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AbStrUCt 

A monolithic colloidal gel of mullite composition, 
prepared from SiOz and boehmite sols, was sintered 
under isothermal conditions. The sintering process 
was studied by dilatometry, thermogravimetric anal- 
ysis, bulk density measurements and discontinuous 
shrinkage measurements. The silica component of 
stoichiometric colloidal mullite gel prevented crys- 
tallization of a-Al,O, in the system. The initial 
rapid part of the sintering is controlled by the alu- 
mina phase and it is not a viscous sintering process 
in the sense of Scherer’s viscous sintering model. 
The final part of sintering, above approximately 
80% of the theoretical density, is controlled by the 
silica component of the gel and agrees very well 
with the Scherer model. 

1 Introduction 

The diphasic monolithic rnullite gel is a precursor, 
which leads to mullite ceramics with a relative 
density above 96% at 125~O-1350°C.1-8 It is neces- 
sary initially to calcine the gel to prevent large 
volume changes from occurring during sinter- 
ing. 9,10 The temperature at which the required sin- 
tering processes takes place is then increased at 
least to 1600°C. Many quantitative studies are 
related to this phenomenon, such as crystallization 
of mullite,‘1-13 phase composition,2~14,15 sintering of 
crystallized mullite9,10 and mechanical properties 
of mullite ceramics.‘j9,‘6 Sintering of the gel (amor- 
phous phase, before crystallization of mullite) is 
considered to be a simple process (viscous flow or 
viscous deformation mech.anism)3-5,‘8,19 and, there- 
fore, it has received less attention in the overall 
study of mullite crystallization and densification. 
Generally it is believed that sintering of colloidal 
mullite gels takes place d.ue to the silica compo- 
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nent of this gel. But the process has not been anal- 
ysed from the view point of the role of the indi- 
vidual components of the gel. In this work we 
shall try to resolve this question. 

Sintering of colloidal gels such as silica or mul- 
lite is complicated in comparison with powdered 
glass, because water escapes from the gel during 
sintering, leading to an increase in viscosity.” The 
relation between OH content in the gel and the 
rate of sintering, however, is not yet fully under- 
stood.” 

This work describes the sintering kinetics of 
diphasic mullite gels in correlation to Scherer’s 
viscous sintering mode119,20 as determined by the 
weight loss of gels at annealing, the role of silica 
and alumina components during sintering of a 
mullite gel, the pore size distribution, and the high 
isostatic densification (at pressure of 1.5 GPa) of 
gel. 

The Scherer model assumes a cubic array of 
interconnecting glass cylinders. The microstructure 
of the gel is represented by a unit cell with edge 
length 1 and a cylinder with radius a. The equation 
relating time to density of sample is: 

(1) 

where 

x = all (2) 

82/2x3 - 37~~~ + pips = 0 (3) 

y is surface energy, p is density at time t, ps is 
theoretical density, p. is initial density, 7 is the 
viscosity of the gel and to is the fictitious time at 
which x = 0. 

2 Experimental Procedure 

Monolithic colloidal gels with the stoichiometry 
3A1203.2Si02 were prepared from commercial 
boehmite (Condea, -10 nm particle size) and silica 
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Fig. 1. Thermogravimetric analysis of diphasic mullite gels 
heated at the rate of 10°C min-’ and isothermal annealings. 
Weight changes of gel have been recorded from temperature 
1000°C (standardized stage). Isothermal temperatures are 
achieved at indicated times with vertical lines on x-axis 

(time). 

sol (To&, 30 wt% SiOz, pH = 9, particle size = 12 
nm, stabilized by NH,). An aqueous boehmite dis- 
persion (18 wt%) was peptized by mixing it with 
HN03 (pH = 2), at 55°C. The boehmite sol was 
intensively mixed as the silica sol was slowly 
added. The mixed sol gelled within 1 h in a pan 
on a hot plate at about 80°C. The nearly transpar- 
ent gels were extruded to rods (d = 0.5 cm, I= 5 
cm). The monolithic gel rods were allowed to dry 
in air in a vertical position in order to retain their 
circular cross-section and shape. Dried gel rods 
were calcined at 550°C for 2 h. For the pressed 
samples, each gel rod was separately encapsulated 
and cold isostatically pressed at 1.5 GPa. Shrink- 
age of the gel rods (I = 2 cm, d = 0.5 cm) was 
measured during sintering using a Netsch 402 - E 
dilatometer at a heating rate of 10°C min-’ or by 
the discontinuous method. Rods of gels (/ = 1 cm, 
d = 0.1 cm) were put suddenly into an oven (tem- 
perature range 1120-l 220°C) and after sintering 
were quenched. Temperature change was about 
600°C min-’ in the heating process. Thicker gel rods 
cannot be used because they disintegrated during 
the sudden heating. The lengths of the gel rods 
were measured before and after heat treatment 
using a micrometer. Relative density (pips) curves 
reported in various figures were obtained from 
continuous dilatometric curves, thermogravimetric 
curves (Fig. 1) and bulk density measurements 
(liquid displacement method) with an error of 
f. 0.05 Mg rnm3. Relative density curves were then 
obtained from continuous dilatometric curves. 
Therefore, error bars cannot be introduced into 
figures. 

