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Abstract

Mullite ceramics were fabricated from boehmite/
silica diphasic gels using a rotary forging compaction
technique and pressureless sintering. Almost fully
dense mullite samples were obtained after sintering
at 1350�C for 2 h. The microstructure of sintered
samples comprised ®ne (average size <1 mm),
equiaxed grains. The samples showed superior sin-
tering behaviour in comparison to those fabricated
using conventional uniaxial and isostatic pressing.
Powder compaction by rotary forging is thought to
generate viscous deformation of the contact points
increasing the interparticle contact area as well as
increasing the packing density by breaking down
hard agglomerates more e�ectively with concomitant
rearrangement of the primary powder particles, thus
promoting greater densi®cation at relatively low
temperatures. # 1999 Elsevier Science Limited. All
rights reserved

Keywords: rotary-forging, sintering, sol-gel pro-
cesses, mullite.

1 Introduction

Considerable progress in the synthesis of mullite via
sol-gel and colloidal processing has been made in
recent years.1±3 Both single phase and diphasic gels
have been used successfully to fabricate high-purity
mullite ceramic materials with controlled micro-
structures.4±17 Single phase gels are characterised by

the mixing at the molecular scale of alumina and
silica, obtained by hydrolysis of metal alkoxides or
coprecipitation of aluminum and silicon salts.4±7

On the other hand, diphasic gels are obtained from
a colloidal mixture, where the mixing of the alu-
mina and silica precursors occurs at the nanometre
scale.6±17 Usually, the silica and alumina pre-
cursors are amorphous and poorly crystallised,
respectively. Hybrid gels, consisting of diphasic
and single phase gels, have also been prepared.8

The principal advantage of preparing powder
compacts from diphasic gels is the ability to densify
the powder compacts through the viscous ¯ow of
the amorphous silica at temperatures <1250�C,
prior to the diphasic gel's conversion to fully crys-
talline mullite at temperatures above 1250�C.6±17

Using this fabrication approach, mullite ceramics
with ®ne, isotropic and homogeneous micro-
structures have been obtained.11±17 The principal
bene®t of this processing technique is the ability to
produce very dense pressureless-sintered ceramic
bodies at relatively low temperatures (<1400�C).
In order to achieve a high sintered density, how-
ever, it is essential that the powder particles are
densely and uniformly packed together.18 Thus, the
green density is a very important processing para-
meter, particularly when pressureless sintering is
used to densify a powder compact. A smaller sin-
tered grain size and smaller residual pore size are
usually obtained when the green density is uni-
formly high throughout the powder compact. The
green density of and green density distribution
within a powder compact depends strongly on the
powder compaction procedure employed. By using
very high pressure (0.5±1.5GPa) cold-isostatic
pressing, closely packed green compacts with green
densities in the range of 60±70% theoretical density
(TD), have been obtained recently.14,19,20 These
mullite compacts could be densi®ed to >95% TD
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by sintering at 1500�C for 2 h. Other powder com-
paction techniques, such as uniaxial die pressing
and rotary forging, were used to investigate the
e�ect of di�erent ``green'' density values (in the
range 15±68% TD) on the densi®cation and mulli-
tisation of transiently sintered mullite by Wang et
al.18

Rotary forging is a powder compaction techni-
que frequently used to fabricate metal and ceramic
magnets,21 but apart from its use by Wang et al.18

to fabricate mullite ceramics and its use in the fab-
rication of platelet reinforced glass-ceramics,22 it
has received little attention as a ceramic green body
fabrication technique.
In the present work rotary forging has been used

to fabricate mullite precursor powder compacts
which are then pressureless sintered. The mullite
precursor powders were produced by a diphasic gel
route, employing two fumed silicas and a boehmite sol
as starting materials.12,13 The densi®cation beha-
viour observed and the resultant microstructures
were compared with the corresponding results
obtained for samples prepared by conventional
uniaxial cold-pressing and cold isostatic pressing
during a previous investigation.12 Furthermore,
both Vickers hardness and indentation fracture
toughness measurements were made as an initial
mechanical property characterisation.

