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Fabrication and properties of SiC fibre- 
reinforced Li20"AI203"6SiO2 glass-ceramic 
composites 

JEN-YAN HSU, R. F. SPEYER 
The New York State College of Ceramics, Alfred University, Alfred, NY 14802, USA 

TazO~, Nb20~ and Ti02 were used separately as additives to a Li20.AI203.6Si02 
glass-ceramic composition, to act as nucleating dopants and to aid the formation of an. 
interfacial carbide layer (TaC and NbC) between the fibre and matrix in SiC fibre uniaxially 
reinforced glass-ceramic composites. The composites exhibited high modulus of rupture 
(>800 MPa) and fracture toughness (K~c > 15 MPaml/2). The interfacial amorphous carbon 
rich layer and carbide layer were responsible for lowered interfacial shear strength but 
permitted high composite fracture toughness. The composite with the Ti02 additive in the 
matrix showed a lower flexural strength (<500 MPa) and a smaller K,c (-~11 MPa m 1/2) 
which resulted from the high interracial shear strength between the SiC fibre and the matrix 
due to the formation of the interfacial TiC layer. 

1. Introduction 
Glass-ceramic matrix composite materials with fi- 
bres/whiskers as reinforcement have received much 
attention as high performance materials for elevated 
temperature applications [-1-7]. These composites are 
expected to preserve the characteristics of their parent 
glass-ceramics, i.e. high elastic moduli and high 
melting points (or decomposition temperatures), and 
also demonstrate marked improvements in their frac- 
ture toughness, which approaches the values of some 
metals. The toughness increase of these composites is 
attributed to fibre debonding, fibre pull-out from the 
matrix [8-11], crack deflection, crack bridging, and 
crack impediment [6, 12-15]. 

Fibre reinforcement is considered superior to the 
use of whiskers (or short fibres and particulates) in 
optimizing the mechanical properties of composites. 
With long (or continuous) fibre reinforcement, fibre 
debonding and fibre pull-out are more prevalent and 
mechanical loading is transferred to the fibres which 
have much higher elastic moduli, and increases the 
mechanical strength of the composite [16, 17]. 

The optimum size of fibre reinforcements and their 
spacing within the brittle matrix composite, has been 
postulated as that needed in order to obtain an intact 
reinforcement effect on the matrix. The fibre spacing 
must therefore be smaller than the critical crack size 
which would lead to ultimate failure in the unreinfor- 
ced material [12, 18]. The smaller fibre diameters are 
also desirable since their flexibility allows the fibres to 
be woven into various shapes for subsequent com- 
posite fabrication [19], and also to achieve the goal of 

minimizing the fibre spacing for a given packing geo- 
metry. 

The development of fibre reinforced glass-ceramic 
matrix composites started in the early 1970s. Car- 
bon/graphite fibres were utilized to reinforce glasses 
and glass ceramics, resulting in lightweight but strong 
and tough composites [20-24]. However, the severe 
oxidation of fibres at elevated temperatures in air has 
limited these materials as candidates for high temper- 
ature applications. Oxide fibres (AlzO3 [25, 26] and 
SIO2[17]) were also applied as reinforcements in 
glass-ceramic matrix materials. But their mechanical 
properties are poor compared with the composites 
containing carbon/graphite fibres. 

The invention of the fine polycrystalline 13-SIC fibre 
(Nicalon*), sized 10-20 lam, from organometallic oxi- 
des [27] provided another excellent reinforcement 
material for composites in the high temperature ap- 
plication category, since in addition to its high mech- 
anical strength and small available diameter, it pro- 
mises to have a better resistance to high temperature 
oxidation [28-31]. In addition to the Nicalon SiC 
fibre yarn, several non-oxide and oxide fibre yarns, 
derived from organometallic precursors, have also 
been developed recently and applied as reinforcements 
in composites [19]. 

