from fine particles towards coarse
particles are observed at various sintering temperature. This

distribution of fillers within the glass matrix correlates the
viscosity of the composite.

Composites with cordierite filler showed a reduced
viscosity behavior at lower temperatures (Fig. 7). The
fluidity in the zinc oxide filler increased at higher tempera-
tures due to the dissolution of filler in the glass matrix.
The viscosity of the bimodal distribution of fillers was
effectively reduced with respect to the monodisperse filler.
At a higher volume fraction of cordierite filler, the viscosity
increased very sharply due to the highly packed nature of
the composite. As particle-particle interaction increased, the
resistance to fluidity and creation of voids was hindered.

A higher filler content in the composite was observed to
cause a significant decrease in the CTE (Fig. 8). The CTE
of the composite (o), was calculated by using Turner’s
equation as follows [12]:

o = OCfo V_f“‘am[(nz Vm
=K 4KV

(1)

The subscripts ¢, m, and f denote the composite, matrix,
and filler, respectively. o, K, and V are the CTE, bulk
modulus, and volume fraction of the composite. The
composite with a higher vol% fraction of filler displays a
significant decrease in the CTE. The CTE of a bimodal
filler-glass composite exist between the coarse and fine data
of the filler-glass composite.

Fig. 9 shows the viscosity of the composite with various
fillers, such as zinc oxide (reactive) and cordierite (non-
reactive), that have bimodal and unimodal distribution.
Viscosity decreases significantly in the bimodal filler dis-
tribution when compared with the unimodal distribution
in the reactive system. On the other hand, there are some
minor changes in the viscosity of the non-reactive system
for the unimodal and bimodal filler distributions in the
glass composite.

4. Discussion

Filler-glass composites are formed by viscous flow
during the liquid stage of sintering. The viscous flow of
the composite is controlled by the variety and distribution
of filler particle sizes. The effects of filler particle size and
distribution in different orientations in the liquid phase of
the glass composite have been investigated. Coarse and fine
filler sizes are considered in the determination of the glass
composite viscosity and CTE. Filler-glass composites with
improved low-temperature sintering, thermal, and viscous
properties meet the specific performance requirements of a
broad range of microelectronic packaging applications.
Particle size distribution influences particle packing; for
example, a bimodal with a broad size distribution packs
more closely than for a unimodal sample [13].

Poslinski et al. [14] showed that the shear viscosity,
primary normal stress coefficient, dynamic viscosity, and
storage modulus of the composites were reduced with a
bimodal distribution rather than to a unimodal distribution.
The concept was observed to be in agreement with the
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Fig. 6. (a) SEM micrographs of composites (al, a3 and a5) and filler distribution of composites (a2, a4 and a6) sintered at 520 °C for a duration of
30 min. Upper portion of the composite (a;)—(a,), major filler), middle portion of the composite (az)—(as), uniform filler), and lower portion of the
composite ((as)—(ag), minor filler). (b). SEM micrographs of composites (bl, b3 and b5) and filler distribution of composites (b2, b4 and b6) sintered at
580 °C for a duration of 30 min. Upper portion of the composite ((b;)—(b,), major filler), middle portion of the composite ((bs;)—(bs), uniform filler), and

lower portion of the composite ((bs)—(bs), minor filler).
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Fig.7. (a). Viscosity—temperature curves obtained from HSM characteristics points for parent glass (without filler) and composites with various vol% of
fillers (5, 10, 30, and 40) (CG: cordierite-glass) (b) Viscosity—temperature graphs from HSM characteristic points for composites at various vol% of fillers

(5, 10, 30, and 40) (ZG: zinc oxide-glass).

results of the experiment with the glass composite with
bimodal filler distribution. Fig. 9 shows the viscosity of
the reactive (zinc oxide-glass composite) and non-reactive
(cordierite-glass composite) system for unimodal and bimo-
dal filler distributions of the composites. In the reactive
system, the viscosity was observed to be significantly lower
in the bimodal distribution than in the unimodal distribu-
tion. However, the viscosity was reduced with little variation
in the non-reactive system of the glass composite. In the
glass composite, the viscosity of the composite was lower
with the bimodal fillers. These phenomena were confirmed
by our results at the higher volume fraction. When the

composite had a crystalline nature, the viscosity appeared to
increase and the fluidity was reduced. The results on the
green and sintered composites at various volume fractions
indicate that distinct peaks of the third phase developed
during the interaction shown in Fig. 4. Higher concentra-
tions of fillers can create pores that bridge between the
particles, according to the theory proposed by Bordial et al.
[8]; pores with the higher volume fraction were observed, as
shown in Fig. 3(c).

According to the free volume theory, a glass system
creates free volume at a higher temperature than 7, in the
liquid stage [15,16]. The fluidity and densification increase
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in the composites.

with the glass filler interacting system [17,18], which concur
with the results for the zinc oxide composite shown in
Fig. 5. Depending on the reactivity between glass and
ceramic, which is classified as partial reactive, non-reactive,
and complete reactive systems, the particle rearrangement
within the composite at the liquid phase has been estab-
lished in relation to the density of the filler. The reactive
(zinc oxide-glass) and non-reactive (cordierite-glass) systems
were observed to play an active role in the transport
behavior of the thermal expansion of the composites. If
the filler within the glass matrix is interactive, this principle
does not follow for composites; this was observed in the zinc
oxide filler. Zinc oxide shows a high degree of CTE when
compared with cordierite.

