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Abstract

Polymethylsiloxane (PMS) filled with a range of aluminium powders of different size and morphology have been used to produce precursor
mixtures to form mullite bodies. The size and shape of the Al powder is shown to have a strong influence on the temperature and mechanism
of mullite formation, on the final microstructure and phase composition of the product. The reaction proceeds by decomposition of the PMS
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roducing amorphous SiO2. Al oxidation occurs both by reaction with the atmosphere and by reduction of the amorphous SiO2 to produce
-Al2O3. Crystallisation of cristobalite was also observed prior to mullitisation. It is these components of the microstructure tha
roduce mullite. The onset of mullite formation occurs at different temperatures, depending on the initial Al powder size and mo
arge, flake morphology Al powders produced the greatest quantity of mullite and showed the lowest temperatures for mullite
RD analysis identified 3:2 mullite in samples using large Al particles after heating to 1400◦C and at 1700◦C in samples using small A
owders.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Traditionally, mullite is produced by solid-state reaction
etween Al2O3 and SiO2. However, this is limited by the

ow diffusion coefficients of the reacting species and the
roblems of achieving desired stoichiometry. Sol–gel routes
an also be used to synthesise mullite but this leads to
onsiderable shrinkage. This two-step process of synthesis
ollowed by ceramic fabrication increases complexity and
ost. For many non-oxide ceramics, pyrolysis of suitable
olymers has been developed for the synthesis of ceramic
aterials. This method has many similarities with the sol–gel

echnique in that a complex, cross-linked macromolecular
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network is thermally transformed into a ceramic ph
In common with the sol–gel process, this requires
loss of substantial organic and other low molecular m
by-products, and leads to a considerable volume shrink

Active-filler controlled pyrolysis (AFCOP) was first d
veloped by Greil and co-workers.1–4 In this process, a poly
mer that decomposes to a ceramic material is partially fi
with active powder particles. These filler particles react
the decomposition products of the polymer or a reactive
atmosphere, the volume expansion resulting from this
tion counters the shrinkage that occurs during sintering
allows the fabrication of bulk, near-net shape compone4

This process can be used as a possible route to produc
lite by selecting a pre-ceramic polymer that decompos
SiO2 and using Al as the active filler.

The formation of mullite with low sintering shrinkage d
to the positive specific-volume changes upon the oxida
of the polymer/filler components has been reported

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Suttor et al.5 Polymethylsiloxane (PMS), filled with Al
powder(6.8�m particle size) as the active-filler, was used
as starting materials and mullite formation was reported at
1700◦C.5 The same route was used by Michalet et al.6 using
polydimethylsiloxane (PDMS) filled with smaller sized Al
particles (median size of 0.8�m) and mullite was identified
at temperatures as low as 1250◦C. Michalet et al. presented a
detailed study of the evolution of phases during the pyrolysis
of PDMS/Al and PDMS/Al2O3 mixtures. In summary, they
proposed that the reaction proceeds by a complex series of
reactions. In the presence of Al2O3, the PDMS undergoes
thermal decomposition to amorphous SiO2, this reacts with
the Al2O3 to produce mullite at temperatures > 1200◦C. In
the presence of Al, PDMS decomposition occurs in parallel
with the oxidation of the metal and this results in redox side
reactions that result in some elemental Si, before that in turn
oxidises to SiO2. Again reaction occurs between the oxidised
PDMS and Al2O3 from the oxidised Al to form mullite. In
earlier work,7 we carried out a similar investigation of the
phase evolution but with PMS as the starting polymer. Our
results are broadly similar to those reported by Michalet et al.
but with the following differences. First, Michalet reported
the presence of transitional metastable Al2O3 crystal struc-
tures during the oxidation of Al and proposed that mullite
formed by the reaction of these phases with SiO2, however
o d to
� et

reported extensive cristobalite crystallisation at intermediate
temperatures, whereas our data found little cristobalite.

