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Sintering and crystallization of mullite powder 
prepared by sol-gel processing 
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Muilite powder with the stoichiometric composition (3AI203.2Si02) was synthesized by a 
sol-gel process, followed by hypercritical drying with C02. Within the limits of detection by X- 
ray diffraction, the powder was amorphous. Crystallization of the powder commenced at 

1200 ~ and was completed after 1 h at 1350 ~ In situ X-ray analysis showed no inter- 
mediate crystalline phases prior to the onset of mullite crystallization and the pattern of the 
fully crystallized powder was almost identical to that of stoichiometric mullite. The synthesized 
powder was compacted and sintered to nearly theoretical density below ~ 1250 ~ The 
microstructure of the sintered sample consisted of nearly equiaxial grains with an average size 
of ~0.2 pm. The effect of heating rate (1-15~ min -1) on the sintering of the compacted 
powder was investigated. The sintering rate increased with increasing heating rate, and the 
maximum in the sintering curve shifted to higher temperatures. The sintering kinetics below 
,,~1150~ can be described by available models for viscous sintering. 

1. I n t r o d u c t i o n  
Experimental studies [1~4] have demonstrated that 
amorphous (or glass) matrices are easier to densify 
around a rigid inclusion phase (in the form of particles, 
whiskers or fibres) compared to polcrystalline matri- 
ces. Densification prior to crystallization (referred to 
as a "glass-ceramic route") is therefore expected to be 
particularly important for achieving high density com- 
posites by conventional, pressureless sintering. How- 
ever, after sintering, it will be necessary to control the 
nucleation and growth of the crystalline phase to 
obtain the required microstructure. 

The purpose of the research reported in this paper 
was to synthesize an "amorphous" mullite powder 
with the stoichiometric composition (3A1203.2SIO2) 
and to investigate its sintering and crystallization. 
(The term "amorphous" is used here to signify the 
absence of a well-defined crystal pattern as revealed by 
X-ray diffraction.) The powder was synthesized by a 
sol-gel technique. In two subsequent papers [5, 6], the 
use of the synthesized powder as the matrix phase for 
composites with high sinterability will be reported. 

Mullite was chosen for this investigation because it 
is a useful model material that has been studied 
extensively. It is also an important material for many 
technological applications (e.g. heat engines, elec- 
tronic substrates and microwave dielectrics). A num- 
ber of techniques have been used to synthesize mullite 
powder [7- t l ] .  Among these, the sol-gel process of- 
fers the advantages of good mixing of the starting 
materials and good chemical homogeneity of the 
product. Mullite gel can be synthesized from a number 

of different starting materials, including (a) a mixture 
of two alkoxides [12, 13], usually tetraethylorthosilic- 
ate (TEOS) and aluminum s-butoxide, (b) a mixture of 
an inorganic salt and an alkoxide [14], usually alum- 
inium nitrate and TEOS, and (c) two sols [14], usually 
silica and bohemite. In the present research, two 
alkoxides (TEOS'and aluminium s-butoxide) were 
used as the starting materials. 

The initial step in the formation of mullite gel 
starting from two alkoxides is the addition of water to 
promote hydrolysis, condensation and gelation of the 
mixture. By appropriate control of the concentration 
of the reactants and the pH of the solution, either 
linear polymers or weakly cross-linked polymers can 
be formed [15]. After the gel is formed, drying is 
accomplished by removal of liquid in the pores. The 
widely used, conventional method of drying involves 
exposure to the atmosphere or vacuum at room tem- 
perature or below ~ 100 ~ Evaporation of liquid and 
liquid redistribution lead to capillary stresses [16, 17] 
which, in turn, cause shrinkage and an increase in the 
effective viscosity of the gel. If the stresses are large 
enough, they can cause cracking in the gel. 

A less widely used method of drying involves hyper- 
critical extraction [13, 18-21] of the liquid in the gel 
structure. Due to the absence of liquid-vapour inter- 
faces, no capillary stresses arise to cause network 
collapse. Drying shrinkages are therefore small and 
the gel has a relatively low viscosity compared to the 
conventionally-dried gel. From the point of view of 
forming a powder, the hypercritical drying process has 
a distinct advantage in that the dried gel can be 
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ground into a powder much more easily compared 
with the conventionally-dried gel. 