The Nicalon SiC fibre yarns have been used to 
reinforce glasses [32, 33], glass ceramics [16, 34], and 
more refractory ceramics [35, 36]. Among these, SiC 
fibre incorporated with lithia-alumina-silica glass 
ceramics has been a more successful composite 
[16, 17]. There are several advantages to the use of 

* Ceramic Grade, Nippon Carbon Co., Ltd, Tokyo, Japan 
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TABLE I Chemical compositions of glass batches for a composite matrix with various dopants of Ta2Os, Nb2Os, TiO2 and ZrOz 

Glass Wt % 

Li 20 A12 0 3 SiO 2 Ta 2 0 5 Nb 20s TiO2 ZrO2 

LAS I 5.29 18.06 63.87 12.78 0.00 0.00 0.00 
LAS II 4.67 15.94 56.36 23.03 0.00 0.00 0.00 
LAS III 5.14 17.55 62.06 0.00 15.25 0.00 0.00 
LAS IV 5.42 18.53 65.54 0.00 5.00 3.64 1.87 

glass or glass ceramics as matrix in fibre reinforced 
composites; (1) the composite can be easily densified 
without fibre damage because of the viscous flow of 
the glass matrix at composite densification temper- 
atures, (2) heat treatment causes the glass matrix to 
devitrify and transform to a more refractory ceramic 
matrix, (3) high elastic modulus SiC fibres provide 
significant reinforcement to low modulus glasses or 
glass ceramics, (4) various chemical compositions and 
thus thermal expansion behaviour would provide a 
wide range of fibre-matrix interfacial stress options 
for the composite, (5) the stability of physical and 
chemical properties at elevated temperature is gen- 
erally better than those of organic and metallic matrix 
materials, and (6) low density (2.2-2.7gmcm -3) 
[16, 17]. 

The toughness of fibre-reinforced composites, ari- 
sing from energy absorption via fibre-pullout after 
matrix cracking, depends on the degree of coher- 
ence between the fibre and the matrix. If the fibre is 
either too strongly chemically bonded tO the matrix, 
o r  too strongly held by radial compressive stresses 
imparted by the matrix, an increase in strength 
through modulus enhancement will occur but the 
composite will fail abruptly with cracking of the ma- 
trix. This is caused by fibres breaking in the plane of 
the advancing crack, without the composite exhibiting 
the fibre-pullout toughening effect. If there is neither 
chemical bonding nor frictional restraint between the 
fibre and the matrix; there will be no load sharing and 
therefore no property enhancement. Hence, obtaining 
an interfacial layer with optimum coherence between 
fibres and matrix is the most important condition of 
composite fabrication. 

The Nicalon SiC fibre reinforced lithia aluminosili- 
cate glass-ceramic matrix composite has proven to be 
a good competitor in this category. Its flexural 
strength has been reported as above 800 MPa and its 
fracture toughness (Klc) about 17 MPam 1/2 [5, 16]. 
Microstructure and microchemistry investigations by 
transmission electron microscopy (TEM), energy dis- 
persive spectrometry (EDS), electron energy loss spec- 
trometry (EELS) and scanning Auger electron spec- 
trometry, revealed that an interracial amorphous car- 
bon rich layer between SiC fibre and matrix formed, 
and was responsible for the observed increase of 
toughness via fibre debonding and fibre pull-out from 
the matrix [37-39]. However, several later investiga- 
tions indicated that with Nb205 additives in the raw 
materials of the matrix, an NbC layer formed between 
the aforementioned carbon layer and matrix. The 
formation of this NbC layer avoided the bubble-like 
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pores which formed in the interfacial region and was 
believed due to the oxidation of SiC fibres (or foaming 
reaction between matrix and fibre) and resulted in the 
gas bubble formation [16, 40]. These pores caused the 
depletion of mechanical properties of the composite at 
room, as well as, high temperatures. Hence, the mech- 
anical properties of these composites with the carbide 
interfacial layer are more promising [5, 8, 41]. 

