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High-strength graphite fibre/lithium 
aluminosilicate composites 

S. R. L E V I T T *  
Ferro Corporation, Technical Center, Independence, Ohio, USA 

Graphite fibre/lithium aluminosilicate composites of matrix composition Li20 Al~O3"nSiO2 
where n = 3, 4, and 8, have been developed with a high volume fraction of undirectionally 
aligned graphite fibres. Graphite fibre/ceramic matrix tapes were produced on a drum- 
winding apparatus and hot-pressed to final dimensions. This composite system exhibits 
a combination of useful properties, including high strength, low density, excellent thermal 
shock resistance and impact strength. Shear strength, cyclic modulus of rupture and 
modulus of elasticity and optical and electron microscopic evaluation of microstructure 
are discussed. Modulus of rupture as a function of vol ~ fibres was studied. The high 
modulus of rupture and impact strength are discussed in terms of the relative properties 
of fibre and matrix. 

1. I n t r o d u c t i o n  
For ceramics to find greater applicability as 
engineering materials, major improvements in 
strength and toughness, ie, resistance to thermal 
and mechanical shock, are needed. Ceramic 
materials are generally considered "brittle" with 
low work of fracture due to the relative ease of 
crack propagation. Recent studies have shown 
that one promising approach to this problem 
is the design of fibre-reinforced ceramic matrix 
composites [1-3]. Matrix deformation allows 
stress transfer to the reinforcing fibres by means 
of shear or frictional forces at the fibre-matrix 
interface. Fibres of sufficient length with higher 
tensile strength and elastic modulus than the 
matrix, will produce effective matrix reinforce- 
ment and also may help retard crack propaga- 
tion, producing increased toughness. 

High strength fibres are not useful structural 
materials until they are bonded together by a 
suitable matrix material. To achieve maximum 
directional properties, the fibres must be oriented 
parallel to produce unidirectional fibre align- 
ment. For maximum strength the overall system 
must be designed so that the fibres carry the 
major part of the applied load, while the matrix 
binds the fibres together, spaces them, protects 
them from mechanical and chemical damage 
and distributes the load to the individual 

fibres. Effective load distribution occurs when 
fibres of high modulus of elasticity are embedded 
in a matrix of much lower modulus. Maximum 
attainable composite strength elastic modulus 
can be predicted from the rules of mixtures [4]. 
For example, the tensile strength of a fibre- 
reinforced composite with continuous and 
parallel fibres is given by: 

Se = Sin* (1 - Vf) + &Vf, Vf > Vm 

where Se = ultimate tensile stress of the com- 
posite, S in*= tensile stress on matrix when 
composite is strained to its So, Sf = ultimate 
tensile stress of fibres, Vf = volume fraction of 
fibres. 

A similar relation exists for modulus of 
elasticity [4]. As the volume fraction of fibres 
increases, the per cent load assumed by the 
fibres also increases. As the ratio E fibre/E 
matrix increases, a greater fraction of the total 
load will be carried by the fibres, so that increas- 
ing Ef/Em allows the use of a smaller vol % 
fibre to carry a given fraction of applied load. 
In practice, actual mechanical properties may 
deviate significantly from theoretical values due 
to fibre-matrix bonding effects, interfacial inter- 
action, oxidation, matrix cracking, porosity, 
inherent defects and impurities in the fibres, 
fibre orientation, fibre damage inherent in high 
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temperature-high pressure processing techniques 
and thermal expansion mismatch between fibre 
and matrix. 

No significant strength increases have been 
obtained in many ceramic composite systems 
owing to matrix-reinforcement reaction at pro- 
cessing or projected use temperatures, as well 
as deleterious expansion-coefficient incompati- 
bility in chemically stable combinations [5, 6]. 
However, some success in overcoming these 
difficulties has been reported [7]. 

During the present study, it has been found 
that the graphite fibre/lithium aluminosilicate 
system appears to be one in which many of the 
above problems are overcome*. Substantial 
increases in strength over the unreinforced 
ceramic matrix have been obtained. This is 
attributed to the relative thermal expansion 
behaviour of fibre and matrix, a large mismatch 
in modulus of elasticity and strength between 
fibre and matrix, and the formation of a fibre- 
matrix bond. A method has been developed 
for fabricating ceramic composites containing 
a high volume fraction of unidirectionally 
aligned graphite fibres in a continuous and 
dense lithium aluminosilicate matrix. The method 
is based o11 the formation of a graphite fibre- 
ceramic matrix tape with subsequent hot- 
pressing to form the final body. Resulting 
composites exhibit flexural strengths greater 
than 100000 psi at room temperature, low 
density, and excellent thermal shock resistance 
and impact strength. 