A major difference between the experiments carried out
by Michalet et al.6 and our previous work was in the size and
morphology of the Al filler phase. Michalet et al. used a fine
sub-micron sized spherical Al powder whereas in our earlier
work a flake morphology Al was used of sub micron thick-
ness but with a flake diameter of approximately 70�m.7 The
current study has focused on the effect of the difference in Al
powder characteristics (in terms of morphology and particle
size) used as filler particles loaded in the PMS on the mulli-
tisation temperature and mechanism of mullite formation.

2. Experimental, materials and method

Commercial PMS (0009465, Wacker Silicone Resin MK,
Wacker-Chemie, Germany), a solid thermosetting siloxane
polymer was used and loaded with 19 vol.% of Al powder as
the active filler component. This PMS/Al ratio of 81/19 vol.%
was determined using chemical formula, density data and
chemical analysis data supplied by the manufacturers to de-
termine the starting composition to form mullite of the desired
stoichiometry, i.e. 3Al2O3·2SiO2 or 3:2 mullite. A number of
commercially available Al powders were selected to provide
a s
s the
ur data found that the transition phases transforme
-Al2O3 prior to mullite formation. Second, Michal
Fig. 1. Morphology of the Al powder samples (a) Merck flakes (B1), (b)
range of powder size and morphology.Fig. 1 present
canning electron microscope (SEM) micrographs of
Alfa Aesar (B2), (c) Alpoco irregular (B3) and (d) Alpoco spherical (B4).
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Table 1
Particle size distribution of the Al used in the blend

Code no. Supplier Particle morphology Mean particle size (�m) Standard deviation (�m) Distribution percentiles (�m)

10a 20a 50a 80a 90a

B1 Merck Flakes 73 (<1)b 42 25 36 65 106 132
B2 Alfa Aesar Spherical 56 48 17 24 45 78 103
B3 Alpoco Irregular 9 4 4 5 8 12 14
B4 Alpoco Spherical 10 7 4 5 8 13 17

a Volume.
b Thickness.

powders (Jeol 6300, Jeol, Tokyo, Japan) andTable 1shows
their particle size distributions as determined by laser light
scattering (Mastersizer Microplus, Malvern Instruments,
Great Malvern, UK). All the powders were at least 99 wt.%
Al (manufacturers data, metal content) with the only signifi-
cant impurity being approximately <1 wt.% Fe in the Merck
and Alfa powders (B1 and B2). The Merck powder (B1) was
the Al powder used in our earlier study of mullite formation.7

Samples were prepared by dissolving the PMS resin in
ethanol:acetone, ratio of 95:5 vol.%, to which the Al pow-
der was then added and stirred to obtain a homogeneous so-
lution. Aluminium acetylacetonate (Al(acac)2) (1 wt.%) was
added as a catalyst (Sigma-Aldrich, Dorset, UK). After evap-
orating the solvent, coarse residual granulates were obtained
and ground manually before sieving (100 mesh). The gran-
ulate (<150�m) was then shaped in a die press at 200◦C
and 15 MPa to cross-link the siloxane, yielding solid, dense
cylindrical pellets of 16 mm diameter and≈1.1 mm height.
The pellets were converted into the corresponding ceramic
samples by heat treatment in air, in a conventional chamber
furnace. The heat treatment was as follows:

1. heating to 700◦C at 10◦C/min (0.167◦C/s),
2. isothermal hold for 2 h to oxidise the polymer,
3. heating to 1200◦C at 10◦C/min (0.167◦C/s),
4. isothermal hold for 10 h to convert the Al to the corre-
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coupled to an evolved gas analysis (EGA) equipment,
ThermostarTM model GSD 300T (Balzers, Litchenstein).
All PMS/Al blends were studied to characterise the ther-
mal decompositions and reaction process on heating the
PMS/Al blends up to 1600◦C at a heating rate of 10◦C/min
(0.167◦C/s) in an air atmosphere.

