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Liquid-phase sintering in the glass-cordierite

system
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Densification mechanisms and kinetics of liquid-phase sintering were studied using
borosilicate glass—cordierite as a model system. It is shown that the sintering behaviour can be
represented predominantly by a non-reactive liquid-phase sintering and that the densification
is achieved mainly in the initial stage of sintering. From the activation energy estimates of
densification, it is concluded that the predominant mechanism of densification is the viscous
flow of glass with contribution arising from both viscous sintering of glass and glass
redistribution kinetics. The latter evidence stems from the microstructural observation that as
the sintering proceeds, the glass undergoes a time-dependent wetting behaviour. Based on
this observation, and calculated infiltration times of melt into the porous compact, it is found
that the time-dependent contact angle between the melt and the solid particles plays a
significant role in the glass redistribution process.

1. Introduction
Liquid-phase sintering has been phenomenologically
classified into three stages, including particle rear-
rangement, solution and precipitation, and solid state
sintering with the formation of a skeleton [1]. In the
first stage, densification occurs rapidly as-soon as the
liquid phase is formed. Pores are filled through liquid-
phase redistribution, and the particles are rearranged
due to capillary pressure, resuiting in a closer packing.
In general, the densification occurring in the first stage
is the most rapid during liquid-phase sintering. In
the second stage, the densification mainly takes place
through particle-morphology accommodation, in
which the small particles dissolve and precipitate on
the larger particles. The characteristic features of this
stage are particle disintegration [2], directional grain
growth [3], normal grain growth, and grain-shape
accommodation [4]. In the last stage, the densification
kinetics are very slow because a rigid skeleton is
formed. A typical phenomenon occurring in the last
stage is a significant grain growth through Ostwald
ripening kinetics [5]. Because the experimental results
of this research show that the densification mainly
occurs in the first stage of liquid-phase sintering, a
brief summary of theories and previous studies on the
first stage of liquid-phase sintering is given below.
The first stage of liquid-phase sintering can be
further divided in three steps: melt formation, melt
redistribution and particle rearrangement [6]. For the
system without dissolution taking place during liquid-
phase sintering, the densification is mainly achieved
in this stage. Typical systems are W—Cu [7, 8], W-Ag
[7], and Al,0O;-glass [9], in which the components
are practically insoluble in each other. The liquid-
phase sintering kinetics of insoluble systems is referred
to as non-reactive liquid-phase sintering (NLPS) [10].
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When the melt viscosity is low, e.g. copper ( <5
x 1073 Nsm™2) in W + Cu where the melt forma-
tion takes place in a very short period of time, the
melt-formation kinetics is not a rate-controlling step
during liquid-phase sintering. However, the melt-
formation step can be very slow if the viscosity of melt
is high ( > 10° Nsm™?), as is observed in the glass—
ceramics system where on heating, the glass powders
gradually melt and coalesce through viscous sintering.
As this melt redistributes into the porous compacts,
the important rate-controlling factors include the vis-
cosity of melt, the contact angle of melt on the re-
fractory particles, the surface tension of melt, the pore
size of green compact and the melt content. When a
liquid bridge forms between particles, a local re-
arrangement force, composed of surface tension acting
at the wetting particle surface and capillary pressure,
is operative at the solid/liquid interface [7]. The re-
arrangement force can be attractive if the liquid wets
the powder, or repulsive if the liquid is non-wetting.
The magnitude of the rearrangement force is a func-
tion of particle size, pore size, wetting angle, particle
morphology and liquid phase content. Theoretical
calculations show that with a wetting liquid the re-
arrangement force becomes greater with less liquid
phase content for spherical powders [11], but
increases with increasing liquid phase content for
irregular powders [12]. A larger shrinkage can be
expected with a greater rearrangement force, which
has been experimentally confirmed by using copper-
coated tungsten powders [13].

