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Abstract

In order to fabricate machinable cordierite/mica composite at low temperatures, the mica-composition glass powder was mixed
with the conventional magnesia, alumina and silica powders which are raw materials of cordierite, compacted and fired in a sealed

platinum container. By the addition of the 40 mass% mica-composition glass powder, machinable cordierite/mica composite was
obtained. The machinability was caused by the interlocking microstructure of mica developed in the composite. In the firing pro-
cess, mica crystallized at about 730 �C, cordierite was suddenly formed at 1050–1100 �C and the densification progressed markedly
at 1000–1100 �C. The formation and sintering of cordierite were strongly promoted by a small amount of gaseous fluorine and/or

fluorides. It was considered that fluorine and fluorides such as AlF3 evaporated from the mica-composition glass at >800
�C and

gaseous HF was formed in the sealed platinum container by the reaction of fluorine with water evaporated from the glass.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cordierite ceramics have many valuable properties.
They are well known as materials used for honeycomb-
shaped catalyst carriers in automobile exhaust systems,
utilizing their low thermal expansion coefficient and high
chemical stability.1�13 Recently, they are expected as
substrate materials for integrated circuit boards and
semiconductor packaging because of their low dielectric
constant in high-frequency regions and high electric
resistivity.2�4,6�8,11,13�18 However, it is difficult to make
dense cordierite ceramics with the high mechanical
strength because the difference between densification
and decomposition temperatures of cordierite is very
small in a firing process.1�3,5�7,9,12,13,16,18,19 Therefore,
many studies on the powder synthesis and the sintering
of cordierite have been reported.1�19 By the sol-gel
method using complex-alkoxide15 and the emulsion
processing,13 dense a-cordierite ceramics are obtained at
low temperatures of 1050–1100 �C while a-cordierite
ceramics are densified at 1200–1350 �C in many cases.
Moreover, the densification temperatures are lowered
by the addition of B2O3,

15,17 P2O5
18 and Bi2O3.

4,12

On the other hand, the cordierite ceramics are difficult
to be machined by the ordinary metal tools due to their
hardness and brittleness as well as many other ceramics.
The improvement of the machinability is very effective
in the fabrication of complex shape ceramics, precision
machining, machining efficiency and reduction of
machining cost. Machinable Si3N4/h-BN

20�23 and
Al2O3/h-BN

24 composites which utilize the machin-
ability of h-BN, and machinable Al2O3/LaPO4,

23,25,26

mullite/LaPO4,
25 ZrO2/LaPO4

25,27 and ZrO2/CePO4
25

composites which utilize the weak interface between
oxides and phosphates, have been reported. However,
machinable ceramics/mica sintered composites are not
obtained while mica glass-ceramics were well known
machinable ceramics. We could fabricated spinel/mica
composites by the sintering of spinel and mica-compo-
sition glass powder mixtures and the crystallization of
mica from the powder mixtures.28�30 Moreover, we
found that using magnesia and alumina powders as raw
materials of spinel, the composites were densified at
lower temperatures.31 However, such spinel/mica
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composites did not show the machinability because the
mica was not sufficient to form interlocking micro-
structure.
In this study, our aim was to fabricate machinable

cordierite/mica composites at low temperatures. So
the mica-composition glass powder was mixed with the
conventional magnesia, alumina and silica powders
which are raw materials of cordierite. We expected that
in the firing process, after crystallization of mica, the
formation and sintering of cordierite would be pro-
moted by the liquid phase resulting from the melt of the
residual glass. The reaction and sintering of the powder
mixtures and some properties of obtained cordierite/
mica composites were investigated.
2. Experimental procedure

The mica-composition (fluorophlogopite: KMg3Al-
Si3O10F2) glass powder was prepared by the melting
method, of which the details are given elsewhere.28�31 It
was mixed with magnesia (MJ-30, Iwatani Chemicals,
Japan, average particle size of 0.36 mm), alumina (AES-
12, Sumitomo Chemicals, Japan, average particle size of
0.52 mm) and amorphous silica (SO-C2, Admatechs,
Japan, particle size: 0.4–0.6 mm) powders by a ball mil-
ling. The mixing ratio of the magnesia, alumina and
amorphous silica powders corresponded to a stoichio-
metric cordierite composition (2MgO.2Al2O3.5SiO2)
and the additions of the mica-composition glass powder
were 0, 10, 20 and 40 mass%. The four specimens are
called here the 0, 10, 20 and 40%, respectively. The
powder mixtures were calcined at 600 �C for 1 h, passed
through a 100-mesh sieve, compacted by a cold-isostatic
pressing at 98 MPa and fired in a sealed platinum
container.
Crystalline phases in the specimens were determined

using an X-ray diffractometry (XRD). The bulk den-
sities were measured by the Archimedes method. The
polished and chemically etched surfaces of the sintered
specimens were observed by a scanning electron micro-
scopy (SEM). The three point bending strength, Vickers
hardness, fracture toughness and thermal expansion
coefficient were measured. The machinability was qua-
litatively evaluated using a bench-drilling machine. The
drill made of hard metal was used and the rotational
frequency was 620 rpm.
3. Results and discussion