After drying, the gel may be sintered to produce a 
dense material. Sintering of amorphous or glassy ma- 
terials has been modelled by Scherer [22]. According 
to Scherer, the sintering rate, ~, can be expressed by an 
equation of the form 

e = AT~ vnl/3/rl  (1) 

where A is a constant, %v is the solid-vapour surface 
energy, n is the number of pores per unit volume, and 
rl is the viscosity of the solid phase. The benefits of a 
low viscosity matrix for sintering is apparent from 
Equation 1. 

In the present paper, the synthesis of mullite powder 
by sol-gel processing followed by hypercritical drying 
is described. The sintering, crystallization and micro- 
structure development of the compacted powder at 
constant rates of heating were investigated. 

2. Experimental procedure 
2.1. Preparation of mullite powder 
Mullite gel with the stoichiometric composition 
(3A1203.2SIO2) was prepared by the hydrolysis, con- 
densation and gelation of aluminium s-butoxide and 
tetraethyl orthosilicate (TEOS). (Both chemicals were 
Reagent Grade, and were obtained from Alfa Chemi- 
cals, Danvers, MA, USA). A solution of aluminium 
butoxide (molar ratio of HzO: butoxide = 50: 1) was 
hydrolysed at 90~ for 1 h and then peptized by 
adding H N O  3 (molar ratio of butoxide:acid = 
1:0.1). After the peptized mixture became transparent, 
the required amount of TEOS (dissolved in ethanol) 
was added to the mixture. Gelation occured in minu- 
tes under vigorous stirring at 75 ~ The gelled mater- 
ial was aged and soaked in ethanol several times (to 
replace the liquid in the pores with ethanol) prior to 
drying by hypercritical extraction with CO/. 

In the drying process, the wet gel was first placed in 
an autoclave which was then filled with ethanol. The 
ethanol was then displaced by flowing liquid CO z into 
the autoclave at a pressure of 800 psi for 8-10 h. When 
no trace of ethanol could be detected in the mixture 
flowing through the outlet, the autoclave was cooled 
to 8 ~ while maintaining the pressure at 800 psi. The 
inlet and outlet valves were then closed and the tem- 
perature of the autoclave was raised to 40 ~ while the 
pressure was maintained at 1200 psi. These hypercri- 
tical conditions for the C O / w e r e  maintained for 4 h, 
after which the pressure was released slowly to bring 
the system to ambient pressure. The temperature was 
then reduced to room temperature. At this point, a dry 
low-density gel with a solids content of < 10 vol % 
was obtained. 

The gel was heated to 150 ~ for 24 h to remove any 
traces of liquid and then heated at 600 ~ for 4 h to 
burn off organics present from the sol-gel process. The 
pyrolysed gel was then ground lightly in a plastic 
mortar  and pestle to produce a powder. Compaction 
of the powder was performed by pressing uniaxially in 
a die at ~ 10 MPa to form cylindrical pellets (12 mm 
in diameter by 6 mm) which were further pressed 

isostatically at ~ 300 MPa to produce samples with a 
green relative density of 0.45 _+ 0.01. 

2.2. S in te r ing  of the  c o m p a c t e d  p o w d e r  
The powder compacts were sintered in air in a I600 ~ 
dilatometer (Theta Industries, Inc., Port  Washington, 
NY, USA) that allowed continuous monitoring of the 
shrinkage. Sintering experiments were performed initi- 
ally at a constant heating rate of 4~  -1 to 
1350~ followed by a 1 h hold at this temperature. 
Further experiments were performed to investigate the 
effect of heating rate on the sintering of the compacted 
mullite powder. In these experiments, the samples 
were sintered under four imposed heating rates of 1, 5, 
10 and 15 ~ min-~ to 1500~ Lower heating rates 
were very time consuming, while higher heating rates 
could not be readily obtained with the dilatometer. 

The mass and dimensions of the compacts were 
measured before and after they were sintered. The 
density at any temperature (or time) was calculated 
from the initial density and the measured shrinkage. 
The final densities of the sintered samples were also 
measured using Archimedes' principle. The theoretical 
density of stoichiometric mullite was assumed to be 
3.17 g cm -3. 

2.3. Characterization of the samples 
Differential thermal analysis (DTA) and thermogravi- 
metric analysis (TGA) were used to study the changes 
occurring in the synthesized powder during calcin- 
ation. The samples were heated at a constant rate of 
10~ min -1 to 1500~ 

The microstruc'ture of the sintered samples was 
observed using scanning electron microscopy of both 
fracture surfaces and polished and thermally etched 
surfaces. Thermal etching was performed for 2 h at 
1400 ~ in air. Grain size and grain morphology of the 
sintered material were observed using transmission 
electron microscopy (TEM). Observations were ac- 
complished by both bright field (BF) and electron 
diffraction (ED) techniques. 