The rate-controlling step during NLPS can be ob-
tained by comparing the calculated activation energy
of densification with the activation energy of melt
flow. If these values are comparable, the densification
is considered to be controlled by viscous flow of melt,
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either melt formation or melt redistribution. Other-
wise, the particles rearrangement process is the rate-
limiting step during NLPS. For example, in W-Cu [8]
the rate-limiting process is particle rearrangement,
because the activation energy of densification,
120-210 x 10° Jmol !, is much larger than that of
viscous flow of copper melt, 330 Jmol ', at temper-
atures ranging from 1100-1600°C [14]. In addition,
the contact angle decreases from 40° at 1100°C to 0°
at 1350°C [15], which increases the rearrangement
force by at least two-fold [7]. This can increase the
densification rate dramatically.

To obtain full density by NLPS, a sufficient quant-
ity of liquid phase is required. Several values have
been suggested by different research groups, e.g.
25vol% by Cannon and Lenel [1], 35vol% for
spherical powders by Kingery [16], 50 vol % for ir-
regular powders by Eremenko et al. [7], and 26 vol %
for monosize spherical powders by Kwon [17]. How-
ever, no experimental results confirmed any of the
above suggested liquid phase contents. This is prob-
ably because the critical glass content is determined by
too many variables, such as particle morphology,
particle size ratio, particle size distribution, packing
density, mixing uniformity, viscosity of the liquid
phase, and the contact angle of melt on refractory
powder, which are very difficult to control altogether.
Actually, very few insoluble systems have been den-
sified to greater than 95% relative density, except the
W-Cu system reported by Sebastian and Tendolkar
[8]. It is found that a high sintered density, > 97%,
can be obtained with 40 vol % Cu at 1300 °C by using
co-reduced powders, in which very fine and homogen-
eous mixing powders are obtained. In contrast, a low
sintered density, 70%, is obtained at the same condi-
tions by using co-mixed tungsten and copper powders.

This research was undertaken to understand the
densification mechanisms and kinetics of glass-filled
ceramics using glass—cordierite as a model system. The
effects of glass content, and sintering temperature were
studied. The rate-limiting step during densification
was determined from apparent activation energy
calculations, microstructural observation and melt
redistribution kinetics.

2. Experimental procedure

2.1. Materials

The borosilicate glass used in this study has an ap-
proximate composition of 75 wt % SiO, and 25wt %
B,0,. Particle size distributions of the borosilicate
glass and cordierite powders used in this study were
determined by sedimentation. The crystallinity of
these as-received powders was determined by XRD
analysis and specific surface area was measured by the
nitrogen-BET method.

2.2. Viscosity of borosilicate glass
The viscosity of glass was measured by a fibre elonga-
tion method. For viscosity measurement, the glass was
melted at temperatures above 1300 °C, then 0.5 mm
diameter glass fibres were drawn in air.
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2.3. Contact angle of borosilicate glass

The contact angles of borosilicate glass were measured
as a function of temperature on > 99% dense cor-
dierite substrates made by hot isostatic pressing.
The samples were sectioned and polished down to a
0.25 um finish using diamond paste. Prior to the
contact angle measurement, the substrate was cleaned
using trichlorethane and acetone in a sonicator for
10 min each. The unground glass powder was placed
on the cordierite substrate and fired in air at a heating
rate of 50°Cmin~! to the predetermined temper-
atures, corresponding to sintering temperatures. The
contact angles were measured after firing at the set
temperature for 120 min by using a telegoniometer.

2.4. Sample preparation for sintering

Powders and 5 wt % polyethylene glycol binder were
mixed in 1-propanol. The slurry was deagglomerated
by a high-energy ultrasonic horn. Mixing was contin-
ued using a Turbula mixer for 2 h. The powder mix-
ture was dried, ground and uniaxially pressed at about
9x 105 Nm~? to make pellets 1.9 cm diameter and
0.3 cm high. Green densities of the pressed samples
were measured dimensionally and used to determine
densification behaviour. The temperature for the bin-
der burnout was determined by thermogravimetric
analysis (TGA), at a heating rate of 5°C min ! in air.
The TGA results show that the major weight loss
occurs at temperatures from 250-350°C, and no ap-
preciable weight loss is observed above 400 °C. There-
fore, binder was removed by firing the samples in
flowing air at 5°C min~* from room temperature to
500°C. To remove organic binder completely, the
temperature was held at 500 °C for 60 min. A small
decrease in green density, < 2%, was observed after
binder burnout. Samples fired at 500°C for 60 min
were used to determine the pore-size distributions of
green compacts by mercury porosimetry.

