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SiC fibre-reinforced lithium aluminosilicate (LAS) matrix composites were fabricated by 
(i) the hydrolysis-condensation reaction of relevant metal alkoxides, and (ii) the non- 
aqueous condensation route using diphenylsilanediol. Optimum reaction conditions of LAS 
sol formation for thin coating applications in the hydrolysis-condensation route were 
derived from rheological measurements. The SiC fibre-LAS composite fabricated by the 
hydrolysis-condensation route shows a uniform microstructure. The debonding/fibre 
pullout was more pronounced in the niobium-doped composites. The fracture toughness, 
Klc, also increased from 11 MPa m 1/2 for the undoped composite to 16 MPa m 1/2 for the 5 wt% 
Nb-doped composite, suggesting that the fibre pullout contributes significantly to the 
toughening of SiC fibre-LAS composites. The crystallization of matrix at high temperatures 
(after hot pressing at 800 ~ eroded SiC fibres internally. This was attributed to the diffusion 
of aluminium atoms into the fibre, forming aluminium carbide above 1200~ 

1. Introduct ion 
SiC fibre-reinforced glass-ceramic composites have 
been found to combine excellent strength, toughness, 
and the potential for high-temperature oxidation re- 
sistance [1, 2]. It has been demonstrated that SiC 
fibre-reinforced lithium aluminosilicate (LAS) glass- 
ceramic system is capable of achieving excellent mech- 
anical properties at temperatures of up to 1000 ~ 1-1]. 
Glass-ceramics provide the unique capability to den- 
sify a composite in a low viscosity glassy state and 
then subsequently crystallize the matrix to achieve 
high-temperature stability. 

In the fabrication of a glass-ceramic composite, 
however, hot-pressing of a stacked tape containing 
slurry-impregnated SiC yarn must be carried out at 
a sufficiently high temperature (well above 1000 ~ 
where the viscosity is low enough to permit the glass 
to flow into the interstices between individual fibres 
within a yarn bundle. The application of external 
pressure at a high temperature (~ 1300 ~ in the con- 
ventional processing of SiC fibre LAS matrix com- 
posite [1]) is apt to result in excessive fibre/matrix 
interaction and consequent embrittlement of the com- 
posite in the fabrication of complex-shaped structure. 

This is especially true for the matrix transfer moulding 
I-2] in which an external glass matrix is transferred at 
a high temperature into the mould cavity to fill the 
void spaces around the reinforcement structure. One 
possible solution to the above-mentioned problems is 
a replacement of slurry-impregnated SiC yarn by 
a bundle of SiC fibres coated with a chemically derived 
gel layer. The coated gel layer, in principle, removes 
problems associated with a direct bonding between 
SiC fibres during the hot-pressing stage and, therefore, 
maximizes the efficiency of load transl~er during the 
crack propagation. Furthermore, the gel-derived 
matrix could significantly reduce the densification 
temperature. 

In view of these facts, the main purpose of this study 
was to develop a sol-gel route (hydrolysis-condensa- 
tion of metal alkoxides) for the fabrication of SiC 
fibre-reinforced LAS composite having high fracture 
toughness at a hot-pressing temperature well below 
1000 ~ For this purpose, we first attempted to find 
suitable rheological conditions for a uniform coating 
of LAS sol on SiC fibres as a preliminary step for the 
fabrication of SiC fibre-reinforced LAS matrix com- 
posite having a uniform microstructure. 
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FigUre 1 Experimental procedure used for the preparation of LAS 
using the hydrolysis-condensation route. 

2. Experimental procedure 
LAS sol for the coating was synthesized using the 
hydrolysis-condensation reaction of tetraethylorthosili- 
cate (TEOS), aluminium tri-sec-butoxide [Al(OBuS)3], 
and lithium-salt (LiNO3) with H20 in alcohol medium. 
Unless specified elsewhere, the composition of LAS sol 
used in this study was LizO :A1203: SiO2 -= 0.5 : 1:4. The 
rate of the hydrolysis-condensation reaction of 
Al(OBuS)3 was reduced by chemical modification of 
AI(OBu~)3 with ethylacetoacetate ([3-diearbonyl com- 
pound) which undergoes a rapid keto-enol tautomerism 
[3]. The procedure followed for the preparation of LAS 
sol for the dip-coating applications is outlined in Fig. 1. 
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Optimum reaction conditions of LAS sol formation 
for thin coating applications were deduced from 
rheological data. The parameters examined for this 
purpose were HzO/total alkoxides molar ratio, pH, 
and gelation time. Throughout the text, the molar 
ratio R is defined as (moles of H20)/(4 x total moles of 
alkoxides). Thus, R = 1 corresponds to 4 moles of 
H 2 0  and 1 mole of total alkoxides in the reactant. 
Rheological flow characteristics of LAS sols were de- 
termined using a concentric cylinder viscometer 
(Model RV-100/CV-100, Haake, Germany). Steady 
rotational flow curves (i.e. shear stress versus shear 
rate) were generated by increasing the shear rate from 
zero to the maximum desired value, in 2 min, immedi- 
ately followed by decreasing the shear rate back to 
zero in another 2 rain. 