In our early work [42, 43], Nb205 and Ta205 were 
proved to be effective nucleating agents in the 
Li20" A1203"6SIO2 glass system. The crystallization 
mechanisms as well as devitrification processes of 
these glasses containing Nb205 or Ta205 were also 
characterized. The focus of this work was to incorpor- 
ate the Nicalon SiC fibres in the aforementioned glass 
ceramics with these additives to fabricate a stronger 
and tougher composite. Nb and Ta are in the same 
group in the periodic table, and hence, Ta205 and 
Nb2Os should have analogous chemical properties. 
Ta205 is thus expected to form an interracial carbide 
layer. In this study, three sets of nucleating agents and 
additives for interracial layer formation, Nb2Os, 
Ta205 and TiO2.ZrOz/Nb205,  were added to the 
raw materials of glass batches of the composite matrix, 
respectively. In the first two additives, the dopant 
acted as a nucleating catalyst for the glass matrix, and 
as an agent for forming an interfacial carbide layer. 
The third set of additives include the well-known 
nucleating agents TiO2 and ZrO2, while Nb 205 addi- 
tion was used for the formation of the previously 
mentioned carbide layer. The objective of this invest- 
igation was to compare the effects of different dopants 
on the devitrification of glass matrices, the formation 
of an interracial layer and ultimately, the mechanical 
properties of the composite. 

2. Experimental procedure 
2.1. Preparation of matrix material 
The fabrication process of the glasses containing nu- 
cleating agents and additives for the composite matrix 
is identical to that in our previous work [42, 43]. Four 
glasses were prepared with chemical compositions as 
shown in Table I. Dopant additions for these glasses 
were: LAS I with 2.0mo1% Ta205, LAS II with 
4.0 tool% TazO 5, LAS III containing 4.0mo1% 
Nb205 and LAS IV with 3.0 mol % TiO2, 1.0 mol % 
ZrO 2 and 1.88 mol % ( ,~ 5.0 wt %) NbzO 5. These as- 
quenched glasses were crushed and ground to pow- 
ders by a motor-driven mortar and pestle. The glass 
powders were then screened and granules smaller than 
40 gm were ready for further size reduction by ball 



Figure 1 Sedimentation of glass powders in the slurries with 
addition of Trition X-405 in tube 1, Trition X-100 in tube 2, Darvan 
C in tube 3, and Darvan 821A in tube 4. The slurries were stirred at 
the same time and permitted to settle for 2 h before the picture was 
taken. 
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Figure 2 Particle size distribution of glass powders (LAS I) after 
24 and 48 h ( ) ( - - - )  ball milling, respectively. 

milling. The larger particles were put back into the 
mortar and ground again. 

Four different kinds of organic compounds, Trition 
X-100*, Trition X-405 ~, Darvan C ~, and Darvan 
821A ~, were used as deflocculant to disperse the glass 
powders in a slurry for ball milling as well as for fibre 
infiltration (discussed later). Fig. 1 shows the defloc- 
culation ability of these four compounds in suspen- 
sions containing these glass powders. The glass par- 
ticles in solutions 3 and 4 rapidly agglomerated and 
sedimentated on the tube bottom, indicating that 
Darvan C and Darvan 821 were not effective defloc- 
culants for these glass powders. Glass particles in the 
well-dispersed suspension containing Trition X-405 
(tube 1) or Trition X-100 (tube 2) settled relatively 
slowly. Trition X-100, which had a deflocculation 
ability slightly better than that of Trition X-405, was 
chosen as the deflocculant in this study. 

Partially stabilized zirconia beads were utilized as 
grinding media in the ball mill. The particle size 
distributions* of glass powders after 24 h and 48 h wet 

ball milling, respectively, are illustrated in Fig. 2. The 
average particle size was 3.6 p~m (24h) and 2.5 I~m 
(48 h)i respectively. In order to minimize contamina- 
tion from the grinding media into the glass powders, 
ball milling for 24 h reduced the average particle size 
of glass powders to about 3 to 5 times smaller than the 
diameter of the Nicalon SiC fibre and was adequate 
for the hot pressing process to densify the glass 
matrices around the fibres. 

2.2. Fabrication of c o m p o s i t i e s  
A slurry infiltration process (Fig. 3) was used to pre- 
pare the SiC fibre/glass powder tapes for further hot 
pressing. The continuous Nicalon SiC yarns, detached 
from a spool, were burned by a gas flame to remove a 
protective coating on the fibres provided by the manu- 
facturer. The yarns were impregnated with an aqueous 
slurry containing the glass powders, and then collec- 
ted on a rotating hexagonal drum which was covered 

Drum collecting 
SiC f ibre yarn Sizing burn-o f f  inf i l t roted f i b reyorns  

SiC f ibre spool Gloss powder s lurry 

Figure 3 Slurry infiltration process. 

