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Abstract 

Crystallization and sintering behaviour of two struc- 
turally dyerent diphasic precursor mullite powders 
were studied. Powder derived from boehmite and 
colloidal silica formed mullite at around 1250°C 
and could be sintered to high density at this temper- 
ature by viscous flow sintering. Calcination of the 
powder up to 1000°C did not a#ect its sinterability 
but the weight loss decreased from 20% for the 
uncalcined powder to 5% for the 1000°C calcined 
powder. In contrast, powder derived from alu- 
minium sulfate and colloidal silica formed mullite at 
around 1200°C and did not sinter much by the vis- 
cous flow, but showed enhanced solid-state sintering 
behaviour compared with crystalline mullite pow- 
ders. Calcination of the powder at temperatures 
below mullite formation temperature did not aflect 
its sinterability. Microstructural examinations revealed 
that dense mullite obtained by sintering of powder 
derived from aluminium sulfate-colloidal silica had 
much$ner grain size (-13.5 nm) than that obtained 
from the boehmite-colloidal silica mixture (-1500 nm) 
and the fine grain size of the mullite was stable up 
to 1300°C upon long heat treatments (120 h). 

1 Introduction 

Although it has long been known in refractories, 
mullite has recently also emerged as an important 
ceramic material for electronic, optical and high- 
temperature structural applications owing to its 
attractive properties such as high creep resistance, 
retention of strength up to high temperatures, low 
thermal expansion, density and dielectric constant, 
and infra-red transparency at medium wave- 
lengths. 

Dense mullite ceramics can be produced by 
various methods including reaction sintering of 
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alumina-silica mixtures and solid-state sintering of 
fine crystalline mullite powders. Fine crystalline 
mullite powder compacts require high temperatures 
(11600°C) to enable them to be sintered to high 
density. This is due to the low inter-diffusion rates 
of aluminium and silicon ions in mullite.’ Reac- 
tion sintering temperatures of mullite precursors 
vary depending on the scale of mixing. 

(a) Micrometre-scale alumina-silica mixtures 
require temperatures >16OO”C for sintering and 
mullite formation.2 

(b) Mixtures of fine (Y-AI~O~ and amorphous 
silica can be sintered to full density at -1300°C by 
viscous flow of the amorphous phase. Completion 
of mullite formation in these mixtures in a reason- 
able time requires temperatures of -1600°C.3’4 

(c) Similarly, gels prepared from nanometre- 
scale (diphasic) mixtures of alumina and silica 
(e.g. a mixture of boehmite (AlOOH) and col- 
loidal silica) can also be sintered to almost full 
density at -1250°C by the viscous flow. However, 
conversion to mullite can be achieved at much 
lower temperatures than cu-Al,O,-silica mixtures 
(1 300-1350°C)5-8 due to the finer scale of mixing 
of the diphasic mixtures. 

Due to the intrinsic presence of crystal water, gels 
or powders that are prepared by using boehmite 
undergo large weight losses due to the decomposi- 
tion of boehmite above 400°C. Such large weight 
losses have been observed to cause cracking of 
small pellets’ and in sintering of large compacts 
this would be an even greater problem. In addi- 
tion, the heating rate would have to be slow dur- 
ing sintering. Therefore, the calcination of the 
powders above the boehmite decomposition tem- 
perature becomes necessary to reduce weight 
losses. Calcination at high temperatures may also 
decrease the surface area of the powders which 
improves their processability. 

In this study, two types of diphasic powders, 
varying in the size of the alumina component, 
were prepared from boehmite-colloidal silica and 
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aluminium sulfate-colloidal silica mixtures. Their 
crystallization behaviour, powder characteristics, 
sintering behaviour after calcination at various 
temperatures and microstructures were studied 
and compared. 

2 Experimental 

Mullite precursor powders were produced from 
two different aluminium sources by the sol-gel 
method. A commercial pseudoboehmite powder 
(Cerasol, AlOOH, 99.96%, BA Chemicals, Buck- 
inghamshire, UK) and aluminium sulfate 
[Al,(SO,):,.1618H,O, 99.4%, BDH Chemicals, 
Poole, UK] were used as the alumina source. The 
silica source was high purity colloidal silica (BDH 
Chemicals, Poole, UK). 

