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Abstract: The effects of rare earth oxide on the sintering and dielectric property of cordierite based glass ceramics with norr stor

chiometric composition prepared by quenching of molten droplets were investigated. The results show that the addition of rare earth

oxide can lower the sintering temperature of cordierite glass ceramics, improve the densification process and obviously reduce sin-

tering activation energy. It is found that the densification of cordierite-based glass ceramics is a liquid phase sintering process. The

dielectric constant of the sintered compacts enhances with the increase of the density. When the sintering temperature is identical,

the rare earth addition is found to have a noticeable effect on the dielectric loss of glass ceramics. The properties of the glass ce-

ramics containing rare earth oxide appear to be correct for low firing temperature substrates.
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1 INTRODUCTION

In the past, alumina has been extensively used as
substrate material because of its good thermal and me-
chanical properties. However, its high sintering tempera-
ture(> 1 500 C) restricts the associated conductor mate
rials to high melting, costly and generally highrresistivity
metals, and its high dielectric constant ( about 9) intro-
duces significant signal propagation delay. Therefore, al-
ternative materials, i. e. low firing temperature substrate
with low sintering temperature (< 1 000 C) and low di-
electric constant ( about 5), are required[ LAl

Low sintering temperature enables copperbased (or
silverbased) conductor materials to be employed as sub-
strates. If a copper-based (or silver-based) conductor is
used, it can fulfill the high signal propagation speed'*
and wiring density in electronic devices because copper
(or silver) has low resistivity. It is expected that a sub-
strate having a low dielectric constant will also diminish
signal propagation delay.

Cordierite ( 2MgO * 2A1,03* 55i02) based glassce-
ramics are attractive materials for preparing low firing tem-
perature substrates due to their low dielectric constant and
their matching thermal expansion coefficient of single

arystal silicon'” 7. Tt is difficult to obtain dense glassce-
ramics below 1 000 C because the cordierite-based glass-

es have high viscosity and narrow sintering temperature

range'® . Because glass powder sintering proceeds by vis-

18] the decreasing glass viscosity shows good ef-

cous flow
fect on its sinterability. In order to fabricate dense glass
ceramics, it may be a critical factor to select adequate
glass composition and flux which reduces glass viscosity.
Because alkaline ions included in the substrate result in
the deterioration of the properties, such as large thermal
expansion and higher dielectric constant and dielectric
loss, alkali oxides which are generally a good flux, cannot
be used.

Zdanieski et al'® added CeO, and TiO, as a nucleat-
ing agent to the SiOyrich cordierite-based glass, and
studied the effects of CeO, on bulk crystallization in bulk
glasses. The effect of CeO; on the glass sintering process,
however, has not been reported. In 2001, Sohn et al' !
investigated the crystallization behavior in the glass system
MgO-Al,O5SiO; containing CeO,, and found that CeO;
can not only reduce the glass transition temperature,
which implied that the addition of CeO> can decrease the
glass viscosity, and but also has a little influence on the
thermal expansion coefficient. SHI et al'''! pointed that
rare earth oxide played an important role in the prepara-
tion of cordierite ceramic by solgel method and lowered
the sintering temperature to the level of about 1 000 C.
ZHANG et al'™® reported that the addition of rare earth
promoted the sintering, microstructure stabilization, and
improved the properties of MoSi, materials. However,
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there is little information about the effect of rare earth as
an addition on sintering process and dielectric properties
of cordierite glass ceramics.

Hence, in the present work, we aimed at under
standing the effect of rare earth on sintering and dielectric
properties of non-stoichiometric cordierite-based glassce-

ramics.
2 EXPERIMENTAL

Melts were prepared from reagent-grade batches of
Si02, AlO3, MgO, H3BO3, NH4H,PO4, and rare earth
oxide ( abbreviated as RE). The glasses were based on
95% (mass fraction) of the non-stoichiometric cordierite
composition, which is equivalent to 16. 0% MgO + 26.
0% A1,03+ 53. 0% SiO2, plus a total of 5% B0z and
P>0s, doped with 4% RE and without RE, respectively.
B>03 and P>0s are chosen for lowering the melting tem-
perature and achieving homogenized melt. A glass batch
of homogeneous mixture was prepared by ball milling,
melted in alumina crucibles at 1 560 C for 4 h in an
electric furnace and then quenched in distilled water to
form frits, which were crushed to pass through a 50 mesh
sieve and milled in distilled water with agate balls for 50
h. The mean particle size was about 3 Hm. The glass
powders were dried and granulated by passing through a
100 mesh sieve. The samples were shaped with a pressure
of 110 MPa into 4 mm X 5 mm X 40 mm for the evaluation
of the density and 18 mm diameter and about 1. 5 mm
thickness for the evaluation of the dielectric properties re-
spectively, and then sintered at different temperatures.
The microstructure for fractured surface of glass-ceramics
was observed with scanning electron microscope (Model:
JSM-5610LV) . Density and apparent porosity of the sam-
ples were measured by water displacement techniques
(Archimedes s principle). The dielectric property was
measured with an impedance analyzer (HP-4278A, Agi-
lent) .