* Emulsifier, wetting agent and detergent, Rohm & Haas Co., Philadelphia, PA 
Rohm & Haas Co. 

#Darvan C, R. T. Vanderbilt Company, Inc., Norwalk, CT 
Darvan 821A, R. T. Vanderbilt Company, Inc. 

* Micrqscan particle size analyzer, Quantachrom Corp., Syosset, NY 
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TABLE II Organic compounds of the aqueous slurry systems for the slurry infiltration process 

Slurry Solids Solvent Binder Plasticizer Deflocculant Defoamer 

A Glass powders Water Polyvinyl alcohol Polyethylene glycol Trition X-100 Napco NXZ 
B Glass powders Water Latex Santicizer Trition X-100 Napco NXZ 

by Teflon cloth to prevent the wound fibre/powder 420 
slurry tape from sticking to the drum. 

Two sets of organic compounds were used to pre- 
pare the slurry for the SiC yarn impregnation. Both 
systems were aqueous solutions and their constituents 
are illustrated in Table II. The slurry was prepared by 
mixing glass powders, water, deflocculant, binder, and 
plasticizer using a ball mill for another 24 h. The 
slurry viscosity was then measured by a Brookfield 
viscometer*. Slurry B, which was composed of Latex *, 
Santicizer ~, Trition X-100, glass powders, water and 
Napco NXZ ~ (defoamer), exhibited a relatively low 
viscosity of less than 2.0 poise. This viscosity was too 
low for these slurries to adhere to the SiC fibre yarn, 
and most of the slip dripped from the impregnated 
tapes before being dried. The viscosity of slurry A, 
containing polyvinyl alcohol ~ and polyethylene 1600 
glycol u was more applicable for slurry infiltration. Its 
viscosity varied from 3.0 to 20.0 poise, which increased ~1200 

as more solid and binder were added to the slurry. The e_. 
viscosity of the slurry was used to control the relative 
volume percentage of fibre and matrix in the final ~ 800 
composite. E 

The tapes were dried, cut, removed from the collec- 400 
ting drum, and then cut into 6 cm x 6 cm squares. The 
square tapes were then piled up with a unidirectional 
fibre alignment and put into a furnace for binder burn- ~ 0 
out before being placed into a graphite die for hot 
pressing. Thermal gravimetric analysis A (TGA) results 
of a typical dried tape (Fig. 4) shows that the weight 
loss due to burn-out of organic compounds occurred 
below 600 ~ Organic compounds in the slurry were 
therefore removed by thermal processing at 600 ~ for 
30 min. 

The inside wall of the graphite die and pad blocks 
for hot pressing were coated with BN powder ~ to 
avoid reaction with tapes during hot pressing and 
allowed the composites to be removed easily from the 
die after pressing. Hot pressing of composites was 
executed under a reducing atmosphere in an induction 
heated furnace. The typical hot pressing schedule of 
temperature and applied pressure is illustrated in 
Fig. 5. Pressure was applied to the stacked tapes in the 
graphite die in all cases at 1000 ~ in order to avoid 
damaging the SiC fibres by unyielding granules. This 
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Figure 4 TGA curve for binder burn-out of tapes containing glass 
powder slurries. 

/ 
/ 

. , , , . , , . 

90 180 270 360 
Time (rain) 

15 

12 

0 

~t 

3 

0 
450 

Figure 5 Hot pressing schedule for composite densification 
( - -  temperature; . . . .  pressure). 

temperature was about 150~176 higher than the 
dilatometric softening point of the matrix glasses 
[43]. The soaking temperature was varied from 
1200~176 and the holding time ranged from 
0-30 rain. 