2.5. Sintering

Samples were sintered isothermally in air at temper-
atures ranging from 800-900 °C. Samples were pushed
into the heating zone after binder burnout. A period of
2 min was allowed for the samples to equilibrate at the
sintering temperatures. After completion of sintering,
samples were air-quenched to room temperature. No
cracks were visually observed.

2.6. Sintered density measurement

The sintered densities were determined by the water
displacement method, i.e. Archimedes’ method. Sam-
ples were immersed in water, and the open pores were
filled with water in vacuum for 2 h. The theoretical
densities, 2.16 gcm 2 for the glass and 2.55 gcm ™3
for the cordierite, were used to estimate the theoretical
densities of borosilicate glass-filled cordierite com-
pacts by using the rule of mixture. The sintered densit-
ies were qualitatively confirmed by microstructural
observations. The reported densities are the average of
three samples.



2.7. Microstructural observations

To reveal the cordierite grain size and morphology,
the polished samples were heavily etched with
10 wt % HCI aqueous solution. Grain sizes were de-
termined from scanning electron micrographs by the
intercept method. To examine the microstructural
changes during firing, scanning electron micrographs
of fracture surfaces were taken for the samples fired at
different temperatures for various times.

3. Results
3.1. Powder and green compact
characterization
Scanning electron micrographs of the ground borosil-
icate and cordierite powders show that the powders
are irregular and have a size range of 0.3-6 um for
borosilicate and 0.5-10 pm for cordierite. These size
ranges are very close to those measured by sedimenta-
tion. The particle size distributions measured by sedi-
mentation show that the powders have a median size
of 1.9 um for glass and 4.1 pm for cordierite. Specific
surface areas determined by BET were 7.4 m?g ™" for
glass, and 1.2 m? g ™! for cordierite, which are close to
the geometric surface areas calculated based upon the
assumptions of monosized and spherical powders.
This indicates that the powders are not porous. The
measured green densities were in the range 59%—-61%
theoretical densities. The pore size distribution of the
green compacts, fired at 500°C for 60 min, ranged
from 0.3-2 um and had a median pore radius of
0.265 um.

3.2. Viscosity and contact angle
measurement

Experimental results for glass viscosity are shown in

Fig. 1. As indicated in the figure, the glass has an

annealing point of 508 °C and a softening point of

793 °C. A linear relation between log viscosity and 1/T

with an activation energy of 290-310 kJ mol ~*, deter-

mined by the least-squares fit method, is obtained and
can be described with the following equation

n = 107 7exp(300 x 10°/RT) (1)

Using Equation 1 the extrapolated viscosities at differ-
ent temperatures were calculated and are listed in
Table 1. The contact angles measured at various tem-
peratures are also shown in Table 1. No significant
change in contact angle with temperatures from
800900 °C was observed.

3.3. Densification

The densification behaviour is shown as densification
factor versus time. The densification factor (DF),
which is equal to the fraction of porosity eliminated as
suggested by Cannon and Lenel [1], is defined by the
following equation

DF = (D, — Dy)/(Dy — D) 0]

where D, is the sintered density at any time, D, the
green density of the as-pressed compact, and D, the
theoretical density calculated by the mixing rule. Al-
though the green density of the compacts after binder
burnout should be used in Equation 2, there is diffi-
culty in obtaining the reliable densitites of the com-
pacts because of their fragility, and hence we used the
density of the as-pressed samples. A typical plot show-
ing the densification factor as a function of time at the
glass content indicated is illustrated in Fig. 2. For the
systems with < 30 vol % glass, a negative densific-
ation factor is observed in the first several minutes.

TABLE I Viscosity and contact angle of borosilicate glass as a
function of temperature

Temperature (°C)

800 825 850 875 900

n{10>Nsm=2) 290 140 6.6 33 176
0(deg) 345 332 320 341 272
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Figure | Viscosity of borosilicate glass at various temperatures.
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Figure 2 Densification factor versus time at 850 °C for various glass contents (vol %): (@) 20, (W) 30, (A) 40, (1) 50, (O) 60, (A ) 100.
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Figure 3 Densification factor versus time at various temperatures for 50 vol % borosilicate glass—-50 vol % cordierite. (O) 800, (1) 825,

(2) 850, (W) 875, (@) 900°C.

