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Abstract

The active filler controlled pyrolysis of polymers has been used to synthesize mullite from Al2O3-filled, Al-filled and Al/Al2O3-

filled siloxanes. Due to the presence of transition alumina and to a finer scale of mixing of the mullite precursors provided from
active Al-filler, the beginning of mullitization temperature was lowered in the two last systems (1200–1250�C) in comparison to the
first one (1400�C). The mullite equiaxed-grains obtained from the polymer/Al2O3 (PAO) system contained a large amount of dis-

locations whereas in polymer/Al (PA) and polymer/Al/Al2O3 (PAAO) derived samples they were primarily dislocation free. The
presence of small amounts of residual glassy phase was observed as glassy pockets at triple-junctions in the whole of the materials.
The improved microstructure obtained with the Al/Al2O3-filled mixture indicates that this system seems to be a good choice for a
low shrinkage and low defect mullite, in comparison to mullite obtained from Al-filled and Al2O3-filled siloxanes.# 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The application of ceramic composites in aircraft
engines requires long term and high temperature (above
1000�C) stability in an oxidizing atmosphere. Oxide–oxide
ceramic composites are promising candidates because of
their inherent stability in air at high temperature.1 They
can play an alternative to the super-alloys.2�4 The fabri-
cation of composite ceramics via sintering of ceramic
powders requires two conditions: first, the matrix
shrinkage during sintering must be limited, and second,
in order to preserve the fibre integrity, relatively low
sintering temperature must be used. Recently, the for-
mation of monolithic and composite structural cera-
mics, by the reaction-bonding process, using ceramic and
metallic powder mixtures, has been reported. The appli-
cation of this process to alumina permits to obtain high
density monoliths with a strongly limited shrinkage.5�9

Nevertheless, in the case of the composite synthesis, the
reaction-bonding process has some limitations (e.g. the
infiltration of the powder in a fibrous preform is diffi-
cult).
At the same time, several authors have developed the

composite synthesis from organo-metallic precursors.
Used at first for the synthesis of SiC-based fibres,10 the
ceramic polymeric precursors have been also applied to
the synthesis of monoliths of Si–C–O, SiC or Si3N4.

11�13

Nevertheless, the most important drawbacks of the
method are the large shrinkage together with the poly-
mer degradation during the pyrolysis, responsible for
the monolith cracking. In the last 10 years, numerous
searches have been devoted to the ceramic synthesis via
filled polymers (active filler controlled polymer pyr-
olysis). The filler, identical to a ‘skeleton’ may react with
the product of the polymer pyrolysis, and thus, limit the
shrinkage.14�17

The advantages of this method when applied to mul-
lite are : (i) possibility of complex shapes, (ii) improve-
ment of the homogeneity, (iii) moderate processing
temperature due to the high reactivity of amorphous
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silica (SiO2) yielded by the polymer precursor.
18�20 In this

contribution, mullite monoliths are processed, associating
the pyrolysis of the silica polymer precursor with Al2O3
powder and/or with the reaction-bonding of Al powder.
The processed monoliths are characterised by thermal
analysis, X-ray diffraction (XRD), Hg porosimetry and
electron microscopy. The behaviour of the polymer/Al2O3
(PAO) mixture is compared with those of polymer/Al and
polymer/Al/Al2O3 (PAAO) mixtures.

