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Mullite ceramics with controlled microstructure in terms of grain size/shape, pore and
glassy phase content were produced from sol-derived pastes using extrusion. Particular
attention has been given to the development of a continuous process which is suitable for
the preparation of high-solids-loading mullite pastes from two different starting mullite
precursors, namely, diphasic and molecular mixed mullite sols. A combined processing
technique comprising vacuum filtering and pressure filtration was introduced in order to
obtain extrudable mullite pastes from low solids-loading colloidal sols. It is shown that
glassy phase free stoichiometric 3:2 mullite (3Al,03 - 2Si0,) with fine (0.94 um) equiaxed
grain microstructure is achievable from monophasic precursors after pressureless sintering
at 1400°C for 3 h using the developed technique which can control both the sol-derived
paste microstructure and process parameters. It is also found that the room and high
temperature (1300°C) flexural strength and toughness of extruded mullites are mainly
controlled by the grain size, the presence and location of glassy phase, nano-inclusions and
pores at the grain boundaries. Pressureless sintered mullite derived from the monophasic
sol-derived pastes provides flexural strength values of 345 and 277 M Pa for room
temperature and 1300°C, respectively. © 2003 Kluwer Academic Publishers

1. Introduction

Stoichiometric and glassy phase free mullite
(3AL,03 - 2810;) exhibits high refractoriness, low
creep rate, low thermal expansion coefficient (4-5 x
107% C~!) and dielectric constant (¢ =6-6.7), low
thermal conductivity, good chemical and thermal
stability as well as good thermal shock resistance and
high temperature structural properties [1]. Mullite
ceramics produced from chemically synthesised mul-
lite powders/sols posses better mechanical properties
due to improved chemical homogeneity and finer
particle size together with better control of particle
morphology of the starting precursor resulting in
enhanced sinterability at lower temperatures [2].

Two main starting precursors are widely used in the
fabrication of mullite ceramics, i.e., colloidal mullite
or so-called ‘diphasic gels’ which usually contains a
mixture of boehmite and amorphous silica [3-7] and
molecular mullite or so-called ‘single-phase gels’ that
refer to molecular mixture of Al-Si-O [8-10]. When the
colloidal approach is used in diphasic gels, orthorom-
bic mullite can be formed in the range of 1150-1350°C

* Author to whom all correspondence should be addressed.

00222461 © 2003 Kluwer Academic Publishers

via direct reaction of alumina-rich and silica-rich com-
ponents of the gel. Colloidal processing of diphasic
mullite reduces the sintering temperature as a result of
increased chemical homogenity, the absence of particle
aggregates, and the development of a uniform green mi-
crostructure. The reaction rate can be increased by using
nano-size alumina in the form of boehmite and amor-
phous silica phases, leading to the formation of shorter
mass transport distances. On the other hand, single-
phase gels are normally derived from aluminum and
silicon salts and alkoxides, but the experimental condi-
tions have to be engineered carefully to avoid compo-
nent segregation due to differences in hydrolysis rate
of the constituents. Single-phase gels exhibit molecu-
lar scale mixing of Al and Si ions, as a result of the
formation of Al—O—Si bonding that occurs in the gel,
consequently the mullite formation temperature can be
further reduced [8-10].

One of the main objectives of the present work is
to develop a glassy-phase-free mullite with controlled
microstructure in terms of the grain size and porosity
content using both diphasic and monophasic mullite
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starting precursors. An extrusion technique is used as
a powerful tool for producing mullite extrudates with
high green and sintered densities from the sol-derived
pastes. A new combined technique comprising vacuum
filtering and pressure filtration was also introduced and
effectively used to form extrudable mullite pastes from
nano-size sols.