The phase composition of the synthesized powder 
and of the sintered material was determined by X-ray 
diffraction (XRD) in a diffractometer equipped with a 
hot stage. CuK~ radiation was used in the 20 range of 
20-60 o at a scanning rate of 2 ~ 20 per minute. For  
analysis of the sintered samples, the compact was 
ground to a fine powder in an agate mortar  and pestle. 
The crystallization of the mullite powder on heating 
was determined by in situ, hot stage XRD. In these 
experiments, the powder was placed on a platinum 
strip which was heated in air at a rate of 5 ~ min-  1 to 
1350~ The diffraction pattern was recorded at 
I00 ~ intervals between 900 and 1300 ~ 

3. Results 
3.1. Constant heating rate sintering 
Fig. 1 shows the axial shrinkage, A L / L  o, versus tem- 
perature, T, for the compacted mullite powder (green 
density 0.45) during sintering at four different heating 
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Figure 1 Axial shrinkage versus temperature for the synthesized 
mullite powder compacted to a relative density of 0.45 and sintered 
at 1, 5, 10 and 15~ min -1 to 1500~ 

100 

90 

.~ 80 

>~ 70 

6 0  

50 

% , , , , , , , 
4 0 1000 1200 1400 1600 

T e m p e r a t u r e  (*C) 

Figure 2 Relative density versus temperature for the samples de- 
scribed in Fig. 1. 

rates, ~, of 1, 5, 10 and 15~ -1. (L o = initial 
sample length, and AL = L - L  o, where L is the 
instantaneous sample length). Each curve is the aver- 
age of two runs under the same conditions and is 
reproducible to < 0.1%. The curves have somewhat 
similar shapes but are shifted to higher temperatures 
with increasing ~. For the sample sintered at 
5 ~ min-1, shrinkage commenced at ~900 ~ and 
was almost completed at ~ 1250 ~ the shrinkage rate 
was highest, however, between ~1100 and 1200~ 
The sintered density, measured by Archimedes' princi- 
ple, was in excellent agreement with a value of 0.98 
obtained from measurements of the sample mass and 
dimensions. The nearly theoretical density obtained at 

1250~ is comparable to that of mullite prepared 
by a similar technique [13] and is slightly higher than 
those for mullite gels prepared by conventional drying 
1-14] (i.e. exposure to the atmosphere). The final den- 
sity is also much higher than those reported by others 
for mullite prepared by various, more conventional 
techniques [11]. 

The relative density, p, of the samples at any tem- 
perature was calculated from the data of Fig. 1 ac- 
cording to the relation 

P = 90/( 1 - At/Zo)  3 (2) 

where Po is the initial relative density. The results are 
shown in Fig. 2. The temperature at which densific- 
ation was almost completed increased from ~ 1200 ~ 
f o r m =  l ~  -1 to ~ 1 3 5 0 ~  = 15~ -1. 
The volumetric densification rate, defined as (1/9) 
dp/dt, was calculated by fitting smooth curves to the 
data of Fig. 2 and differentiating. Fig. 3 shows that 
with increasing ~, the densification rate at any temper- 
ature increases and the maximum in the curve is 
shifted to higher temperatures. 
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Figure 3 Densification rate versus temperature calculated from the 
data of Fig. 2. 
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Figure 4 Differential thermal analysis (DTA) and thermogravi- 
metric analysis (TGA) curves for the synthesized mullite powder 
heated at 10~ min -1 to 1500~ 

3.2. Crystallization of the mullite powder 
DTA and TGA analysis of the amorphous mullite 
powder was performed at a constant heating rate of 
10 ~ min-  1 and the results are shown in Fig. 4. The 
powder was dried overnight at ~ 100 ~ and stored in 
a desiccator prior to the analysis. The DTA curve 
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shows a broad exotherm between ~200 and 500 ~ 
which is attributed to the removal of organics and 
hydroxyl groups. The TGA curve shows a corres- 
ponding weight loss within this temperature region. 
Above ~ 500 ~ there is almost no further weight loss. 
The total weight loss after heating to 1500~ is 