2. Experimental

A commercial solid polydimethylsiloxane (NH2000,
Hüls, Germany) was used as a silica precursor. Chemical
analysis of the polymer is listed in Table 1. Aluminium
(A1183, Cerac, USA) and a-Al2O3 (CR1-AS1, 500 wt-
ppm MgO-doped alumina, Baikowski chimie, France)
with a median particle size of 0.8 and 1 mm, respectively,
were used as filler components. Chemical impurities in
aluminium and alumina are listed in Tables 2 and 3.
By variation of the content of Al and a-Al2O3,

respectively, suitable polymer/filler ratios, with respect
to stoichiometric 3/2 mullite, were determined for the
three compositions: polymer/a-Al2O3 (PAO), polymer/
Al (PA) and polymer/Al/ a-Al2O3 (PAAO) (Table 4).
Powder mixtures were processed in organic medium

(propanol-2/acetone, 75/25 vol.%) with magnetic and
ultrasonic homogenisation. After evaporating the sol-
vent at 60�C, the residue was granulated through a 100
mm sieve, and then uniaxially pressed (15 MPa, 130�C)
to yield solid samples of 90�16�4 mm with low residual
porosity (3–7%). The heat-treatment of the samples was
performed at temperatures up to 1550�C (3 h) with
heating rates in the range 1–5�C/min in conventional

electric furnaces. The first stage of heat-treatment was
the pyrolysis of the polymer with an isothermal hold at
700�C (2 h) for oxidation of the polymer into SiO2. The
second stage was reaction sintering with an additional
soaking time at 1100�C (2 h) to oxidize Al into alumina,
when using this metal directly as a filler component.
Differential thermal analysis, thermogravimetric ana-

lysis (DTA/TGA) and dilatometry were used during the
reaction to monitor, up to 1550�C, the associated phase,
mass and dimension changes respectively. The porosity
was characterized by Hg porosimetry. Reaction pro-
ducts, present between 1100 and 1550�C, were identified
at room temperature by XRD patterns of crushed sam-
ples, using monochromatic Cu Ka radiation.
Microstructure of the sintered samples was examined

by scanning electron microscopy (SEM) using polished
and then thermally etched surfaces. Specimens for
transmission electron microscopy (TEM) and for ana-
lytical transmission electron microscopy investigations
(ATEM, Philips CM30 operating at 300 kV) using an
attached energy dispersive X-ray spectrometer (EDS)
were ion-thinned with a 5 kV argon beam. The EDS
spectrometer has an ultra-thin window which allows the
detection and quantification of oxygen. The method
used for the thickness determination of the analysed
area was based on the electrical neutrality condition.

3. Results and discussion

3.1. Thermoanalytical characterisation

The oxidation sequences of PAO system are fully
similar to those of the polydimethylsiloxane alone. The
specific mass change (TGA) in air (Fig. 1) shows that
degradation and thermal oxidation of the polymer start
at temperatures above 200�C and are completed at
800�C. The weight loss, �5.5%, is only due to the pyr-
olysis converting the polymer into silica. The differential
thermal analysis (DTA) signal presents two exothermic
peaks, at 260 and 520�C respectively, indicating that
oxidation of the methyl groups follows a two-step
sequence. Studies of similar polydimethylsiloxane have
shown that, in the first temperature range 150–390�C,
the Si–CH3 bonds are broken, which results in the for-
mation of transient peroxy and hydroperoxy radicals. In
the second range, around 435�C, the subsequent oxida-
tion of these radicals yields amorphous SiO2.

21

Table 1

Silica precursor polymer composition (NH2000, Hüls)

Si C H O Na Cl K Ca

wt.% 38.25 15.39 5.2 41.16 – – – –

wt-ppm – – – – 85 20 54 209

Table 3

Impurities in alumina powder (CR1-AS1, Baikowski chimie)

Na Mg Si Ca Fe

wt-ppm 200 400 200 100 63

Table 2

Impurities in aluminium powder (A1183, Cerac)