3 RESULTS

3.1 Crystallization behavior

Fig. 1 shows DTA traces for the glasses investigated,
with a heating rate of 5 K/ min. Only one exothermic peak
appear between 960 = 1 020 C for the glasses with or
without RE. The glass transition temperature ( t,= 864
‘C) of the glass with RE is lower than that of the glass
without RE( z,= 908 'C ), which can improve the sinter
ability of glass powder because viscous flow occurs at low-
er temperature. As a whole, both the crystallization onset
temperature and the maximum point of the exothermic
peak shift slightly towards higher temperatures with the
increase of RE addition. This shift may enhance sinter-a

bility because crystallization suppresses densification dur-
ing glass powder sintering.

The XRD patterns of the samples sintered at different
temperatures are shown in Fig. 2. The crystal phase com-
ponents of two samples sintered at different temperatures
are shown in Table 1.
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Fig. 1 DTA traces of glasses with
RE and without RE at 5 K/ min
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Fig. 2 XRD patterns of samples sintered at

different temperatures for 2 h
(a) —Without RE; (b) —With RE

3.2 Density and porosity of sintered compacts
The relative density of the sample doped with
RE is obviously higher than that of the sample
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Table 1 Crystal phase components of Table 2  Porosity of sample without
samples with and without RE RE at different temperatures and times
‘ C Time/ min
Temp P;Ealure/ Sample without RE Sample with RE Sintering 5
temperature/ C 30 60 90 120
850 - cordierite, a trace M cordierite, a trace 800 0. 450 0. 423 0. 390 0. 370
of a cordierite of o cordierite
830 0.430 0. 381 0. 335 0. 301
900 « cordierite, a small o cordierite, a trace 850 0.384 0.300 0.242 0.190
amount of P cordierite of RE
880 0. 363 0.182 0. 149 0. 102
950 o cordierite, a trace gl')lcor.dieri‘u):(. remark- . .
of W cordierite e increasing) , Table 3 Porosity of sample with
a trace of RE . :
RE at different temperatures and times
o ) a cordierite( increas L Time/ mi
980 ;') lcor.dlen‘lfj(. re;nark‘ i), & trace of Sintering o ime/ min
€ lncreasing RE temperature/ ‘C 30 60 90 120
: . 800 0532 0.382 0.275 0. 198
without RE when sintered at the temperature of 800 ~ 980
‘C, as shown in Fig. 3. At 900 C, its relative density is 830 0.512  0.336 0.262 0.195
above 97. 5%, and is slightly rising with the increase of 850 0.464 0.332  0.169  0.086
sintering temperature. This implies that the densification
880 0.367 0. 057 0.013 0. 003

temperature of the sample doped with RE is about 900
‘C. Because the sintering temperature for the sample
without RE is often above 1 000 ‘C'"™!, the addition of
RE remarkably decreases the sintering temperature of
cordierite-based glass ceramics.

Fig. 3 Relative densities of compacts
sintered at different temperatures

To calculate the sintering apparent activation energy,
the porosity of two samples sintered at different tempera-
ture and time is shown in Table 2 and Table 3, respec
tively.

3.3 Dielectric properties of sintered compacts

The relations of dielectric constant of two samples to
sintering temperature are shown in Fig. 4. The relations of
dielectric loss of two samples to sintering temperature are
shown in Fig. 5. When the two kinds of materials are sin-
tered at 800 ~ 980 C, the dielectric
constant of the sample dopedwith RE is obviously

Fig. 4 Dielectric constant of samples

sintered at different temperatures

Fig. 5 Dielectric loss of samples

sintered at different temperatures
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higher than that of the sample without RE, but the dielec
tric loss of the sample doped with RE is obviously lower
than that of the sample without RE. The maximum dielec-
tric constant of the sample with RE was obtained when
sintered at 900 ‘C, but that of the sample without RE at
950 C.

4 DISCUSION

4.1 Sintering mechanism and sintering apparent ac-
tivation energy

Fig. 6 shows the SEM micrographs of two samples
sintered at different temperatures, respectively. The coa
lescence of glass powder particles is easily seen in Fig. 6
(a) for the sample without RE. For the sample with RE,
pore elimination and the enhancement of densification are
promoted by the addition of RE as shown in Fig. 6(b).
With the increase of sintering temperature, the viscous
flow of liquid phase occurs, the coalescence of glass par-
ticles and pore elimination are more easily seen in Figs. 6
(c) and (d). However, the densification of the sample
with RE is much more apparent and fewer pores ( close
pores) are recognized.