2. Experimental work

2.1. Mullite precursor materials

The chemical composition and physical properties of
the starting materials used are shown in Table L. It is

TABLE I Chemical composition and physical properties of mullite
precursors used

Siral 28M? Bacosol 75A"
Al O3 (Wt%) 71.6 72.7
SiO; (wt%) 28.4 26.3
NayO (%) 0.01 0.55
Fe,03(%) 0.01 <0.05
Surface area (BET) (mZ/g) 338 200

2Condea Chemie GmbH, Germany, Siral 28M is a molecular mixture
of Al—Si—O ions (monophasic gel) based on the following formulation;
(AL, O3)x x (SiO7)y x (H20)z.

YAlcan Chemicals Ltd., UK, Bacosol 75A is obtained by mixing
boehmite and silica sols (diphasic gel).

(b}

Figure 1 TEM micrographs of (a) monophasic (28M) and (b) diphasic (75A) mullite gel structures after heating at 900°C for 2 h.
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very well established today that even small amount of
contamination or glassy phase within the mullite ma-
trix results in a dramatic decrease in mechanical per-
formance at high temperature, thus very pure starting
materials were chosen as shown in the Table I. Bacosol
75A (diphasic gel, will be named 75A hereafter) is ob-
tained by mixing boehmite (40 nm) and silica (20 nm)
sols in proportion to obtain stoichiometric mullite com-
position. Siral 28M is a molecular mixture of Al—Si—O
ions (monophasic gel, will be named 28M hereafter)
based on the following formulation:

(ALO3); x (S8i02)y x (H20),

2.2. Sol-derived paste preparation
and extrusion

The received 28M mullite powders were first dispersed
in distilled water and 5 wt% nano-size zirconia pow-
ders with an average particle size of 30 nm (VP zirconia,
Degussa Ltd, Germany) in the form of TZP with addi-
tion of 3 mol% Y,0O3 (average particle size is 15 nm)
were added to the sol (in order to obtain TZP particles,
Y,03 and zirconia powders were first dispersed in dis-
tilled water separately and then added to the suspension
containing 28M powders). A small amount of additions
was also made and the details are given in Table II.
Celacol was first dissolved in hot water (at 80°C in 80
ml water) and then added to the suspension. Glycerol

load, kN

8

9 10 12 14 15

position,mm

(a)

foad, kN

8

9 10 1 12 14 16

position, mm

(b

Figure 2 Sol paste rheology for (a) monophasic (28M) and (b) diphasis (75A) mullite pastes during extrusion.
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TABLE II The final composition of 28M (monophasic gel) and 75A
mullite (diphasic gel) suspension

* Distilled water + 28M powders or 75A sol

* 5 wt% zirconia powder

*3 mol % Y,03 powder

* Celacol (first dissolved in water at 80°C), 1 wt%
* Glycerol, 1 wt% of the total powder

* Cyclohexanone (C¢Hj0O), 1 wt%

and cyclohexanone were added to obtain a smooth ex-
truded surface, acting as lubricants. Kinetically stable
and well-dispersed suspensions having 20 wt% solids-
loading were obtained at a pH value of 3.5. Similar
additions were made to 75A mullite sol in order to ob-
tain extrudible pastes (see Table II).

The final composition was first ball-mixed using high
purity zirconia balls for 1 day and then vacuum fil-
tered to obtain a gel structure. After the ball-milling,
no particles coarser than 300 nm were detected by the
particle size anlysis indicating that both mullite sols
are free of heteroflocculated chains in the sol state.
The obtained gel was then pressure filtrated leading to
the formation of high solids-loading extrudible mullite

144

pastes. Extrusion experiments were carried out using
a laboratory scale extrusion die at an extrusion rate of
1 mm/min. Extruded rods were first kept in humidity
controlled chamber for 1 day, then in air for 1 day and
then sintered at 1400°C on a grooved sintering plates for
3 hours.