2. Experimental procedure 
2.1. Preparation of materials 
Reagent lithium carbonate, A-14 alumina 
( -325  mesh) and powdered quartz ( -400  
mesh) were mixed in proper proportions to 
give Li20"A12Q'nSiO2, where n = 3, 4, and 8. 
Carbowax binder was added (3 ~)  and 5 in. x 10 
in. (12.5 cm x 25 cm) slabs were pressed under 
1000t psi and fired at 1300~ for 4 h, then 
crushed and dry ball milled for 10 h and screened 
through -200  mesh sieves. To obtain complete 
reaction, this procedure was repeated with a 
final wet ball milling in Synasol for 16 h. 
X-ray diffraction results indicated the presence 
of/3-eucryptite-silica solid solution (Li20.A120~" 
3SIO2), /3-spodumene (Li~O.AI~Q-4SiO2) and 
/3-spodumene-silica solid solution (Li20"A1203" 
8SIO2). 
*Patent  appl ied for. 
tl000 psi = 6.895 • l0 s Nm= 2. 
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Hercules HM-S continuous graphite tows 
have been used with manufacturer's property 
specifications given in Table I. The tow consists 
of a continuous strand of fibres containing 
10000 filaments, each filament 8 gm in diameter. 

T A B L E  I Properties of Hercules HM-S continuous 
graphite tows 

Ultimate tensile 
strength (103 psi, 6.895 x 106N m -2) 250-350 

Modulus of elasticity 
(106 psi, 6.895 x 109 N m  -2) 50-60 

Density (g crn -3) 1.91 
Treatment Surface-treated 

2.2. Composite fabrication 
A schematic diagram of the drum winding opera- 
tion to produce graphite fibre ceramic tape is 
shown in Fig. 1. The continuous graphite tow 
is removed from a spool, impregnated with slip 
and directed onto a rotating drum at 5~ tows 
per in. (~  2 tows per cm). The drum is covered 
with a Teflon-impregnated glass fabric to avoid 
sticking and allow easy removal of the dried 
tape. A Teflon squeegee traverses the drum as 
the tape is wound, removing excess slip from the 
tape surface. The slip consisted of powdered 
ceramic of appropriate particle size, a 3 ~  
polyvinyl alcohol/water binder and triethylene 
glycol as plasticizer. The slip composition can 
be used to control the relative percentages of 
fibre and matrix ir~ the final composite. The tape 
is dried, removed from the drum and cut into 
2 in. x 2 in. (5 cm x 5 cm) squares which are 
layed up to give undirectional fibre alignment, 
and then hot-pressed. 

Both composites and unreinforced bodies are 
hot pressed in graphite moulds to produce 
2 in. x 2 in. (5 cm • 5 cm) coupons of various 
thicknesses, Fig. 2. Hot-pressing is performed 
under a N2 atmosphere and all graphite parts 
are coated with colloidal graphite (Aquadag) 
to further reduce oxidation. In addition, a 
0.003 in (0.08 mm) molybdenum foil is used as 
a die liner to prevent reactions with the mould 
walls, facilitate pellet release and extend mould 
life. Hot-pressing temperatures are obtained 
in 25 to 35 rain and held for 5 rain during appli- 
cation of 1000 psi. Pressure is applied and held 
constant by using pressurized gas on a hydraulic 
ram and temperature is measured using a Pt-Pt 
10 ~ Rh thermocouple. 



I-IIGH-STRENGTH GRAPHITE FIBRE/LITHIUM ALUMINOSILICATE COMPOSITES 

Figure 1 Drum winding process to produce graphite/ceramic tape. 
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Figure 2 Schematic drawing of hot-press. 

2.3. Sample preparation 
Test bars were cut from 2 in. • 2 in. hot- 
pressed pellets using a diamond saw and ground 
to final dimensions by hand using a number 240 
diamond impregnated wheel. Polished sections 
were prepared for reflected light observation 
using a Nomarski interference microscope. 
Samples were encased in epoxy resin and then 
ground and polished starting with a 240-grit 
bonded diamond lap, then a 30 gm bonded 
diamond lap and finally 6 to 12, 1 to 5 and 1 gm 
diamond paste. Two stage carbon-platinum 
replicas were prepared from polished sections 
and fracture surfaces for electron microscopy, 
Concentrated HF fumes were used as etchant. 

