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Abstvact 

The complex interrelations between processing, 
microstructure and electrical and mechanical prop- 
erties are considered for mullite-cordierite compo- 
sites. Fabrication procedures using mixed powders or 
routes based on sol-gel precursors are presented, 
along with the phase evolution, denstjkation and 
microstructural formation. Final microstructures 
(including porosities and grain sizes) are correlated 
to the mechanical (hardness, toughness and strength) 
and electrical (dielectric constant) properties. 
0 1998 Elsevier Science Limited. All rights reserved 

1 Introduction 

Mullitecordierite composites not only have good 
high-temperature properties but also excellent 
electrical insulating ability making them potentially 
useful in applications ranging from refractories to 
computer substrates. A variety of routes have been 
used for their manufacture such as using mixed, 
pre-made mullite and cordierite powders,‘-3 mullite 
powder and cordierite composition glass,2T4 
combustion synthesis5 and mixed mullite and cor- 
dierite ~01s.~ The complex crystal structures and 
chemical constitution of such aluminosilicates 
makes mass transport and so solid state sintering 
slow. Consequently, in multiphase aluminosilicate 
bodies made from premade phases densification 
does not occur readily until a eutectic temperature, 
or the melting temperature of one of the compo- 
nents, is reached. Many of these elaborate proces- 
sing routes seek to overcome this difficulty by 
inducing densification before formation of the 
desired phases. 

A complicating factor in this system is the range 
of stoichiometry of the mullite and cordierite pha- 
ses. Mullite (orthorhombic, space group Pbam) has 
a defect structure based on oxygen vacancies 
which accommodates the nonstoichiometry and 
the average composition may range from close to 

3Alz03.2Si02 to 3A1203.Si02. These oxygen 
vacancies can order to varying degrees and high 
alumina mullites are often referred to as having a 
tetragonal structure because e.g. of the absence of 
120/210 peak splitting. However, it is now 
believed7 that these mullites are orthorhombic and 
the diffraction information is a direct result of 
ordered domains and twinning so that such mullite 
should strictly be referred to as pseudo-tetragonal. 
Mullite can also be prepared by sol-gel routes with 
up to 1*5wt% MgO in solid solution.8 The poly- 
morphism and stoichiometry of cordierite 
(2Mg0.2AlzOsSSi02) is also complicated. For 
stoichiometric cordierite the high-temperature 
form, high cordierite or indialite (CX) is hexagonal 
(space group P6/mcc) and can be made by solid 
state reaction of mixed oxides between 1300- 
1460°C although it is metastable below 1450°C 
slowly transforming to /3 or low cordierite (orthor- 
hombic, space group Cccm). The other polymorph 
is p also confusingly termed B-quartz or high 
quartz solid solution because A13+ substitutes for 
Si4+ in the high quartz crystal structure with Mg2+ 
‘stuffed’ into the structure to allow charge com- 
pensation. CL-cordierite is hexagonal with space 
group P6222 and metastable but common on crys- 
tallising cordierite composition glass below 
1000”C.9 OjGtoichiometric compositions of cor- 
dierite itself can occur with stoichiometry ranging 
from 2Mg0.2A1203.5Si02 towards compositions 
richer in MgO and SiO2 lo although high MgO/ 
Si02 contents stabilise the orthorhombic /3 form.” 
,+cordierite phases occur with a considerable 
range of solid solution.12 These /?-quartz solid 
solutions (or p-cordierites) have compositions 
Mg0.A1203.xSi02 (where x = 2-10) and commonly 
form on crystallising glass, later transforming to a 
only after sufficient diffusion has occurred for 
2Mg0.2A1203.5Si02 composition to be achieved. 

In the present study, mullite-cordierite compo- 
sites were prepared by two methods: (1) from a 
mixture of precursors, and (2) from a mixture of 
premade mullite and cordierite powders. The 
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precursor powders were calcined at low tempera- 
tures (600 and 950°C) to facilitate densification due 
to the presence of highly reactive phases such as y- 
alumina and amorphous silica and sintering via 
viscous flow. Crystallisation, densification beha- 
viour, and microstructural development of mullite- 
cordierite composites prepared from these different 
starting materials were examined. Mechanical and 
dielectric properties were measured and related to 
the observed microstructures. 