Fe Si Mg Ca Ti V Cr Mn

wt-ppm 2000 1000 100 100 100 100 100 100

Table 4

Polymer/filler ratios for the three composition

Specimen wt.% vol.%

NH 2OOO/a-Al2O3 (PAO) 32.5/67.5 59/41

NH 2OOO/Al (PA) 47.5/52.5 65/35

NH 2OOO/Al/a-Al2O3 (PAAO) 39.5/24.5/36 62/19/19
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In the case of PAAO and PA mixtures, the reaction
steps are significantly different (Fig. 2). The weight loss
due to the thermal degradation of the polymer is pro-
gressively compensated, between 300 and 500�C, by a
mass increase due to the beginning of the oxidation of
Al, in solid state, into alumina. The two exothermic
peaks of the differential thermal analysis (DTA), char-
acteristic of the degradation/thermal oxidation of the
polymer, appear, at about 280–290 and 550�C, respec-
tively. The observed temperature offset, in comparison
with the PAO sample (260 and 520�C, respectively), is in
relation with the subsequent oxidation of Al into Al2O3.
A sharp exothermic peak at about 600�C shows clearly
the oxidation process of solid Al particles. After a
soaking time at 700�C (2 h), the process accelerates with
another oxidation exothermic peak at 830�C. The rup-
ture of the oxide scale due to the thermal expansion of
the melt results in a rapid oxidation of Al, in the liquid
state, into Al2O3.

7 The weak endothermic peak at 660�C
corresponds effectively to the melting of Al metal.
Another endothermic peak appears at 1410�C and is
attributed to the melting of free Si metal. This peak is
absent in the case of the polymer/Al2O3 system and thus,
the presence of free Si in the PAAO and PA systems at
high temperature can be correlated to the consumption of
the oxygen from the polymer by the oxidation of Al.

Indeed, energetically it appears more favourable to oxi-
dize Al rather than Si, as the oxidation reactions (1) and
(2), with �GI >�GII,

22 show.

I O2 gð Þ þ 4=3Al ¼ 2=3Al2O3 sð Þ ��GI ð1Þ

II O2 gð Þ þ Si ¼ SiO2 sð Þ ��GII ð2Þ

3.2. Phase development

The phase evolution for the PAO system as deter-
mined by XRD is shown in Fig. 3. The only crystalline
phase present in the PAO microcomposite at 700�C, is
a-Al2O3. No phase reaction is observed up to 1200�C,
only the a-Al2O3 is identified and the small diffuse hump,
in the 2� ¼ 20� range, indicates the presence of amor-
phous silica. Amorphous silica crystallizes above 1250�C
into some small amount of cristobalite that can be clearly
identified in addition to a-Al2O3 by an intense XRD peak
showing its maximum at 1350�C. Initial mullitization is

Fig. 2. TGA and DTA curves of polydimethylsiloxane/Al mixture

(TGA/DTA 5�C min�1).

Fig. 3. X-ray diffraction patterns of the PAO system; phase evolution

during heat treatment.

Fig. 1. TGA and DTA curves of polydimethylsiloxane (TGA/DTA

5�C min�1).
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only detected at 1400�C after the extensive crystallization
of amorphous SiO2 into cristobalite. At 1450

�C, three
phases are coexisting : a-Al2O3 and cristobalite, that are
still present, and mullite whose formation is enhanced.
Between 1450 and 1550�C, together with mullite for-
mation, the amount of a-Al2O3 and cristobalite pro-
gressively disappears. Finally at 1550�C PAO sample
consists mainly of 3/2 mullite, with traces of a-Al2O3.
The evolution of the reactions in the case of siloxane/

Al compounds is shown in Fig. 4. The XRD pattern at
700�C yields g-Al2O3 as the only new crystalline phase,
coexisting with the Al metal. Here again, the relatively
high background is attributed to the presence of amor-
phous silica. After heat treatment up to 1200�C, the
oxidation of the composite results in the formation of
new transition alumina polymorphs (y and d phases are
presumably present) together with a small amount of
the stable a-Al2O3 phase and free Si. At 1250�C, PA
composite begins to mullitize with the consumption of
transition alumina. At 1300�C, the extent of mullite
formation increases while the extensive crystallization of
amorphous SiO2 into cristobalite occurs. The mullite
coexists with a-Al2O3 and cristobalite from 1300 up to