2.4. Physical and mechanical  properties 
Bulk density was determined on test bars by 

*Instron Corporation, Canton, Mass. 

the water immersion method [8]. Density 
determinations by weighing and measuring 
dimensions produced no significant deviations 
attributable to water absorption into open pores. 
Wt ~ fibres was determined from the weight 
change after oxidizing the powdered composites 
to constant weight in air at 1000~ Vol ~ fibres 
was calculated from wt ~ fibres, fibre density 
and composite density. Flexural test specimens 
were approximately 2 in. x ~ in. x ~ in. 
(5.1 cm x 0.64 c m x  0.13 cm) with specimen 
length parallel to the fibre axis. Load versus 
crosshead travel was measured in three-point 
bending on a universal testing machine* using 

in. (0.317 cm) diameter sapphire loading pins 
at a span of 1.50 in. (3.81 cm). The loading rate 
was 0.05 in. rain -1 (0.13 cm min-1); corrections 
were made for machine compliance and the 
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modulus of rupture and modulus of elasticity 
were calculated. A span/depth ratio of about 
30/1 is used to minimize shear and wedging 
effects and obtain tensile fracture modes in three- 
point bending. Short beam shear specimens 
were approximately 1 in. x ~ in. x ~ in. 
(2.54 cm x 0.64 cm x 0.317 cm) with length 
parallel to the fibre axis. Tests were made under 
three-point loading using �88 in. (0.64 cm) diameter 
steel loading pins at a variable span/depth 
ratio and loading rate of 0.05 in. min -t  (0.13 cm 
min-~). Notched and unnotched Izod impact 
samples have been prepared and tested accord- 
ing to ASTM D-256 using a pendulum type 
impact tester*. Sample geometries are shown 
in Fig. 3. Modulus of rupture was measured 
before and after rapid thermal cycling between 
room temperature and 1200~ Flexural speci- 
mens were placed in a refractory tube purged 
with nitrogen, which is then inserted into a 
furnace preheated to 1200~ After a 5-min 
soak, the test bars were quenched in water and 
then recycled or tested. 

1 l/4in~ 

I 
2in. 

7 ~ ' ~ - -  0.010 in.  r a d i u s  
2/s in.  

f i b r e  
d i r e c t i o n  

Figure 3 Notched izod impact test specimen. 

.I 

3. Results and discussion 
A graphite fibre reinforcing phase in a lithium- 
aluminosilicate matrix was chosen for study 
based on their relative properties. The particular 
graphite fibres employed have high tensile 
strength, elastic modulus and radial thermal 
expansion coefficient and low axial thermal 
expansion coefficient. The lithium-aluminosili- 
cates have relatively low tensile strengths and 
elastic moduli and low thermal expansion coeffi- 
cients. Such a mismatch in properties was thought 

*Testing Machines Inc, Amityville, New York. 
7g6 

to be important for the fibres to be effectively 
utilized as a reinforcing phase. 

3.1. Graphite fibre/Li~O'AI=O3"8SiO2 
The first series of experiments was conducted 
using LizO'A12Q-8SiO2 as the ceramic matrix, 
with particle size distribution given in Table II. 
Hot-pressing was performed at 1375~ for 
5 rain under 1000 psi. A plot of modulus of 
rupture versus fibre vol O//o indicates that a 

TABLE II Particle size analysis for Li20"AI203"8SiO2 

Particle size 
(p.m) between 

20-10 9.2 
10-7 14.6 
7-4 21.8 
4-1 47.0 
1-0.6 4.6 
0.6-0.2 2.8 

"rule of mixtures" relationship is apparently 
being followed and the strengthening potential 
of the fibres is being very efficiently utilized 
(Fig. 4). Data scatter (Table III) indicates that 
the variability of these composites is substantially 
lower than that for conventional ceramics. 
Subsequent experiments have revealed that the 
modulus of rupture will vary for a given vol 
fibre, depending on processing conditions and 
resulting pore volume, size and distribution, 
uniformity of fibre distribution, particle size 
distribution, etc. 

As vol ~ fibres increased much above 36 ~ ,  
an increasing amount of porosity occurred in 
the composites and the modulus of rupture 
values declined. This problem may be minimized 
by proper adjustment of the particle size and 
slip viscosity (~o PVA/H20 solution) since at 
low percentages of ceramic in the slip, the 
increased slip fluidity allowed it to run off the 
tape during tape winding. Art optimum slip 
composition based on the present results con- 
tained 40~ ceramic and resulted in approximately 
35 vol ~ fibres in the final composite, Table IV. 
This slip composition has been used in all sub- 
sequent studies. Composites of this composition 
with 25 to 35 vol ~ fibres can be successfully 
fabricated by hot-pressing for 5 rain under 1000 
psi at 1375~ Property degradation occurred 
at higher pressure (40,00 psi) due to fibre damage 
and at lower pressure (300 psi) due to a lack c,f 
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Figure 4 modulus of rupture versus fibre vol ~ for HM-S graphite/Li~O'A1203.8SiO2 composites. 