2 Experimental Procedure 

2.1 Preparation of mullite and cordierite powders 

The starting materials used to produce mullite- 
and composites from mixed powders 

cordierite composites derived from powders were 
mullite and cordierite powders prepared from 
reagent grade A12(SO&. 16H20, and colloidal 
silica and Mg(N0&.6H20.13 Figure 1 shows the 
processing route for mullite and cordierite pow- 
ders, and mixed mullite and cordierite powders 
(composites). Pure cordierite powder was calcined 

2 h at 1300°C while pure mullite powder was 
calcined for 2 h at 1700°C. Mullite-cordierite com- 
posites with different proportions of mullite (10, 50 
and 90 wt%, denoted as 19, 55 and 91, respec- 
tively) were prepared by mixing and milling 
calcined mullite and cordierite powders (denoted 
Ps) in a ball-mill, using zirconia media in ethanol, 
for 6 h. The resulting slurries were filtered and 
the cakes were dried at 90°C for 24 h, before grind- 
ing in an agate mortar with a pestle. The resulting 
powders were uniaxially pressed to 10 mm dia. 
x x 1Omm height pellets at 250 MPa and sintered 
2 h at temperatures ranging from 1300 to 1450°C. 

2.2 Preparation of mixed mullite-cordierite 
precursors 
Figure 2 shows the processing of mullite-cordierite 
composites derived from two types of precursor. In 
the first route (Sb) a mullite-cordierite composite 
precursor was made from reagent grade colloidal 
silica, boehmite and magnesium nitrate. The col- 
loidal silica was diluted and magnesium nitrate 
dissolved separately in deionised water, while 
boehmite was dispersed in deionised water (added 
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Fig. 1. Processing of mullite and cordierite powders and composite mixed powders. 
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Fig. 2. Processing of mullite-cordierite composite mixed precursors. 

vigorously to stirred water) by adjusting the pH to 
3 with nitric acid. The concentration of particles in 
solution was adjusted by controlling the weight 
ratio of aluminium and magnesium sources and the 
silica/water ratio. The silica-sol followed by the 
magnesium solution were added to the dispersed 
boehmite while stirring vigorously. In the second 
route (Ss) a mullite-cordierite composite precursor 
was derived from reagent grade aluminium sul- 
phate, colloidal silica and magnesium nitrate. It 
was prepared by dissolving aluminium sulphate 
and magnesium nitrate in deionised water, sepa- 
rately, and then adding the silica-sol prepared via 
the route described above and the dissolved mag- 
nesium nitrate to the aluminium solution while 
stirring vigorously. It is worth noting that the scale 
of mixing in aluminium-sulphate derived compo- 
sites is in the nm range while for the boehmite 
derived composites this range increases to pm. 

The solutions were evaporated at 90°C and the 
resulting gels were dried at 120°C for 6 h. Dried 
gels were ground, and calcined for 6 h at 600°C for 
boehmite containing dried gels (denoted Sb), and 
6 h at 950°C for aluminium sulphate-containing 
dried gels (denoted Ss). X-ray diffraction (XRD) of 

these powders after calcination revealed small 
amounts of crystallisation had occurred (see Sec- 
tion 3.1). Calcined powders were milled for 16 h in 
a ball-mill, using zirconia media in ethanol and the 
resulting slurries were dried at 90°C. Dried pre- 
cursor particles were screened through a 38pm 
sieve, uniaxially pressed into 10 mm dia. x z 10 mm 
height pellets at 250 MPa and sintered 2 h at tem- 
peratures ranging from 900-1450°C. 

2.3 Characterisation techniques 
Crystalline phase identification was performed on 
powders, made from ground sintered pellets, using 
X-ray diffraction (Philips powder diffractometer 
1710) with Ni-filtered Cu-KAY radiation and the 
relevant JCPDS cards for orthorhombic 3:2 mullite 
(15-776), hexagonal a-cordierite (13-293), orthor- 
hombic B-cordierite (13-294), hexagonal p-cor- 
dierite (14-249), cubic y-alumina (lo-425), 
tetragonal cristobalite (1 l-695), and cubic spine1 
(MgA1204) (21-1152). Due to the difficulty of dis- 
tinguishing the transition aluminas in complex 
phase mixtures they (i.e. 6, 8, etc) are all grouped 
together as y-A1203. The presence of pseudote- 
tragonal mullite was confirmed by the merging of 
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the 120/210 peaks of orthorhombic mullite.7p14 
Crystallisation of mullite and cordierite phases in 
each sintered composite was analysed by compar- 
ing the integrated intensity of (loo), (202) and (211) 
peaks of a-cordierite, and (llO), (001) and (220) 
peaks of orthorhombic mullite, peaks which are 
free of overlap. Scanning electron microscopy 
(SEM) was performed using a Camscan Series 2A 
instrument and the different phases distinguished 
using energy-dispersive spectroscopy (EDS) (Link 
AN 10000) and backscattered electron images. 
Transmission electron microscopy (TEM) was per- 
formed using Philips 400, 420 and Jeol 200 CX 
electron microscopes operating at 100, 120 and 
200 kV, respectively. Densification behaviour of the 
green and sintered bodies was determined by the 
Archimedes technique. Porosity measurements of 
sintered samples were carried out according to 
ASTM-C373 (1969). Grain sizes of sintered pellets 
were determined using the linear intercept method15 
on thermally or HF etched pellets and particle size 
distributions of calcined powders were determined 
using a Coulter LS 130 laser particle size analyser 
and Dispex N40 as deflocculant (the optimum 
amount, i.e. giving the smallest particle size, was 
obtained for every run of the different powders). 