3. Results and discussion

3.1. Thermal analysis

Fig. 2a shows simultaneous TGA and DSC traces taken
during the heat treatment in air from each of the four Al
powders and also the PMS. There are a number of features
common to all four Al powders. The endotherm on the DSC
trace at 663–667◦C represents the melting temperature of
Al. Oxidation is seen to occur in three distinct temperature
regimes each of which has an exotherm on the DSC trace
accompanied by a weight gain on the TGA. Point 3 charac-
terises oxidation in the solid-state and is seen to be much more
pronounced with the Al flakes sourced from Merck, indeed
solid-state oxidation is almost negligible in the other three
powder samples. The thin flake morphology of the Merck Al
provides a greater specific surface area than in the other more
e
t
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sponding oxide,
. heating to 1700◦C at 10◦C/min (0.167◦C/s),
. 4 h isothermal hold.

amples were removed from the furnace at different tem
tures within the heat treatment and then cooled in air to r

emperature for further analysis.
All samples removed at all stages from the above

reatment were first subject to X-ray diffraction analy
XRD) using Cu K� radiation in a Philips PW3710 diffra
ometer (Philips, Eindhoven, Netherlands) to identify
rystalline phases present. Microstructures were investi
y SEM Jeol 6300 (Jeol, Tokyo, Japan) and Philips SEM
Philips, Eindhoven, Netherlands) equipped with an en
ispersive spectrometer (EDS; EDAX DX4). Further che
al analysis was carried out using a Cameca SX100 ele
icroprobe (Cameca, Paris, France).
Simultaneous thermal analysis (STA) consisting of t

al gravimetric analysis (TGA) and differential scann
alorimetry (DSC) (STA 449C, Netzsch, Selb, Germa
quiaxed particle morphologies (Table 1andFig. 1). Oxida-
ion of solid Al is slow and controlled by Al3+ ion diffusion
hrough the protective aluminium oxide surface layer be
he melting point.8

After melting, rupture of the oxide skin takes place
l particles that are below a critical size completely oxid
hile those particles above the critical value merely dev
n oxide shell.9 Point 5 on the DSC trace represents
echanism. All Al powder morphologies show signific
eight gain, which scales with the specific surface
f the powders. The liquid-state oxidation of Al is seen
ccur in two steps on the DSC traces inFig. 2a. The furthe
xidation of the liquid Al (point 6) is a complex proce
ontrolled by the mechanical stability of the oxide film,
upture of which controls the oxidation rate. Each Al pow
hows different behaviour: complete oxidation of the fl
orphology particles has occurred by 1400◦C with a weigh
ain of 85%, the irregular Alpoco particles showed comp
xidation by 1500◦C and a weight gain of 86%, the spheri
lpoco powder has not undergone complete oxidation
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Fig. 2. Simultaneous thermal analysis (TGA and DSC) of (a) PMS and Al powders in isolation, (b) a range of PMS/Al powder mixtures and (c) EGA data
obtained during the pyrolysis of PMS in air at a heating rate of 10◦C/min.

1600◦C and a weight gain of 80% was recorded, finally
the Alfa Al powder recorded a weight gain of only 46% by
1600◦C. Again this behaviour correlates with the surface
area of the powder samples.

Fig. 2a also shows the DSC and TGA traces from the PMS
material in isolation. This has been discussed in detail in ear-
lier work.7 There is a weak exotherm (peak 1) and associated
weight loss at 250◦C associated with a cross-linking reac-
tion and a more intense exotherm (peak 2) and weight loss
around 400–500◦C that characterises the pyrolysis of the
cross-linked polymer, loss of organic side chains and conver-
sion to an amorphous SiO2 material.

Fig. 2b shows simultaneous DSC and TGA traces obtained
from the PMS/Al mixtures (B1, B2, B3 and B4). These traces

show a number of similarities with the DSC and TGA results
of Fig. 2a. On the upper DSC trace, exothermic peak 1, be-
lieved to be associated with the cross-linking of the PMS, is
shifted to a slightly higher temperature in all the PMS/Al mix-
tures. The exothermic peaks labelled 2 and 3 show significant
variation between the PMS/Al samples and could be associ-
ated with a combination of the exothermic peak 2 inFig. 2a
seen at 469◦C with the PMS and peak 3 at 629◦C with the Al
powder. Endothermic peak 4 is reasonably consistent and in-
dicates the melting of the Al powder. At higher temperatures
there are two further exotherms (peaks 5 and 6) accompanied
by step weight gains on the TGA trace, these may be simi-
lar to the two exotherms associated with liquid Al oxidation
(peaks 5 and 6 inFig. 2a), but now they occur at significantly
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lower temperatures. There are two further peaks evident on
the DSC trace at higher temperatures. The sharply defined
endotherm at 1416◦C (peak 7) occurs at the melting point of
pure Si, the presence of Si was reported by Michalet et al.6