1500�C. This temperature range is somewhat lower than
that for the PAO sample, which presents nearly the
same pattern in the temperature range 1400–1500�C.
The subsequent annealing behaviour is comparable to
that of the siloxane/Al2O3 system, and also yields a 3/2
mullite with, in this case, apparently no excess alumina
(1550�C, 3 h). Here, the presence of free Si in the XRD
patterns is noted at a temperature up to 1350�C, which
confirms the endothermic peak in DTA analysis at
1410�C.
The development of crystalline phases from the

PAAO mixture on heating is shown in the correspond-
ing XRD diagrams in Fig. 5. The pattern at 700�C
yields g-Al2O3 as the only new crystalline phase, coex-
isting with a-Al2O3 and the Al metal. After 3 h at
1100�C, the present phases are a-Al2O3, an amorphous
phase (identified by a broad peak at around 2� ¼ 20�),
traces of transition alumina (g, y and d) and free Si.
After 3 h at 1200�C, the mullitization takes place along
with the beginning of the crystallization of cristobalite.
At 1250�C the crystallization of cristobalite shows a
maximum. At 1300�C, due to the consumption of tran-
sition alumina with mullite formation, only the stable a-

Fig. 4. X-ray diffraction patterns of the PA system; phase evolution

during heat treatment.

Fig. 5. X-ray diffraction patterns of the PAAO system; phase evolu-

tion during heat treatment.
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phase is still present as a source of alumina. On further
heating to 1550�C for 3 h, the main crystalline phase
present is 3/2 mullite as in the case of the PAO and PA
systems.
Mullite formation temperature and rate during reac-

tion sintering of alumina–silica mixtures depend on
various parameters. The most important of them are the
nature (colloidal, amorphous or crystalline) of the
source of the SiO2 molecules,

23 the presence or absence
of a-Al2O3 as the source of the Al2O3 molecules,23 the
particle size24 and the scale of mixing of the pre-
cursors.25�27 In the case of PAO, mullite precursors
mixture consists of stable a-Al2O3 with an average grain
size of 1 mm and amorphous silica, yielded by the poly-
mer, that coexist without any reaction up to 1250�C.
Prior to the initial mullite formation (1400�C), the
amorphous SiO2 crystallizes into cristobalite between
1250 and 1350�C. At a temperature above 1400�C the
successive reaction of the cristobalite with a-Al2O3 is
thought to result in the formation of mullite partly via
solid-state reactions at the newly formed a-Al2O3/cristo-
balite interfaces and partly through dissolution-precipita-
tion reactions occurring in the coexisting aluminosilicate
liquid phase. The high mullitization temperature is char-
acteristic of an inhomogeneous mixture. Moreover, in the
case of PAO a small amount of residual a-Al2O3 phase
was retained in this sample, even though the sintering
temperature was elevated to 1550�C. Because the mixing
method used could not form a uniform mixture of SiO2
and Al2O3 precursor powders, such residual phases
including glassy phase, resulting from the eutectic in the
SiO2/Al2O3 system, remained in the sintered powders. On
the other hand, in the PA and PAAO systems, in addition
to a-Al2O3 and the amorphous silica, the mullite pre-
cursors mixture includes transition alumina yielded by Al
oxidation. The beginning of mullite formation was
achieved at lower temperatures (1200–1250�C). This indi-
cates, like for diphasic aluminosilicate precursors, that the
mixing scale of precursors was finer than in the PAO one.
The lower temperature of mullitization and the presence
of transition alumina may be indicative of a dual
mechanism of mullitization. The first one is the mullite
formation reaction, directly from the dissolution of
transitional Al2O3 species into the coexisting glassy
silica phase until the critical Al2O3 concentration is
reached for mullite nucleation. The second one is the
mullitization reaction via the individual crystallization
of a-Al2O3 and cristobalite as in the case of PAO.