TABLE 111 Properties of HM-S graphite fibre/Li~O.Al~Os.8SiO~ composites fabricated at 1375~ under 1000 
psi for 5 rain 

Vol ~ Bulk density Modulus of Average modulus Standard Coefficient of 
fibres (g cm -3) rupture(psi)* ofrupture(psi) deviation (psi) variation 

2.90 2.19 92400 91800 5400 5.9 
93000 
99900 
87100 
86600 

33.1 2.16 101300 113400 7000 6,2 
115900 
119100 
117000 
113900 

35.1 2.17 122600 120900 8400 7.0 
127400 
120500 
107000 
127600 

36.3 2.15 116700 127400 7400 5.8 
121700 
130000 
138000 
129500 
128500 

*1000 psi = 6.895 x 106 Nm 2. 

densification and  int imate fibre-matrix contact.  
Temperatures  of 1400~ and  higher produced 
excessive melt ing and  temperatures of 1350~ 

produced a highly porous body. The highest 
strengths and mos thomogeneous  microstructures 
were observed after hot-pressing at 1375 ~ C. 
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TABLE IV Slip composition producing maximum 
flexural strength 

wt goo 

Ceramic matrix material (Li20.Al~O3"8SiO2) 40 
3 ~ polyvinyl alcohol/water solution 58 
Triethylene glycol 2 

3.1.1. Micros t ruc ture  

Optical micrographs (Fig. 5) show a typical 
composite microstructure with a relatively 
uniform fibre distribution and demonstrate 
the feasibility of incorporating a high volume 
fraction of fibres into this ceramic matrix. There 
is some degree of fibre twisting and misatign- 
ment in the composites, resulting in lower 
directional properties. In addition, scatter in 
individual fibre properties produced composite 
data scatter. Uniform fibre distribution is im- 
portant and fibre-fibre contact should be avoided 

Figure 5 Polished sections of typical HM-S graphite/ 
Li~O.AI~Oa'8SiO2 composites; (a) x 76, (b) x 303. 

798 

Figure 6 Electron micrographs of HM-S graphite/ 
Li20"AI203"8SiO2 composites. (a) Fracture surface, 
x 5040, (b) polished and etched, x 2500. 

to eliminate local stress concentrations at 
points of contact. This would result in premature 
fibre failure, with cracks travelling through the 
composite by way of fibre-fibre contact points. 

Electron microscope studies (Fig. 6) reveal 
a non-cracked matrix, indicating a satisfactorly 
thermal expansion match between fibres and 
matrix. The appearance of the electron micro- 
graphs is an artifact produced by the replication 
technique and is not due to plastic deformation 
of the graphite fibres. Extremely intimate 
fibre-matrix contact was produced without any 
detectable interfacial reactions or degradation 
of fibre surface topography. Test bars broken 
in three-point bending exhibited crack deflec- 
tion and fibre pull-out, with the crack propagat- 
ing through the composite. Cracks were deflected 
to propagate parallel to the fibre axis with an 
undulating fracture surface running obliquely 
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through the composite. A hot-pressing tem- 
perature of 1375~ was found necessary to 
produce dense bodies with intimate fibre- 
matrix contact. This is 19~ above the reported 
melting point of the ceramic matrix [9, 10]. 
Partial melting of the ceramic during the rapid 
(5 rain at 13750 C) hot-pressing cycle led to rapid 
densification and excellent fibre-matrix contact. 
The glass formed is highly viscous and allowed 
little recrystallization during the cooling cycle 
(about 2 h), as shown by X-ray diffraction. The 
residual glass did not appear to produce matrix = 
cracking due to thermal expansion mismatch or "~ 
to prevent the development of extremely high .~ 
flexural strengths. The residual glass limits 
the high-temperature properties [11 ], but should -~ 
be minimized by controlled recrystallization or 
eliminated entirely by pressure calcintering. 
Oxidation of the graphite fibres also limits = 
elevated temperature properties in air [12]. 2 

3.1.2. Directional properties, thermal shock, .o 
shear and cycling 

The flexural strength and flexural modulus 
were tested both parallel and perpendicular to -~ 
the hot-pressing direction (both normal to the -~ 
fibre direction) to emphasize the effects of pres- 

laminations and non-uniform micro- sure, 
structure due to the various processing operations. 
The results (Table V) indicate little deviation 
in average flexural strength (about 4% from 
mean) or in average flexural modulus (about .~ 
5 % from mean) when tested parallel or per- ~, 
pendicular to the hot-pressing direction. Thus, 
the microstructure and resulting properties do not 
appear to have substantial directional character- 
istics (about the fibre axis) with respect to hot- 
pressing direction. _~ 

Initial thermal shock tests have been conducted 
on these composites. There is presently no indi- 
cation of flexural strength degradation after 
five thermal shock cycles between room tempera- 
ture and 1200 ~ C, Table VI. The low thermal 
expansion coefficients of fibre and matrix and 
high thermal conductivity of graphite fibre 
contribute to the thermal shock resistance. 