3.1. Phase change and sintering

XRD patterns of the 40% specimen are shown in
Fig. 1. Mica was separated at <1050 �C and a-cordier-
ite was suddenly formed at 1100 �C. A small amount of
spinel remained even at 1250 �C. Similar phase changes
were observed in the 10% and 20% specimens while
mica was not detected for the 10% specimen. In the 0%
specimen, a-cordierite appeared at 1350 �C. In many
studies,1�3,6�9,11,13�18 m-cordierite is formed and it
transforms to a-cordierite at higher temperatures.
However, m-cordierite was not observed in this study,
which is characteristic of this system. Even if m-cordier-
ite was formed, it would exist in very short term. Bulk
densities of each specimen are shown in Fig. 2. The 10%
specimen had a large bulk density even at 1050 �C, but
the main crystalline phases were not cordierite. When
Fig. 1. XRD patterns of the 40% specimen fired at (a) 1050 �C, (b)

1100 �C, (c) 1150 �C and (d) 1250 �C for 2 h.
Fig. 2. Bulk densities of sintered specimens. (�): 0%, (*): 10%, (~):
20% and (~):40%.
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the cordierite was formed at 1100 �C, the bulk density
decreased because the theoretical density of cordierite
(2.499 g/cm3) is lower than those of alumina (3.987 g/
cm3) and enstatite (3.208 g/cm3). On the other hand, the
bulk densities of the 20% and 40% specimens were
much lower than that of the 10% specimen at 1050 �C.
Much addition of the mica-composition glass powder
caused the crystallization of mica while it impeded the
densification. This means that the densification of
the 20% and 40% specimens was impeded by mica.
However, the 20% and 40% specimens became as dense
as the 10% specimen at 1100 �C and their relative den-
sities reached 95–97% at 1150 �C. SEM photographs of
the 40% specimen fired at 1050–1200 �C for 2 h are
shown in Fig. 3. At 1050 �C, isotropic grains with size
under 1 mm might correspond to alumina, enstatite and
unknown crystals. Flake-like crystals which are char-
acteristic of mica were not observed despite its detection
by XRD. The mica crystals should be very fine. At
1100 �C, the microstructure became dense and flake-like
mica crystals with size under 1 mm were observed. The
size of isotropic grains almost did not change and was
<1 mm though the formation reaction of cordierite
occurred. At 1200 �C, the cordierite grains grew to 1–3
mm, being smaller than those of the 10% and 20% spe-
cimens (see Fig. 4). This indicates that the grain growth
of cordierite was impeded by mica. The finer isotropic
grains observed in the 10%, 20% and 40% specimens
must be alumina, spinel and unknown crystals, which
are shown in the arrows in Fig. 3 and Fig. 4. They were
difficult to react and form cordierite because they
were placed inside the cordierite grains. Therefore, most
remain unchanged even at higher temperatures. Flake-
like mica crystals in the 40% specimen grew to 2–3 mm
and formed the interlocking microstructure.
Above results indicate that the addition of the mica-

composition glass was very effective in the formation
and sintering of cordierite. As additive agents for such
Fig. 4. SEM photographs of the polished and chemically etched sur-

faces of the (a) 10% and (b) 20% specimens fired at 1200 �C for 2 h.

The finer isotropic grains shown in arrows might be alumina, spinel

and unknown crystals.
Fig. 3. SEM photographs of the 40% specimen fired at (a) 1050 �C,

(b) 1100 �C and (d) 1200 �C. (a) is the fracture surface. (b) and (c) are

polished and chemically etched surfaces. The finer isotropic grains

shown in arrows in (c) might be spinel and unknown crystals.
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formation and sintering, B2O3,
15,17 P2O5

18 and Bi2O3
4,12 were reported. Among these, Bi2O3 acts as flux. In
this study, a differential thermal analysis (DTA) of the
mica-composition glass powder shows that mica
crystallized at about 730 �C and the residual glassy
phase melted at about 965 �C, such as shown in Fig. 5.
Therefore, we supposed that the liquid phase resulting
from the melt of the residual glassy phase should
promote the reaction and sintering. However, because
the reaction almost did not depend on added amount of
the glass and much addition impeded the densification,
following experiments were attempted; the powder
compact of the 0% specimen was fired together with a
powder compact of the mica-composition glass in
a sealed platinum container, assuring that both com-
pacts did not contact each other. The XRD patterns of
the 0% specimen are shown in Fig. 6. Cordierite was
formed at 1150 �C and the relative density of the
sintered compact was about 97%. Thus, gas phases
evaporated from the mica-composition glass seem to
play an important role in the reaction and sintering,
while the role of liquid phase is minor. The gas phases
were analyzed using a temperature programmed deso-
rption (TPD type V, Rigaku, Japan) mass spectrometer.
The change of the total ionic current with an increase in
temperature and the mass spectrums at 422 �C and
1092 �C are shown in Fig. 7. It is clear from the change
of the total ionic current that gas phases evaporated
from the mica-composition glass at temperatures under
700 �C and above 800 �C. As the gas phases evaporated
at <700 �C, H2O, CO and CO2 were identified from the
spectrums at 157 �C, 345 �C and 422 �C. The weight loss
Fig. 5. DTA curve of the mica-composition glass powder.
Fig. 6. XRD patterns of the 0% specimen fired at (a) 1100 �C and (b)