and was also seen in our earlier work.7 The exotherms that
occur in the temperature range of 1450–1550◦C are thought
to be associated with mullite formation. Most of the differ-
ences between the thermal analysis of the PMS/Al mixtures
and of the PMS and Al in isolation can be explained by the
increased availability of oxygen from the amorphous SiO2. In
particular, the small change in specimen weight seen around
peak 5 (initial liquid stage oxidation of Al) indicates the

possibility of a redox reaction with the amorphous product
of PMS pyrolysis, which would result in elemental Si.

3.2. Phase evolution

Fig. 3 shows XRD traces taken from PMS/Al specimens
after heat treatment to the indicated temperatures. Specimens
B1 and B2 were examined over the full range of heat treatment
from 400 to 1700◦C, B3 and B4 were investigated from 1200
to 1700◦C.

At 400◦C (Fig. 3a and b) the only crystalline phase present
in samples B1 and B2 is Al. This is consistent with the slow

F
(

ig. 3. XRD traces taken from PMS/Al samples after various heat treatment
b) B2, Alfa powder (−ht = without 10 h holding time); (c) B3, Alpoco irregular
temperatures showing the presence of crystalline phases; (a) B1, Merck powder;
powder; and (d) B4, Alpoco spherical powder.
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rate of solid-state oxidation of Al at low temperatures and
the amorphous products expected from degradation of the
PMS. The XRD traces taken at 1000◦C show reduced Al
content and now significant quantities of�-Al2O3 and Si.
The presence of Si confirms the earlier interpretation of the
STA results. Samples B1 and B2 are broadly similar at these
two temperatures, however there are some additional very
weak peaks identified as�-SiC in B1 and�-Al2O3 in B2. As
the intensities of both these signals are very weak, it is possi-
ble that both phases may exist in B1 and B2 but be below the
detection limit for XRD. The presence of�-Al2O3 is prob-
ably a relic of the early stage of solid-state oxidation of Al
at low temperatures. In contrast with the report of Michalet
et al.,6 only small quantities of transition Al2O3 phases are
found. SiC could form by reactions between the free Si, iden-
tified in both B1 and B2, with any carbon by-product of the
decomposition of the PMS.

At 1200◦C all specimens showed�-Al2O3. Specimen B1
showed no residual Al and significant�-SiC, while speci-
mens B2, B3 and B4 had significant retained crystalline Al.
Crystalline Si was present in all samples as was reported by
Michalet et al.6 with pyrolysed PDMS/Al mixtures. They at-
tributed the presence of Si to a redox process with the Al
removing oxygen from the polymer. However, our TGA re-
sults suggest that the PMS has been substantially converted to
an amorphous silica or silicon oxycarbide before significant
o rom
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significantly lower than that of SiO2 as found in the Ellingham
diagram11 and thus the reduction of silica or the oxycarbide
composition is likely. By 1400◦C significant differences can
be seen in the phase evolution of the four samples. In spec-
imen B1, the Si peak is much less intense than was the case
at 1200◦C, some of the SiO2 has transformed to cristobalite
and significant quantities of mullite are recorded. In parallel
with the formation of mullite, the�-Al2O3 signal is also re-
duced. In specimen B2, the�-Al2O3 and Si peak intensities
are similar to those at 1200◦C, there is a weak cristobalite and
there is a weak mullite signal measurable. In contrast, spec-
imens B3 and B4 show�-Al2O3, retained Al, Si peaks and
no detectable mullite. After final heat treatment to 1700◦C,
all specimens showed the formation of mullite. Sample B1
showed no other crystalline phases present while specimens
B2, B3 and B4 all showed significant Al2O3. In specimen
B2, a small quantity of a third phase, tentatively identified as
a Sialon (Si6Al10O21N4), was found.