The LAS gel-coated SiC fibres were prepared by pas- 
sing the SiC yarn (NL 207, Nippon Carbon Co., Japan) 
through an LAS sol with a drawing speed of 6 cm min- 1 
and drying the yarn fibres at 50 ~ for 30 min, followed 
by a second-stage drying at 70 ~ for 30 rain. The pro- 
cess for making unitape composites is begun by winding 
the dried yarn on to a mandrel to form monolayer tapes 
and by cutting the resultant tapes into the appropriate 
length (50 ram) to fit the hot-pressing die. After or- 
ganic burnout, the tapes were stacked in the die to 
obtain the desired thickness (,~ 6 ram), and the assem- 
bly was hot-pressed at 800 ~ (or well below 1000 ~ 
for 10 rain under applied pressure of 10 MPa. Ceram- 
ing was accomplished by annealing the hot-pressed 
composites in air at 1100 ~ for 30 rain. 

Microstructural observation of hot-pressed com- 
posites was done using a scanning electron micro- 
scope (S-570, Hitachi, Japan). Phase-formation char- 
acteristics and microchemical homogeneity were 
examined by XRD (Rigaku, DMAX-3B, Japan) and 
EDAX (Phillips, SEM 515, Netherlands). The fracture 
toughness, as expressed by the critical stress intensity 
factor, Kit,  of the SiC-LAS composite system was 
measured using the notched beam method. A 150 gm 
thick diamond saw blade was used to form the tip of 
the notch in the specimens. The notch depth to sample 
thickness ratio was 0.5 in all cases. The value of 
Klc was calculated from the equation formulated by 
Brown and Srawley [4]. 

3. Results and discussion 
3.1. Rheological characteristics 
Fig. 2 shows rheological flow curves for LAS sols 
prepared using various conditions of HzO/total al- 
koxides molar ratio, and pH (about 250 h ageing 
time). The results show that the sol exhibits 
a transition in flow characteristics from Newtonian 
behaviour to shear thinning behaviour (i.e. the viscos- 
ity decreases with increasing shear rate) as the water 
content or pH in the reaction medium increases. This 
indicates that the hydrolysis-condensation-gelation is 
practically frozen at a lower water content (R ,,~ 0.25) 
and pH (below ,,~ 1.5). Because a shear thinning (or 
pseudoplastic) character with relatively low viscosity 
values (~10MPas)  is desirable for thin coating 
applications, we have examined the ageing behaviour 
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Figure 2 Plots of shear stress versus shear rate (a) for various 
values of R, (b) for various values of pH. 
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Figure 3 Plots of viscosity versus ageing time for LAS sols prepared 
using various reaction conditions: (a) for pH = 2.5, (b) for R = 0.5. 

of LAS sol having shear thinning characteristics. As 
shown in Fig. 3, the viscosity of the shear thinning sol 
(at a shear rate of 5 s -  1 ) is essentially independent of 
reaction conditions (R, pH) below the gelation point. 

Figure 4 Plots of viscosity (at indicated shear rate) versus ageing 
time for the sol having R = 1 and pH = 2.5. 
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Figure 5 Shear stress versus shear rate for the sol having R = 1 and 
pH = 2.5 for various ageing times. 