3 Results 

The specific surface area of the original gel (cal- 
cined at 550°C for 2 h) outgassed in vacuum at 
350°C was 241 m2 g-l. The pore size was in a nar- 
row range of 2-3 nm (unimodal pores). Upon 
isothermal heating of gels at 1140, 1180 and 
1210°C [crystallization of mullite was not detected 
by X-ray diffraction (XRD)] and at 1290°C (mul- 
lite crystallized as detected by XRD) for 240 min, 
weight losses (Fig. 1) ranged from 0.8 to 1.3% 
compared with the standardized weight of a gel at 
1000°C. If the gel is heated to the temperature at 
which crystallization takes place (e.g. 1290°C) the 
weight loss at the beginning is obviously faster 
than at a lower temperature, but later the weight 
loss is little or none as a consequence of crystal- 
lization of mullite. The standardized weight of 
the gels at 1000°C enables the gels to avoid the 
influence of physically adsorbed water (different 
humidity of air) on the measured weight changes. 

Sintering of one-component gels (silica and alu- 
mina) and diphasic gels of mullite composition is 
shown in Fig. 2. Initial relative bulk densities p/p0 
of gels increase in the order boehmite < mullite < 
silica gel. After sintering at 1220°C for 5 h the 
mullite gel yielded only defect (&@-Al203 phases. 
Mullite, however, did not crystallize. On the other 
hand, both the one-component gels crystallized. 
The boehmite gel totally transformed to a-Al203 
and the silica gel partly crystallized to cristobalite. 

Mullite sintering kinetics were analysed by 
Scherer’s viscous sintering mode1.‘9,20 Zero time of 
isothermal heating reported for the kinetics stud- 
ies refers to that time at which the sample reached 
the isothermal temperature (Figs 3, 4 and 5). The- 
oretical curves generated by the solution of eqn 
(1) are shown by the solid line in Figs 3C, 4C and 
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Fig. 2. Relative densities of silica, alumina and mullite colloidal 
gels vs. time of isothermal annealing at 122O’C: (1) the first 

part; (2) the second part of mullite densification. 
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Fig. 3. Sintering of unpressed colloidal mullite gels at isother- 
mal annealing temperatures of 1 l50, 1220 and 1240°C (increase 

of temperature 10°C min’). 
A - relative bulk densities vs. time of isothermal annealing. 
B, C - analysis of sintering kinetics by Scherer’s model. 
B - reduced time vs. experimental time. 
C - relative bulk densities vs. reduced time, solid line is the- 
oretical function of the model. 

Fig. 4. Sintering of cold isostatically pressed (1.5 GPa) colloidal 
mullite gels at isothermal annealing temperatures of 1150, 1180, 

1200 and 1220°C (increase of temperature 10°C min-‘). 
A - relative bulk densities vs. time of isothermal annealing. 
B - reduced time vs. time of experimental annealing. 
C - relative bulk densities vs. reduced time, solid line is the- ._^ . - 
oretical function of model. 
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5C. This function is used to find the reduced time 
K (t - to) (where K is a constant, t is the experi- 
mental time and t,, is a fictitious time at which p = 
0) for experimental values of pips. The function of 
these reduced times vs. the duration of isothermal 
heat treatment should be a straight line according 
to the model (Figs 3B, 4B and 5B) with slope: 

K = ?6%d1’3 
(4) 

710 
The length parameter of the model lo can be 
calculated if the initial specific surface area So is 
known according to the following equation: 

lo = 3(1- = 
SOPSX 3g - sV2x 

) (5) 

Using eqn (5), initial relative density p/ps = 0.42 
and surface area of 241 m2 g-‘, the length parame- 
ter of the Scherer model is 7.56 nm. 