The shear strength of typical graphite fibre/ 
Li20-Al~O~.8SiOz composites is given in Table '~ 
VII. The average modulus of rupture of these 
test bars is 126 x 10 ~ psi (8.69 x l0 s Nm -~) 
(span/depth = 30/1). Span/depth ratios of 4/1 > 
and 5/1 produced combination failure modes 
with the predominant mode being crushing. 
The accompanying tensile failure indications ~< 
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TABLE VI Modulus of rupture Versus thermal shock 
cycles between room temperature and 
1200 ~ C for graphite fibre/Li~O-Al~O3.SSiO2 
composites 

Thermal shock Modulus of Average modulus 
cycles rupture (psi)* of rupture (psi) 

0 138000 124400 
121800 
113400 

1 130 200 129 600 
129000 

5 121600 125000 
128 400 

�9 1000 psi - =  6.895 x 106 Nm -2. 

resulted f rom distortion in stress distribution 
produced by crushing. A span/depth ratio of  6/1 
eliminated both crushing and the resulting tensile 
failure, and pure shear failures resulted, as 
determined microscopically. The average shear 
strength is about  5900 psi (4.1 x 107 Nm-~). 

A slight bend in the load versus deflection 
curves has been indicated between 30 and 50 
of the failure load in many composites (Fig. 7). 
Three graphite fibre Li20"Al~O3'8SiO2 com- 
posites have been cycled ten times in three- 
point loading (span/depth: 30/1) at room 
temperature to over 85000 psi (5.5 x 10 s N m  -2) 
and then loaded to failure ort the eleventh 
cycle. The slight bend in the load versus deflec- 
tion curve disappeared after the first cycle 
and from cycles 2 to 10 the load versus deflection 
curve appeared as a stabilized hysteresis. The 
slope of the load versus deflection curve on 
cycles 2 to 10 approached that above the bend 

on the first cycle. This produced a decrease in 
modulus of elasticity of  about 6 ~  after the 
first cycle, with no further decrease up to 10 
cycles (Table VIII). The test bars were loaded 
to failure on the eleventh cycle and modulus of  
rupture values were as expected (Table VIII). 
Another small bend appeared on the eleventh 
cycle, just above the cycling load in the load 
versus deflection curve. A small amount of  
irreversible damage occurred during the first 
cycle above a critical load with none thereafter. 
This may result f rom a small number of  poorly 
bonded or short fibres which fracture before 
the rest, fibre misalignment and/or matrix 
cracking after its critical strain is exceeded. 
Tensile strength variations in the individual 
graphite fibres could also cause such a~ effect. 

3.1.3. Impact strength 
The impact energy has been measured on Her- 

TABLE VII Short-beam shear strength of HM-S 
graphite fibre/Li20"A1203-8SiO~ compo- 
sites hot-pressed at 1375~ under 1000 
psi for 5 min 

Short-beam Span/depth Failure mode 
shear stress (psi)* ratio 

7300 4/1 Shear, tension, 
compression 

6800 5/1 Shear, tension, 
compression 

6200 6/1 Shear 
5800 6/1 Shear 
5800 6/1 Shear 
6450 6/1 Shear 
5400 6/1 Shear 

"1000 psi = 6.895 • 106 Nm -2. 

4 0  COMPOSITE 

MATRIX 
FAILURE (2) 

30 UNREINFORC E D 

Li:~O,Al203,SSiO 2 
FAILURE (1) 

2 0  

CYCLE 11 

CYCLE 1 CYCLE 2-10 

DEFLECTION 

(1)CURVE NOT SHOWN 

(2)ASSUMED 

Figure 7 Cyclic testing of HM-S graphite/Li~O.Al~O~.8SiO~ composites. 
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T A B L E  VI I I  Cyclic flexural testing of HM-S graphite/ 
Li~O.AI203.8SiO~ composites* 

Cycle Average Average modulus 
no. stress nf elasticity 

(108 psi) (106 psi) 

1 87.9 20.9 
2-10 87.9 19.7 
11 126.7 19.7 

*Hot-pressed at 1375~ for 5 min under 1000 psi 
(6.895 x 106 Nm -3) 32.2 vol ~ fibre and bulk density = 
2.17 g cm-3). 