2.3. Characterization of composites 
An optical microscope t was used to study the micro- 
structure of the as-pressed composites in sections per- 
pendicular and parallel to the alignment of the fibre. 
These sections were cut, ground, and then polished 
using diamond paste to 1 pm. The volume percentage 

* LV Spindle # 2, Brookfield Engineering Laboratories, Inc., Stoughton, MA 
* Latex A1-608, Polysar Ltd., Sarnia, Candan 
Santicizer 160, Monsanto Co., St. Louis, MO 
Henkel Process Chemical, Morriston, NJ 
Elvanol, Grade 72-60, E.I. du Pont Nemours & Co. Inc., Wilmington, DE 

[] Carbowax 200, Union Carbide Corp., Danbury, CT 
a Harrop Industries, Inc., Columbus, OH, and Innovative Thermal System, Almond, NY 
o Boron Carbide, High Purity Powder, Union Carbide Co., Cleveland, OH 
* Versamet-2, Unitron Instruments, Inc., Plainview, NY 
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of fibre and matrix in the composite was determined 
by using a scanning electron microscope* (SEM) with 
an image analysis * attachment. The area percentage of 
fibre and matrix on the polished section measured by 
the image analyzer is indicative of the volume percent- 
age of both constituents in the composite since this 
distribution is expected to be consistent throughout 
the depth of the composite along the fibre axis direc- 
tion. The microstructure and microchemistry of the 
interface regions between fibres and matrix were stud- 
ied with a transmission electron microscope ~ (TEM) 
with an accelerating voltage of 200 kV and an affixed 
energy dispersive spectrometer ~r (EDS). The results of 
these interfacial studies will be discussed in accom- 
panying work [44]. The crystalline phases of the as- 
pressed composite samples which were ground and 
polished were characterized by a computer* interfaced 
X-ray (CuK~) powder diffractometer ~ using a 2 s time 
constant and a step size of 0.02 degrees. 

The composites were cut into approximately 55.0 
x 1.8 x 2.2 mm bars with the longest specimen dimen- 
sion parallel to the fibre axis for flexural strength tests. 
The strength of each sample set was determined from 
20 bars of specimens from two different runs but with 
identical processing conditions to ensure reproducibi- 
lity. The flexural test was performed under three- 
point-bending on an universal testing instrument ~. 
The span was 45 mm between the two steel supporting 
beams of 3 mm in diameter. The cross-head speed rate 
for this test was 0.5 mm min- 1. The fracture toughness 
1-45, 46] (K~c) of these samples in the direction normal 
to the fibre alignment was measured under the identi- 
cal sample preparation and testing conditions as those 
for the flexural strength test except that the testing 
bars were pre-notched using a diamond saw (0.3 mm 
in thickness) at a notched crack length/depth ratio of 
approximately 0.5. Each set of K~c data was deter- 
mined from five different tests. The equation [46] 

B~-3/2PSI(a)I/2-W __1/a\3/2 Klc -- 2.9 - - 4 . 6 ~ )  

+ 

+ 38.7 (1) 

was used to calculate the K~c value of composites, 
where P is the load, B is the width of specimen, S is the 
span length, W is the depth of sample and a is the 
crack length. 

The interfacial shear strength between the matrix 
and an individual fibre was evaluated by a micro- 
hardness indenterL This analysis technique has been 
reported by several previous investigations [47-49]. 

Vickers indenter 

r 

fi bre 

Figure 6 Schematic diagram of microhardness indentation method 
for measuring interfacial shear strength between the fibre and 
matrix. 

A Vickers microhardness indenter was utilized, loaded 
onto the centre of each individual fibre on a polished 
section perpendicular to the fibre axis. The indenta- 
tion load was 50 or 100 g with a 5 s hold. The diameter 
of the measured fibre (2R), the width of the indenta- 
tion impression (in diagonal) on the fibre (2a) and on 
the matrix (2b) were measured and used to calculate 
the depressed displacement (u) of the fibre from the 
sample "surface by the equation 

u = (b - a) cot0 (2) 

where 20 is the angle of Vickers indenter and is equal 
to 148 ~ . The geometric relation for this equation is 
shown in Fig. 6. The interfacial shear strength (r) can 
be evaluated by the equation [48] 

a 4 H  2 

,~ = /~2uR3Ef  

where H is the hardness of the SiC fibre measured on 
the fibres in the sections parallel to the fibre axis and 
Ef is the elastic modulus (200 GPa) [48]. Fifteen meas- 
urements were performed on each sample. 