The hydrolysis-condensation of silicon alkoxide in 
the acid catalysed medium with a low water content 
usually produces polysiloxane species which are less 
branched and more chain-like [-5, 6]. This linear chain 
induces an extremely slow gelation. As the water con- 
tent increases, the hydrolysis-condensation reaction 
produces highly branched, polymeric polysiloxane 
clusters [6] via the nucleophilic substitution mech- 
anism, SN~. This results in a rapid increase in the 
gelation rate and effective solids loading because the 
void space within a cluster agglomerate contains 
liquid that is unavailable for flow. Therefore, the re- 
sults shown in Fig. 3a indicate that the above argu- 
ments (i.e. effect of water content on gelaiion time) also 
apply to the LAS sol derived from the hydrolysis- 
condensation route. An extremely slow gelation 
observed for the sol having pH > 4.0 (Fig. 3b) 
presumably indicates that the sol particle obtained in 
this condition has a non-fractal character and is close 
to a discrete colloid particle rather than a branched 
lyophilic polymer. 

A plot of viscosity versus ageing time for the sol 
(with R = 1 and pH 2.5) suitable for thin coat ing  
applications is shown in Fig. 4. Up to 250 h ageing 
time, the viscosity is essentially independent of shear 
rate. For longer ageing times, the viscosity becomes 
increasingly dependent on shear rate. Fig. 5 shows 
shear stress versus shear rate curves for the above sol 
at five ageing times. With continued ageing, condensa- 
tion growth and agglomeration of polymeric clusters 
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Figure 7 Scanning electron micrograph of a bundle of SiC fibres 
filled with LAS gel derived from the hydrolysis-condensation route 
(before sintering). 

Figure 6 Scanning electron micrographs of SiC fibre coated with 
a thin layer of LAS gel: (a) overview of coated fibre; (b) cross-section 
of fractured fibre. 

results in the formation of a continuous, three-dimen- 
sional network. The elastic character of the network is 
characterized by the observation of yield stress at 
290 h ageing. A breakdown of the network occurs 
after the yield stress is exceeded. Therefore, hysteresis 
is observed in the flow curve above a certain critical 
ageing time, and the sol becomes thixotropic. Because 
the best spinnability is usually obtained prior to the 
transition to thixotropic behaviour [7], optimum con- 
ditions of LAS sol coating can be summarized as 
R = 1, pH = 2.5, and ageing time = ~ 250 h. 

3.2. Coating c h a r a c t e r i s t i c s  
Scanning electron micrographs of the SiC fibre coated 
with a uniform, thin layer (0.3~).4 gm) of LAS gel are 
shown in Fig. 6. The coating was derived from the sol 
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having the above-mentioned optimal conditions. 
A cross-sectional view of the fractured surface for 
a bundle of SiC fibres (yarn) is shown in Fig. 7. The 
LAS gel matrix between the fibres was prepared by 
a repeated coating (eight times) of the sol having 
R = 1 and pH 2.5. The solvent used in the thick 
coating process (Fig. 7) is a mixture of ethanol, meth- 
anol, and 2-propanol to remove rapidly the residual 
solvent from the gel matrix during the drying stage. 

The above-mentioned hydrolysis-condensation 
route practically has two limitations for an actual 
fabrication of SiC fibre-reinforced matrix composite. 
Firstly, as shown in Fig. 5, it takes approximately 
250 h before the optimum conditions of the LAS sol 
coating can be obtained. Secondly, it is very difficult to 
maintain optimum values of viscosity ( < 50 MPa s) at 
higher concentrations of LAS sol. The dip-coating 
procedure outlined in Fig. 1 is applicable only for 
a dilute LAS sol, and therefore it takes approximately 
ten repeated coatings at an ageing time of 250 h. At 
a higher concentration of LAS sol, the transition from 
pseudoplastic to thixotropic behaviour proceeds 
rather quickly, and thus it is practically difficult to 
complete the repeated coating cycle (dip coating and 
drying at 70~ while maintaining shear thinning 
characteristics (Fig. 5). 

To shorten the coating time (including gelation 
time) and to avoid the problems associated with the 
formation of a three-dimensional network in the hy- 
drolysis-condensation of relevant metal alkoxides, we 
have employed an alternative condensation route in 
a non-aqueous solvent using diphenylsilanediol. The 
relevant condensation reaction can be represented as 



C6H5 
I 

) M - O R  + HO-Si-OH + Li-OH 
I 

C6H5 

O~ 
+ ROH + H20 Hea~ 

where R designates alkyl groups. Owing to the two 
phenyl groups attached to the silicon atom, the con- 
densation of AI(OR)3 with diphenylsilanediol is ex- 
pected to proceed smoothly without an extensive 
formation of a three-dimensional network even at 
high concentrations of reactants. Thus, the condensa- 
tion route provides a fast, convenient method of sol 
coating with a relatively low viscosity even for a con- 
centrated sol. It takes only 30 min for five repeated 
coating cycles. The condensation of AI(OR)3 with 
diphenylsilanediol was successfully used for the fabri- 
cation of a crack-free sol-gel thin film [8]. 