Powder A was prepared from pseudoboehmite 
(surface area of 170 m2 g-‘) and colloidal silica 
(surface area of 200 m2 g-l). An AlOOH sol was 
obtained by dispersing the boehmite powder in 
water for 0.5 h. The pH of the as-dispersed sol 
was 3.4. A silica sol was prepared by dispersing 
the colloidal (or fumed) silica powder in water for 
0.5 h at pH 7 (adjusted by NH,OH). The silica sol 
was added into the AlOOH sol under vigorous 
mixing by a high speed mixer and mixing was con- 
tinued for 0.5-l h. The mixture was kept in an 
oven at 60-80°C for gelation and drying. The 
dried gel fragments were crushed and ground by a 
motor-driven pestle and mortar, calcined at 550 
and 1000°C for 2 h and then milled in methanol 
using ZrO, or alumina balls in polyethylene jars. 
Milling by ZrO, or alumina balls did not cause 
any detectable contamination [verified by electron 
probe microanalysis (EPMA) (SXSO Cameca)] or 
changes in the microstructure. The drying of the 
milled powder was carried out in an oven at 80°C. 

Powder B was prepared from aluminium sulfate 
and colloidal silica. The alumina sol was prepared 
by dissolving aluminium sulfate in water. The pH 
in the as-dissolved condition was 2.2. The silica 
sol (pH 7) was then added into the alumina sol 
under vigorous mixing. The mixture was kept in 
an oven at 125°C for gelation and drying. The gel 
fragments were then crushed and ground by the 
motor-driven pestle and mortar and calcined at 
high temperatures (>85O”C) to decompose the alu- 
minium sulfate. Powder B was milled under the 
same conditions as powder A. 

The sintering experiments were carried out by 
pressing powders into pellets (10 or 13 mm in 
diameter) in a die at 100 MPa which were then iso- 
pressed at 450 MPa. No pressing aid was used. All 
the sintering experiments were done in still air and 
the heating rate during sintering was 5°C min’. 

The surface area and particle size of the pow- 
ders were measured by the BET method using 
nitrogen gas absorption (Micromeritics Asap 2000) 
and a laser diffraction particle size analyser (Malvem, 
Master Sizer), respectively. The Al~O,/SiO, ratio of 
the sintered compacts was obtained by EPMA. 

The crystallization behaviour of both powders 
was studied by X-ray diffraction (Philips PW 
3719) after calcining them at various temperatures 
for a constant time. 

Green and sintered densities were measured 
from the dimensions of the as-pressed pellets and 
by the water immersion technique based on 
Archimedes’ principle, respectively. At least three 
samples were measured and an average was taken. 
Relative bulk densities were calculated by taking 
the theoretical density of mullite as 3.17 g cmm3 
(JCPDS Card No: 15-779 . The difference between the 
relative densities of the pellets which were treated 
under the same conditions was always ~0.5% and 
mostly <0.2%. 

Microstructural examinations were carried out 
by transmission electron microscopy [(TEM) 
Philips 400ST]. 

3 Results and Discussion 

Since mullite is a solid solution of alumina and 
silica, the production of mullite free from defects 
(e.g. glassy phase, cristobalite or alumina) from 
aluminium- and silicon-bearing compounds requires 
the mixing of these homogeneously. Homoge- 
neous mixing between boehmite and silica sols can 
be obtained by heterocoagulation. Heterocoagula- 
tion is achieved by the preparation of stable sols 
of alumina and silica with opposite surface 
charges (5 potential). AlOOH particles at pH 3.4 
and silica particles at pH 7 bear a net positive and 
negative surface charge, respectively,” and thus 
mixing of these should result in maximum contact 
between boehmite and silica particles. 

The particle size of boehmite calculated from its 
surface area (170 m2 g-i, given by the supplier) 
was -12 nm while TEM examination showed it to 
be -20 nm. The particle size of colloidal silica cal- 
culated from its measured surface area (200 m2 g-‘) 
was 14 nm. Therefore, when positively charged 
boehmite particles are mixed with negatively 
charged silica particles, the silica particles are 
expected to surround the boehmite particles, as in 
Fig. l(a). 

