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Abstract 

Bulk gels corresponding to an oxide composition of 
3A1203.2Si02, prepared from a sol with a high 
solids yield using submicron alumina powder and 
colloidal silica sol as precursors, were sintered to 
over 99% of theoretical density after 2 h at 1300°C. 
Denstfication occurred by viscous flow of the amor- 
phous silica matrix containing well dispersed 
alumina particles. After 2 h at 1600°C almost com- 
plete crystallisation to mullite occurred. Untform 
unidirectional carbon jibre reinforced composites 
were produced by a single stage infiltration of 

fibres, using the above sol, and hot-pressing either 
at 1300 or at 1400°C to 98 and 97% of the theoreti- 
cal density respectively. The composites, with a 
matrix predominantly of silica glass and dispersed 
alumina particles, exhibited non-brittle failure with 
mean flexural strengths of 720 and 766 MPa for 
hot-pressing at 1300 and 1400°C respectively. 
Extensive fibre pull-out during testing indicated 
a relatively weak bond between the jibres and 
the matrix, and transmission electron microscopy 
revealed no evidence of chemical interactions at the 
interface. 

Introduction 

Mullite ceramics are potential matrix materials for 
high temperature structural composite applica- 
tions because of their excellent high temperature 
strength and creep resistance, good chemical and 
thermal stability and low thermal expansion 
coefficient. Fabrication of mullite ceramics by tra- 
ditional methods using natural minerals as start- 
ing materials with alumina additions normally 
requires a high processing temperature in excess of 
1700°C with lengthy sintering.‘,2 However, a mul- 

*Present address: Department of Materials Science and 
Metallurgy, University of Cambridge, UK. 

619 

lite crystallisation temperature as low as 980°C 
can be achieved from alkoxide precursors using 
the molecular scale mixing of sol-gel methods.3$4 
Generally, the materials obtained by this tech- 
nique suffer high shrinkages on drying because of 
the low solids content of the ~01s. If this disadvan- 
tage could be overcome, the sol-gel route would 
be extremely promising for the preparation of 
mullite composites especially when continuous 
fibre is used as the reinforcement.’ In practice, the 
fabrication of composites by sol-gel methods have 
several inherent advantages over other methods 
such as slurry infiltration, melt-infiltration or 
CVD processing. 6 The consolidation of matrix 
and fibre can be realised in a single infiltration 
stage so that there is less damage to the fibres. It 
is also relatively easy to achieve a uniform fibre 
distribution. Organic binders are not required so 
porosity associated with burning-off is not a prob- 
lem, and green strength remains high. However 
the much lower processing temperatures in sol-gel 
processing are a key factor. In preliminary 
work,7T8 a colloidal sol with high solids yield 
containing up to 40% solids by volume, pro- 
ducing dried gels of the mullite composition, 
3A1,03.2Sio2, was reported. This was used to pre- 
pare a highly densified monolithic mullite bulk 
ceramic with almost complete mullitisation at 
1600°C after 2 h. It was also demonstrated subse- 
quently’ that highly densified continuous carbon 
fibre reinforced mullite matrix composites could 
be successfully prepared by a single stage infiltra- 
tion process, followed by hot-pressing. Recently, 
Colomban and coworkers” have described the 
effects of a zirconia interphase on the mechanical 
properties of continuous oxide fibre reinforced 
mullite matrix composites prepared by a sol-gel 
route. The oxide fibres were in the form of woven 
fabric. Achievement of a non-brittle composite 
was related to the absence of a chemical reaction 
between the zirconia interphase and the oxide fibres. 
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In this paper, densified mullite bulk gels and 
hot-pressed carbon fibre alumina-silica matrix 
composites from the high solid yield sol are 
characterised by X-ray diffraction (XRD), scan- 
ning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The densification 
mechanism for mullite bulk gel samples is deter- 
mined. The strength and elastic properties of the 
composites are measured under three point bend- 
ing. The fracture surfaces of the composite speci- 
mens are examined by SEM, and the interface 
between fibre and matrix analysed by TEM. 