3.3. Microstructures and phase distribution

Fig. 4shows microstructures from specimens B1, B2 and
B3 after heat treatment to 400◦C. At this temperature the
PMS matrix is fully cross-linked but thermal decomposition
has yet to begin. Sample B4 showed a microstructure essen-
tially identical to that of B3. The composite nature of the
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xidation of the Al has occurred. Suttor et al. also found f
RD and FTIR results that after an isothermal hold at 700◦C,
morphous SiO2 is the only phase present besides Al2O3 in

he PMS/Al2O3 mixture.5 In addition to this, they reporte
he evaporation of gaseous SiO as a result of strong r
ng effect of Al with respect to the SiO bonds. Our TGA
race also detected this redox reaction with the formatio
i through a small weight gain at the first step of Al oxida

n the liquid-state (peak 5) shown inFig. 2b. The presenc
f amorphous silica is confirmed later by the microstruct
tudy using electron probe microanalysis. Thus, the rea
hich proceeds to produce elemental Si is the reductio

he PMS pyrolysis products by metallic Al. We suggest th
ossible reaction pathways:

Al + 3SiO2 → 2Al2O3 + 3SiAl (1)

Al + 6

x − y
SiOxCy

→ 2Al2O3 + 6y

x − y
CO ↑ + 6x

x − y
SiAl (2)

xAl + 6SiOxCy → 2xAl2O3 + 6ySiC + 6(1− y)SiAl

(3)

here the subscript Al represents Si in solution in liquid
ecause of the uncertain composition of the SiOxCy these

eactions are necessarily schematic and will depend str
n the local oxygen partial pressure. However, the free en
f formation of Al2O3 at a standard pressure at 1000◦C is
ixture is evident with the microstructure controlled by
orphology of the Al powder. The basic microstructural

ures determined after cross-linking the PMS are retain
igher temperatures as can be seen inFig. 5, which shows

he microstructure after heat treatment to 1000◦C. There is
ow a significant volume fraction of voids present, these
elieved to have formed during the pyrolysis of the P
hen substantial mass loss and transformation to an
anic amorphous matrix leads to shrinkage and its ac
odation by the development of internal voids. These v
re believed to be a continuous interlinked network pro

ng a path for easy oxygen access throughout the mater
ig. 5b, finer details of the microstructure are revealed. F

he XRD results inFig. 3a, the crystalline phases expec
re�-Al2O3, Al and Si. From microanalysis results (Fig. 6)

he discontinuous grey phase is tentatively identified a�-
l 2O3 in an amorphous matrix, the bright white phase m
e elemental Si.

Fig. 6shows elemental maps produced from regions
he surface of sample B1 using electron probe microana
fter heat treatment to 1000◦C. Fig. 7 shows regions of th
ame specimen taken from the sample centre. In both fi
egions of high Al content, with no Si or O present, indic
noxidised Al. There are similar regions with high Si con
nd no Al or O, these confirm the presence of element

nferred earlier from the DSC and XRD data.
Oxidation to Al2O3 occurs preferentially on the lam

ar defects (resulting from the initial compact of the
akes) allowing easy access to the furnace atmosp
Figs. 5b and 6c).
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Fig. 4. SEM micrographs in back scattered electron mode of a cross section of sample (a) B1, (b) B2 and (c) B3 after heating to 400◦C (bright phase = Al and
dark phase = PMS).