As shown in the micrographs (Fig. 8), the non-aque- 
ous condensation reaction offers a more efficient coat- 
ing route. The condensatien route yields a 1 lam coat- 
ing thickness for each coating cycle (Fig. 8), 
as compared with 0.3q3.4 lain coating thickness in 
the hydrolysis-condensation route (Fig 6). A cross- 
sectional view presented in Fig. 9 indicates that, in the 
non-aqueous condensation route, SiC yarn fibres can 
be effectively filled with LAS gel by five repeated sol 
coatings. 

3.3. SiC fibre-reinforced composites 
Fig. 10 shows fracture surfaces of LAS-SiC com- 
posites hot pressed a t  800~ for 10min and sub- 

C6Hs 
I 

) A1-O-Si-O ----Li + 
to luene [ 

+ ethanol  C6H5 

I 
O 

I 
) AI-O-Si O----Li § 

O 
I 

sequently heat treated at l l 00~  for 30min for 
crystallization. Fig. 10a corresponds to the composite 
fabricated by the hydrolysis-condensation route, 
whereas Fig. 10b shows the composite prepared by the 
condensation route using diphenylsilanediol and alu- 
minium butoxide. As shown in the micrographs, the 
composite fabricated by the hydrolysis-condensation 
route shows more uniform microstructure, and SiC 
fibres are uniformly filled with LAS matrix. 

The XRD pattern (Fig. lla) of the hot-pressed 
matrix (without SiC fibres) indicates that, except for 
an incipient crystallization of hexagonal LiAI(SiO3)2 
phase [9], the LAS matrix (Li20:A1203:SiO/= 
0.5:1:4) is essentially in the glassy state after hot 
pressing at 800 ~ for 10 min. On the other hand, the 
LAS gel having [~spondumene composition (i.e. 
LizO :A1203: SiO2 = 1 : 1 : 4) crystallized to hexagonal 
LiAI(SiO3)2 phase with a small amount of 13-spon- 
dumene after hot pressing at 800 ~ for 10 min. It was 
observed that lowering the lithium content in the LAS 
gel by a factor of 1/2 raises the crystallization tempera- 
ture by ~300~ i.e. 600~ for 1:1:4 composition 
versus 900 ~ for 0.5:1:4 composition [10]. Therefore, 
to minimize the fibre damage during hot pressing, the 
LAS gel having 0.5:1:4 composition was used in the 
fabrication of SiC fibre-reinforced composites. The 
results of Fig. l ib  indicate that the LAS matrix 

Figure 8 (a, b) Scanning electron micrographs of SiC fibre repeatedly coated with LAS gel prepared by the non-aqueous condensation route 
using diphenylsilanediol and aluminium butoxide. 
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Figure 9 Scanning electron micrograph of a bundle of SiC fibres 
filled with LAS gel derived from the non-aqueous condensation 
route (before sintering). 
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Figure 11 XRD patterns of gel-derived LAS matrix having 0.5: 1:4 
composition: (a) after hot pressing at 800 ~ for 10 rain; (b) after 
hot pressing at 800 ~ for 10 min and subsequent crystallization at 
1100~ for 30 min. 

Figure 10 Scanning electron micrographs of SiC fibre-reinforced LAS matrix composites hot pressed at 800 ~ and 10 MPa for 10 min and 
subsequently heat treated at 1100~ for 30 min: (a) prepared by the hydrolysis-condensation route: (b) prepared by the non-aqueous 
condensation route. 
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Figure 12 Fracture surfaces of SiC fibre/LAS matrix composites hot pressed at 800 ~ and 10 MPa for 10 rain and subsequently heat treated 
at ll00~ for 30 rain: (a, b) fracture surfaces of undoped composite; (c, d) fracture surfaces of 5 wt% Nb2Os-doped composite, showing 
debonding and fibre pullout. 

completely transforms to the crystalline state (tetra- 
gonal [3-spondumene + hexagonal LiAI(SiO3)2 phase) 
after heat treatment at 1100 ~ for 30 min. 