Experimental 

Monolithic samples of the mullite composition 
(3A1,0,.2SiO,) were prepared by a sol-gel process, 
as described in preliminary studies,7,8 using Ludox 
colloidal silica sol (DuPont AS40, 40 wt% of silica, 
particles of 5-50 nm in diameter) and a-alumina 
powder (A1000 SG, Alcoa 0.5 pm) as precursors. 
Briefly, the pH of the Ludox sol was adjusted 
from 9 to 2-3 using dilute acid (HCl 1 M). Alu- 
mina powder was dispersed in the sol to achieve a 
uniform mixture of the required composition, 
using magnetic stirring. Dilute acid was again 
added to reduce the pH to 5-6~, so that gelation 
occurred in 30 min. Samples of the bulk gel (discs 
30 mm in diameter and 10 mm in thickness) were 
slowly dried at room temperature for 48 h, fol- 
lowed by drying at 90°C for 48 h, and calcined at 
500°C for 2 h; finally they were heated at 
20Wmin to the sintering temperatures (1 lOO- 
-1600°C) for the required holding time of 2 h. 

Unidirectional carbon fibre reinforced compos- 
ites were fabricated using single stage infiltration 
with the above sol, which had a total solids con- 
tent of 40 ~01%. Grafil LXA unsized high strength 
carbon fibre tows (density 1.8 1 X lo3 kg/m3, 
diameter of 8 ,um, theoretical strength 4 GPa, 
elastic modulus of 224 GPa) were employed as the 
reinforcement. Fibre tows were passed through 
the sol and wound onto a hexagonal drum to 
form a 10 mm thick green prepreg sheet. After 
drying at 90°C the sheet was released from the 
drum. The dried sheet was cut into circular discs 
45 mm in diameter and hot-pressed in a graphite 
die surrounded by a high temperature furnace. 
During hot-pressing, the composite prepreg was 
sealed by graphite powder to protect it from oxi- 
dation and a nitrogen gas flow was used to protect 
the die. One composite sample was heated at 
20”C/min to 1300°C and held for 1 h, under a 
pressure of 25 MPa. Another sample was heated 
at 20”C/min to 1400°C and held for 0.5 h at 17 
MPa. Both samples were subsequently allowed to 

cool naturally to room temperature overnight. By 
careful control of the sol viscosity, composites 
with a range of fibre volume fractions (0.30-0.60) 
could be prepared. The composites hot-pressed at 
1300 and 1400°C had volume fractions of 0.40 
and 0.45 respectively. 

The densities of the sintered monolithic gel, and 
composite samples were determined by mercury 
immersion. The volume fraction of fibre in the 
composite was accurately determined from the 
weight change after complete oxidative removal of 
the carbon fibre at 900°C overnight. After this 
treatment, the remaining oxide matrix was white 
in appearance on the outside surface and on the 
inside after fracture, indicating that no carbon 
remained. The crystalline phase development in 
the heat treated samples was characterised by 
powder X-ray diffraction (Philips 1710) using a 
scanning speed of 2” (28) /min. Microstructural 
analysis was carried out using a Camscan 400 
SEM and Philips 400 TEM. Both fracture and 
polished surfaces of samples were employed in the 
SEM study. Thin section samples for TEM study 
were prepared by grinding and polishing discs of 
3 mm in diameter, cut from as-prepared samples to 
a thickness of about 100 ,um and further dimpling 
down to about 15-20 pm in the centre, followed by 
final ion beam thinning to electron transparency. 

The thermal expansion coefficient of the bulk 
gel of the alumina-silica mixture, 3A1,03.2Si0,, 
fired at 1300°C for 2 h with a density of 3.23 X 
10’ kg/m3, was measured using a dilatometer with 
fused silica as a reference. The measuring speci- 
men was cut from a sintered bulk sample, and 
ground and polished to the diameter of 10 mm 
and length of 30 mm. The thermal expansion 
coefficient was an average result in the tempera- 
ture range of 25-700°C. 

The flexural strength and elastic modulus of the 
composite specimen were determined by three point 
bend test according to British Standard Methods of 
Testing” on a Mayes Universal Tester with a loading 
speed of 0.2 mm/min at room temperature. Rect- 
angular test specimens cut from the hot-pressed compos- 
ite were ground and polished to a span of 30 mm 
with a span to thickness ratio greater than 20. The 
reported strength is the mean of six measurements. 