This result is due to the fact that the green density of
as-pressed compact, which was used to calculate DF,
is reduced by a factor of 2% after binder burnout. This
phenomenon is especially evident when firing is con-
ducted at temperatures less than 850 °C. In Fig. 2 the
densification takes place rapidly in the first 10 min,
then slows down, and eventually stops at a constant
densification factor. Pure borosilicate glass reaches
a high densification factor of 0.9 almost instantly
( < 2 min); however, because of bloating the den-
sification factor decreases as the sintering continues,
as shown in Fig. 2. The time needed to reach the
constant densification factor can be determined from
the intersection of two arbitrarily selected slopes, one
from the constant densification factor and the other
from the rising part of the densification factor versus
time curve. It is found that the required period of time
shows a negligible decrease with an increase in glass
content ranging from 20-60 vol% at 850°C. The
same phenomenon is also observed at other temper-
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atures from 800-900°C. In contrary, the effect of
temperature on the time needed to reach a constant
densification factor is much more significant, as shown
in Fig. 3. The time to reach a constant densification
factor as a function of temperatures at various glass
contents are tabulated in Table III under the heading
of measured value, and will be discussed later. Fig. 4
presents a plot of the constant densification factor
versus glass content at various temperature, showing
that the data can be represented by straight lines. A
similar result is also observed when the constant
densification factor is plotted against temperature at a
given glass content, as shown in Fig. 5.

4. Discussion

4.1. Densification mechanism

The linear relations presented in Figs 4 and 5 strongly
suggest that the densification is very sensitive to the
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Figure 5 Constant densification factor versus temperature for
various glass contents (vol %): (@) 20, (W) 30, (A) 40, (O) 50,
(O) 60.

amount of glass present and the sintering temper-
atures used. It is further noted from Fig. 4 that the
slopes of the straight lines decrease with increasing
sintering temperature, indicating that the densification
is more sensitive to glass content at lower sintering
temperature. The mild temperature dependence of
densification is also indicated in Fig. 5 from the
decreasing slopes with higher glass content. The stope
nearly vanishes at 60 vol % glass in the temperature
range 800-900°C. Based on the results presented in
Figs 4 and 5, it can be concluded that the densification
is primarily controlled by the amount of glass present
in the system. A high sintered density, > 97%, can
always be ensured with a large enough glass content,
i.e. 60 vol % glass in the present case.

Having thus established the role of glass in the
densification, it is now appropriate to examine the
microstructure of the system to evaluate the mech-
anism of densification. A typical optical micrograph
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Figure 6 Microstructure of 50 vol % borosilicate glass and 50
vol % cordierite sintered at 850 °C for 30 min.

for the sample fired at 850°C for 30 min, which is
longer than that needed to reach the constant den-
sification factor at this temperature, 15-20 min, is
shown in Fig. 6. It is interesting to note that the initial
cordierite grain does not change its size and the
corners remain sharp, indicating that little dissolution
and precipitation take place during densification. Sim-
ilar phenomena are also observed at other temper-
atures investigated. This observation was further
substantiated by examining the cross-section of a
borosilicate glass—cordierite diffusion couple, fired at
900 °C for 300 min, as illustrated in Fig. 7. It is seen
that little interdiffusion or chemical reaction, detected
by energy dispersive X-rays (EDX), takes place across
the interface. All the experimental results given above
indicate that little or no dissolution and precipitation
occur before the densification factor reaches its plat-
eau, and the densification of borosilicate glass-filled
cordierite ceramics in this study is concluded to be
achieved in the first stage of liquid-phase sintering,
i.e. melt redistribution and particle rearrangement.
Similar results were also observed in the
alumina-glass system by Kingery et al. [9].
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Figure 7 Cross-section of borosilicate glass-cordierite diffusion
couple fired at 900°C for 300 min, and concentration profiles of
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Figure 8 Apparent activation energy determination for 30 vol %
glass and 70 vol % cordierite at various densification factors:
(A)0.20,(0)0.15, (O) 0.10.