As shown in Fig. 12, debonding and fibre pul lout  
are more pronounced in the niobium-doped com- 
posites. This can be attributed to the formation of 
amorphous carbon/NbC microcrystal layer a t the  SiC 
fibre/LAS matrix interface [ 1 L  12]. The fracture 
toughness, Klc, also increases from ~11 M P a m  1/z 
for the undoped composite to -,~ 16 M P a m  1/z for the 

5 wt% Nb2Os-doped composite. This observation 
suggests that the debonding/fibre pullout contributes 

significantly to the toughening of SiC fibre-reinforced 
LAS matrix composites. 

It has been observed that the crystallization of LAS 
matrix (after hot pressing at 800~ above 1200~ 
usually deteriorates the microstructures of com- 
posites. Interfacial reactions between SiC fibre and 
LAS matrix are not significant in the undoped com- 
posite, but the fibres are eroded internally, as marked 
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Figure 13 Scanning electron micrographs and EDAX spectra of SiC fibre/LAS matrix composites hot pressed at 800 ~ for 10 min and 
subsequently annealed at 1300 ~ for 30 min: (a) polished surface of undoped composite, showing SiC fibre eroded internally; (b) polished 
surface of 5 wt % Nb2Os-doped composite. 

with the arrow in Fig. 13a. Microchemical examina- 
tion of the internally eroded region indicates that 
the aluminium atoms in the matrix diffuse into 
the fibre at 1300 ~ as shown in the EDAX spectrum 
of Fig. 13a. According to the studies done by Bender 
et al. 1-13] and Luthra [14], the aluminium atoms 
in the matrix diffuse inward and react with carbon 
atoms in the SiC fibre, forming A14C3 1-14]. On 
the other hand, interfacial reactions and subsequent 
erosion occur extensively in the NbzOs-doped 
composite, but the SiC fibres are not eroded inter- 
nally, as shown in the EDAX spectrum of Fig. 13b. 
The observed suppression of internal erosion in the 
presence of Nb205 can be attributed to the formation 
of NbC microcrystal layer at the interfacial region, 
which practically acts as a diffusion barrier for 
aluminium atoms. 
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Similar behaviour was also observed in the SiC 
whisker-reinforced LAS matrix composites fabricated 
by the hydrolysis-condensation route. The undoped 
whisker-reinforced composite heat treated at 1200 ~ 
for 30 min (after hot pressing at 800~ did not 
show any evidence for interfacial reactions or an 
internal erosion consequent upon the internal 
diffusion of aluminium atoms (Fig. 14a). As t h e  
temperature increased to 1300~ the SiC whiskers 
degraded extensively. Microchemical examination 
also indicates that the region B in Fig. 14b is 
aluminium-rich, indicating the formation of A14C3 
above 1200~ Therefore, an optimization of the 
heating schedule (especially for crystallization) 
is important for a successful fabrication of SiC 
fibre or whisker-reinforced glass-ceramic com- 
posite. 



2. The non-aqueous condensation route provides 
a fast, convenient method of sol coating with a rela- 
tively low viscosity even for a concentrated sol. 

3. The debonding/fibre pullout seems to contribute 
significantly to the toughening of SiC fibre-reinforced 
LAS matrix composites, and it was more pronounced 
in the niobium-doped composites. 

4. The crystallization of LAS matrix (after hot 
pressing at 800~ above 1200~ deteriorated the 
microstructure of composites. The observed internal 
erosion of SiC fibre was associated with the diffusion 
of aluminium atoms into the fibre and the subsequent 
reaction with carbon atoms, forming aluminium 
carbide. 

Figure 14 Transmission electron micrographs of the interfacial re- 
gion of SiC whisker/LAS matrix composite hot pressed at 800 ~ for 
10 min and annealed at 1200 ~ for 30 min (a), annealed at 1300 ~ 
for 30 rain (b). Region A corresponds to the intact SiC whisker near 
the interface. 

4. Conclusions 
SiC fibre-reinforced LAS matrix composites were fab- 
ricated by (i) the hydrolysis-condensation reaction of 
relevant metal alkoxides, and (ii) the non-aqueous con- 
densation route using diphenylsilanediol and alumi- 
nium butoxide. The following conclusions were drawn. 

1. Optimum reaction conditions of LAS sol forma- 
tion for thin-coating applications in the hydrolysis- 
condensation route were derived from rheological 
measurements, and these can be summarized as: H 2 0  / 
total alkoxides molar ratio = 4 (R = 1), pH = 2.5 and 
an ageing time of 250 h. 
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