2.3. Other characterisation techniques

Powders and sintered samples were analysed using
X-ray diffraction (Cu K, radiation and nickel filter to
remove the CuKy peak, Philips X’Pert, Germany),
operated at 40 keV and 30 mA. The diffractometer
scanned from 5° to 80° with a scan step of 0.02° 26 and
a count time of 2 seconds per step. Phase identifica-
tion was carried out using a computer controlled X-ray
diffractometer and obtained peaks were compared with
the d-spacing for standard phase compositions listed
in the JCPDS-ICDD archive. Powder samples were
subjected to differential thermal analysis (DTA) and
thermal gravimetric analysis (TGA) under static air at-
mosphere using a Stanton Redcroft STA781 simulta-
neous DTA/TGA apparatus in order to determine the
phase transformation temperatures and related mass
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Figure 3 X-ray (Cu Ky ) diffraction patterns for sintered samples produced from (a) 28M and (b) 75A sol-derived mullites showing the presence of
stoichiometric 3:2 mullite with some minor peaks of alumina and zirconia after sintering at 1400°C for 3 h (a: @-alumina, z: monoclinic or tetragonal

zirconia, the other peaks represent 3:2 mullite).
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1400-1500°Cc > B
600°C 0.5 h 3 °C/min
110 °C —> .
1 h A OC min
3 °C/min 25 °C
25 °C

Figure 4 Sintering cycle for sol-derived mullite extrudates.

loss. High purity az-alumina was used as a reference ma-
terial. Phase transformation temperatures and mass loss
due to reaction were measured by a thermocouple and
an electronic hang-down balance, respectively. These

data were collected and analysed using a computer
linked to the equipment. All experiments were carried
out using a fixed sample mass (10 to 15 mg + 0.01 mg)
and heating rate (10°C/min). Microstructural examina-
tions on sintered samples were carried out using a Field
Emission Gun SEM (FEG SEM FX-4000, Jeol Ltd.
Japan) and transmission electron microscopy (Philips
CM 20, Germany).

Sintered densities were measured using the
Archimedes technique. Room and high temperatures
4-point bend strength of the sintered samples were mea-
sured with a computer controlled Instron testing ma-
chine with a 20 mm inner and 40 mm outer span and
a cross-head speed of 0.5 mm - min~!. For high tem-
perature tests, after reaching the test temperature, the
sample was kept at that temperature for 30 min. and
then the test was conducted. 6 samples were tested
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Figure 5 (a) DTA and TGA traces for the 28M monophasic mullite and (b) DTA trace for the 28M monophasic mullite sol showing the reaction

temperatures in the temperature region of 800-1300°C.
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for each temperature and the average strength was re-
ported. The following equation was used to measure
the flexural strength of the rods:

8F(S, — S1)
o= 7 1
where F is the failure load, S, and S are the outer and
inner span lengths, respectively and d is the diameter
of the extrudate rod. Fracture toughness was measured
using Vicker’s indentation technique [11]. Linear inter-
cept technique was used to measure the average mullite
grain size on polished and thermally etched surfaces
[12].

3. Results and discussion

Bright-Field TEM images of molecular mixed (28M)
and diphasic (75A) mullite gel microstructures after
heating at 900°C for 2 h, are shown in Fig. 1a and b,
respectively. The amorphous and interconnected two-
phase nature of 28M mullite after heating is clearly
visible from the micrograph shown in Fig. 1a. Fig. 1a
also shows that the molecular mixed mullite gel re-
mains quite porous after heat treatment due to decom-
position and dehydration of organic components. On
the other hand, the 75A mullite gel which is a mix-
ture of boehmite and silica particles remains amor-
phous after heating and individual nano-size boehmite
and silica particles can easily be identified from the
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Figure 6 (a) DTA and TGA traces for the 75A diphasic mullite and (b) DTA trace for the 75A diphasic mullite showing the reaction temperatures in

the temperature region of 800-1300°C.
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image shown in Fig. 1b. However, the boehmite parti-
cles shown in Fig. 1b exhibit transitional alumina struc-
ture after heat treatment resulting from the transforma-
tion of y-AIOOH to y - and §-Al, O3 which causes inter-
connected pore formation. Overall, both micrographs
shown in Fig. 1 indicate the absence of any aggregate
formation or preferential separation of boehmite and
silica (Fig. 1b).