2.4 Property measurements 
Bend strength tests on rectangular cross section 
bars were carried out on an Instron machine at 
room temperature by using four-point bending 
with a 20mm span between the inner rods and 
40mm span between the outer rods. The cross- 
head speed was 0.4mm per min. The bar samples 
were prepared by pressing the powders in a bar 
shaped steel die at 250 MPa. After densification the 
bars were ground and polished with diamond paste 
(from 6 to 0.25 pm). The final bar dimensions were 
48mmx9mmx4mm. 

A standard Leitz miniload hardness tester was 
used to obtain the Vickers hardness values, using a 
load of 1 Kg. Toughness measurements were made 
using the indentation technique of Evans and 
Charles.16 

Dielectric constant measurements were made on 
disc-shaped samples, (9-10 mm diameter and x 1 mm 
thickness). All measurements were undertaken at 
room temperature and 1 MHz on a Hewlett Packard 
HP4284A Precision LCR meter, with a frequency 
range from 20 Hz-l MHz. In estimating the dielectric 
constants of the composites, the dielectric constants 
of fully mullite (sintered 2 h at 1700°C) and cordierite 
(sintered 2h at 1400°C) ceramics were measured. 
After normalising to zero porosity by dividing the 
measured values by a factor (I-P), where P is the pore 
fraction, values of 7.2 and 5.0 were obtained, for pure 
mullite and cordierite, respectively. 

3 Results and Discussion. 

3.1 Crystallisation 
Results of XRD analysis of the composite powders 
and precursors are shown in Table 1. The early 
stages of crystallisation of the precursor samples 
(Sb and Ss) are of interest since they influence the 
reactivity of the resulting powder. Crystallisation 
from the amorphous precursors began during the 
calcination treatments, i.e. in the boehmite-based 
(Sb) samples (Sb 55) at 600°C and at 950°C in 
the aluminium sulphate-based systems (Ss). After 
6 h at 600°C y-Al203 peaks appear in Sb55 
and after 2 h at 950°C Ss55 shows small peaks 
from pseudo-tetragonal mullite, /3-cordierite, y- 
A1203 and MgA1204 spinel. After 2 h at 1100°C 
(Table 1) the Ss samples still reveal pseudo-tetra- 
gonal mullite, B-cordierite and y-Al203 along with 
MgA1204 spine1 in the cordierite-rich samples 
(Ss19, Ss55). Spine1 is often observed in sol-gel 
cordierites when the gel is heterogeneous along 
with B-cordierite. l7 On the other hand, in the 
boehmite-based (Sb) samples only Y-A1203 appears 
and also spine1 in the 50% mullite sample (Sb55). 
By 1200°C in the Ss system the spine1 has dis- 
appeared, orthorhombic mullite has formed and 
cristobalite crystallised (except in Ss91). In the Sb 
system at this temperature many of the phases 
formed at lower temperature in Ss appear such as 
/3-cordierite, spine1 (in cordierite-rich samples 
Sb19, Sb55) and mullite (although orthorhombic). 
Cristobalite also crystallises in all Sb samples at 
1200°C consistent with Wei and Hallorans’* 
observation of spine1 in non-stoichiometric mullite 
prepared by the Sb route. It should be emphasised 
that while crystallisation of these phases is detected 
at the temperatures described above the samples 
are still predominantly amorphous. Sb samples 
below 1200°C and Ss below 1100°C are still mostly 
glass as are the calcined starting materials them- 
selves. The observation of /3-cordierite at 1200°C 
but a+cordierite at 1300°C and above also needs 
further discussion since at these temperatures in 
stoichiometric cordierite the j? form would be 
thermodynamically stable. EDS analysis in the 
TEM13 confirmed that the fi-cordierite formed at 
1200°C contained MgO consistent with the stabili- 
sation of this phase by MgO observed by Smart 
and Glasser” while the a-cordierite formed at 
1300°C contained no detectable MgO. The MgO 
present in the system has stabilised the /3 form in a 
cordierite solid solution at the lower temperature 
although not at 1300°C. By 1300°C both powder 
and precursor samples (Ps, Sb and Ss) are orthor- 
hombic mullite, a-cordierite mixtures and further 
heating improves the crystallinity of these two 
phases. 
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In all the 90% mullite compositions, the cx-cor- 
dierite peaks disappeared after 2h at 1450°C. It 
seems likely that this is because the cordierite has 
melted incongruently to form mullite and liquid. 
While 1450°C is below the melting temperature of 
stoichiometric cordierite (146O”C), as pointed out 
by Smart and Glasser,” solution with MgO 
decreases its melting temperature. The low total 
MgO in these 90% mullite compositions means 
they are then so depleted in MgO, since up to 1.5% 
of it can go into solution in the mullite,8 that cor- 
dierite crystallisation on cooling does not occur. In 
Ss91 it is believed that at an early stage most of the 
cordierite precursor forms mullite with MgO in 
solid solution because only small cordierite peaks 
could be detected by XRD. MgO is known to 
decrease the mullitisation temperature in sol-gel 
derived mullites8 and this will be discussed further 
in Section 3.3. 