Results 

Figure 1 shows the densification of the as-pre- 
pared bulk samples after 2 h at firing temperatures 
from 1100 to 1600°C. The results represent an 
analysis of more extensive data than given in a 
previous report8 The green density of the bulk 
gels was 60% of the calculated theoretical density 
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Fig. 1. Densification of the bulk gels from a-alumina powder 
and Ludox silica sol, corresponding to an oxide composition 
of 3A1,03,2Si0,. fired at the heating rate of 20”Cimin to the 

sintering temperature with 2 h hold. 

of 3.25 X lo3 kg/m3 for the alumina-silica solids 
mixture, 3A1,03.2Si0,, based on the densities of 
3.98 X lo3 kg/m3 )for a-alumina and 2.22 X lo3 
kg/m’ for silica glass.‘2,13 Significant densification 
of the bulk samples began at 1100°C with sub- 
stantial density increase occurring between 1200 
and 1300°C. A maximum bulk density of 3.23 X lo3 
kg/m3 (over 99% of the theoretical value) was 
obtained at 1300°C. Sintering at higher tempera- 
tures resulted in a slightly lower bulk density of 
3.10 x lo3 kg/m3. 

Figure 2 shows the XRD patterns of the as-sin- 
tered gels in the temperature range of 1200-l 600°C 
for 2 h. The dominant crystalline phase at 1200 

M 

and 1300°C was a-alumina and no crystalline 
muilite was detected. The presence of a trace of 
cristobalite at 1200°C indicated that the amor- 
phous colloidal silica had partially crystallised at 
this temperature. The extent of cristobalite forma- 
tion increased after heating at 1300 and 1400°C. 
At around 145O”C, the crystalline mullite phase 
became detectable (not shown). A signibcant amount 
of mullite appeared at 1500°C at the expense of 
the o-Al2O3 and cristobalite. On firing at 16OO”C, 
the mullite phase became dominant, with a trace 
of unreacted a-A&O, and cristobalite just detectable. 

The high level of densification of the bulk gel is 
confirmed by the scanning electron micrograph 
shown in Fig. 3(a), where the fracture surface of a 
bulk sample sintered at 1300°C for 2 h, clearly 
demonstrates the effectiveness of the processing 
technique. Figure 3(b) shows the microstructure of 
the polished and thermal-etched (1500°C for 3 h) 
surface of a bulk gel which had been sintered at 
1600°C for 2 h, where the fine grain structure is 
revealed. Based on the XRD results (Fig. 2) these 
grains predominantly consisted of mullite. 

Figure 4 shows the transmission electron micro- 
graphs of the samples sintered at various tempera- 
tures. The submicron alumina particles were 
uniformly dispersed in a matrix consisting of fine 
colloidal silica and fine pores (diameters around 
10-50 nm) at temperatures up to 900°C (Fig. 4(a)). 
Sintering the same gel to 1200°C resulted in a 
reduction in the total porosity but with significant 
pore coarsening to diameters around O-1 pm (Fig. 
4(b). A detailed study revealed that the pores were 
interconnected to form channels around dispersed 
alumina particles. At this temperature, as shown 
in Fig. 1, partial sintering had occurred, with a 
corresponding density of 2.79 X lo3 kg/m3, com- 
pared with 2.0 X lo3 kg/m3 for the unsintered gel. 
Almost complete densification was achieved after 

M M h 
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Fig. 2. XRD results of the bulk gels from a-alumina powder and Ludox silica sol, with the composition, 3A120j.2Si02, fired at 
the heating rate of 20Wmin to heating temperatures in the range of 120s1600°C with 2 h hold. 
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(a) (b) 

Fig. 3. SEM of a unetched fracture surface (a), and a polished and thermally etched surface (b) of the bulk gels from a-alumina 
powder and Ludox silica sol, with the composition, 3A1,0,,2Si02, fired at 1300 and 1600°C for 2 h respectively.The bars 

denote 3 pm for (a) and 1 pm for (b). 