In the case of powder B, the situation is slightly 
different. When aluminium sulfate is dissolved in 
water, it undergoes hydrolysis and condensation 
reactions. Under the acidic conditions (pH 2), 
which are used here, the condensation reactions 
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Fig. 1. Schematic representation of the expected particle 
arrangement of alumina and silica when (a) boehmite and 

(b) aluminium sulfate is used as the alumina source. 

are suppressed while the hydrolysis reactions are 
dominant.” Therefore, the alumina particles derived 
from aluminium sulfate should be much smaller 
than the boehmite particles. Therefore, the mixing 
of the alumina sol from aluminium sulfate with 
the silica sol should result in the surrounding of 
silica particles with the aluminium oxide particles, 
as in Fig. 1 (b). 

The alumina content of mullite derived from 
both powders, measured by EPMA, was 72.2 wt%. 

3.1 Crystallization 
The development of crystalline phases from the 
AIOOH and colloidal silica mixture (powder A) 
on heating is shown in the corresponding X-ray 
traces in Fig. 2. At 1225°C after 2 h, the main 
phases present were &A&O, and an amorphous 
phase (a broad peak at around 28 =20”). After 2 h 
at 125O”C, the formation of mullite took place 
from the reaction between &Al,O, and the amor- 
phous phase. Although not shown in Fig. 2, the 
formation of mullite was not observed after 15 
min at 1250°C. This indicates that mullite forma- 
tion occurred after an incubation period as 
pointed out by others.‘2-‘4 The incubation period 
was the time taken for the dissolution of transi- 
tional alumina into the amorphous phase (from 
which mullite nucleates15) to reach the critical 
nucleation concentration.‘2,‘4J5 After 1300°C for 2 h, 

the extent of mullite formation increased with the 
I”“““, I”‘/ 1” r”” a ” ” “I” - ‘I 
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Fig. 2. Development of crystallization of powder A. (A) 
6A1203, (*) &Al,O,. Some of the &Al,O, peaks at 125O’C 

are not labelled. Mullite peaks are not labelled. 

consumption of SAl,O, and amorphous silica but 
some &Al,O, was still present. The presence of 
&A&O, together with mullite is attributed to large 
boehmite particles (or undispersed boehmite agglom- 
erates) present in the starting materials which 
were not able to react at short times. On further 
heating to 142OOC for 5 h, the only crystalline phase 
present was mullite. The crystallization of mullite 
without the individual crystallization of a-A1203 
and/or cristobalite indicates that the mixing 
method employed provided a very good degree of 
mixing between boehmite and silica particles. 

Figure 3 shows TEM defocus images of a pow- 
der A compact sintered at 1250°C for 2 h. The 
amorphous phase, which shows bright contrast 
when imaged under-focus, was distributed homo- 
geneously in the microstructure and surrounded 
the S-Al,O, particles. (An amorphous low density 
phase shows bright and dark contrast in under- 
focus and over-focus conditions, respectively.‘6) 
This further confirms that the processing condi- 
tions resulted in homogeneous mixing. 

The development of crystallization of powder B 
has been reported earlier.17 A large amount of 
mullite formation was observed at 1200°C in the 
presence of r-Al,O, type spine1 and an amorphous 
phase. The formation of SAl,O, and &Al,O, was 
not observed. 

___ __- .___.__.._____ 

Fig. 3. TEM bright-field defocus images of a powder A com- 
pact sintered at 1250°C for 2 h: (a) under-focus (-220 nm), 

(b) near focus and (c) over-focus (2200 nm). 
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The mullite formation temperature of powder B 
was slightly lower than that of powder A or 
rather, more correctly, the rate of mullite 
formation at a given temperature and time was 
higher in powder B than in powder A. For 
instance, mullite formation was also observed in 
diphasic mixtures similar to powder A at temp- 
eratures as low as 1190°C but only after long-term 
isothermal heat treatment (24 h).‘* As the 
dissolution of alumina in the amorphous phase is 
rate-controlling for mullite formation and 
growth,‘4,15 the higher rate of mullite formation in 
powder B can be explained by the smaller size of 
the alumina particles which results in higher rate 
of solubility at a given temperature. Therefore, 
more alumina becomes available for mullite for- 
mation. 