3.2 Densification 
Figures 3-5 show the composites densification 
behaviour. For the precursor route, densification 
of Sb composites occurs at lower temperature than 
for Ss composites at all sintering temperatures and 
mullite contents. The enhanced densification of 
composites derived from boehmite precursors is 
because most of the crystallisation occurs at higher 
temperature (at about 1200°C) and since crystal- 
lisation competes with densification for mass 
transport the higher crystallisation temperature 
gives more opportunity for viscous flow. Further- 
more, in the Sb systems the glass formed may 
have a greater water content (derived from OH in 
the boehmite) which tends to increase its fluidity 
and improve densification. Once the phases crys- 
tallise, densification by this mechanism is limited. 
Another possible reason for enhanced densification 
of Sb composites was attributed to their higher 
packing density as suggested by green density 
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measurements.13 The green pellets derived from 
boehmite had higher bulk density (1.36 gcme3) 
than aluminium sulphate-derived green pellets 
(1 a 17 g cmV3). The low packing density of Ss bodies 
could be attributed to the presence of large 
( > 10 pm) pore-containing aggregates formed in 
precursor powder after the 950°C calcination not 
observed in Sb precursor powders after the 600°C 
calcination. In all precursor-derived (Ss and Sb) 
composites, rapid densification arises after 2 h 
above 1000°C due to the high reactivity of the pre- 
calcined powders containing the amorphous silica 
and transient phases such as spine1 and y-alumina. 
Composites derived from powders (Figs 3-5) 
reached full density only after the cordierite mel- 
ted. The wetting angle between mullite and molten 
cordierite (0 = 24”)2 limits penetration of mullite- 
mullite contacts unless substantial liquid is present 
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but even 10% cordierite samples appear to form 
sufficient liquid. 

3.3 Microstructural evolution 
Since maximum densities were obtained in the 
precursor route composites (Sb and Ss) after 2 h at 
1400°C microstructures after sintering at these 
conditions will be emphasised although it is also of 
interest to briefly examine earlier stages in these 
composites to get some idea of how they evolve. 
On the other hand, reasonable densities are not 
achieved in the powder systems (Ps) until tempera- 
tures at which liquid forms so that microstructures 
from higher temperatures will be considered for 
these. Other microstructural features such as por- 
osity and grain size are considered further in fol- 
lowing sections. Figure 6 shows SEM images of 
90% mullite composites after 2 h at 1400°C. Ss 
composites clearly have a smaller grain size 
(~0.5 pm average) than Sb (Z 1.2p.m). Figure 7 
shows bright field (BF) TEM images of these two 
compositions. The larger grain size in Sb is apparent 
[Fig. 7(b)] along with several other features includ- 
ing dislocations, dislocation networks and rounded 
cores which are mostly free of defects. EDS con- 
firmed that the majority of these cores were mullite 
composition (although the exact stoichiometry was 
not determined). All grains containing cores also 

Fig. 6. SEM images of (a) Ss91 and (b) Sb91 composites sin- 
tered 2 h at 1400°C and thermally etched at 1300°C for 30 min. 

contained dislocations. This highly stressed micro- 
structure contrasts with the stress-free Ss micro- 
structure [Fig. 7(a)]. The different microstructures 
of these two composites are most likely related to 
the varying scales of mixing of the starting materials 
or trace levels of impurities such as sulphur in the 
sulphate-derived composite (Ss). 