2 h at 13OO”C, as shown by the almost pore-free 
microstructure (Fig. 4(c)). The fine alumina parti- 
cles were individually dispersed in the already 
highly densified silica matrix. No agglomerates of 

alumina particles, which could have resulted in 
sintering voids were observed. From TEM and 
selected area electron diffraction, the silica matrix 
was predominantly amorphous but did occasion- 

(a) (W 

(4 

Fig. 4. TEM of the bulk samples from cr-alumina powder and Ludox silica sol, with the composition, 3Alz0,.2Si02, fired at 
900°C (a), 1200°C (b), 1300°C (c) and 1600°C (d) for 2 h respectively. The bars denote 0.5 pm for (a), 0.3 pm for (b), 0.5 pm for 
(c) and 0.5 pm for (d), and a, s, p and m denote a-alumina particle, silica (glass), pore and mullite grain respectively. 

In Fig. 4(d), a small region of unreacted alumina is arrowed. 
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ally contain some fine crystals, probably cristo- 
Mite since they were much finer than the alumina 

particles. The presence of cristobalite was also 
indicated by XRD. After firing at 1600°C for 2 h 
a uniform microstructure of crystal grains with 
diameters around 1 pm was observed by TEM 
(Fig. 4(d)), confirming SEM observations (Fig. 3(b)). 
XRD shows a predominance of crystalline mullite 
with traces of alumina and cristobalite, suggesting 
that most of the alumina particles had reacted 
with the surrounding silica matrix to form mullite, 
although small spherical particles within the mul- 
lite grains were occasionally visible by TEM 
(Fig. 4(a)), which probably represent small regions 
of unreacted crystalline alumina. Small regions at 
mullite triple grain junctions, probably of unre- 
acted silica, were also occasionally observed. 

A few small pores were also observed by TEM 
within the mullite microstructure, showing that 
the sample had not completely densified after heat 
treatment at 1600°C. Some of the pores may have 
originated not in sintering but in the precursor 
a-alumina particles themselves. From Fig. 1 the 
bulk density after 2 h at 1600°C was 3.1 X lo3 
kg/m3, approximately 98% of the theoretical den- 
sity for mullite (3.17 X kg/m3). 

Figure 5(a) shows a polished cross-section (per- 
pendicular to the fibre direction) of the composite 
(VpO40, hot-pressed at 1300°C for 1 h), which 
demonstrates the uniform distribution of carbon 
fibres within the matrix. The matrix was com- 
posed of unreacted alumina particles in a 
silica matrix (mainly silica glass). Figure 5(b) 
shows a polished cross-section parallel to the fibre 
direction. Regularly spaced transverse microcracks 
(average spacing 103 pm) are clearly observed 
running perpendicular to the fibre direction. These 
are probably caused by the difference in thermal 
expansion coefficients between the alumina-silica 
matrix and carbon fibre. The overall average ther- 
mal expnsion coefficient of the matrix is around 
4.1 x lad K-t based on measurement carried out 
on the bulk gel sample sintered at 1300°C for 2 h. 
This value compares with a value of approxi- 
mately zero for the carbon fibre, producing a large 
thermal mismatch on cooling from the processing 
temperature, and resulting in transverse crack for- 
mation. Further detailed examination of the 
microstructure of the composite by SEM revealed 
no additional cracks or voids in the matrix, in 
good agreement with the density measurements of 
approximately 98% of the calculated theoretical 
density (2.67 X lo3 kg/m3) for the composite. 

The microstructure of the composite hot-pressed 
at 1400°C were very similar to that of the compos- 
ite hot-pressed at 1300°C. Properties of the corn- 
posites are presented in Table 1, which shows the 

(4 

lb) 

Fig. 5. SEM of the fibre-reinforced composite samples hot- 
pressed at 1300°C for 1 h at 25 MPa. Polished cross section 
perpendicular to the fibre direction (a), and the polished sur- 
face parallel to the fibre direction (b). The bars denote 

100 pm for (a) and 100 /*rn for(b). 

mean values, determined by three point bending, 
where Vr is the fibre volume fraction (T the flexural 
strength, E the elastic modulus, and p/p0 the ratio 
of density to the calculated theoretical density. o. 
and E. are the calculated theoretical strength and 
elastic modulus of the composite by the rule of 
mixtures assuming that there is no contribution 
from the matrix (see Discussion). Also included is 
the fracture surface energy, W, for the 1300°C 
composite calculated from the areas under the 
stress-strain curves. 