The change in the surface area of each powder 
with calcination temperature is shown in Fig. 4. 
Both powders had a very high surface area which 
decreased with increasing calcination temperature. 
Assuming that powder A calcined at 550°C and 
powder B calcined at 940°C were mullite, the 
particle size of powders A and B calculated from 
their surface areas was 10 and 13 nm, respectively. 
However, both powders calcined at their 
respective temperature were not mullite (e.g. pow- 
der A calcined at 550°C should contain yAl,O, 
and amorphous silica, both with different 
surface area and density). Therefore, the calcu- 
lated particle size values should be considered as 
an approximation. 

3.2 Powder characteristics 3.3.1 Sintering of powder A 
The compacts had a green density of -45% after 
isopressing at 450 MPa. The effect of isothermal 
heat treatment on bulk density and open porosity 
of compacts prepared from powder A calcined at 
various temperatures is shown in Fig. 6. There 
was a sharp increase in density above 1100°C with 
the total elimination of open porosity at 1250°C. 
The location of the amorphous phase around the 
alumina particles and in the alumina particle grain 
junctions in Fig. 3 confirms that the sintering 
mechanism was the viscous flow of the amorphous 
phase. Therefore, the sharp increase in density can 
be attributed to the sharp decrease in the viscosity 
of the amorphous phase (silica-rich) with tempera- 
ture. The increasing dissolution of alumina in 
amorphous silica also contributes to the decrease 
in viscosity.” The density of the compacts sintered 
at 1250°C was 3.01 g cmm3 (-95%). With the exten- 
sive formation of mullite above 1250°C (Fig. 2), 
the sintering almost stopped with only a further 
3% increase in density between 1250 and 1600°C. 

Optical microscope examinations of the pol- 
ished surfaces of compacts sintered at 1250°C 

Figure 5 shows the particle size distribution of 
powders A and B, measured by the particle size 
analyser after milling for 24 h. The average parti- 
cle size of both powders was - 2 pm. The large 
difference between the particle sizes calculated 
from the surface area and measured by the parti- 
cle size analyser indicates agglomeration of 
nanometre-size particles. 
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Fig. 4. Change in surface area of powders A and B with calci- 
nation temperature. 
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Fig. 5. Particle size distribution of powders A and 
milling in methanol for 24 h. 

3.3 Sintering studies 
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Fig. 6. Change in bulk density and open porosity of powder 
A compacts with sintering temperature. Sintering time is 2 h. 
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Fig. 7. TEM bright-field micrograph of a powder A compact 
sintered at 1250°C for 2 h showing the presence of micro- 

pores (some arrowed) scattered in the material. 

Fig. 8. TEM bright-field micrograph of a powder A compact 
sintered at 1275°C for 2 h showing that pores present in the 
diphasic matrix are engulfed by mullite grains. White features 

inside the black mullite grain (M) are the pores. 

showed almost no porosity although they were 
only 95% dense. This was due to the very small 
size of the pores (-30-35 nm with some as large as 
-70 nm) as shown in Fig. 7, which were not 
resolvable in the optical microscope. The dense 
nature of the diphasic matrix around these pores 
suggests that they were the large pores inherited 
from the green compact, They are likely to be the 
result of some hard agglomerates which may be 
present in the powder. This is because the pres- 
ence of hard agglomerates in powders causes the 
formation of inhomogeneous green compacts by 
creating two types of pores:2o inter-agglomerate 
and intra-agglomerate (the pores between primary 
particles within the agglomerates), the latter being 
smaller than the former. This causes differential 
shrinkage and enlargement of inter-agglomerate 
pores since the intra-agglomerate pores are elimi- 
nated more rapidly or at a lower temperature due 
to their smaller size.20 Then, the inter-agglomerate 
pores are eliminated, which need longer times 
and/or higher temperatures. It appears that these 
large pores could not be eliminated before mullite 
formation. 

With the formation of mullite, the pores became 
engulfed by growing mullite grains as shown in 
Fig. 8. The mullite grain size was -1.5 pm as 
shown in the figure. The elimination of the engulfed 
pores has to take place by diffusion of vacancies 
through the mullite lattice to reach the grain 
boundaries. Only -3% pore elimination between 
1250 and 1 600°C indicates the difficulty of diffusion 
in the mullite lattice. Clearly, the elimination of 
the hard agglomerates will eliminate the large 
pores in the green compacts and full densification 
will become possible at 1250°C. For example, 
powders prepared by super-critical drying, which 
were proposed to be weakly agglomerated, sintered 

to 298% density at 125O”C.* If the large pores are 
not eliminated in the green state, high tempera- 
tures (21550°C) are needed for their removal. 