3.3. Sintering of green compacts

The dimensional changes associated with the reaction
processes are shown in Fig. 6. Up to 400�C, all the
mixtures expand (linear dilatation: 1–1.5%), followed
up to 700�C by a subsequent shrinkage of about 3–3.5%
that is primarily caused by the thermal degradation/

oxidation of the polymer for the PAO sample. For the
PA and PAAO ones, the evolution of this stage is mod-
ified by the oxidation of Al at low temperature.
In the case of siloxane/Al2O3 system, notable densifica-

tion is observed for temperatures above about 1000�C,
although shrinkage starts at a temperature higher than
800�C, and extends to the temperature at which mulliti-
zation starts (1350–1400�C). The final linear shrinkage of
7.2% corresponds to a pore volume of 18%.
The polymer/aluminium mixture presents a different

dimensional behaviour. A transition stage for dimen-
sional changes can be identified between 600 and 800�C,
with a corresponding compensation of the shrinkage
due to pyrolysis of the polymer by the volume expan-
sion due to oxidation of Al. In the temperature range
800–1200�C the weak shrinkage of the compound cor-
responds to a similar behaviour that the one observed in
the case of reaction-bonded aluminium oxide.7 More-
over, the slight bow at 1000�C may indicate the onset of
the transformation of the transition alumina to a-Al2O3.
For a pore volume of 30%, the final linear shrinkage is
3%.
In the case of the PAAO mixture, after the pyrolysis

stage, there is no significant dimension change. Only a
continuous shrinkage of about 1.5% is observed from
700 to 1300�C. Here, the dilatation associated with the
oxidation of Al is not sufficient to compensate the
shrinkage due to the sintering of amorphous SiO2 with
a-Al2O3. Finally the total linear shrinkage, for a final
pore volume of 20%, is 3.6%
In the whole of the materials, most sintering takes

place by the viscous flow of the glassy silica phase, a
mechanism which has been already proposed for the sin-
tering of microcomposite powders of a-Al2O3 particles
with glassy SiO2.

28�31 Therefore, densification starts
above about 1000–1050�C, beyond the softening tem-
perature of the SiO2-rich aluminosilicate glass, and occurs
prior tomullitization. XRDpatterns show that no reaction
takes place within the temperature range 1000–1200�C

Fig. 6. Relative linear shrinkage of PAO, PA and PAAO composi-

tions during oxidation and sintering under air.
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and that, during the corresponding densification, the
glassy SiO2-rich viscous phase is present. Due to the
crystallization of the glassy SiO2 into cristobalite at
temperatures above 1200�C, the hindrance of the vis-
cous flow is expected to result in the decrease of the
shrinking rate.28,32,33 For PAO, the period for mulliti-
zation can be identified beyond 1350�C, with a corre-
sponding shrinkage compensation up to 1550�C caused
by the volume expansion due to mullitization (+4.6
vol.%). For the PA and PAAO composites, mullitiza-
tion proceeds at a lower temperature, with a consecutive
liquid-phase sintering mechanism being dominant via
the eutectic in a-Al2O3/SiO2 system at about 1550�C.23

3.4. Microstructure

The results of Hg porosimetry are shown in Fig. 7.
Two families of pores are evidenced for the whole of the
mixtures: the first class is in the range 10–100 mm and
the second one in the range 0.01–1 mm. It seems that the
amount of the second class of pores increases with the
amount of Al in the initial mixture and moreover there
is a tendency for a bimodal pore size distribution
centred at 0.2 and 0.6 mm respectively.
Fig. 8 shows the SEM micrographs of the representa-

tive microstructure of the PA and PAAO specimens.
The observed morphological pore structure difference
between the two samples confirms the results of the Hg
porosimetry. The improvement obtained with the
PAAO system can be seen by comparing the SEM
micrographs, where large pores as those present in the
PA specimen (Fig. 8a) have been replaced by a fine-dis-
tributed pore network (Fig. 8b). From the defect point
of view the PAAO mixture appears as a good system
because it presents minimum macroporosity and med-
ium microporosity.
The typical TEM microstructures of PAO, PA and