cules H M - S  graphite/Li20"Al~O3-8SiOz compo-  
sites. Test  samples were fabr ica ted  in the usual  
way and  hot -pressed at  1375~ for 5 rain 
under  1000 psi. Two nickel-base superal loys,  
Ud ime t  700 and M A R - M 2 0 0 t ,  used in turbine-  
b lade  appl ica t ions  and dense a lumina  +, were 
tested under  ident ical  condi t ions .  The compos i te  
impac t  energy for no tched  bars  falls in  the ap- 
p rox imate  range o f  20 to 30 ft lb in -2 (4.2 • 104 
to 6.3 • 104 J m  -z) of  cross sect ion while 
tha t  for unno tched  test bars  is abou t  75 ft 
lb in  -z, (1.6 • t05 Jm-~) ,  (Table  IX).  These 
values are extremely high for a ceramic mater ia l ,  
as can be seen by compar i son  with an excellent 
qual i ty  a lumina.  Fig. 8 shows the macroscop ic  
na ture  of  the impac t  f racture on  a no tched  
composi te  test bar.  The  fracture is repeatedly  
deflected as it p ropaga tes  across the test ba r  
to p roduce  a saw- tooth  effect accompan ied  by 
fibre pul l -out .  Exposed  fibres show little mat r ix  
adherence  implying  weak  interracial  bonding.  
F ib re  surface t o p o g r a p h y  appears  unal te red  
f rom unprocessed  fibres wi th  microscopic  fluting 
running  paral le l  to the fibre axis, Fig. 9. 

Figure 8 Notched izod impact failure of an HM-S 
graphite/Li20-A1203"8SiO ~ composite. 

3.2. Composi t ional  effects on propert ies 
3,2,1, Modulus of rupture and modulus of 

elasticity 
A series o f  exper iments  were conduc ted  to 
de termine  the relat ive modulus  of  rupture  and  
modulus  o f  elast ici ty for  bo th  unreinforced 
bodies  and H M - S  graphi te / l i th ium a lumino-  
silicate composi tes  of  mat r ix  compos i t ion  
Li20.AlzO3.nSiO~ where n = 3, 4, and  8. These 
matr ix  compos i t ions  were synthesized as des- 

T A B L E  IX Izod impact energy of HM-S graphite/Li.O.Al~O3.8SiO~ composites, Udimet 700, MAR-M200 and 
alumina 

Composition No. test bar Density Vol. ~ fibre Notched Impact energy 
(g cm -3) (ft lb in-a) * 

HM-S graphite 2 2.19 31.6 no 75.5 
fibre/Li30.Al2OL8SiOz 
composites 1 2.19 31.6 yes 28.3 

3 2.18 34.2 yes 20.0 
3 2.18 34.4 yes 22.3 

U-700 2 - -  - -  yes 163.4 
MAR-M200 3 - -  - -  yes 90.0 
Al~O3 AP 35 3 - -  - -  yes 1.50 

2 - -  - -  no 3.34 

*1 ft-lb in -3 -- 2.100 • 103 Jm -2. 

tJ. W. Sawyer, "Gas Turbine Engineering Handbook", 1st edn (Gas Turbine Publications, Samford, Conn, 9166) 
pp. 228. 
:~AP35, McDanel Refractory Porcelain Co, Beaver Falls, Pa, Bulletin No. D866. 
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Figure 9 Scanning electron micrograph of izod impact 
fracture surface of HM-S graphite/Li20.Al203;8SiO~ 
composite (x 1000). 

cribed above with particle size given in Table X. 
Experiments were conducted to determine the 
optimum hot pressing temperatures to obtain 
high density composites. These temperatures 
were always at or above the melting points of 
the ceramic matrices. For  unreinforced bodies, 
hot-pressing temperatures as close as possible 
to those for related composites were used, the 
limiting factor being massive flow and extrusion 
from the mould due to melting. 

The properties of hot-pressed unreinforced 
lithium alumino silicates Li 20"A1 zOz'nSiO 2 where 
n = 3, 4, and 8 are given in Table XI. The modu- 
lus of rupture tended to increase as the silica 
content of the various compositions decreased. 
The densities of hot-pressed Li20"A12Oz'nSiO2 
where n = 4 and 8 were almost theoretical, 
indicating low porosity. The relative low hot- 
pressed density of Li~O.AI~O3.3SiO2 is indi- 
cative of porosity, which was borne out by 
optical microscopic examination of polished 
sections. The modulus of rupture of Li20-A1.2Oz- 
3SiO ~ would be expected to increase as theoretical 

density is approached. The elastic modulus 
increased on going from Li20-A12Oz.8SiO 2 to 
Li20"Al~Oz.4SiO2 but declined for Li20"AI2Q" 
3SIO2. The presence of porosity also explains 
the relatively low value of elastic modulus for 
Li~O'A12Os'3SiO2. The modulus of rupture and 
modulus of elasticity were determined using the 
same span/depth ratios as for composites 
(about 30/1). These values may now be compared 
to those of graphite fibre reinforced composites 
to determine the magnitude of property changes. 