Since sintering is a thermally activated process in
nature, the activation energy of the rate-controlling
step can be determined from an Arrhenius plot. The
plots are constructed using the logarithms of the
specific rates T/t at a fixed densification factor versus
1/T [8], and the activation energy can be determined
from the slopes by a least-squares fit method. From
Fig. 8, the calculated apparent activation energies
are 360 kJmol ™! for DF = 0.1, 364 kI mol ! for DF
= (.15 and 372 kI mol ™! for DF = 0.2 for the system
with 30 vol % glass and 70 vol % cordierite. Table 11
lists all the apparent activation energies for the sys-
tems investigated at various densification factors.
The apparent activation energies are in the range
330-390 kImol *; no significant difference is ob-
served for the systems with glass content from
30-60 vol %. These apparent activation energies are
close to the activation energy of viscous flow of boro-
silicate glass, 290-310kJmol~!, determined from
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TABLE II Apparent activation energy for the systems with
various glass contents at different densification factors

DF Apparent activation energy (kJ mol~!) for glass
contents of

60 vol % 50 vol % 40 vol % 30 vol %

0.70 389 - - -
0.65 368 - - -
0.60 343 - - -
0.50 - 376 - -
045 - 368 -
0.40 - 385 347 -
0.35 - 364 343 -

0.30 - - 335 -

0.25 - - 330 -

0.20 - - - 360
0.15 - - - 364
0.10 - - - 372

Fig. 1. These results strongly suggest that the
densification of borosilicate glass-filled cordierite cer-
amics at 800-900 °C is controlled by viscous flow of
glass, either viscous sintering of glass or glass re-
distribution.

However, there are several observations which did
not completely agree with viscous sintering of glass.
First, a linear relation between linear shrinkage and
time can be expected if the densification of the
sintering of glass, based upon the classical viscous
sintering theory by Frenkel [18]. This is not observed
when the results shown in Figs 2 and 3 are replotted
as linear shrinkage versus time, assuming an isotropic
linear shrinkage. Secondly, according to glass-
sintering theories proposed by Mackenzie and
Shuttleworth [19], and Scherer [201, the densification
behaviour of glass at different temperatures can be
normalized by a parameter of reduced time, time/vis-
cosity of glass. No such phenomenon is observed in
this study using the viscosity data in Table I and the
densification results in Fig. 3. It is, therefore, appropri-
ate to consider the effect of cordierite on the melt-
redistribution kinetics to interpret the present data.

4.2. Glass-redistribution kinetics
Because the glass-redistribution process during
sintering is very similar to melt infiltration into a
porous compact, the redistribution time can be estim-
ated by using the following formula for calculating
infiltration time [21]

2 = vyacos0,,t 3)

2n

where x is the infiltration distance, vy is the surface
tension of glass, a is the capillary radius, ¢ is the time,
8, is the equilibrium contact angle, and n is the
viscosity of the glass. In Equation 3 the contact angle
has been assumed to be time-independent, which fits
the experimental conditions of contact-angle measure-
ment with the glass powder described earlier. The time
needed for borosilicate glass to infiltrate a porous



TABLE I1I Infiltration time of borosilicate glass calculated using
Equation 3 for time-independent and Equation 6 for time-
dependent contact angle, and the measured time periods needed to
reach a constant densification factor at various temperatures

Temperature Infiltration time (s)
0
Measured Equation 3 Equation 6
value
900 120~ 240 -9 20~ 140
875 420~ 600 2-13 40~ 270
850 900~1200 3-18 80- 540
825 1800-2400 4-24 170-1150
800 36005400 6-38 340-2400

compact with 0.3-2.0 um pore size (x in Equation 3), a
capillary pore radius of 0.265 pm (a in Equation 3) and
a surface tension of borosilicate glass of 0.3 Nm™!
[22] was then calculated using Equation 3. The results
of these calculations are shown in Table IIT under the
heading of Equation 3, along with the measured times
to reach the constant densification factor, which are
assumed as the measured infiltration times. It is noted
that the calculated values are one to two orders of
magnitude lower than the measured values, indicating
that the densification mechanism can not be described
by glass redistribution kinetics based on time-inde-
pendent contact angle alone.