The sintering behaviour of powder A calcined 
at various temperatures has already been included 
in Fig. 6, while Fig. 9 shows the effect of calcina- 
tion temperature on sintered density at 1250°C 
and also on the overall weight loss of the pellets. 
As can be seen in these two figures, calcination 
temperatures up to 1000°C did not affect the sin- 
terability of the powder but the weight loss 
decreased from 20% for the uncalcined powder to 
just over 5% for the 1000°C calcined powder. 
However, compacts prepared from powder cal- 
cined at 1200°C could only be sintered to 75% 
at 1250°C. This could be due to two reasons: (a) a 
decrease in the surface area of silica (as it is 
responsible for densification) and (b) formation 
of hard agglomerates during calcination which is 
unfavourable for packing. The occurrence of a 
substantial amount of sintering at 1200°C [in the 

- -Density 

- --t Weight loss 

0 200 400 600 800 1000 1200 MO! 

Calcination temperature (“CT) 

Fig. 9. Effect of calcination temperature of powder A on sin- 
tered density and weight loss of the compacts during sintering. 

Sintering is at 125O’C for 2 h. 
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Fig. 10. Effect of sintering time on the sintered density 
at 1250°C. 

powders calcined at 11000°C (Fig. 6)] is expected 
to cause extensive hard agglomerate formation 
during calcination at 1200°C. The density of 
1200°C calcined compacts did not improve much 
on further increasing the sintering temperature to 
15OO”C, only 5% pore elimination taking place. 

The effect of isothermal heat treatment time at 
1250°C on sintered density is shown in Fig. 10. 
The densification at 1250°C takes place rather 
quickly and as high as 90% densification was 
achieved within 15 min. There was almost no diff- 
erence in density between compacts sintered for 2 h 
and 15 h. This was not unexpected as mullite for- 
mation takes place after about 2 h and the 
densification mechanism changes into diffusion 
controlled. The diffusivities of related species in 
mullite at 1250°C are not expected to be significant. 

3.3.2 Sintering of powder B 
Figure 11 shows the effect of temperature on the 
relative bulk density of powder B compacts sin- 
tered for 5 h. There were two distinct stages of 
sintering. In the first stage, the densification was 
due to viscous flow as in powder A, where the 
compacts started to densify above 1100°C and 
showed a sharp increase in density with increasing 

900 1000 1100 1200 1300 1400 1500 1600 1700 

Temperature (“C) 

temperature. However, since mullite formation in 
powder B takes place at a slightly lower tempera- 
ture (-1200°C) than in powder A (1250”(Z), the 
viscous flow was disrupted at an earlier stage of 
sintering. Thus, powder B compacts could not be 
sintered to as high a density as powder A com- 
pacts by the viscous flow. The alumina-silica par- 
ticle arrangement of powder B is also expected to 
have a detrimental effect on the densification rate 
in the first stage because silica surrounded by alu- 
mina is less effective for sintering due to disrupted 
connectivity of the viscous phase.7 The maximum 
density achieved in this stage was only 70%. In the 
second stage (in the presence of mullite), the 
densification took place via solid-state diffusional 
processes. The temperature dependence of sinter- 
ing was lower than the first stage (compare the 
slopes in both stages). 

Figure 12 shows the effect of the magnitude of 
isopressure on green density and on sintered den- 
sities at various temperatures. Higher compaction 
pressures resulted in higher green densities and, in 
turn, higher sintered densities. However, the effect 
of green density became less pronounced with 
increasing temperature for a given sintering time. 
With the employment of isopressures as high as 
1 GPa for compaction of the powder (which 
results in 58% green density), densities of up to 
97% were achieved at temperatures as low as 
1450°C. 