It seems likely that the dislocations formed dur- 
ing growth and densification associated with the 
formation of the mullite cores from reaction of the 
coarser starting materials, particularly boehmite, in 
Sb. The mullite cores may lead to dislocation for- 
mation due to different thermal expansion of the 
grain core and shell due to their different orienta- 
tions, the thermal expansion coefficient of mullite 
being 4.5x 10e6 I+-’ along the a direction but 
5.7x 1O-6 K-’ along the c direction from 25- 
1000°C. The thermal expansion mismatch between 
mullite and cordierite (whose thermal expansion 
coefficient is about 1 x 10-6K-1 25-1000°C) may 
cause the formation of dislocations on cooling 
from the sintering temperature. However, this 
seems unlikely due to the small amount (10%) of 

Fig. 7. BF-TEM images of (a) Ss91 and (b) Sb91 sintered 2 h 
at 1400°C. The featureless mullite cores in most grains in Sb91 
are arrowed, the angular features present in MgO-doped mul- 

lite grains in Ss91 are voids. 
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cordierite present and because it is present in both 
Ss and Sb while dislocations only occur in Sb, 
although it is likely that Ss91 contains a lower 
cordierite content (since XRD showed only small 
cordierite peaks) with the mullite being MgO- 
doped and the remaining MgO accommodated in 
triple junction glass (confirmed with EDS).i3 A 
further factor which may be significant here is the 
densification behaviour of these two composites. 
Sb91 reached high density (about 83% theoretical, 
Fig. 5) after 2 h at 1200°C so that little grain rear- 
rangement was possible on further heating to 
14OO”C, leading to stress development. On the 
other hand, Ss91 reached only about 55% density 
(Fig. 5) after 2 h at 1200°C so that grain rearran- 
gement but not growth can occur on further heat- 
ing to 1400°C. The microstructure of a Ps91 
composite (Fig. 8) after 2 h at 1450°C shows much 
larger mullite grains with the rod shape character- 
istic of mullite which has been liquid phase sintered 
as is the case at this temperature in this system. 

In the 50% mullite composites the very early 
stages of crystallisation were examined after 2 h at 
1200°C. Typical glass ceramic microstructures were 
seen (Fig. 9) with mullite and cordierite crystals 
detected in a silica rich glass matrix in both Ss55 
and Sb55 (compare Table 1) although the Ss 
composition appeared more crystalline. Lower 

Fig. 8. SEM image of Ps91 after 2h at 1450°C (thermally 
etched 30 min at 1300°C) showing the more characteristic rod- 

like structure of liquid phase sintered mullite. 

maximum densities were achieved in Ss55 and Sb55 
after 2 h at 1400°C than for either the 90% mullite 
or 90% cordierite composites (although they are 
still over 93% dense, Figs 3-5). While the reasons 
for this increased porosity are not obvious, three 
possibilities can be considered. First, vapour spe- 
cies evolved from the starting materials such as OH 
from the cordierite or SO2 from the aluminium 
sulphate precursor. Water evolution from cordier- 
ite glass and crystals is known to lead to large 
(5pm) pores and bloating on high temperature 
sintering.4 This explains the observation of such 
pores in the cordierite matrix of many samples [e.g. 
see Fig. 13(b)] but does not seem to explain the 
behaviour of the Ss55 and Sb55 composites com- 
pared e.g. to those with higher cordierite contents. 
Second, the different thermal expansions of the 

Fig. 9. BF-TEM images of early stages of crystallisation after 
2 h at 1200°C (a) Ss55 and (b) Sb55. The more advanced state 
of crystallisation in Ss5.5 is clear supporting the XRD data in 
Table 1. The phases in Ss 55 identified by EDS are mullite (A), 
MgO-doped ,%cordierite with its characteristic rounded, den- 

dritic morphology (B), and silica rich glass (C). 
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Table 1. Results of XRD analysis 

Composition 1100°C 1200” c 1300°C 1400°C 1450°C 

ss19 
ss55 
ss91 
Sb19 
Sb55 
Sb91 
Ps19 
Ps55 
Ps91 

I I m ,c 3,~ 

m’,c’,w 
m’,c’,y 

Y 

SPY 
Y 
- 
- 
- 

m,c’,cr,y 
m,c’,cr,y 
m,c’,y 

m,c’,s,cr,y 
I m,c ,s,cw 

w’,cw 
- 
- 

m,c 
m,c 
m,c 
w 
w 
m,c 
w 
w 
w 

m,c 
w 
m,c 
m,c 
w 
w 
m,c 
m,c 
mc 

w 
w 
m 

m,c 
m,c 
m 

m,c 
m,c 
m 

m : orthorhombic mullite, m’ : tetragonal mullite, c : a-cordierite, c’ : B-cordierite, cr : cristobalite, s : (Mg-Al) spinel, y : y-alumina. 