The hot-pressing conditions yielded composites 
with an average flexural strength and an average 
elastic modulus of 720 MPa and 107 GPa respec- 
tively at 1300°C and 766 MPa and 80 GPa res- 
pectively at 1400°C. All tested specimens showed 
non-brittle fracture behaviour. Figure 6 shows a 
typical loading stress against deflection curve for 
the composite under three point bending. Exten- 
sive fibre pull-out was observed in the fracture 
surface on the tensile side of the specimens. as 
shown in Fig. 7(a), suggesting a weak fibrelmatrix 
interface. Both SEM and TEM (Fig. 7(b)) studies 
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Hot-pressing condition 

Vf 
PJpO 

a(MPa) 
E(GPa) 

W(kJlm3) 

uo @Pa) 

EO Wa) 

+ values are standard deviations 
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Table 1. The properties of the composites 

1300°C, 25 MPa, 1 h 

0.4 
0.98 

720fl56 
107r33 
3 I&69 

1.6 
90 

1400°C. 17 MPa, 0.5 h 

0.45 
0.97 

766U 50 
80+15 

- 

1.8 
100 

suggested no obvious reaction or evidence of strong 
bonding at the interface between the carbon fibre 
and the matrix. 

Discussion 

The bulk gel samples demonstrated high sinter- 
ability and a relatively low sintering temperature, 

0 0.4 0.8 

DEFLECTION (mm) 

Fig. 6. A typical loading stress against deflection curve (three 
point bending test) for the unidirectional carbon fibre rein- 
forced composite with the alumina-silica mixture matrix, hot- 
pressed at 1400°C at 17 MPa for 0.5 h, using a bar specimen 
with a span of 40 mm and a span to thickness ratio greater 
than 20. The broken line shows the curve of the bulk 

matrix material. 

almost full densification being achieved at 1300°C 
after 2 h. Similar results have been obtained previ- 
ously on compacts of a-alumina particles coated 
with amorphous silica derived from TEOS, in 
which the enhanced densification was attributed to 
transient viscous sintering.14 In the present case, 
TEM of the gel heated at 900°C shows that the 
alumina particles were individually dispersed in a 
porous silica glass matrix. Density measurement 
and TEM observation also indicate that during 
the densification process, fine pores in the silica 
matrix gradually collapsed and dense silica regions 
were formed. Moreover, the reduction in total 
porosity was accompanied by formation of larger 
interconnected pores, while the morphology of the 
submicron alumina particles remained unchanged. 
The densification mechanism consisted of viscous 
flow of the amorphous silica matrix, followed by 
rearrangement of the dispersed solid alumina par- 
ticles. It is clear that at 1300°C the viscosity of the 
silica glass is low enough to allow collapse of 
remaining pores and mass transport around the 
alumina particles. The solid alumina particles are 
expected to reduce the densification rate by 
retarding viscous flow. However, TEM observa- 
tions show that the alumina particles are well sep- 
arated and do not form an interlocking network, 

(4 (W 
Fig. 7(a) an SEM of the fracture surface of a composite specimen after three point bend test; (b) a TEM of an interface of the 
composite. The bars denote 100 pm for (a) and 0.1 pm for (b). The unidirectional carbon fibre reinforced composite with the 

alumina-silica mixture matrix was consolidated by hot-pressing at 1300°C for 1 h at 25 MPa. 
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which probably explains why few residual pores 
were retained in the microstructure prior to crys- 
tallisation of the silica to cristobalite, and the 
reaction of the silica and alumina to form mullite. 
Mullitisation started at temperatures above 
1400°C following complete densification, because 
of the reaction of submicron alumina particles 
with the silica phase. The presence of occasional 
unreacted alumina surrounded by the mullite and 
the pockets of residual silica at mullite triple grain 
junctions in the sample fired at 1600°C is thought 
to be caused by the slow diffusion rate across the 
mullite matrix by the end of the mullitisation. 