2 Experimental Procedure

Two grades of fumed amorphous silica (Aerosil
OX50 and Aerosil 200, Degussa Ltd., UK) and a
boehmite (
-A1OOH) sol (Remal A20, Remet
Corp., USA) were used as precursors. The Aerosil
OX50 powder had a broad particle size distribu-
tion in the 10±100 nm range and an average parti-
cle size of 40 nm, while the Aerosil 200 material
had a narrow particle size distribution and an
average particle size of 12 nm. The boehmite sol
comprised 20wt% of 50 nm particles of ®brillar
morphology suspended in an aqueous medium at
pH 4. These precursors were mixed in proportions
such that the resulting ceramic after sintering
would be stoichiometric mullite, i.e. 72wt% alu-
mina and 28wt% silica. Preparation of the dipha-
sic gel has been described in detail previously.12,13

The fumed silica nanopowders were added slowly
to the boehmite sol, ®rstly the Aerosil OX50 silica
and then the Aerosil 200 silica in equal propor-
tions. The sol was stirred constantly. On addition
of the Aerosil 200 silica, the mixture gelled imme-
diately due to the strong electrostatic attraction
between the silica and boehmite particles that
occurs at the working pH. After having been dried
slowly at 80�C, the gel was ground using a mortar

and a pestle and sieved to obtain a powder with a
nominal particle size <63�m. Figure 1 shows a
transmission electron microscope (TEM) image of
the dried sol particles.
Rotary forging was used to produce green com-

pacts of relatively high green density. A schematic
diagram of the rotary forging apparatus is shown
in Fig. 2. It consists of an upper conical tool and
lower tool, both of which are adjusted to suit the
desired rotary forging conditions and the ®nal
compact dimensions. The angle of forging (�) can
be altered with an adjusting screw. Loads in the
range 0±100MN can be used and angular velocities
up to 200 rpm are possible. To achieve a given
contact pressure between the upper tool and the
powder being compacted, a much lower overall load
is needed when rotary forging as compared with uni-
axial die pressing.21 In fact, when rotary forging,
using an excessive load may result in end-capping
(i.e. the formation of a hemispherical shaped hole
on the top surface) or radial cracking.21 A nominal
pressure of 30MPa was applied without the use of
a binder to obtain mullite precursor powder green
compacts 25mm in diameter and 5mm high.
The green density of the samples was measured

geometrically. The compacts were then sintered for
a ®xed time of 2 h at temperatures between 1000 and
1450�C, using a heating rate of 20�C/min, and the

Fig. 1. TEM micrograph of the diphasic sol used, showing the
nanoscale mixing of the spherical silica and ®brillar (rod-like)

boehmite particles.
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sintered density was determined geometrically.
Selected sintered samples were cut, polished and
thermally etched for scanning electron microscopy
(SEM) observation. SEM fractography was also
carried out. X-ray di�raction (XRD) phase analysis
of the sintered bulk samples was also done. The ind-
entation fracture toughness (KIc) of sintered sam-
ples was determined using the following equation:23

KIc � 0�0899 HP

4a

� �1=2

�1�

where H is the Vickers hardness, P is the indenta-
tion load (10N) and a is the mean radial crack
length.

3 Results and Discussion

The XRD patterns for samples that were sintered
at 1200 and 1300�C are shown in Fig. 3. Up to a

temperature of 1200�C, no mullite formation was
detected but the presence of �-alumina was noted.
At 1300�C and higher sintering temperatures,
mullite was the only crystalline phase detected.
Moreover, no cristobalite formation was detec-

ted over the temperature range investigated, which
is a positive aspect of using the present diphasic gel
route, i.e. silica viscous ¯ow-led sintering.
The mullitisation behaviour of the present sam-