The effect of calcination temperature on sinter- 
ability of powder B was reported earlier.17 It was 
found that the sinterability of the powder was not 
affected when calcined up to a temperature below 
which there was no mullite formation (1 100°C). 
However, if the powder was calcined at a high 
enough temperature to form mullite then the sin- 
terability of the powder was reduced dramatically, 
demonstrating the improved sinterability of pow- 
der B when it does not contain mullite.17 The 
improved sinterability of the green compacts not 
containing mullite compared with those made 

s 
- 96 
h 
.Z 
e 
4 92 

0 Green density 

Isopress pressure (MPa) 

Fig. 12. Effect of isopress compaction pressure on green and 
sintered densities at various temperatures. Sintering time is 5 h. 

Fig. 11. Change in sintered density of powder B compacts 
with temperature. Sintering time is 5 h. 
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from the crystalline mullite powder during solid- 
state sintering (stage II) (even though the mullite 

grain size is the same) can be attributed to the fol- 
lowing factors : 

(a) amorphous or weakly crystalline powders 
not containing mullite can be compacted to a 
smaller pore size and narrower pore size distribu- 
tion due to their deformability at the contact 
point and due to their smaller size (i.e. better 
green microstructure),2’ 

(b) limited viscous flow sintering causes an 
increase in density before solid-state sintering 
whereas crystalline mullite powder compacts do 
not show any densification up to 1400”C.22-24 

The densification curves of powders A and B 
together with a fine crystalline mullite powder are 
compared in Fig. 13. Although powder B com- 
pacts had much more porosity to eliminate than 
powder A compacts by solid-state sintering (i.e. 
above 125O”Q powder B compacts sintered to 
near full density (~98%) at a lower temperature 
than powder A compacts. This was due to the fact 
that pores (engulfed inside mullite grains) in pow- 
der A compacts had to diffuse through 1.5 pm 
grain size mullite to reach the grain boundaries 
(Fig. 8), while the pores in powder B compacts 
were located at the multiple grain junctions as 
shown in Fig. 14. Even if they were located inside 
mullite grains, they would not have had to diffuse 
a long distance to reach the grain boundaries 
because the grain size was much finer (-0.15 pm) 
(Fig. 14). In addition, increased grain boundary 
area due to the fine grain size in powder B com- 
pacts should result in faster diffusion due to the 
availability of more diffusion channels. Entrap- 
ment of pores inside growing mullite grains during 
crystallization also appears to be the basic reason 
why 75% dense powder A compacts did not densify 
more than 5% between 1250 and 1500°C (Fig. 5). 

The comparison of the sintering curves of pow- 

100 
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-powdaB - crystalline mulIite powder 

lcm 1100 1200 1300 1400 1500 1600 1700 
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Fig. 13. Comparison of the sintering behaviour of powders A 
and B together with a crystalline mullite powder. Data for 

crystalline mullite powder are obtained from Ref. 24. 

Fig. 14. TEM bright-field micrograph of a powder B compact 
sintered at 1450°C for 5 h (-95% dense). Arrows indicate the 

pores. 

ders A and B with that of the crystalline mullite 
powder in Fig. 13 shows that some 300-350°C 
and 150-200°C reductions in sintering tempera- 
ture are possible with powder A and B, respec- 
tively, when they are reactively sintered. 

3.4 Stability of the fine microstructure of sintered 
powder B compacts 
As shown previously, the grain sizes of mullite at 
low temperatures (where there is no appreciable 
grain growth) obtained from powder A and B 
were very different, mullite from powder B having 
a much smaller grain size. The only difference 
between the two powders was the size of the alu- 
mina particles used for preparation, these being 
much finer in powder B. Mullite formation from 
diphasic aluminQsilicate mixtures occurs by self- 
nucleation from an intermediate amorphous alu- 
minosilicate phase after reaching a critical 
alumina concentration,25 i.e. alumina particles do 
not act as heterogeneous sites for mullite nucle- 
ation. After nucleation, growth of the nuclei takes 
place with no secondary nucleation. This means 
that the’ higher the-nucleation frequency, the lower 
the mullite grain size. One possibility for the 
higher nucleation frequency in the <presence of 
finer alumina particles could be that higher con- 
tact area between alumina and silica may cause 
many isolated regions reaching the critical nucle- 
ation concentration. 