PAAO specimens sintered at 1550�C are shown in
Figs. 9–11. The formation of nearly 3/2 mullite matrix
grains was confirmed by EDS. The composition of the

mullite is not constant through the PAO matrix and
presents a small excess of Al2O3 (molar ratio of Al/Si in
the range 3.14–3.24). For the PA and PAAO systems,
the mullite matrix appears as rather homogeneous in
composition and slightly Si-rich (Al/Si=2.96).
The mullite matrix consisted of equiaxed grains, and

not acicular-shaped grains, of about 1 mm in size. The
granular-shaped mullite has been often correlated to the
existence of residual glassy phase in the grain bound-
aries.34,35 The occurrence of a thin glassy film (about
1nm in thickness), along certain grain boundaries was
nevertheless confirmed by lattice fringe imaging
(Fig. 12). However, HRTEM-images of some grain
boundaries showed also clean and glass free interfaces
where the lattice fringes of two mullite grains meet each
other. This situation is not unique in mullite since,
studying the glassy phase in sol-gel derived mullite,
Kleebe et al.36 found wetted and non wetted grain
boundaries. In the same way, Mizuno37 also found
boundaries free from intergranular glassy phase in the
microstructure of sintered 3/2 mullite.

Fig. 7. Comparison of pore diameter for the three compositions.
Fig. 8. SEM microstructures of PA (a) and PAAO (b) samples (scale

bar=200 mm).
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Some other specific microstructural features were
encountered in the PAO samples. First, the mullite
grains obtained from the PAO system contained a large
amount of dislocations whereas grains in PA and
PAAO samples were primarily dislocation free. Such
high dislocation densities have been already observed
elsewhere18,19 and seem to be a characteristic in silox-
ane/Al2O3 derived mullites. It has been thought that a
possible origin of the formation of a high defective
mullite crystal structure may be the presence of oxycar-

bides in the aluminium-oxygen-carbon system, if carbon
from the polymer precursor is not completely eliminated
during oxidation.18,19 In our case, these dislocations
were not observed in the mullite structure derived from
the polymer/Al system in which the presence of oxycar-
bides is not less probable than in the polymer/Al2O3
one. Thus, it is possible that the origin of these disloca-
tions can be correlated to solid-state reactions due to
the starting materials used to provide the Al2O3 species
for the desired 3/2 mullite composition. In the PAO
system the starting material was stable a-Al2O3 necessi-
tating a relatively high energy to break its bonds to
provide Al2O3 molecules. In the PA system, the starting
material was oxidized Al giving transient alumina e.g. g,
y and d-Al2O3, that partly reacted with silica to form
mullite nuclei and partly converted to a-Al2O3 before

Fig. 9. TEM microstructure of PAO sample (scale bar=1 mm).

Fig. 10. TEM microstructure of PA sample (scale bar=1 mm).

Fig. 11. TEM microstructure of PAAO sample (scale bar=1 mm).
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final transformation. On this basis, the use of a-Al2O3
seems to make restructuring more difficult and less per-
fect than the use of Al as the source of Al2O3.
In addition to dislocations, some particles, the appar-

ent size of which is in the range 100–600 nm, are
observed inside the mullite grains of the PAO system.
From the results of EDS microanalysis, these particles
are identified either as pure Al2O3 or as Al2O3 where
Si4+ can substitute Al3+. The largest Al2O3 particles
(Fig. 13), with almost unchanged morphology, were
coated with an Al-rich (Al/Si=5.27) thin residual amor-
phous layer (d=7 nm). However, micro-analysing by
ATEM the tiny Al2O3-based particles (less than about 200
nm in apparent size) as well as the amorphous coating
raises an experimental difficulty in the analyzed regions. In
these regions, the specimen thickness is in the range 30–
70 nm and when there is a portion of an alumina-based
particle superimposed on a part of a mullite grain in the

foil, the raw composition can correspond to a mixture
of chemical compositions of several phases. The roun-
ded shape of the smallest Al2O3-particles (Fig. 14) is a
possible indication of the solution of Al2O3 in the sur-
rounding material below a critical size of the residual
alumina particles.38