The relationship between the components of the pyrol-
ysed sample at 1000◦C is more clearly distinguishable in
the series of higher magnification images from the specimen
interior given inFig. 7. Five regions are delineated on the
images of cross section of sample B1. In general, Al concen-
tration appears to be stratified at three concentrations shown
as green, yellow and red. The black or blue region correlates
with porosities in the BSE image and is taken as indicat-
ing zero Al concentration. Si is predominantly at orange/red
and blue with small regions at green or yellow. The oxygen
map (Fig. 7d) shows the greatest variation in concentration
and over the shortest length scales. The regions of highest Al

concentration (e.g. region 4) correlate with low O and Si con-
tent and are believed to be remnants of the Al flakes, which
have melted and re-solidified. The regions of highest O con-
tent (e.g. just above region 3) correlate with intermediate Al
contents and are believed to indicate the presence of Al2O3.
These regions were always close to the edges of porosities
(SEM BSE image inFig. 7a) as can be seen with the other
high O region in area 5. Area 3 (high Si, very low Al and
O) probably indicates a region of elemental Si. Areas 1 and
2 contain a mixture of Al, Si and O with area 2 richer in Si
compared to area 1 (lower in oxygen content), this is taken
to represent the amorphous matrix region of mixed oxides.

oss-sec .
Fig. 5. BSE images of specimen B1 after heating to 1000◦C: (a) cr
 tion and (b) higher magnification image showing constituent phases
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Fig. 6. Elemental maps with WDS of sample B1 after heating to 1000◦C at surface: (a) Al map, (b) Si map and (c) O map.

Regions of blue colour in Si map correlate with regions of
blue colour in O map indicating the areas of amorphous SiO2.
On reaching 1400◦C, the EPMA results (Fig. 8) show the re-
gions of high Al content correlate with high O indicating that
the Al is indeed fully oxidised. There are still some small
regions of elemental Si indicated by the red spots onFig. 8b.

Fig. 9shows EPMA results from specimen B2 after heat
treatment to 1000◦C. It shows a highly cracked microstruc-
ture. This may indicate that the structure of coarse packed Al
spheres in a cross-linked PMS matrix is less able to accom-
modate shrinkage stresses than the laminar microstructure
seen in specimen B1. Re-examining the microstructures after
Fig. 7. Elemental maps with WDS of sample B1 after heating to
 1000◦C: (a) BSE image, (b) Al map, (c) Si map and (d) O map.
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Fig. 8. Elemental maps with WDS of B1 1400◦C sample at surface: (a) Al map, (b) Si map and (c) O map.

heat treatment to 400◦C (Fig. 4) indicates cracking already
present in specimen B2 while specimens B1 and B3 are
crack free. The three elemental maps inFig. 9a–c show an
inhomogeneous composition after heat treatment. InFig. 9b,
islands of elemental Si are clearly visible near the specimen
surface and absent in the interior. Surrounding the Si islands
is a region of higher Al content. The interior of the specimen
shows lower Al content and here the regions of high Si
content correlate with high O content and the absence of Al,
indicating that these regions have a composition SiO2. We
hypothesise that the highly cracked microstructure allowed
Al flow above its melting point and that in these regions of
higher Al content there will be reduced access of O from the
furnace atmosphere and the Al metal reduces the local SiO2
content to elemental Si. Regions where SiO2 is retained
do not contain significant unoxidised Al. Elemental maps
from the specimen heated to 1400◦C are given inFig. 10.
Significant regions of elemental Si (red/orange colouration)
are visible consistent with the XRD data. Comparing the
Al and Si elemental maps in both locations show that the
intermediate Si levels (blue) correlate with regions of high
Al and O content. This indicates that temperature increase
to 1400◦C leads to the complete oxidation of the Al-rich
matrix, which leads to Si (which is dissolved in Al melt)

being rejected on the boundaries. ComparingFig. 10b and e
shows a region of Si depletion near the surface which might
be the result of volatilisation of SiO from the reaction of Si
and SiO2

12 as seen by Suttor et al. in the temperature range of
700–1200◦C.5

The microstructures and phase distribution seen in both
Alpoco sourced powders were essentially identical, the re-
sults for B3 are presented here. EPMA results from the speci-
men surface of specimen B3 heat-treated to 1400◦C are given
in Fig. 11a–c and d–f for the interior. There are a number of
similarities with specimen B2 in that the surface region of
the specimen is clearly depleted in Si, although some regions
of elemental Si are visible inFig. 11b. The Al map from the
central region (Fig. 11d) shows regions of high Al concentra-
tion that correlate with zero Si and O, indicating the presence
of small regions of elemental Al. This is consistent with the
XRD data showing retained Al in specimens B3 and B4 at
these temperatures (Fig. 3c and d).