4 0 0 . 0  

3 6 0 . 0  

3 2 0 . 0  

2 8 0 . 0  

V{ 2 4 0 . 0  

d .  2 0 0 . 0  

u t 6 0 . 0  

~ 2 0 . 0  

80.0 

4 0 . 0  

0.0 

(a) 

3 . 5 6  2 . 9 8  2 . 5 6  2 , 2 5  2 . 0 1  'I . B 2  
I I I I I 

. 6 7  

1 0 0  

9 0  

8 0  

7 0  

6 0  

5 o  ;~ 
40 
30 
20 
t0  

0 

t . 3 7 3 . 0  

t 2 3 5 . 7  

t 0 9 8 . 4  

9 6 t .  1 

U~ 8 2 3 . 8  

O _  6 8 8 .  I~ 

(-) " ; 4 9 . 2  

4 : t ' i  . g  

2 7 4 . 6  
1 3 7 . 3  

0 . 0  

I I I I I I I I I I I l I I l l I l I I I I I I I ! I I l 
25 30 35 40 45 50 55 

! 
2 5  

2 . 8 8  2 . ~ 6  2 . 2 ~  2 . 0 1  1 . 8 2  1 . 6 7  
I I l 1 I I ~ o o  

/ .o 
8 0  

7O 
6 0  o 

40 
3O 
2O 

I I I I I I I I I I I I I I I I I I 1 I 
3 0  35 ~ 40 45  50  5 5  

A l u m i n i u m  s i l i c a t e / M u l l i t e ,  S Y N  

I I I , , I  I ,  , , , , .  
(b) AI2SI6013 

Figure 5 X-ray diffraction patterns of(a) the synthesized mullite powder and (b) the crystallized mullite which was heated to 1350 ~ for 1 h. 
(The abscissa is in units of degrees 20.) 

13 %. The sharp exotherm in the DTA curve at 
1250~ corresponds to the crystallization of the 

mullite powder. It is interesting to note that the DTA 
curve shows no evidence of crystallization of other 
phases prior to the crystallization peak at ~ 1250 ~ 

X-ray analysis of the synthesized mullite powder 
after drying overnight at ~ 100 ~ does not reveal any 
well-developed crystalline peaks [Fig. 5(a)]. The fully 
crystallized powder produced by heating at 1350~ 
for 1 h shows well-defined peaks which are almost 
identical to those of stoichiometric mullite [Fig. 5(b)]. 

Fig. 6 shows the crystallization behaviour of the 
synthesized mullite powder as determined by in situ 

hot-stage X-ray diffraction. The peak at ~40~ is 
due to the sample holder. It should be pointed out that 
due to the small amount of powder that can be placed 
on the sample holder and the resulting low density of 
the sample, the diffraction peaks were not as sharp 
and well-defined as for a more densely packed sample. 
Crystallization commenced at ~ 1100 ~ and became 
quite noticeable at 1200~ which is close to the 
crystallization temperature observed by DTA. Within 
the detection limits of the in situ X-ray analysis, no 
intermediate phases were observed prior to the crys- 
tallization of mullite. 

3.3. Micros t ruc ture  d e v e l o p m e n t  
Fig. 7 shows SEM micrographs of (a) the fracture 
surface and (b) the polished and thermally etched 
surface of a mullite powder compact (initial relative 
density = 0.45) that was sintered at 4~ min-1 to 
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Figure 6 In situ, hot stage X-ray diffraction pattern of the syn- 
thesized muIlite powder heated at 5 ~ rain- I to the temperatures 
shown in ~ (The abscissa is in units of degrees 20.) 

1350~ The measured density of the sintered com- 
pact was 0.98. The micrograph of the polished and 
etched surface shows some evidence of a very fine- 
grained microstructure. 

Transmission electron microscopy was used to 
achieve better resolution of the sintered microstruc- 
ture. Bright field TEM (Fig. 8) shows a nearly 
equiaxed microstructure with an average grain size of 
~0.2 gin. Within the resolution limits of the instru- 
ment, no glassy phases were detected in the grain 
boundaries. Selected area diffraction confirmed the 
crystalline nature of the sintered sample. 