The matrix in the present composite samples 
was the alumina-silica mixture which was not 
converted into crystalline mullite at the processing 
temperatures of 1300 and 1400°C. Mullite matrix 
composites can be formed by hot-pressing at 
higher temperatures, which has been reported else- 
where’ and the properties of these composites will 
be discussed in detail in a later publication. The 

The gradual decrease in bulk density with firing 

flexural strength and elastic modulus of the com- 

temperatures above 1300°C was noted elsewhere7$* 
and was attributed mainly to the density change 

posites are somewhat lower than those theoreti- 

caused by mullitisation, although enhanced for- 
mation of cristobalite at the higher firing tempera- 

cally predicted by the rule of mixtures, according 

tures, which inhibited the densification, may have 
been partly responsible.* 

to the following equations: 

a, = u,vm + UfVf (1) 

EC= E,,,V,,,+ E,V, (2) 

Here the subscripts c, m and f refer to the com- 
posite, matrix and fibres respectively. The obser- 
vation of thermally induced transverse cracks in 
the matrix indicates that the matrix strength is low 
and that the first term in eqn (1) may be neglected. 
However, the experimental strengths remain much 
lower than the theoretical values (Table 1) which 
may be explained by some degradation in the 
strength of the carbon fibres during hot-pressing. 
On the other hand, the predicted and measured 
elastic moduli of the composite are in a reason- 
able agreement, also neglecting the effect of the 
matrix in eqn (2). 

The non-brittle-mode failure of the composite 
was clearly shown by the loading stress against 
deflection curve (Fig. 6), and the extensive fibre 
pull-out (Fig. 7(a)) on the tensile side in the frac- 
ture surface after the three point bend test. This 
suggests a comparatively weak interfacial bond 
between the fibres and the matrix, which is sup- 
ported by no apparent evidence of chemical inter- 

actions at the interface from TEM observation 
Fig. 7(b). 

Conclusions 

X-ray diffraction revealed increasing amounts 
of cristobalite for heat treatments above 1200°C. 

Bulk gels corresponding to an oxide (mullite) 
composition, 3A120,.2Si0,, were fabricated using 
submicron a-alumina powder and colloidal silica 

Mullite was detected around 1450°C and was 

sol as precursors and characterised after heat- 
treatment by density measurement, XRD, SEM 

dominant after 2 h at 16OO”C, with a trace of 

and TEM. Bulk gels were sintered to almost full 
density (3.23 X lo3 kg/m3, over 99% of the theo- 

unreacted alumina and cristobalite just detectable. 

retical value of 3.25 X lo3 kg/m3) at the relatively 
low temperature of 1300°C. From TEM and other 

After 2 h at 1600°C an uniform microstructure of 

observations, the densification mechanism clearly 
consisted of viscous flow of the amorphous silica 

mullite grains with diameters around lpm was 

matrix and rearrangement of well dispersed solid 
alumina particles, which did not form an inter- 

obtained. The samples remained almost fully den- 

locking network. 

sified after mullitisation at 1600°C (3.10 X lo3 
kg/m3 corresponding to approximately 98% of 
the theoretical density of 3.17 X lo3 kg/m3 for 
mullite). 

A sol-gel route for processing continuous unidi- 
rectional fibre composites was developed involving 
a simple single stage infiltration process followed 
by hot-pressing and avoiding the multiple impreg- 
nation often required in the use of sol-gel methods.15 

Efficient fibre infiltration with reduced process- 
ing shrinkages was achieved by using the low vis- 
cosity sol with a high solid yield, prepared from 
submicron alumina powder and colloidal silica sol 
as precursors. The method also gave a uniform 
distribution of fibres and enabled the volume frac- 
tion of’fibres to be adjusted. Densification of 98% 
to a matrix consisting mainly of alumina particles 
and silica glass was achieved by hot-pressing at 
the relatively low temperature of 1300°C. 

The composites exhibited non-brittle fracture 
with a mean flexural strength, under three point 
bending, of 720 MPa for hot-pressing at 1300°C 
and 766 MPa for hot-pressing at 14OO”C, Exten- 
sive fibre pull-out was observed after testing, indi- 
cating a relatively weak bond between the 
fibres and the matrix. This was supported by 
TEM observations which revealed a clear defined 
fibre/matrix interface and no evidence of chemical 
interactions. 
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