Finally, in Fig. 12, we can see the presence of elon-
gated mullite crystals in an amorphous matrix in speci-
mens B1, B2 and B3 after heat treatment to1700◦C. In
Fig. 12a, the microstructure from sample B1 shows an exten-
sive interlocking network of 3:2 mullite grains in an amor-
phous matrix. EDS measurements on the surrounding matrix

after he
Fig. 9. Elemental maps with WDS of sample B2
 ating to 1000◦C: (a) Al map, (b) Si map and (c) O map.
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Fig. 10. Elemental maps with WDS of sample B2 after heating to 1400◦C: (a–c) from the surface region and (d–f) from the interior region: (a and d) Al map,
(b and e) Si map and (c and f) O map.

Fig. 11. Elemental maps with WDS of sample B3 after heating to 1400◦C: (a–c) from the surface region and (d–f) from the interior region: (a and d) Al map,
(b and e) Si map and (c and f) O map.
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Fig. 12. SEM images of samples heat treated to 1700◦C showing mullite grains in an amorphous matrix, (a) B1 in BSE mode, (b) B2 in SE mode and (c) B3
in BSE mode.

found it to be of variable composition with either a Si or
Al excess. A similar microstructure was found with spec-
imen B2, although there was less mullite present and the
mullite grains are larger than in B1. Individual grains of
Al2O3 or other phases identified by XRD could not be re-
solved. Specimen B3 shows a more complex microstructure
(Fig. 12c) with a few needle-like grains (very faint grains in
the dark phase) distributed among more equiaxed�-Al2O3
grains (bright phase). The needle-like grains are presumed
to be mullite but they were too small to allow spot EDS
analysis.

4. Discussion

There are several possible pathways or steps in the mech-
anisms leading to mullite formation from PMS/Al mixtures.
There is a clear influence of starting Al powder on these, as
can be seen inFig. 3by the different temperatures at which
intermediate phases form and by the presence or absence
of presumed side-reaction products such as SiC and Sialon.
There are two ways in which the size and shape of the starting
Al powder can influence the subsequent sequence of reac-
tions leading to mullite formation. First, as is clearly shown
in Fig. 2a, each of the four powders has a different rate of
oxidation in both the solid and liquid states. Second, the pres-
e gly

influences the microstructure, in terms of the internal void
network, after initial pyrolysis of the PMS at temperatures
below those that lead to significant oxidation of the Al. The
nature of this internal void structure will be critical in ensur-
ing adequate oxygen transport to allow the formation of SiO2
and Al2O3 throughout the specimen before mullitisation can
occur.

We propose that the fine Alpoco powders (B3 and B4)
produce a very different composite structure than was found
with either the Merck (B1) or Alfa (B2) powders despite
these larger particles having a very different morphology to
each other. From the EPMA data taken at 1400◦C (Fig. 11a),
and from the XRD evidence of retained Al (Fig. 3c and d)
it would appear that these specimens have had restricted ac-
cess of O2 into the specimen interior. Neither B1 nor B2
showed evidence for poor oxygen access. In the case of spec-
imen B1 this may be because the flake morphology of the
starting Al resulted in a particularly favourable structure for
O2 access. The resulting microstructure of laminar cracks is
clearly retained to 1000◦C (Fig. 5) and may even be visible
at 1400◦C (Fig. 8). In the case of specimen B2, it may be
the large size of the Al particles that leads to the extensive
network of cracks seen in the microstructure (Fig. 9). These
cracks would act as a pathway for O2 ingress but they may
also allow migration of liquid Al, which could explain the
segregation seen inFig. 9. Another difference between the
s re is
nce of solid Al particles in the Al/PMS composite stron
 pecimens that may be accounted for by the void structu
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the loss of Si from the surface regions at temperatures around
1400◦C.