mullite and cordierite grains. A third possibility is 
that in the precursor-derived systems (Sb55 and 
Ss55) the scale of mixing (nm for Ss, ,um for Sb) 
and the need to form equal amounts of two phases 
means that in the competition for mass transport 
densification misses out. Figure 10 shows the dense 
microstructure of Ps55 composite sintered 2 h at 
1450°C. This sample has been severely etched in 
order to separate the fine cordierite matrix from 
the coarser mullite. This type of microstructure 
with mullite particle-particle contacts forming 
agglomerates was suggested by Hodge2 to form by 
solid state sintering of mullite at these tempera- 
tures. TEM (Fig. 11) reveals the large (x l-3 pm) 
mullite grains surrounded by the fine (~0.4 pm) 
cordierite grains with their characteristic mottled 
contrast. In the powder route composites (Ps) the 
density obtained after the cordierite melts at 
1450°C (2.75 gcmW3) is comparable with the den- 
sity obtained from composites derived from the 
precursor route (Sb and Ss) after 2h at 1400°C 
(2.71 gcmp3). However, the density at 1400°C 
(2.21 g cmp3) before liquid formation in the Ps 
composites is comparable to the precursor route 
composite densities after 2h at llOO--1200°C (1.9- 
2.3 gcme3). This illustrates the importance of 
liquid formation on densification in these systems. 

The 10% mullite composites after 2 h at 1400°C 
had the expected microstructure of fine (0.5pm) 
mottled cordierite grains and occasional angular 
mullite (illustrated for Sb19 in Fig. 12). 

TEM revealed glass at triple junctions in all 
samples but not penetrating along grain bound- 
aries. EDS showed the glass to be silica rich 
with both Mg and Al present.13 Additionally, in 
Ss compositions Ca, K and S peaks were detec- 
ted arising from impurities in the starting materi- 
als. These contaminants effect the wetting 
behaviour of the liquid during densification and 
will be discussed in detail in a forthcoming pub- 
lication. l9 

Fig. 10. SEM image of Ps55 composite at 1450°C for 2h 
chemically etched with HF 5% for 58s. 

Fig. 11. BF-TEM image of Ps55 composite, sintered 2h at 
1450°C c: cordierite and m: mullite. 
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Fig. 12. BF-TEM image of Sb19 sintered 2h at 1400°C 
c: cordierite and m: mullite. 

3.4 Mechanical properties 

3.4.1 Bend strength 

The bend strengths of pure, polycrystalline and 
dense mullite and cordierite are in the range 280- 
405MPa20 and 98-138MPa,21 respectively, depen- 
dent predominantly on grain size and porosity 
levels. Results of room-temperature 4-point-bend 
testing of Sb and Ps composite bars sintered at 
1400” and 1450°C are shown in Table 2. Strengths 
are not high, ranging from 109-150MPa and do 
not follow the expected increase with mullite con- 
tent due to the influence of porosity. Only for 
composites with 90wt% mullite is there a sig- 
nificant strength difference between the Sb and Ps 
samples, which can be attributed to the much 
greater level of porosity in the latter. The effect of 
grain size on the strength is not significant since 
measured grain sizes were similar. Figure 13(a) 
shows a typical fracture surface of Sb91 after 2 h at 
1400°C revealing high density consistent with Fig. 5 
and freedom from bulk defects related to compac- 
tion behaviour or preferential densification of 
agglomerates. With increased cordierite content 
(from 10 to 50wt O/o> but the same heat treatment 
z 1.5pm pores develop in the microstructure 
[Fig. 13(b)] consistent with the density data (Fig. 4) 
and porosity increases from 3.3% (Sb91) to 8.2% 
(Sb55). These pores in Sb55 will act as fracture 
origins since many of them are more than twice the 
average grain size of ~0.6 pm (Table 2). Exam- 
ination of the pressed surfaces of green bars of Sb 
and Ps composites (Fig. 14) showed that in Sb 
nearly all agglomerates had been crushed giving a 
smooth topography, while Ps contains large 
agglomerates (Z l-5 pm) and a rough topography. 
Formation of crushable, soft agglomerates in Sb 
composites can be attributed to the low calcination 

Fig. 13. Bend test fracture surfaces of (a) Sb91 and (b) Sb55, 
sintered 2 h at 1400°C. Note the pores in Sb55. 

temperature (600°C) and the presence of weak 
glassy phase while in Ps composites hard agglom- 
erates are formed due to the high calcination tem- 
peratures and resulting fully crystallised powders 
(1700” and 1300°C for mullite and cordierite pow- 
ders, respectively). 