ples is in broad agreement with that observed in
previous studies on mullite derived from diphasic-
gels.7±17 In a recent investigation using di�erential
thermal analysis (DTA) at di�erent heating rates,
it was shown that such diphasic gels exhibit an
activation energy for mullitisation of E � 880�
30 kJmolÿ1, and that mullitisation starts at tem-
peratures between 1250 and 1350�C, depending on
the heating rate used.24 In colloidal sols such as
that prepared here, the alumina and silica pre-
cursors are present as discrete entities, and any
chemical reaction between them during gelation is
minimal. Only at temperatures above �1250�C,
does mullite crystallise from a mixture of poorly
crystallised transition (pre-�) aluminas (i.e. �- or �-
alumina) and amorphous silica.6±17 In previous
XRD-studies on similar diphasic gels,13 it was also
shown that no transitional Al-Si spinel phase at
�960�C is formed. It must be noted that given the
phase proportion limit (2±5wt%) of XRD, there is
a possibility for an intergranular glassy phase and/
or a silica rich aluminosilicate crystalline phase to
exist in the sintered compacts, which would result
in poorer high temperature creep resistance. TEM
observations of grain boundaries and triple points
junctions should clarify this behaviour, but this has
not been conducted in the present study.
The XRD-patterns in Fig. 3 are very similar to

those obtained for samples prepared by cold-iso-
static pressing and cold uniaxial pressing at pres-
sures of 250 and 450MPa, respectively.12 This
indicates that for the range of compaction pres-
sures investigated, the method of compaction does
not a�ect the crystallisation behaviour. Further-
more, the previous study12 showed that in the case
of the mullite precursors used, the green density
has little in¯uence on the development of crystal-
line phases during sintering. This is in contrast to
the behaviour reported for transiently sintered
mullite produced from �-alumina particles coated
with an amorphous silica layer;18 namely, that the
crystallisation and subsequent mullitisation beha-
viour was in¯uenced strongly by the green density.
Both the crystallisation temperature of the amor-
phous silica layer and the subsequent mullitisation
temperature were shown to be lower for the more
highly compacted, i.e. higher green density materials.
In the case of mullite ceramics made from diphasic

Fig. 2. Schematic diagram showing the rotary forging com-
paction process.21
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gels similar to that used here,15 however, only a
slight decrease in the mullitisation temperature (of
about 20�C) was observed for samples isostatically
compacted at 1.5GPa, in comparison with non-
pressed gels. While this is in qualitative agreement
with our results, a detailed DTA study should be
conducted to assess quantitatively the e�ect of
compaction pressure on crystallisation temperature
and subsequent mullitisation temperature in dipha-
sic gels, this being the focus of current studies.
By careful adjustment of the rotary forging

parameters, crack-free powder compacts of rela-
tively high green densities were produced. Figure 4
shows the sintered density as a function of sintering
temperature for green samples produced by rotary
forging. Data from a previous study12 on green
samples produced by cold-uniaxial and cold iso-
static pressing are also presented for comparison.
The sintering behaviour of mullite powder compacts
fabricated from diphasic gels has been discussed in
the literature and there is broad agreement that
densi®cation occurs by a viscous ¯ow-led mechan-
ism prior to mullitisation.7±17 Indeed, the degree of
viscous ¯ow-led densi®cation increases as the green
compact density increases, as Fig. 4 shows, in
agreement with previous studies.14,16,18±20

The results presented in Fig. 4 indicate that the
rotary forging technique is more e�ective in pro-
ducing green compacts of relative high density
(61% TD, with TD=3.17 g cmÿ3, Ref. 11 ), which
require lower sintering temperatures than samples
prepared by other conventional compaction tech-
niques. This result is well-known in the area of
magnetic materials fabrication,21 and is in agreement
with previous investigations on the rotary forging
of mullite18 and composite glass-ceramics.22 It is
probable that using rotary forging on poorly crys-
talline, i.e. pseudo-amorphous powders, results in
the viscous deformation of the inter-particle contact

points, increasing the inter particle contact area, as
well as increasing the packing density by breaking
down hard agglomerates more e�ectively with
concomitant rearrangement of the primary powder
particles, thus promoting greater densi®cation at
relatively low temperatures. This is because during
rotary forging very high shear stresses are pro-
duced, which facilitate particle rearrangement and
hence pore elimination to a greater extent than is
certainly possible with uniaxial pressing, and
probably even isostatic pressing. Although, viscous
deformation of the inter-particle contact points has
been observed by Kamiya et al. during high-pres-
sure isostatic compaction of similar mullite pre-
cursor powders.20 As suggested by these authors,20

viscous deformations of the contact points may
lead to the generation of new defects in the primary