Figure 9 Scanning electron micrographs for 50 vol % borosilicate
glass—50 vol % cordierite at 850 °C for (a) 0, (b) 2, (c) 4, (d) 7 and
(e) 15 min.
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This discrepancy has led us to consider a time-
dependent contact angle. Strong support for this ap-
proach came from microstructural observations. A
careful examination of the microstructure of the sin-
tered composite as a function of time (Fig. 9) revealed
that the sintering proceeds by an initial trans-
formation of melted glass into spheres, followed by the
spreading of the melt into the pores. Note that the
starting glass powder (Fig. 9a) has an irregular shape.
As the sintering proceeds (Fig. 9b), under the influence
of surface tension the glass powder suddenly forms an
array of spheres to minimize their volume free energy.
However, with continued sintering (Fig. 9¢—9¢) the
system further lowers its volume free energy as lower
energy solid-liquid interfaces are created (i.e. the glass
wets the cordierite) at the expense of higher energy
solid—vapour, and melt-vapour interfaces. This causes
the glass to spread out and redistribute itself into the
pores, yielding shrinkage and densification. These ob-
servations indicate that under the sintering conditions
investigated, the contact angle of glass decreases with
time for reasons still not entirely clear, and that the
kinetics of melt redistribution will be affected by this
time-dependent wetting behaviour. It is, however, re-
cognized that the time-dependent wetting behaviour
may also arise as a result of a limited chemical reac-
tion between the glass and the cordierite, the evidence
of which was not readily available from EDX. Another
possibility is that an unknown surface layer respons-
ible for temporary dewetting may have formed/
retained during initial period of heating, and
that this layer disappears during further heating.
Clearly this area requires further studies.

The problem then was to determine a time-depend-
ent contact angle between borosilicate glass and the
cordierite. As stated earlier, the contact angle ap-
peared to reach its equilibrium value instantly at the
experimental temperatures from 800-900 °C by using
glass powder on cordierite. The time-scale of the
experiment did not allow us to observe the time-
dependent wetting behaviour with glass powder. It

was, however, found that by increasing the size of the
glass powder, the phenomenon could be observed on
an experimental time scale. Because the contact angle
should only be a function of relative interfacial ener-
gies and not of particle size, the origin of this time-
dependent contact angle with large glass particle sizes
must be attributed to kinetics such as those discussed
earlier. To measure non-equilibrium time-dependent
contact angle, the glass powder was first pressed,
sintered at 900 °C for 240 min, cooled and broken to
pieces of approximately 10 x 10 x 5mm?® and irregular
shapes. The glass pieces thus prepared were then
heated on the cordierite or fused silica substrates to
measure the time-dependent contact angle. The ex-
amples of several time-dependent contact-angle meas-
urements are shown in Fig. 10 for cordierite and fused
silica substrates. For comparison, the results reported
by Tummala and Foster [22] using borosilicate glass
on 99.5% alumina are also presented in the figure.
Note that they also observed a time-dependent con-
tact angle. It appears from this comparison that the
time-dependent contact angle is substrate-dependent.
Secondly, the time-dependent contact angle starts
with a larger value, then approaches the equilibrium
contact angle slowly with time. The two sets of meas-
urements on cordierite substrates are almost identical,
although a higher starting value is obtained for a
different set of measurements. This variation is
believed to be due to different geometry of glass and
different surface characteristics of the substrates.
However, the rate at which the contact angle decreases
appears to remain the same. Note also that the meas-
ured contact angles using glass powder on cordierite
are generally smaller than those using glass pieces at
the same temperature, probably because the powder is
more reactive due to its higher surface energy.

An empirical equation proposed by Newman [23]
to describe the contact angle as a function of time, and
can be expressed as

cos®, = (I — e~ P)cosh,, 4

120

100

80

60

Contact angle (deg)

40

—
| ] |

20 I 1

60 80 100 120
Time (min )

Figure 10 Contact angle of borosilicate glass on various substrates at 900 °C (BS = borosilicate glass). (A ) BS/silica in air, () BS/alumina
in dry nitrogen [22], (@) BS/alumina in wet nitrogen [22], (®, A, 1, O) BS/cordierite in air, (<) BS powder/cordierite in air.
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where 8, is the instantaneous contact angle, and o and
B are constants. o will be 1if 6 = n/2 when t = 0. B is
related to the surface tension and viscosity of the melt,
and is given [23] by