Gel viscosity was calculated from eqn (4). The 
required parameters K (slope of lines Figs 3B, 4B 
and 5B), Z. and p/p0 (Table 1) are available from 
the experimental measurements. For y a value of 
0.28 kJ mm2 was used.” 

Initial steep parts of the sintering curves (Fig. 
3A) for unpressed gels are not in agreement with 
theoretical functions of Scherer’s model (Figs 3B 
and 3C). Disagreement increases with the increase 
in annealing temperature. In the case of the func- 
tion K (t - to) vs. time of isothermal annealing, 
disagreement with the model is in the deviation of 
experimental points from the straight line for 
short times (Fig. 3B). According to Scherer,” such 
deviation from the model represents an increase of 
viscosity caused by escape of water from the sys- 
tem. The above described relations for unpressed 
gels (Fig. 3) are nearly the same as those for cold 
isostatically pressed (1.5 GPa) gels (Fig. 4). How- 
ever, the deviation from the model is smaller for 
the latter. Kinetic functions for rapidly heated 
samples (600°C min-‘) are shown in Fig. 5. Unlike 
the slowly heated samples (Figs 3 and 4), there is 
a broad agreement of experimental measurements 
with the model for rapidly heated samples. Kinetic 
parameters of gels are summarized in Table 1, and 
calculated functions of viscosities vs. l/T are 
shown in Fig. 6 together with calculated activa- 
tion energies. The activation energies are approxi- 
mate because they were calculated based on only a 
few experimental points. The differences in activa- 
tion energies clearly show that different processes 
are involved. All functions in Fig. 6 show two- 
straight lines with different activation energies. 
Lines with low energies belong to viscous sintering 
of mullite gels without crystallization of mullite 
(mullite was not detected by XRD). Lines with 
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Fig. 5. Sintering of unpressed colloidal mullite gels at isother- 
mal annealing temperatures of 1120, 1160, 1200, 1220 and 

1240°C for rapidly heated samples (-600°C min-‘). 
A - relative bulk densities vs. time of isothermal annealing. 
B - reduced time vs. experimental time. 
C - relative bulk densities vs. reduced time, solid lines are 
theoretical function of model. 
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Table 1. Kinetic parameters of sintering of diphasic colloidal 
mullite gels analysed by Scherer’s model (K is constant of 
reduced time, viscosity is calculated for lo = 7.56 nm, pips = 0.42 
and y = 0.28 J mm’; A - heating rate of -600°C min-‘, B, C - 
heating rate of -10°C min.‘; A, B - unpressed, C - pressed 

A 1120 
1160 
1200 
1220 
1240 

B 1150 
1220 
1240 

C 1150 
1180 
1200 
1220 

36 x 10-5 
49 x 10-5 
6.3 x 10m5 

10.0 x 1o-5 
178 x 10-s 

06 x 10-5 
16 x 10-5 

116 x 10-5 

13.8 
10.1 
7.8 
4.9 
2.8 

79.1 
30.9 
4.3 

0.7 x 10-5 57.8 
12 x 10-5 41.7 
56 x 10-5 8.9 

36.3 x 10m5 1.4 

temperature (OC) 

1100 
,,.w yYL-?L, 13.0 

6.6E-4 7.0 E-4 
l/T I:K’ ‘) 

7.5E-4 

Fig. 6. Function of calculated viscosities (Scherer’s model) vs. 
l/T for diphasic mullite gels. Activation energies were calculated 

using an Arrhenius-type equation. 

high energies belong to sintering and simultaneous 
crystallization of mullite. The sintering process in 
rapidly heated samples (600°C min-‘) takes place 
at significantly lower activation energies than in 
slowly heated samples (10°C min’). It is as a 
result of actual OH content in the samples, which 
can be assumed to be higher in rapidly heated 
samples. 

4 Discussion 

The diphasic mullite gel used here is composed of 
AlOOH or alumina particles (the latter present at 
temperatures >55O”C), of size -10 nm, and Si02 