Samples B1 and B2 show the onset of mullite formation at
temperatures between 1200 and 1400◦C, whereas in samples
B3 and B4 no mullite is observed until temperatures above
1400◦C. One of possible reasons for this could be because
the structure in specimens B3 and B4 does not provide access
for enough O2 to transform the elemental Si to SiO2 to react
with Al2O3. Comparing Si distribution maps from samples
heat treated to 1400◦C (Figs. 8b, 10b and 11b) it is clear
that specimen B1 has the largest quantity of SiO2 (Fig. 8b).
They also show that the greatest degree of Si depletion
has occurred in specimen B3 (Fig. 11b) and that ease of
mullite formation scales with extent of Si retention after
heat treatment. It is also possible that the earlier oxidation
of the Al flakes in sample B1, and the retention of flake
morphology after melting, may lead to a better distribution
of Al2O3 for mullite formation. Note that Michalet et al.,6

using sub-micron Al powder, also found mullite formation at
very low temperatures and there starting material would also
result in a fine dispersion of Al2O3. However, in contrast to
Michalet, no transition aluminas were found in this study.
The likely reaction mechanism for mullite formation at low
temperature (<1400◦C) in sample B1 and possibly B2 is
the reaction between�-Al2O3 and amorphous SiO2. When
cristobalite crystals are available from crystallisation of
a n
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5. Conclusions

Active filler pyrolysis of PMS/Al mixtures results in the
formation of mullite ceramics with initial mullite formation
possible at temperatures < 1400◦C, however, complete mul-
litisation does not occur until temperatures close to 1700◦C.
The reaction route is complex with intermediate stages of Si,
SiO2 and Al2O3. Side reactions may result in the formation
of other unwanted phases, e.g. SiC. The size and morphology
of the starting Al powder controls the reaction pathway and
kinetics, with the ease of Al particle oxidation being inversely
proportional to its size. From our results, which found that
the starting Al powders with the largest dimensions (B2: Alfa
spherical particles with diameter >50�m) and the smallest
dimensions (B1: Merck flakes with flake thickness <1�m)
gave the most complete mullitisation, we can conclude that it
is the structure of the Al/PMS compact that has the most in-
fluence on reaction efficiency. This is because in samples B1
and B2 there was an interconnected network of voids from
the specimen surface to the interior retained at temperatures
in excess of 1400◦C. The result for specimen B2 was par-
ticularly striking as when this Al powder was oxidised in
isolation, incomplete oxidation occurred in the TGA experi-
ments at temperatures up to 1600◦C. In samples B3 and B4,
the smaller spherical Al particles seemed to block the access
of O2 to the specimen interior.
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thesis
morphous SiO210,13 (seen inFig. 3a and b), mullite ca
lso be formed via a solid-state reaction between cristob
nd Al2O3. This is the second mechanism of mul

ormation in sample B1. Further increase in tempera
bove 1650◦C causes melting of cristobalite or to fo
iO2-rich liquid (above eutectic in the Al2O3–SiO2 system
nd liquid-phase-assisted sintering mechanism bec
ominant in promoting mullitisation at this temperature.5,10

n samples B3 and B4, mullite formation is delayed to hig
emperatures.

Finally, the influence of the side redox reaction that
ults in elemental Si must not be ignored. Mullite is belie
o form by an interdiffusion reaction between�-Al2O3 and
iO2 containing material (either amorphous matrix or cri
alite crystals). However, because of differences in rea
inetics, the PMS converts to SiO2 at a temperature belo
hat at which significant oxidation of the metallic Al occu
hus, there is the opportunity for a redox reaction, w
xidises the Al but reduces the SiO2 to elemental Si. Thi
eaction path occurs in all four Al samples investigated
nd was reported by Michalet et al.6 who used PDMS as th
i source. As can be seen from the EPMA results, the
f the Si inclusions that result from this redox process s
ith the microstructure, which is in turn controlled by the
article size. Hence the size of the Si inclusions scales
pecimen B2 containing the largest to B1 the smallest.
hese cases, the size of the Si inclusions (typically > 10�m)
ill significantly delay the final oxidation of the comp
ents to temperatures > 1400◦C (the melting temperatu
f Si).
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