The load-displacement curves characterising the sol-
derived paste rheology for 28M and 75A mullites are
given in Fig. 2a and b, respectively. Pastes obtained
from the sol containing 28M and 75A compositions

(b)

showed no ““shear thickening” behaviour during extru-
sion as shown in Fig. 2. It shows that the obtained pastes
are homogeneously mixed during the sol preparation
steps and there is no excessive liquid migration from
the paste which could result in a drop in applied pres-
sure on the barrel during extrusion.

X-ray diffraction patterns for the 28M and 75A ex-
trudates sintered at 1400°C for 3 hours are shown in
Fig. 3a and b, respectively (detail sintering cycle is
givenin Fig. 4). Both materials produced stoichiometric
3:2 mullite peaks, together with additional peaks cor-
responding to zirconia and small amount of ¢-alumina.

750 nm

Figure 7 SEM micrographs of (a) 28M and (b) 75A mullite extrudates after sintering at 1400°C for 3 h.
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As shown in Fig. 4, 1400°C was found to be high
enough to produce stoichiometric mullite composition
without formation of residual glassy phase within the
detection limit of XRD technique.

The DTA and TG traces (heating rate: 10°C/min) for
the 28M and 75A powder samples are shown in Figs 5
and 6, respectively. 28M material showed a total weight
loss (%) of 17.69 (starting weight: 16.78 mg and finish-
ing weight: 13.81 mg). As can be seen from the graph
Sa, the first reaction (and weight loss) occurs at about
120°C and corresponds to the removal of the free wa-
ter within the powder. Second major weight loss was
recorded at about 450-500°C indicating the removal
of the crystalline water and OH groups. 28M exhibited
minor exothermic peaks at 950°C and 1150°C as well
as a broader endothermic peak at 1250°C, as shown
in detail in Fig. 5b. The former exotherm corresponds
to the formation of an Al-Si spinel or tetragonal mul-
lite (2Al,03 - Si0») which transforms to orthorhombic

mullite at a starting temperature as low as 1150°C [8].
The endothermic peak observed at 1250°C is proba-
bly due to the densification of orthorombic mullite as
shown in Fig. 5b.

The DTA and TG traces of 75A material are shown
in Fig. 6. The total weight loss for 75A was found to be
low, about 12.76 (%) of the total mass (starting weight:
18.8 mg and finishing weight: 16.39 mg). The major
weight loss and reaction temperatures were determined
at 100, 250 and 500°C, corresponding to the removal
of the free water (100°C) and crystalline water and OH
groups (450-500°C). The presence of an exothermic
peak at about 830°C indicates the starting temperatures
of Al—Si spinel formation. In diphasic gels, the DTA
usually indicates formation of mullite as an exotherm at
about 1220-1250°C. As shown in Fig. 6b, there are two
major exothermic peaks at 1075 and 1225°C and two
minor peaks at 1140 and 1170°C. The former (1075°C)
indicates the formation of transitional alumina phase

(b)

Figure 8 SEM micrographs of room temperature fracture surfaces of (a) 28M and (b) 75A mullites showing mainly intergranular fracture mode.
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along with silica and the second broad one (1225°C)
one represents the formation of mullite phase and sub-
sequent densification. Both minor peaks are due to the
formation or transformation of transitional aluminas.

As summarised in Figs 5 and 6, 28M contains molec-
ular mixed precursors, therefore this route is expected
to result in the crystallization of the metastable Al—Si
spinel directly from the amorphous state. Firstly, a small
amount of tetragonal mullite (2A1,03 - SiO;) forms at
about 930°C, then these spinel and tetragonal mullite
phases transform to stable orthorombic 3:2 mullite at
about 1100°C. This transformation process is very slow
due to a slow diffusion process and the results found
in this work are in good agreement with the previous
findings [8—10]. In diphasic gel, i.e., 75A, as shown in
Fig. 6, mullite crystallization is preceded by the for-
mation of transient alumina phases (y-Al,0O3, silicon-
aluminum spinel phase) and occurs via an exothermic
reaction at 1225°C.