3.5. Glassy phase pockets

The presence of small amounts of residual glassy
phase located among mullite grains was commonly
observed as glassy pockets at triple-junctions in the
whole of the materials, which is consistent with that is
expected for mullite materials sintered at a temperature
(1550�C) near the eutectic one (1570+/�20�C) in the
SiO2–Al2O3 system.

23

The mean composition of the glassy phase pockets in
the PAO sample is 10.5 mol% Al2O3, 87 mol% SiO2
with about 2.5 mol% of impurities as Na2O+-
K2O+MgO. It is 6.5 mol% Al2O3, 93 mol% SiO2 for
the PA and the PAAO mixtures with a very small
quantity (about 0.5 mol%) of Na2O+K2O for the for-
mer system, and Na2O+K2O+MgO for the latter. This
mean composition of the glassy phase is in good accor-
dance with results obtained by Kleebe et al.36 and
Thalcec et al.39 They found about 10 mol% of Al2O3
and between about 6 and 12 mol% of Al2O3 content in
SiO2-glassy phase pockets respectively. Moreover, for
the PA mixture, the composition of the glassy phase
pockets is very near the eutectic composition (5 mol%
of Al2O3 ) in the binary SiO2–Al2O3 system.

23

Some impurities like alkaline oxides can form liquids
at temperatures lower than the eutectic temperature in
the SiO2–Al2O3 system. Furthermore, small amounts of
alkaline impurities, as glass modifier, greatly change not

Fig. 12. HRTEM image of two mullite grains and the grain-boundary

hinting at the appearance of a glassy phase (scale bar=5 nm).

Fig. 13. Close-up of an alumina/mullite interphase showing the pre-

sence of an amorphous phase at the interphase (scale bar=40 nm).

Fig. 14. TEM micrograph showing alumina particles inside mullite

grains in PAO sample (scale bar=1 mm).
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only the viscosity of glassy phases40 but, certainly, their
wetting characteristics. Effectively, as EDS analysis
revealed, alkaline impurities (Na, K) were essentially
concentrated in the glassy pockets observed at triple
points. Finally, although mullite itself can incorporate
about 0.5 wt.% MgO,33 the presence of such a glass
modifier, decreasing the viscosity of SiO2-based glassy
phase, should not be neglected in the sintering of the
PAO and PAAO systems.

4. Conclusions

The active filler controlled pyrolysis of polymers has
been used to synthesize 3/2 mullite from Al2O3-filled
polydimethylsiloxane (PAO). This mullite has been
compared to 3/2 mullite synthesized in the same condi-
tions, with relatively low linear shrinkage, from Al-filled
and Al/Al2O3-filled siloxanes (PA and PAAO systems
respectively).
Due to a finer scale of mixing of the mullite pre-

cursors provided from active Al filler, the temperature
of mullitization was lowered of about 150–200�C in the
PAAO and PA systems.
In the PAO system, when a-Al2O3 was the only source

of alumina, the equiaxed grains contained a large amount
of dislocations. In PA and PAAO samples, transient
Al2O3 making crystal reconstruction less difficult and
more perfect, the grains were primarily dislocation free.
The presence of small amounts of residual glassy

phase was observed as glassy pockets at triple-junctions
in the whole of the materials. Their composition was
near the eutectic one in the binary SiO2–Al2O3 system.
The improved microstructure obtained with the

PAAO mixture indicates that this ternary system seems
to be the best compromise, for low shrinkage and low
defect 3/2 mullite, between mullite obtained from Al-
filled and Al2O3-filled siloxanes.
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