The CTE for the composite can be calculated as follows

O = 0 Vf + oy Vip+ o Vi (2)

The first two terms on the right hand side of the Eq. 2,
relate to the filler and matrix of the composite. The third
term relates to the third phase that was formed in the
matrix. V; is the volume fraction of the third phase
(interphase) and can be represented as [18]

Vi=3V; (Ar—:l> 3)

By incorporating the valued of Eq. (3) in Eq. (2), the
CTE of the composite can be modified by the equation
below

O = 0 Vf+am Vm+3iI/f (Ar_;l> (4)
where the subscripts f, m and i represent the filler, matrix
and interphase. r represents the radius of filler, Ar;
represents the thickness of the interphase ( change in
radius from filler towards the glass matrix), V represents
the volume fraction, and o; represents the CTE of the
interface.

The Eq. (4) shows that the CTE of the composite (o)
depends on three components the filler, the matrix, and the
third phase-to-develop due to an interaction between the
filler and glass matrix. Fig. 8(a) and (b) explain the
comparison between the theoretical and experimental
values. For the reactive (zinc oxide-glass) system, consider-
ing the value of Ar;=1 pm, with a lower (5 x 10~ ¢/K) limit
and upper (8 x 107%/K) limit of «;, the net CTE of the
composite was calculated (Fig. 8b). Assuming the values of
the lower and upper limits for the interface, the CTE of the
composite was calculated. CTE shows sound agreement
between the theoretical value that was obtained from Eq.
(4) and the theoretical value that was obtained from the
experimental data, with variation from the lower to upper
limits of the interfaces. The results indicate that the zinc
oxide system affects the prediction of the CTE by the
formation of a new phase around the zinc oxide filler.

The filler distribution in a glass matrix was explored on
the basis of the study results deduced from Fig. 6. The filler
arrangement for various sizes of the filler within the glass
matrix during sintering is shown. Fig. 10 displays the
distribution of fillers in a liquid glass matrix that correlates
with physical and thermal factors, such as density and
temperature. The density of fillers within the glass matrix
plays a crucial role in the migration of fillers from the top
to the bottom portion of the composite. The movement
and distribution of fillers, in the liquid phase of the glass
matrix of the composite, was examined in a sintering
furnace at two different temperatures for a 30-min holding
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Fig. 10. Filler distribution at (a) 520 °C and (b) 580 °C in the liquid phase
of the glass matrix based on Fig. 6.

period. A distribution that began as coarse near the top
and changed to fine filler particles at the bottom was
observed throughout the glass matrix in the composite at
520 °C (Fig. 10a).

The drift force acts on the filler particles (lower density)
by moving them towards the upper portion of the composite
while the glass matrix (higher density) moves downwards at
the sintering temperature due to the gravitational force. At
a higher temperature (580 °C), the filler distributions are
opposite of the filler distributions at lower temperatures,
and major coarse fillers are apparent in the bottom portion
of the composite (Fig. 10b). The correlation between the
viscosity and effect of the filler in the liquid phase of the
composite has been established [19]. This drift phenomenon
was observed in a non-reactive system such as cordierite-
glass composite as opposed to the zinc oxide-glass reactive
system. The non-reactive system exists without any binding
forces between the filler and the glass; conversely, strong
binding forces develop in the liquid phase of the reactive
system.

Viscosity can be increased by using fillers with a narrow
range of size distribution. The effect of density on the glass
viscosity impacts the arrangement of filler in the glass
matrix. The mechanism of sintering; however occurs by a
combination of glass redistribution, grain rearrangement
and viscous flow in the liquid phase of the glass matrix.
Viscosity is a function of distribution of filler size in the
composite. Viscosity depends on particle size, from fine to
coarse, in the glass composite. The viscosity increases from
fine filler distribution to coarse filler distribution in the
glass matrix of the composites.

A bimodal filler distribution illustrates that the mini-
mum viscosity results from the combination of fine and
coarse particles as shown in Fig. 9. At a higher volume
fraction, only bimodal filler in the composite displays the

best results. A high number of smaller particles results in
more particle-particle interactions and an increased resis-
tance to flow. This correlation indicates an increase in
viscosity with an increase in volume fraction. As the
maximum volume fraction is reached, the viscosity rises
sharply because the free movement of the filler particles is
significantly hindered due to frequent collisions between
particles and a packed system. The incorporation of the
bimodal cordierite filler system allows for a reduction in
the viscosity and the CTE of the composite, thus improv-
ing the efficiency of the sealing material for special
applications.

5. Conclusion

The viscosity is lower in cordierite-glass composite with
bimodal filler distribution. In the case of zinc oxide-glass
composite, the viscosity was also reduced at high tempera-
tures due to the filler movement from the upper portion to
the lower portion of the composite. Cordierite-glass com-
posite is the non-reactive system, both viscosity and CTE
reduced remarkably with bimodal filler distribution.
Whereas the zinc oxide-glass composite is a fully reactive
system, shows reduced viscosity but CTE increases. The
density was found to play a crucial role in distribution and
arrangement of the filler throughout the glass matrix at
liquid phase in sintering temperature. The filler arrange-
ment influences the viscous property of the composite from
fine to coarse sizes in the matrix. The viscosity and CTE
are dependent on the particle size and volume fraction of
the filler. The bimodal distribution of the filler exhibits a
reduced viscosity and lower CTE, which meets the desired
characteristics and, therefore, is a good candidate for the
packaging industry.
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