Because the viscosity of cordierite-based glass is de-
termined by the amounts of added RE and heat treatment
temperature and the viscosity is inversely proportional to
the sintering temperature, higher sintering temperature re-

sults in easier densification. From SEM micrographs of

fractured surfaces of samples and above analysis, Newto-
nian viscosity flow is found to be the predominant sintering
mechanism in the present work! '

According to the mechanism of viscous flow, the ki-
netic equation for the sintering process of glass powder can

be approximately expressed as' "

dP/dt= - 3¥P/ (2r0) (D
It can be simplified to

- InP=3v%/(2rY)+ B (2)

- InP= Ki+ B (3)

K= 3v/(2r1) (4)

Moreover, the viscosity of glass is dependent on the
sintering temperature, the relationship between the viscos-
ity and the sintering temperature corresponds to the Arrhe-
nius equalion[ bl

Ne A« /KT (5)

From Eqn. (4), Eqgn. (5) can be simplified to

InK= C- E/ RT (6)
where P is the porosity of the compacts sintered at dif-
ferent temperatures, Y is the surface tension of the glass
phase, r is the average size of the glass powder particles,
Nl is the viscosity of the glass, B is the intercept of the
straight line, ¢ is sintering time, K is the sintering kinet-
ic constant representing the linear slope, which can be
determined by drawing the plot (‘as shown in Fig. 7(a)
and 7(b)), R is the gas constant, T is the absolute tem-
and E is the

vation energy. Although the surface tension Y is a

perature, sintering apparent actr

Fig. 6 SEM photographs of samples sintered at different temperatures
(a) —Without RE at 850 ‘C; (b) —With RE at 850 ‘C; (¢) —Without RE at 880 C; (d) —With RE at 880 C
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Fig. 7 Relation between — InP and time at

different temperatures
(a) —Without RE; (b) —With RE

function of temperature, the change of surface tension is
very small and can essentially be considered as a con-
stant. For the case where the sintering time and the radius
of particle are essentially the same, C can be considered
as a constant.

From Fig. 7, the sintering kinetic constant K of two
samples at different temperatures is obtained respectively.
The sintering apparent activation energy E of the sample
without RE and with RE sintered at 800 =900 C can be
determined to be 228. 5 kJ/ mol and 184. 0 kJ/mol, re
spectively, as shown in Fig. 8. The results also corre-
spond to the changes of the relative density of samples as
shown in Fig. 3.

4.2 Effect of addition of RE on dielectric properties
of glass- ceramics

Generally, ionic polarization and electronic polariza-

tion are the two major polarization mechanisms of glass ce

ramics. Electronic polarization has the most significant ef-

fect at high frequency, while ionic polarization plays an

important role at low frequency. According to the Clau-

[16]

sius"Mossotti equation' ', the dielectric constant is a

function ofthe product of the number of polarizable

~3.0

= — With 4%RE
* — Without RE
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Fig. 8 Relation between InK and 1/ T

atoms per unit volume and the polarizability of the atoms.
Moreover, it has been found that the determination of the
dielectric constant in cordierite glass ceramics is the num-
ber of polarizable atoms per unit volume. The number of
polarizable atoms per unit volume is proportional to the
density of the sample. In other words, the dielectric con-
stant of the sample strongly depends on its density! "%
For sintered samples, the higher the density, the higher
the dielectric constant. Besides the density of samples,
another factor affecting the dielectric constant of the sin-
tered samples is the content of o cordierite. With the
content increase of o cordierite, the sintered sample has a
lower dielectric constant! ' .

The dielectric loss of sintered samples is strongly de-

®I " In other words, it is propor

termined by porosity! "*
tional to the magnitude of porosity.

Based on the above analysis, it is known that the
addition of RE increases the density of samples at the
same sintering temperature, which means the porosity is
reduced. This is why the dielectric constant of the sample
with RE is higher than that of the sample without RE and
the dielectric loss of the sample with RE is much lower
than that of the sample without RE. However, the dielec-
tric constant of two samples at above 900 C and 950 C
is decreasing because the two samples have much amount
of o cordierite by X-ray analysis ( as shown in Fig. 2 ),

which has a lower dielectric constant.
5 CONCLUSIONS

1) Adding rare earth oxide can obviously reduce sin-
tering activation energy of cordierite-based glass- ceramics
and accelerate its sintering process. It decreases the sin-

tering temperature of glass-ceramics to the level of 900 ~

950 C.
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2) The densification for cordierite-based glass pow-

ders in the present work is mostly the liquid sintering pro-

cess.

3) The addition of rare earth oxide increases the

density of sintered compacts and slightly elevates its di-

electric constant. When the sintering temperature is iden-

tical, the rare earth oxide is found to have a noticeable ef-

fect on the dielectric loss of glass ceramics.
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