Similar low strength values were obtained by 
Anderson et al.’ for mullite/cordierite composites 
made from mixed powders ranging from 162MPa 
for 10% mullite to 170MPa for 75% mullite 
although Ismail et aL6 obtained strengths ranging 
from 250-322MPa in ceramics derived from Sb 
type powders. The porosity values in the ceramics 
of the latter group were, however, much lower than 
those of this and Anderson et al’s study.’ 

3.4.2 Hardness and toughness 

Pure, fully dense, polycrystalline mullite has a low 
toughness (2-3MPam1i2) and a hardness of about 
1lGPa 22 whereas polycrystalline cordierite has 
similar toughness and about 8GPa hardness.21 
Toughness and hardness data for Sb and Ps com- 
posites are shown in Table 3. The toughness values 
are fairly consistent (if low) at about 2MPam1/2 
and the hardnesses in general show the expected 
increase with mullite content except for Ps91 which 
has a high porosity value (11.8%). The lower 
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Table 2. Flexural strength, porosity and grain size of composites sintered 2 h at 1400/145o”C and derived from precursor (Sb) and 
powder (Ps) 

Property Composite type Mullite content (wt%) 

10 50 90 

Porosity (%) 

Average grain size (pm) 

Flexural strength (MPa) 

Sb 
Ps 
Sb 
Ps 
Sb 
Ps 

7.4=to.4 8.2~kO.2 3.3 Zko.1 
4.650.3 10.7* 1.2 19.1* 1.7 
0.5fO.l 0.6~kO.15 1.2*0.21 
0.8~tO.12 1.5+0.1 1.6~kO.25 
119.&45 113+42 150*50 
131 f32 110*40 109+35 

Table 3. Fracture toughness, hardness, porosity and grain size of composites sintered 2 h at 1400/145O”C and derived from pre- 
cursor (Sb) and powder (Ps) routes 

Property Composite type Mullite content (wt%) 

10 50 90 

Porosity (%) 

Average grain size (pm) 

Toughness (MPa m1j2) 

Hardness (GPa) 

Sb 
Ps 
Sb 

:: 
Ps 
Sb 
Ps 

6.1” 5.7 2.5 
3.05 3.24 11.8 

0.5 Ito. 0.6*0.15 1.2Ito.21 
0.8kO.12 1.5hO.l 1.6hO.25 
1.5Zto.3 1.6*0.5 2.2~kO.3 
2.oIto.2 2.1*0.3 1.4*0.3 
7.01tO.8 7.6* 1.4 10.8 f 0.9 
8.711.0 9.3 f 0.5 7.5* 1.0 

“Only one sample was measured so ranges not applicable. 

Fig. 14. SEM images of green pellet surfaces of (a) Sb91 and 
(b) Ps91 composites, uniaxially pressed at 250MPa. Note the 

presence of hard agglomerates in Ps91. 

hardness and toughness of Sb composites com- 
pared to Ps is due to the higher porosity and glass 
content. Sb19 and Sb55 composites contain higher 
porosities (6.1 and 5.7%, respectively) than Ps19 
and Ps55 (3.05 and 3.24%, respectively). Similar 
values and trends have been obtained for tough- 
ness in mullite/cordierite composites by others’>4 
although few hardness values have been presented. 
The dependence of toughness (and strength) on 
porosity in ceramics has been discussed by Lee and 
Rainforth. l5 One method of increasing toughness 
in high mullite composites would be to coarsen the 
microstructure allowing the characteristic elon- 
gated grain structure of mullite to develop. Exam- 
ination of cracks traversing microstructures reveals 
both inter- and trans-granular failure of mullite 
and cordierite grains. Fig. 15 reveals the relatively 
straight crack path from an indent through the fine 
cordierite matrix in Ps19 sintered 2h at 1450°C. 
However, a large ( = 4 pm) mullite grain does block 
crack propagation so that some toughening 
mechanisms are operative. 