Fig. 4. Sintered density of mullite compacts as a function of
sintering temperature and a ®xed sintering time of 2 h for dif-
ferent powder compaction processes: ( ) rotary forging (this
work), (*) uniaxial pressing, 170MPa,12 (&) uniaxial press-
ing, 450MPa,12 (^) isostatic pressing, 250MPa.12

Fig. 3. XRD patterns for the powder compacts produced by rotary forging and sintered for 2 h at (a) 1200�C and (b) 1300�C. In
(a), all peaks are attributed to �-alumina, while in (b), all the peaks are attributed to mullite. Note the absence of a background
amorphous halo in (b), indicating that no signi®cant aluminosilicate amorphous phase is present (within the phase-detection limits

of detection of XRD).
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particles near the contact points, increasing the
``pseudo-amorphous'' nature of the contact regions,
which would promote viscous ¯ow-led sintering at
relatively low temperatures (starting below 1000�C
in our material; see Fig. 4). Furthermore, the high
shear stress generated during rotary forging may
also be more e�ective than conventional uniaxial
or isostatic pressing in destroying hard agglomer-
ates by causing greater agglomerate fragmentation
and particle microfractures. According to Kara
and Little,16 the elimination of hard agglomerates
in the green compact, which will eliminate large
inter-agglomerate pores, enables full densi®cation
at relatively low temperatures (<1400�C). Hence,
the e�ectiveness of rotary forging shown in Fig. 4.
Given the axial rotation and relative motion of

the lower die and upper tool during rotary forging,
the possibility of producing a degree of anisotropy
in the green compact and hence in the sintered
microstructure must be considered.21 However,
this e�ect did not seem to be very pronounced in
the present samples after sintering, as SEM obser-
vations of polished surfaces showed. Figure 5(a)
shows, for example, the microstructure of a sample
sintered at 1350�C for 2 h. Note the almost pore-
free, ®ne and homogeneous microstructure com-
prising equiaxed grains with average grain size
under 1�m. Only some small discrete intra-
granular pores are observed. The SEM fractograph
shown in Fig. 5(b), con®rms the high sintered den-
sity of the sample. The microstructure of the pre-
sent material resembles that of mullite ceramics
obtained by pressureless sintering at 1600�C (2 h)
and 1500�C (3 h) after cold isostatic pressing at
very high pressures of 1GPa19 and 1.5GPa14,
respectively. This con®rms that by using rotary
forging at much lower compaction pressures, satis-
factory results in terms of the green and sintered
density as well as the microstructure of mullite

ceramics made from diphasic gels are possible.
Average values of the Vickers hardness and inden-
tation fracture toughness [eqn (1)], determined
from indentations similar to that shown in Fig. 6,
were: H � 11GPa and KIc � 1�7MPm1/2, respec-
tively. These data are in agreement with the litera-
ture results for dense mullite ceramics.25 Moreover,
the equiaxed grain microstructure (Fig. 5) suggests
that the present material should exhibit good
mechanical properties at high temperature.

4 Conclusions

Powders of mullite composition obtained from
diphasic gels were used to fabricate mullite cera-
mics employing a rotary forging compaction tech-
nique and pressureless sintering. Near-theoretical
density mullite ceramics with a ®ne and highly
homogeneous microstructure were obtained after
sintering at only 1350�C for 2 h. The superior

Fig. 5. (a) SEM micrograph of a polished and thermally-etched section of a sample obtained by rotary forging and pressureless
sintering (2 h, 1350�C). Note the very ®ne and homogeneous, equiaxed microstructure and low level of intra- and intergranular

residual porosity, (b) SEM fractograph, con®rming the high sintered density of the sample.

Fig. 6. Vickers indentation (indentation load=10N) in a
mullite sample fabricated by rotary forging and pressureless

sintering (2 h, 1350�C).
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sintering behaviour of the present rotary forged
green powder compacts, as compared to those
green compacts fabricated from similar diphasic
gel precursor but using conventional uniaxial and
isostatic pressing, is attributed to both the increased
viscous deformation of the contact points (and
hence larger inter-particle contact area) and the
higher packing density resulting from the very high
shear stresses generated during rotary forging.
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