3. Results and discussion 
3.1, Densification of composite and 

crystallization of matrix 
Three slurries containing the same glass powders 
(LAS II in Table I) but with varying viscosity were 
used as matrices to fabricate composites which were 
all hot pressed to 1250~ (pressure applied at 
1000 ~ without holding, under an applied pressure 
of 6.9 MPa. The resulting composites are shown in 
Fig. 7. Many pores still remained in these composites 

* Models 511-52, Autoscan, ETEC Co., Hayward, CA 
Models TS16-J018, Princeton Gamma Technology, Princeton, NJ 08504 

~Models FX2000, JOEL Ltd., Tokyo, Japan 
Models TS16-J018, Princeton Gamma Technology 

* Models VAX-11/730, Digital Equipment Co., Northboro, MA 
Models 12045 X-ray diffraction unit, Phillips Electronic Instruments Co., Mount Vernon, NY 
Models 1123, Universal Testing Instrument, Instron Co., Canton, MA 

" Models HMV-2000, Shimadzu Microhardness Tester, Shimadzu Co., Kyoto, Japan 
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Figure 7 Microstruetures of LAS II composites using three slurries with different viscosities: (a) 18 poise, (b) 13 poise, and (c) 9 poise. Large 
pores are observed in all three samples. 

Figure 8 Microstructures of the more fully densified LAS II composite, sectioned (a) normal to the fibre axis and (b) parallel to the fibre axis. 
The vol % of SiC fibre in the composite was about 40%. 

which indicated that hot pressing with these condi- 
tions (temperature and pressure) was inadequate to 
densify the composites. The micrographs also reveal 
that, as expected, less viscous slurries used in fabri- 
cation led to a higher volume content of SiC fibre in 
the final product (Fig. 7c). 

Fig. 8a and b show a nearly fully densified micro- 
structure of the LAS II composite with a bulk density 
(by Archimedean method) of ~ 2.6 gmcm -3. This 
sample was hot pressed to 1300 ~ and held for 15 min 
under a load pressure of 7.9 MPa (Fig. 5). The volume 
content of fibre in this sample was approximately 
40%, as determined by SEM image analysis. The hot 
pressing conditions for generating densified com- 
posites utilizing different glass powders as matrix are 
given in Table III. A slightly higher temperature of 
1400 ~ was necessary to-densify the LAS III com- 
posite under 7.9 MPa pressure. 
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From previous work [42, 43] using differential ther- 
mal analysis (DTA), devitrification occurred below the 
temperature at which pressure was applied (1000 ~ 
for all glass compositions. Although the glass powders 
were devitrified, application of pressure from 1000 ~ 
to soaking temperatures (1300~176 followed 
by a hold, acted to densify the matrix, undoubtably 
assisted by the viscous flow of residual glassy phase. 

Fig. 9 shows the crystalline phases formed in the 
matrices of these as-pressed composites. ~-spodumene 
SS was the major crystalline phase in all four matrices. 
Taa 05 and TaC were the other two crystalline phases 
detected in the composite with the glass ceramic ma- 
trix containing TazOs as a dopant. Nb20  s and NbC 
were also observed in the composite with LAS IH 
glass matrix (Nb/O5 additives). In the composite 
sample using LAS IV glass (containing TiO2, ZrO/  
and NbzO s dopants) as the matrix, TiC, NbC and 



T A B L E  III Hot pressing conditions for the densification of composites with various matrix materials 

Matrix Additives Temperature Pressure Soaking 
composition (mol %) (~ (MPa) time (min) 

LAS I Ta205/2.0 1350 7.9 15.0 
LAS II Ta205/4.0 1300/1350 7.9 15.0 
LAS III Nb 2 05/4.0 1400 7.9 15.0 
LAS IV TiOz/3.0, ZrOz/1.0, 

Nb205/1.88 1350 7.9 15.0 

T A B L E  IV Modulus of rupture and toughness, Kjc, (with standard deviation) of densified composites 