Composites were fabricated using the slip 
composition which produced maximum flexural 
strengths in previous work, Table IV. Sub- 
stantial increases in both modulus of rupture 
and modulus of elasticity were found using all 
three matrix ~compositions (Table XII). The 
Li20-A12Oz-8SiO~ matrix produced substantially 
higher modulus of rupture values than either 
of the other two matrix compositions. 

3,2.2. Interpretation of results 
The composites consist of graphite fibres having 
considerable anisotropy, embedded in a matrix 
containing the original crystalline phase, a 
glass phase formed during hot-pressing and a 
/3-eucryptite-like phase formed by recrystal- 
lization from the glass phase. Both original 
and recrystallized crystalline phases are anise- 
tropic with respect to thermal expansion coeffi- 
cient, and may be randomly oriented. Some 
insight into the mechanism responsible for 
composite properties may be obtained by 
considering a simplified model consisting of the 
graphite fibres embedded in a homogeneous, 
isotropic polycrystalline matrix of the original 
crystalline composition and having a thermal 
expansion coefficient identical to that found 
for the polycrystalline body. 

The coefficient of thermal expansion is 
- 1 0  x 10-7~ -1 for Li20.A1203.3SiO2, 10 x 
10-7~ -1 for Li20"A120~-4SiO2 and 2 x 10 -7 
~ -1 for Li20"AIzO3"8SiO2, measured on poly- 
crystalline bodies from room temperature to 
1000~ [14]. The graphite fibre is polycrystalline 

TABLE X Particle size analysis for Li~O'A12Oa'nSiO2 where n = 3, 4 and 8 

Particle size ~ between for ~ between for ~ between for 
(lain) Li20.AI~O3-3SiO~ Li20 .Al2Oz.4SiO2 Li20.A12Oz-8SiO2 

10-7 2.5 10.3 11.9 
7-4 9.8 12.3 15.1 
4-1 76.4 65.8 64.9 
1-0.6 11.3 11.6 8.1 
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with crystallites preferentially aligned with their 
a-axes parallel to the longitudinal fibre axis 
and with crystallite c-axes perpendicular to the 
fibre axis. The axial expansion of high modulus 
graphite fibres approaches the a-direction expan- 
sion of single crystal graphite, with values of 
a = - 15 x 10-7~ -1 from 0 to 150~ a = 0 
at approximately 400~ and a = 9 • 10-7~ -1 
from 600 to 800~ [15-17]. The c-axis expan- 
sion coefficient averages about 280 • 10-7~ 
from 0 to 1000~ [16], and is presumed to be 
similar to the radial expansion coefficient of 
the fibre. 

During cooling from the hot-pressing tempera- 
ture, the ceramic matrix becomes rigid and the 
graphite fibres tend to contract away from the 
surrounding matrix due to the relatively large 
radial expansion coefficient of the fibres. This 
would eliminate fibre-matrix interfacial contact 
and prevent the property increases observed 
for the composites. It therefore appears neces- 
sary to postulate chemical or mechanical bond 
formation between the fibre and matrix, in spite 
of the inability to observe evidence of this inter- 
facial bonding by electron microscopy. The 
relative similarity between the axial thermal 
expansion coefficient of the fibres and that of 
the matrix precludes the development of sub- 
stantial residual stresses during cooling from the 
hot-pressing temperature. However, the high 
radial thermal expansion coefficient of the 
fibres relative to the matrix will produce com- 
pressive stresses in the matrix during cooling, 
and place the interface in tension. The bending- 
over in the first load versus deflection curve on 
cycling, Fig. 7, was probably caused by matrix 
cracking at a higher strain than that at failure 
in an unreinforced body. This increase in 
matrix strain at failure is caused by the residual 
compressive stresses in the matrix. The fibre- 
matrix interfacial tensile stresses constitute a 
weakening of the fibre-matrix bond. The overall 
effect is a low interfacial shear strength and an 
increased matrix strength, with load transfer 
to the fibres occurring through the fibre-matrix 
bond. The low interfacial shear strength accounts 
for the low short-beam shear strengths observed, 
Table VII, and for transverse modulus of rup- 
ture values for composites which were lower 
than for the unreinforced compositions. The 
fibre-matrix interfacial tensile stresses also 
produced crack deflection and fibre pull-out, 
resulting in extremely high impact energies. 
Uninterrupted catastrophic crack propagation 