particles with size of -11 nm. Considering stoi- 
chiometric mullite composition, a boehmite den- 
sity of 3.70 Mg .m-3,2’ a silica density of 2.20 Mg 
mm3 and the above-mentioned particle size, the 
ratio of silica to boehmite (alumina) particles is 
1:2.7. This means that the system is composed of 
27% of silica particles and 63% of AlOOH parti- 
cles (above 550°C alumina particles of the anhy- 
drous type). Up to the temperature. of intensive 
sintering both types of particles (i.e. silica and alu- 
mina) should form a connected network according 
to the percolation theory, which states that the 
threshold concentration to establish a connected 
network is about 16 ~01% for a random mixture 
of two types of spherical particles of equal size.22,23 
This idea can be discussed by comparing the 
dilatometric curves of the one-component col- 
loidal gels (SiO, and AlOOH) and of the diphasic 
gel of mullite stoichiometric composition (see Fig. 
2). The silica gel used here becomes fully dense by 
950°C but the boehmite gel practically did not 
sinter below 1000°C. Slow sintering of the mullite 
gel up to about 1000°C is a result of sintering of 
the connected network of silica particles, leading 
to isolated islands of the Si02 phase. Above a 
temperature of lOOO”C, sintering of boehmite 
derived gel is identical with sintering of the mullite 
gel (Fig. 2, part 1 of mullite gel). In the case of the 
boehmite gel, sintering was suddenly arrested by 
crystallization of a-Al,O,. If crystallization of 
a-Al203 did not take place, then it could be assumed 
that densification of the boehmite gel would not 
stop at a relative density of -62% (Fig. 2) and 
would be continued. Such conditions are fulfilled 
in the mullite gels, where only direct crystalliza- 
tion of mullite was observed at about 1240°C. 
From this result, it is suggested that fast sintering 
of a mullite gel (Fig. 2, part 1) is controlled by the 
alumina phase. At this stage of sintering probably 
only one connected phase is present-the alumina 
phase. Silica enables this sintering of alumina by 
preventing the a-Al,03 crystallization in the gel. 
Other influences of silica components at this stage 
of sintering of mullite gels are not yet clear. Fur- 
ther study would be needed for a better under- 
standing of the role of the Si02 phase at this stage 
of the mullite gel sintering. 

The same conclusion follows from sintering 
kinetic analysis by Scherer’s model. The initial fast 
sintering of mullite (Fig. 2, part 1) as discussed 
above shows significant deviation from the model 
(Figs 3, 4 and 5). This result also indicates that 
the process is not a viscous sintering process in the 
sense of the model, where matter flows as a con- 
tinuum (connected network of bonds M-O-M). 
It is rather flow of particles, especially flow of 
alumina particles. For such small particles as are 
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involved in the present mullite gels, viscous flow 
of particles and reorganization of particles are 
probably identical processes. These processes are 
influenced by the OH group content in the sam- 
ples, as follows from the sintering kinetics of slow 
(lO°C min ‘, Figs 3 and 4) and rapidly heated 
(600°C min-‘, Fig. 5) samples. At fast heating, the 
actual OH content of the samples is higher, as is 
observed from faster sintering at lower activaeion 
energies (Fig. 6). 

Sintering of the mullite gel above -80% of rela- 
tive density (Fig. 2, part 2), is much slower than 
below -80% density (Fig. 2, part 1) and agrees 
very well with Scherer’s sintering model. The SiOz 
phase now begins to control the sintering process 
by the well known’9.2” viscous flow sintering mech- 
anism. The silica phase begins to form a con- 
nected network in the sense of Si-0-Si bonds, 
unlike the initial gel where it is necessary to con- 
sider a network of colloidal silica particles. It is 
enabled by the spreading of the A1,03/Si02 inter- 
face at the cost of Al,O,/vapour and SiO,/vapour 
interfaces. With the increased movement of ions at 
this stage, crystallization of mullite also takes 
place. In the studied gel the crystallization of mul- 
lite had occurred at 1240°C. 

Activation energies of viscous flow obtained 
from the (model) slopes of linear functions of K 
(t-t,,) vs. experimental time (Figs 3B, 4B and 5C) 
depends on temperature, pressing and also on the 
heating rate (Fig. 6). The activation energies 
decrease as follows: unpressed gel > pressed gel > 
fast heated gel. These processes are significantly 
influenced by actual OH concentration in the sam- 
ple and by crystallization of mullite. 

5 Conclusion 

The silica component of stoichiometric colloidal 
mullite gels prevents the crystallization of a-Al,O,. 
It enables the alumina component of the gel to 
control the sintering of the mullite gel by means of 
a connected network of (6,8)-A1,03. The initial 
fast part of sintering is not a viscous sintering pro- 
cess in the sense of Scherer’s sintering model. The 
second, slow part of sintering, above about 80% 
of theoretical density is controlled by the silica 
component of the gel and agrees very well with 
Scherer’s model. The sintering process and also 

the activation energies are influenced by the rate 
of temperature increase, apparently as a conse- 
quence of an actual OH content in the gels. 
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