Fig. 7a and b show SEM images of sintered 28M and
75A mullite specimens, respectively after sintering at
1400°C for 3 hours indicating the dense mullite matrix
microstructure. Mullite matrix obtained from 28M con-
tains equiaxed grains with no elongated mullite grains
as shown in Fig. 7a, in contrary the sintered matrix of
75A results in some elongated mullite grains as shown
in Fig. 7b. The average mullite grain size of 28M and
75A are calculated to be 0.94 um and 1.4 pum, respec-
tively. Fig. 7 also shows that extrusion direction does
not affect the grain morphology or alignment in 28M
matrix (Fig. 7a) whereas some of the elongated mul-
lite grains are aligned parallel to the extrusion direction
as shown in Fig. 7b. The sintered densities (% theo-
retical density) of 28M and 75A were determined as
96.6 and 96.1, respectively whilst % sintering shrink-
age values of 42 and 22 were recorded for 28M and
75A, respectively.

The SEM images of room temperature fracture sur-
faces of 28M and 75A are shown in Fig. 8a and b respec-
tively, indicating that the dominant fracture mode is in-
tergranular fracture for both mullites. In order to relate
the thermomechanical behaviour to the microstructural
features of the two type of mullites, detailed TEM and
field emission gun SEM observations were carried out
on the samples subjected to flexural test at 1300°C. The
TEM micrographs of 28M and 75A mullites are shown
in Fig. 9a and b, respectively. No glassy phase was ob-
served at the triple grain junction or along the mullite
grain boundaries of 28M as shown in Fig. 9a whereas
the presence of a glassy phase at the triple grain junction
of mullite grains within 75A is evident from the image
shown in Fig. 9b. As shown in Table III, 28M mullite
loses almost 20% of its room temperature strength at
1300°C (from 345 MPa to 277 MPa) whereas 75A al-
most retains its room temperature strength up to 1300°C
(from 320 to 312 MPa). The presence of glassy phase
within 75A (see Fig. 9b) explains its relative decrease in
flexural strength at high temperature. The glassy phase
softens at 1300°C so that viscous flow phenomenon be-
tween mullite grains at the crack tip of a propagating
crack would take place shielding the tip of the crack re-
sulting in a decrease in the stress concentration [13, 14].

(b)

Figure 9 TEM images of (a) 28M and (b) 75A mullites. Note the absence
of any glassy phase within the mullite matrix produced from monophasic
mullite sol (a).

By this way, crack propagation and catastrophic fail-
ure are prevented and the applied stress needs to be
increased for the crack to propagate. The high resolu-
tion SEM images of fracture surfaces of 28M and 75A

TABLE III Room and high temperature 4-point flexural strength and
fracture toughness of extruded 28M and 75A mullites

Flexural strength (MPa) Fracture toughness

(MPa m%)
RT 1300°C RT
28M 345 + 28 277 + 46 28403
320 + 33 312452 34404
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Figure 10 Field emission gun SEM micrographs of fracture surfaces of (a) 28M and (b) 75A mullites after fracturing at 1300°C.