Matr ix  Hot pressing Modulus of Toughness, K=c 
composition temperature (~ rupture (MPa) (MPa m 1/2) 

LAS I 1350 630.7 + 29.9 15.6 + 2.7 
LAS II 1300 860.3 +__ 76.3 17.0 + 4.3 
LAS II 1350 839.8 + 42.9 15.7 + 2.1 
LAS III 1400 718.6 + 61.7 14.1 + 3.4 
LAS IV 1350 445.0 + 27.2 10.7 + 2.8 

ZrO 2 crystalline phases were also detected. In addi- 
tion to the previous crystalline phases, the broadened 
(1 1 1) peak (most intense peak) of 13-SIC, from 33 ~ to 
38 ~ in 20, was also observed in the XRD spectra of 
these four composites. This was also confirmed by 
TEM (SAD) microstructural investigation of these 
samples in parallel work [44], which confirmed the 
fine polycrystalline structure of the SiC fibres. The 
appearances of TaC and NbC in these composites 
were in the interracial regions between the SiC fibres 
and matrices [44]. 

3.2. Mechanical properties of composites 
The average modulus of rupture of as-pressed com- 
posites are illustrated in Table IV. Two sets of as- 
pressed composites with 4.0 mol % Ta205 additives 

but different soaking temperatures (1300~ and 
1350~ exhibited high flexural strength (860 MPa 
and 840 MPa, respectively). The composites with LAS 
I and LAS Ill glass matrix failed at flexural stresses 
of ~630 MPa and ,~720MPa, respectively. The 
strength of these composites were about 3-4 times 
that of monolithic glass ceramics i-50]. A typical stress 
versus crosshead displacement curve for LAS II com- 
posites using a three-point-bending test is shown in 
Fig. 10. Stress increased linearly with displacement to 
about 600 MPa, after which the behaviour was non- 
linear, reaching a maximum point at 1020 MPa, and 
then dropped at a rate slower than the catastrophic 
failure commonly associated with monolithic ceram- 
ics. LAS I and III composites had a similar behaviour. 
Fig. l l a  shows that  these composites failed on the 
compression side of specimens rather than on the 
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Figure 9 X-ray diffraction patterns of the as-pressed composites 
using various matrix materials. S is the 13-spodumene SS phase; A 
=TaC;  T = T a z O s ;  B = N b C ;  N = N b 2 O s ;  C = T i C  and Z 
= ZrO 2 phase. 
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Figure 10 Typical stress versus displacement plot of LAS II and 
LAS IV composites. 
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Figure 12 Tension side failure (shown by the arrow) of LAS IV 
composite during flexural strength test. 

Figure 11 (a) Failure of the composite on the compression side 
(indicated by the arrow) of the composite specimen during bending 
test. (b) Fibre pull-out of the composite under tensile stress. Scale 
shown is 3 cm. 

The values of critical stress intensity factor (Kjc) of 
these as-pressed composites are enumerated in 
Table IV. The K~c value of the samples were above 
14 M P a m  1/2, with exception of the composite with 
LAS IV as matrix (10.7 MPam~/Z). Fig. 13 shows that 
during testing of these composites, instead of propaga- 
ting forward, the pre-notched crack was blunted by a 
delamination parallel to the tape pile plane. These Kic 
values are close to the reported data of similar com- 
posites from other publications [5, 16]. 

The interfacial shear strength, z, (the strength 
needed to debond chemical cohesion and overcome 
frictional forces [10, 48]) between individual fibres 
and the matrix of the composite was calculated from 
the measured indenter impression and hardness data 
by the Vickers indentation method (Figs 6 and 14). 
The results are plotted in Fig. 15. The data spread was 
large (as was observed in early literature [49]), espe- 
cially for the composites using LAS III and LAS IV 

tension side during the bending test. This was also 
observed in other work [48]. It was interpreted that 
this phenomenon was due to low interfacial shear 
strength between fibre and matrix and hence delamin- 
ation of the composite during the bending test, permit- 
ting the compression side of the sample under load to 
pop out. Fig. 1 lb illustrates the fibre pull-out failure of 
a sample under uniaxial tension in the fibre axis 
direction. 