1150 �C for 2 h together with the mica-composition glass powder

compact in the sealed platinum container.
Fig. 7. (a) Change of the total ionic current of gas evaporated from

the mica-composition glass powder upon heating; mass spectra

obtained at (b) 422 �C and (c) 1092 �C are also shown.
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of the mica-composition glass was 2.0% at <700 �C.
The identification of the gas phases evaporated at
>800 �C was difficult and not completed from the mass
spectrum measured at 1092 �C. However, F (mass
number: 19), Al (mass number: 27) and AlF3
(mass number: 84) were confirmed. This indicates
that fluorine and fluorides such as AlF3 evaporated
from the mica-composition glass at >800 �C. The
weight loss of the mica-composition glass was 0.3% at
800–1200 �C. Moreover, in the sealed platinum con-
tainer fluorine would react with water vapor and form
the gaseous HF. These results mean that a very small
amount of gaseous fluorine and/or fluorides such as HF
and AlF3 played a significant role in the formation and
sintering of cordierite.

3.2. Mechanical and thermal properties

The photograph of drilling test for the 40% specimen
sintered at 1200 �C for 2 h are shown in Fig. 8. The drill
penetrated easily into the 40% specimen with the thick-
ness of 2–3 mm and fatal large chippings were not
observed. Thus, a machinable cordierite/mica composite
was obtained in this study. This machinability was
caused by the interlocking microstructure of mica in the
composite, known as ‘‘house-of-cards structure’’. The
mechanical and thermal properties of each specimen
sintered at 1200 �C for 2 h are shown in Table 1. The
bending strength increased by enhancing the additive
amount of the glass. In addition, the pore size tended to
decrease with an increase in the additive amount of the
glass (Figs. 3 and 4). These indicate that the crystal-
lization of mica decreased the size of fracture origin.
The bending strength of the 40% specimen was
relatively high when compared with reported strength of
cordierite (70–180 MPa),3,10,11,15,19 while B2O3 doped
cordierite ceramics showed maximum bending strengths
of 190 MPa 15 or >200 MPa.17 However, the Vickers
hardness of the 40% specimen dropped markedly due to
the formation of the interlocking microstructure of
mica. The thermal expansion coefficient increased with
an increase in the additive amount of the glass. The
40% specimen had a value which is half of that of
alumina (7 � 10�6/�C) and is very close to that of Si (3.5
� 10�6/�C). Thus, obtained cordierite/mica composite
can be expected to be utilized as substrate materials for
integrated circuit boards and also as thermal shock
resistance ceramics with machinability. Moreover, it can
be produced at low temperatures and at low machining
cost.
4. Conclusions

By adding mica-composition glass powder to the
conventional magnesia, alumina and silica powders
which are raw materials of cordierite, dense cordierite/
mica compositions were obtained at low temperatures
of 1100–1200 �C. In the firing process, mica crystallized
at about 730 �C, while cordierite was suddenly formed at
1050–1100 �C. The densification progressed markedly
at 1000–1100 �C. The formation and sintering of
cordierite were strongly promoted by a small amount of
gaseous fluorine and/or fluorides such as HF and AlF3.
It was considered that fluorine and fluorides such as
AlF3 evaporated from the mica-composition glass at
>800 �C and gaseous HF was formed in the sealed
platinum container by the reaction of fluorine with
water evaporated from the glass.
Machinable cordierite/mica composite was obtained

by the addition of 40 mass% mica-composition glass
powder, which could be machined by the conventional
hard metallic tool. In addition, it showed relatively high
bending strength and almost the same thermal expan-
sion coefficient as silicon. However, its Vickers hardness
was lower than that of cordierite ceramics.
Table 1

Some properties of each specimen fired at 1200 �C for 2 h
Specimen
 Thermal expansion coefficientb/K�1
 Bending strength/MPa
 Vickers hardness/GPa
 Fracture toughness/MPa.m1/2
0%a
 1.95 � 10�6
10%
 2.17 � 10�6
 96.8�8.3
 7.4�0.4
 2.4�0.1
20%
 2.62 � 10�6
 131.8�8.7
 7.1�0.5
 2.4�0.1
40%
 3.35 � 10�6
 142.7�3.9
 4.7�0.5
 2.9�0.2
a This specimen was fired at 1400 �C for 2 h.
b Temperature range from RT to 927 �C.
Fig. 8. Photograph of drilling test of the 40% specimen fired at

1200 �C for 2 h.
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