3.5 Dielectric properties 
The dielectric constants of pure mullite and cor- 
dierite derived from boehmite, colloidal silica and 
magnesium nitrate were measured as 7.21 and 5.02, 
respectively. These values are in close agreement 
with other published values.23,24 Since the presence 
of air (dielectric constant = 1) in pores will lower 
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Fig. 15. Vickers indentation crack path in Ps19 sintered 2 h at 
1450°C and chemically etched with 5% HF for 58 s. Note the 

blunting effect of the large mullite particle. 

the dielectric constant of mixed mullite-cordierite 
composites it is important to correlate dielectric 
data and pore levels. In Sb composites by increas- 
ing the mullite content from 10 to 90 wt%, the 
dielectric constant increases at a constant rate 
(Fig. 16) attributable to the decreased porosity 
(from 5.8 to 2.3%, Table 4) and increased mullite 
content. In Ps composites a similar rate of increase 
occurs from l&50% mullite but it then levels off 
on going to 90% mullite due to the increased por- 
osity (3.3 to 11.2%, Table 4). The lower dielectric 
constant of Sb composites (10 and 50 wt% mullite) 
and greater deviation from the mixing rule predic- 
tions are due to the presence of porosity. By nor- 
malising the dielectric constants for the composites 
to zero porosity (Fig. 17) a close correlation to the 

- Sb 1400 

-Ps 1450 

- series 

0 10 50 
Mullite (wt % ) 

90 100 

Fig. 16. Room temperature dielectric constant of mullite-cor- 
dierite composites measured at 1 MHz. 

Table 4. Porosity (%) of the Sb and Ps composites used for 
dielectric constant measurements 

Mullite content (wt %) Sb PS 

10 5.8” 3.1 
50 5.2 3.3 
90 2.3 11.2 

“Only one sample was measured so ranges not applicable. 

-Sb 14OC 

- Ps 1450 

- series 

- parallel 

- log 

, 
10 50 90 100 

Mullite (wt % ) 

Fig. 17. Room temperature dielectric constant of mullite-cor- 
dierite composites at 1 MHz after correction for porosity. 

mixing rules’ is seen and to the data obtained for 
mullite/cordierite composites by others.174,6 The 
dielectric constants of Ps composites are higher 
than the values calculated from the mixing rules 
believed due to the incongruent melting of cor- 
dierite at 1450°C which converts to mullite and 
liquid so that the content of mullite in Ps compo- 
sites is higher than expected. The presence of the 
glass detected at triple junctions in all samples by 
TEM does not have a critical effect on the dielec- 
tric constant of Sb composites, for two reasons. 
First, the amount of glass is low, only occurring 
isolated at triple junctions and not being connected 
throughout the microstructure. Second, the dielec- 
tric constant of the glass is likely to be relatively 
high due to the presence of Mg and Al in it detec- 
ted by EDS. For most glasses, the dielectric con- 
stant at room temperature is linearly related to the 
density, which in turn can be related to composi- 
tion.25,26 Thus, the presence of Mg and Al ions 
causes increased glass density, due to the higher 
density of MgO and Al203 oxides than Si02, and 
correspondingly increased dielectric constant. 

4 Conclusions 

Crystallisation occurs more readily in mullite-cor- 
dierite composites made from powders derived 
from aluminium sulphate precursors due to the 
finer scale of mixing of the starting materials. The 
earlier crystallisation then leads to lower densities 
since densification via viscous flow is more limited. 
Various phases (e.g. spinel, y-alumina, cristobalite) 
crystallise in the sol-gel precursor powders but 
after 2 h at 1400°C all are mullite and cordierite. 
XRD of those composites initially containing 10% 
cordierite after 2 h at 1450°C reveals only mullite 
although EDS showed the presence of MgO in 
solid solution with the mullite. 
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Composites made from precursor derived com- 
posites achieve higher density at lower tempera- 
tures than those made from mixed mullite and 
cordierite powders due to the higher reactivity of 
the powders and viscous flow of the glass present in 
them. 

90% mullite composites derived from boehmite 
as the alumina source have larger grain sizes than 
when aluminium sulphate is used (over 1 pm com- 
pared to O-5 pm). Mullite grains in boehmite- 
derived composites contain mullite cores which 
lead to a highly stressed microstructure containing 
many dislocations whereas sulphate-derived com- 
posites are stress free and the mullite grains contain 
MgO in solid solution. Higher levels of impurities 
(in particular S) were detected in sulphate-derived 
composites. 

Mechanical properties could be related to the 
microstructures and their development through 
processing. Strength and hardness data could only 
be sensibly understood by correlating to composi- 
tion, grain size and porosity measurements. 
Toughness values were all about 1.5-2MPam1’2. 

Dielectric data scaled well with the mixing 
rules for composites if normalised for porosity 
content. 
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