mullites after testing at 1300°C are shown in Fig. 10a
and b, respectively. In this work, 5 wt% zirconia addi-
tion to mullite provided very small mullite grains within
the sintered matrix which results in obtaining high flex-
ural strength values at room temperature. Although the
addition of small amount of zirconia to any monolithic
ceramics is known as a grain growth inhibitor during
sintering, it may also act as a natural flaw which initi-
ates crack formation. As shown in Fig. 10, the fracture
surfaces of 28 M mullite after testing at 1300°C contain
intragranularly failure of the mullite grains where a zir-
conianano-agglomerate is located at the grain boundary
therefore causing the initial crack to start growing from
this point. The location of very fine pores (<200 nm)
at the mullite grain boundaries was also visible from
the micrograph shown in Fig. 10a, as pointed. Fig. 10b
shows the fracture surface of 75A mullite subjected
to flexural test at 1300°C indicating the presence of
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both inter- and intragranular fracture mode. Very fine
pores (<300 nm) (located within the grains and also
at the grain boundaries) and some zirconia agglomer-
ates were also determined in 75A matrix as shown in
Fig. 10b. In 75A, cracks initiate from a point where zir-
conia agglomerates and intergranular pore are present
as pointed on the micrograph shown in Fig. 10b. It also
shows that the crack initiates from the triple point prop-
agates between the mullite grains which is the sign of
glassy phase location along the grain boundaries that
softens at this temperature thus results in slow crack
growth until the final failure takes place.

Numerous research efforts on the development of
mullite properties have led to the conclusion that the
good mechanical and thermomechanical properties of
mullite can be achieved if the three critical conditions
are controlled [15-18]: (a) the presence of smaller pores
(<1 pm), (b) uniform grain size and (c) no or less



glassy phase at the grain boundary. The relationships
between flexural strength, fracture toughness, grain size
and porosity of mullite ceramics were also reported and
the following equations were derived [19]:

o(M Pa) = ad **3 exp(—0.036P) (2)
Kic(M Pam®?) = bd*'#2 exp(—0.036P)  (3)

Where a and b are the constants, d is the grain size and
P is the porosity (%). These equations clearly show
that the flexural strength of mullite decreases and the
fracture toughness increases with increasing grain size.
Both mullite extrudates produced in this work showed
similar sintered densities of 96.6 and 96.1% TD for 28M
and 75A, respectively, therefore the main factors affect-
ing the mechanical properties of the mullite are consid-
ered to be the grain/pore size, distribution and location
and the presence of glassy phase within the matrix. The
experimental findings in this work are in good agree-
ment with the Equations 2 and 3 as shown in Table III.
The higher fracture toughness value (3.2 M Pa m?)
of 75A is due to its coarser grain size (1.4 um) com-
pared to the toughness value (2.8 M Pa m®>) obtained
from 28M that contains equiaxed mullite grains with
an average grain size value of 0.94 pum. The aver-
age grain size of the two different mullites also ex-
plains the difference in their room temperature flexural
strength. The higher the grain size the lower the flex-
ural strength (345 and 320 M Pa for 28M and 75A,
respectively). However, at high temperature from the
TEM and SEM micrographs, it seems that the location
of pores and glassy phase determine the mechanical
performance of the mullites. As 28M mullite contains
no glassy phase (see Fig. 9a), the inter- or intragran-
ular failure of the matrix is governed by the presence
of zirconia nano-agglomerates and nano-pores both lo-
cated at the grain boundaries, as shown in Fig. 10a.
In contrary, in 75A, nano-zirconia agglomerates and
interganular pores initiate the cracks and the glassy
phase along the grain boundary or at the triple grain
junctions cause intergranular failure of the matrix, as
shown in Fig. 10b. The relative decrease in strength at
1300°C could be attributed to the stress relaxation by
softening of this glassy phase.

4. Conclusions

Stoichiometric 3:2 mullite extrudates with/without
glassy phase were produced from monophasic (28M)
and diphasic (75A) sol-derived mullite pastes using ex-
trusion. No residual glassy phase was detected within
the mullite matrix produced from 28M sol after pres-
sureless sintering at 1400°C for 3 h. However, a glassy
phase was observed at the triple junctions of mullite
grains in a sample produced from 75A sol. Room tem-
perature flexural strength and toughness of both mul-
lites are determined by the grain size within the sin-
tered mullite and 28M provides the highest strength

(345 M Pa) as it contains equiaxed mullite grains with
an average grain size of 0.94 pum. The presence and
location of glassy phase and pores as well as nano-
agglomerates along the grain boundaries seem to be
determining the flexural strength of both mullites.
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