4 .  D i s c u s s i o n  

The mullite powder synthesized in this work by 
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Figure 7 Scanning electron micrograph of (a) the fracture surface and (b) the polished and thermally etched surface of a sample sintered at 
4~ min -1 to 1350~ 

Figure 8 Bright field transmission electron micrograph of a mullite 
sample sintered for 1 h at 1350 ~ 

sol-gel processing followed by hypercritical drying 
shows a number of desirable sintering characteristics. 
The compacted powder sintered to nearly theoretical 
density below ~ 1250 ~ which is nearly 400 ~ lower 
than the sintering temperature required for the forma- 
tion of dense stoichiometric mullite from mixed pow- 
ders of A120 3 and SiO2. The absence of intermediate 
crystallization prior to the main mullite crystallization 
temperature of ~ 1200 ~ indicates that the process is 
much less complex compared to the crystallization 
phenomena observed in samples prepared from mixed 
powders [23, 24]. The absence of intermediate phases 
(which is desirable) may be due to the good chemical 
uniformity of the mullite powder synthesized in this 
work. This chemical uniformity may also be an im- 
portant factor in the formation of the nearly equiaxial, 
fine-grained microstructure during sintering (Fig. 8). 
Although no studies were performed on the sintered 
mullite, the very fine-grained microstructure may be 
expected to give rise to limited superplasticity during 
deformation at elevated temperatures. 

The sintering and crystallization studies (Figs 2, 4 
and 6) show that most of the densification of the 
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compacted mullite powder occurred prior to crystal- 
lization. This is expected to be an important factor for 
the formation of high density composites by con- 
ventional sintering since, as pointed out earlier, an 
amorphous matrix sinters more easily around a re- 
inforcement phase compared to a polycrystalline mat- 
rix. The use of the synthesized mullite powder for the 
matrix phase of composites is described in subsequent 
papers [5, 6]. 

Since most of the densification of the compacted 
mullite powder occurred prior to crystallization, it 
would be expected that the dominant sintering mech- 
anism would be viscous flow. It would be interesting 
to see whether the theories of viscous sintering can 
account for the measured sintering kinetics. While 
Scherer's model [22] for viscous sintering might be 
more appropriate to the present work, it has  been 
shown that the predictions of the model do not differ 
significantly from those of  the somewhat simpler mo- 
del of Mackenzie and Shuttleworth [25]. In the pre- 
sent discussion, the Mackenzie and Shuttleworth mo- 
del will therefore be used. The model predicts that the 
densification rate, defined as (1 P) dp/dt ,  is given by 

(1/p)dp/dt  = (ysv/q){4~np/[3( 1 _ p)]}1/3 (3) 

where p is the density, t is the time, and the other terms 
have been defined in Equation 1. In constant heating 
rate sintering, the temperature is given by 

T = To + at, (4) 

where T o is the initial temperature. Assuming that q is 
given by 

q = q o e x p [ A G / ( R T ) ]  (5) 

where AG is the activation energy for viscous flow and 
R is the gas constant, then Equation 3 can be written 

1 

l ~ p  ( 1 - f ) 3  dp 
3Jp o p3 

= F(p) 

?~vK ('r / - AG\ 
- exp ~ ] d T  

~q0J ro  ~ t ~ l /  
(6) 
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where K = (,4rcn/3) 1/3. According to Equation 6, a plot 
of F(p) versus 1/~ should yield a straight line. This is 
indeed found to be so for temperatures up to 

1100 ~ (Fig. 9). Deviations from the straight line 
above this temperature may be due to the onset 
of crystallization. When crystallization occurs, then 
Equation 5 will no longer be valid. 

5. Conclusions 
Mullito powder, synthesized by a sol gel technique 
followed by hypercritical drying with CO2, was com- 
pacted and sintered to nearly theoretical density be- 
low ~ 1250 ~ This density is somewhat higher than 
those reported for mullite gels prepared by a similar 
sol-gel technique followed by conventional drying, 
and is considerably higher than those for mullite 
prepared from mixed powders. 

Crystallization of the synthesized powder commen- 
ced at -~ 1100-1200 ~ and was completed after I h at 
1350 ~ Within the detection limits of the equipment, 
the X-ray diffraction pattern of the fully crystallized 
mullite was almost identical to that of stoichiometric 
mullite and no intermediate crystalline phases were 
detected prior to the onset of mullite crystallization. 

Bright field transmission electron microscopy show- 
ed that the sintered, fully dense mullite consisted of 

nearly equiaxed grains with an average size of 
0.2 ~tm. 
The sintering kinetics prior to the crystallization of 

the sample (i.e. below ~ 1100 ~ can be explained by 
existing models for viscous sintering. 
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