B = ky/n )

where k is a constant. Note that f is system-dependent
and inversely proportional to the viscosity of melt
because the surface tension is generally insensitive to
temperature. Inserting Equations 4 and S into Equa-
tion 3 and using fluid mechanics, the infiltration dis-
tance can be expressed as follows [24-28]

, _ yacosd, 1 e~ ﬁ‘)
x n Q B + B 6)
For using Equation 6 to calculate the infiltration time,
the value of B must be known. Replotting the data
shown in Fig. 10 as In(1 — cos6,/cos0,,) versus time,
as shown in Fig. 11, the beta value can be determined
from the slope of the linear portion by a least-squares
fit method. It is found that the B at 900°C is 2.32
x 1073 s for the borosilicate glass on the cordierite.
The values for B at different temperatures were then
calculated using Equation 5 and the viscosity data in
Table I. They are as follows: 1.23 x 1073 s~ at 875°C,
0.62x 1073571 at 850°C, 029 x 103 s~ ! at 825°C,
and 0.14 x 107 3s~ ! at 800°C. For comparison, the B
values for those results obtained by Tummala and
Foster [22] are also calculated to be 842 x 107451
for borosilicate glass on alumina in wet nitrogen and
6.66 x 10~ % s~ in dry nitrogen at 900 °C. The B value
on silica is 1.97 x 1075 s~ at 900°C in this study.
The time needed for borosilicate glass to infiltrate a
porous compact with a 0.3-2.0 um pore size (x in
Equation 6) can now be calculated using Equation 6
for time-dependent contact angle. Using the same
capillary pore size, 0.265 um (¢ in Equation 6), and
surface tension of borosilicate glass as for time-inde-
pendent contact-angle case, the calculated results are
shown in Table III under the heading of Equation 6.

Note that the infiltration times calculated by Equation
6 are one to two orders of magnitude larger than those
calculated by Equation 3 and are of the same order of
magnitude as the measured time periods needed to
reach constant densification factor. The deviation
from the measured values can be readily accounted for
by recognizing that there exists a distribution of pores
in the sample from 0.3-2 pm as stated before. Further-
more, we recognize the limitation that our contact
angle-time measurement cannot exactly simulate the
microstructural observation of the time-dependent
wetting behaviour which is observed with glass pow-
der. In spite of this, the combined observations of
densification factor-time curves (Figs 2 and 3), the
microstructural evolution (Fig. 9), and the contact
angle-time data (Fig. 10) provide strong support to
the following conclusions: that the time-dependent
contact-angle kinetics should be considered in estim-
ating the redistribution period, and that the glass-
redistribution kinetics can be reasonably estimated by
that of melt infiltration into a porous compact with an
equivalent pore size.

5. Conclusions

Densification kinetics and mechanisms of borosilicate
glass-filled cordierite ceramics have been analysed by
using densification rate, microstructure, and infilt-
ration behaviour of melt into the porous structure. It
is found that the densification and the densification
rate increase with increasing sintering temperature
and glass content. Microstructural observations show
that the densification of borosilicate glass-filled cor-
dierite system at 800-900°C is achieved mainly in the
initial stage of liquid-phase sintering. The apparent
activation energies of densification, 330-390 kJmol !,
remain unchanged with glass content ranging from
30-60 vol %, and are close to that of viscous flow of
the borosilicate glass, 290-310 kJ mol "1, These results
suggest that the densification is controlled by the
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viscous flow of glass. However, it is found that the
densification results cannot be solely interpreted by
viscous sintering of glass, and that the redistribution
of the glass melt between cordierite particles should be
considered. Based on microstructural observations, it
is seen that as the sintering proceeds, the glass exhibits
an initial dewetting with respect to cordierite, which is
then followed by a complete wetting of the cordierite
by the glass. This suggests that the time-dependent
contact angle between the melt and the solid plays
a significant role in the glass-redistribution process. It is
speculated that this may arise either from a limited
chemical reaction between the glass and the cordierite
or from the elimination of impurities at the glass/cor-
dierite interface as the sintering proceeds. The re-
distribution time calculated from a time-dependent
contact angle is in good agreement with the time
required for sintering to reach a constant densification
factor.
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