As powder B compacts courd be sintered to 
high density (>95%) at low temperatures (-1450 
or 1500°C for short times) when-pitocessed appro- 
priately, grain growth of the mullite crystals was 
avoided (Fig. 14): Such’ a fifie microstructure 
could be important in certain areas such as’super- 
plastic shaping and fibre making. Therefore, fur- 
ther expetimetital study was carried out to 



634 F. Kara, J. A. Little 

Fig. 15. TEM. bright-field micrographs of powder B compacts 
(sintered at 1450°C for 5 h) after heat treatment at various 
temperatures for 120 h: (a) 12OO”C, (b) 1300°C and 

(c) 14oo”c. 

measure the temperature limit of the stability of 
the fine grain size of the compact which was sin- 
tered at 1450°C for 5 h. This was done by con- 
ducting a constant period of 120 h heat treatment 
of the samples between 1200 and 1400°C. 

Figure 15 shows TEM bright-field micrographs 
of mullite heat-treated between 1200 and 1400°C. 
As can be seen, the grain size did not appear to 

change up to 1300°C. This was confirmed by grain 
size measurements in TEM dark-field pictures 
using an image analyser. The average grain size of 
the as-sintered mullite (145O”C, 5 h) was -135 nm, 
the smallest ever reported for dense polycrystalline 
mullite ceramics, and that of the 1200 and 1300°C 
heat-treated mullites was -145 and 155 nm, 
respectively. However, at 1400°C although the 
grain size did not change much (-200 nm), exten- 
sive exaggerated grain growth was observed [Fig. 
15(c)]. The extent of exaggerated grain growth was 
generally less than 1 km, averaging about 0.5- 
0.7 pm, although in rare instances larger grains 
were also observed [Fig. 15(c)]. 

The occurrence of exaggerated grain growth 
during heat treatment at 1400°C must be due to 
the growth of very small amounts of larger grains 
which were already present in the as-sintered 
material (such as that indicated as A in Fig. 14). 
A large grain that is present in the matrix of fine 
grains will grow easily due to geometric (and thus 
free energy) considerations.26 

Although fine and to a certain extent curved 
grain structure (Fig. 14) in powder B derived mul- 
lite in general aids grain growth, the stability of its 
fine microstructure up to -1300°C can mainly be 
attributed to the low diffusivities in mullite at this 
temperature range as the rate of atom movement 
across the grain boundary is controlled by the 
diffusivity at grain boundaries.26 

4 Conclusions 

Homogeneously mixed precursor mullite powders 
were produced from boehmite-colloidal silica and 
aluminium sulfatecolloidal silica mixtures. The 
boehmite-silica mixture forms mullite at around 
1250°C in the presence of SAl,O, and an amor- 
phous phase, and the aluminium sulfate-silica 
mixture forms mullite at 1200°C in the presence of 
3/-Al,O, and an amorphous phase. 

Sintering studies showed that powder derived 
from boehmite-silica mixture can be sintered at 
1250°C to a high density (~95%) by viscous flow 
of the amorphous phase. Large pores, thought to 
be present in the green compact, could not be 
eliminated before mullite formation and formed 
the remaining -5% porosity. With the formation 
of mullite the pores were engulfed by the growing 
mullite grains and, as a result, their elimination 
required high temperatures (21550°C). Calcination 
up to 1000°C did not affect the sinterability of the 
powder but caused a positive effect of reducing 
the weight loss during sintering. However, when 
calcined at 1200°C its sinterability was reduced 
dramatically. 
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Powder derived from aluminium sulfate-silica 
mixture could not be sintered to as high density as 
boehmite-silica mixture by viscous flow sintering 
as a result of the formation of mullite at an earlier 
stage which disrupts the viscous flow. However, 
sintering of the powder to almost full density was 
possible at around 1450-l 500°C. Calcination tem- 
peratures up to 1100°C did not affect the sinter- 
ability of the powder. However, when calcined 
above the mullite formation temperature, its sin- 
terability was reduced. 

The nucleation frequency of mullite (and thus 
the grain size) appears to be governed by the size 
of the alumina component; the finer the alumina 
particle size, the higher the nucleation frequency 
and thus the smaller the mullite grain size. Dense 
and very fine grained mullite ceramics (cl50 nm) 
can be produced from the powder derived from 
aluminium sulfate<olloidal silica mixture. The 
fine grain size was found to be stable up to tem- 
peratures of 1300°C or above on longer heat 
treatments. 
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