The composite with LAS IV glass as matrix 
demonstrated a smaller flexural strength of 
~ 4 5 0 M P a  (Table IV). Its failure mechanism was 
quite different from that of LAS I, II and III com- 
posites. The failure of this composite occurred on the 
tensile surface of the specimen during the bending test 
(Fig. 12). Non-linear behaviour was not observed in 
the stress versus strain plot, and failure after the 
maximum strength was more like that of the cata- 
strophic style of monolithic ceramics (Fig. 10). 
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Figure 13 Delamination (shown by the longer arrow) of the 
composite blunted by the propagation of a pre-notched crack in the 
LAS III composite during the toughness test. The sample failed on 
the compression side (indicated by the short arrow). 



Figure 14 Indented fibre shows the impression of the indenter on 
the fibre and matrix (inset micrograph). The fibre was pushed down 
below the specimen surface (right) as compared with the unindented 
fibre (left). 

the composites, as well as a larger modulus of rupture 
(Table IV). The amorphous carbon rich layer and the 
carbide layer (NbC and TaC) [44], observed in Fig. 9, 
in the interfacial region, are responsible for the lower 
interfacial shear strength (T). The larger r value of LAS 
IV composite (Fig. 16) was responsible for the lower 
measured toughness in that composite. This is be- 
lieved to be due to the addition TiO z to the matrix raw 
materials, which formed a TiC particle layer between 
the carbon rich layer and the matrix, and resulted in a 
greater coherent bonding between these two inter- 
facial layers [44]. The TiO 2 dopant introduction 
(LAS IV) contributed to the decrease in flexural 
strength of the composite to less than 500 MPa. This 
implies that titania additions chemically attack the 
fibre, depleting its strength, perhaps due to formation 
of surface defects. 
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Figure 15 The distribution of interfacial shear strength ('c) for the 
LAS composites with different matrix compositions. 

glasses as the matrix. This scatter was attributed to the 
fact that the uncertainty of indentation impression size 
would cause a possible two fold uncertainty in the 
calculated �9 values. The uncertainty of impression size 
may be due to experimental error from the measure- 
ment of indentation impression on the fibre and ma- 
trix. Furthermore, local variation in stress distribution 
around each measured fibre due to varying fibre dis- 
tribution densities would cause a spectrum of meas- 
ured interfacial shear strength. 

Composites composed of LAS I or LAS II glasses 
had small interfacial shear strengths, yielding average 
values of 4.0, 4.8 and 5.6 MPa (Fig. 15), respectively. 
However, the composites with the other two glass 
ceramics as the matrix had rather larger T values: 12.5 
(LAS III) and 23.0 (LAS IV) MPa. The higher den- 
sification temperature (1400 ~ apparently caused an 
increase in interfacial shear strength in the LAS III 
composite. The ~ value of the LAS IV composite was 
nearly 4-5 times larger than that of the composites 
with LAS I or LAS II glass as well as values from other 
investigations 1-47, 49]. 

The smaller interfacial shear strength between the 
fibre and matrix in LAS I, LAS II and LAS III 
composites has led to a higher fracture toughness of 

4 .  C o n c l u s i o n  

Nicalon SiC fibre uniaxially reinforced Li20" 
A1203.6SIO 2 glass-ceramic composites were fabri- 
cated and demonstrated high flexural strength 
(> 800 MPa) and fracture toughness, Klc 
(> 15 MPamt/2). TasO 5 and NbzO 5 acted as effect- 
ive nucleating agents in the glass matrices and also 
formed interfacial carbide (TaC and NbC) layers be- 
tween the fibre and the matrix, which improved the 
mechanical properties of the composites. The amorph- 
ous carbon rich layer and the carbide layer in the 
interfacial region resulted in low interfacial shear 
strength between the fibre, matrix and the permitted 
fibre pull-out, which led to high toughness in the 
composites. The composite with TiO2 additive in the 
matrix showed a lower flexural strength (< 500 MPa) 
and smaller K~c value (< 11 MPa m a/2) which resulted 
from high interfacial shear strength between the SiC 
fibres and the matrix due to the formation of a TiC 
layer in this interfacial region. 
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