was inhibited by weak fibre-matrix interfacial 
bonds. It has been shown that the tensile stress 
component preceding a crack front may cause 
a weak interface to open up ahead of the crack 
front, diverting or inhibiting crack propagation 
[13]. Fibrous reinforcement tends to restrict 
crack length to interfibre distances and restrict 
separation of crack surfaces, where transverse 
fibres bridge the crack, thereby limiting crack 
growth. The unusually high impact energies 
observed for this composite system are due, in 
part, to the high modulus of rupture and relatively 
low modulus of elasticity coupled with fibre 
pull-out and crack deflection due to weak fibre- 
matrix bonding. The impact strength may be 
improved further by optimizing the fibre loading 
in the composite or possibly by using fibres 
having different mechanical properties. 

The thermal expansion mismatch in Li20" 
A12Q'3SiO2 composites is apparently excessive, 
leading to a decline in properties. However, 
another factor which had a major effect on 
property variations is hot-pressing at the matrix 
melting point. Relatively high temperatures 
were found necessary to produce rapid densi- 
fication and to obtain high density bodies with 
intimate fibre-matrix contact. Partial melting 
of the ceramic matrix produced a glassy phase 
which allowed this to occur. However, the 
low viscosity glass formed from Li~O.AlzO 3. 
nSiO2, where n = 3 and 4, caused extrusion in 
the mould and made processing control more 
difficult. Control of porosity and matrix vol 
was poor, artd these can vary on a local level 
within each body. This problem is almost non- 
existent for the highly viscous glass formed 
from Li20-AI~O3-8SiO 2. The presence of glass 
limits the upper use temperature of these com- 
posites [11]. The effects of residual glass on 
thermal expansion relationships, anisotropy of 
individual matrix grains, and the effect of 
graphite fibres on glass recrystallization have not 
yet been determined. The modulus of rupture 
for the various composites follows the reverse 
trend found for unreinforced bodies, being 
highest for LizO.A12Q'8SiO2, lower for Li20" 
AlzO3.4SiO ~ and lowest for Li20"AI~Os'3SiO~ 
(high porosity lowered strength). 

HM-S graphite fibres manufactured more 
recently resulted in composites of substantially 
lower properties. Composites fabricated using 
HM untreated fibres have shown marked 
increases in properties, with modulus of rupture 
values about 160 to 170 x 108 psi (11.0 x 108 
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to 11.7 x 108 Nm-2). It now appears that 
the particular type of proprietary surface treat- 
ment employed by the fibre manufacturer 
leaves residual impurities on the fibre surface. 
This causes moderate to severe property degra- 
dation by interfering with the thermal expansion 
relationships and/or interracial bonding and 
depends on changes in the surface treatment 
process. 

4. Summary and conclusions 
A method has been developed for fabricating 
ceramic composites containing a high volume 
fraction of unidirectionally aligned graphite fibres 
in a dense and continuous lithium alumino- 
silicate matrix. Graphite fibre ceramic/matrix 
tapes are produced in a drum winding operation 
and subsequently hot-pressed into final form. This 
sytem possesses an unusual combination of pro- 
perties including high strength, low density, ex- 
cellent thermal shock resistance and outstanding 
impact resistance. The compounds Li~O.A120~" 
nSiO2, where n = 3, 4, and 8 may all be effectively 
utilized as matrices reinforced by graphite 
fibres. Substantial increases in modulus of  
rupture and modulus of elasticity have been 
obtained for all three matrix compositions re- 
inforced by Hercules HM-S continuous graphite 
tows. Composites are generally characterized 
by low porosity, intimate fibre-matrix contact 
and an uncracked matrix, which is a result of 
a suitable thermal expansion match between fibre 
and matrix and the formation of a fibre-matrix 
bond. No strength loss is detected after five ther- 
mal shock cycles between room temperature and 
1200~ Izod impact energies of 20 to 30 ft lb 
in -2 (4.2 x 104 to 6.3 x 104 Jm 2-) (notched) 
and 75 ft lb in -2 1.6 x 10 s J in -2) (unnotched) 
have been measured and are substantially higher 
than reported for most ceramic materials. 
Both graphite fibres and lithium aluminosili- 
cates are commercially available and this system 
serves as both an extremely useful model system 
for study and as a practical system for product 
development. Tremendous design capability is 
inherent in this composite system both from the 

point of view of altering fibre volume, properties 
and orientation as well as controlling matrix 
composition. 
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