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Carbon fibre reinforced glass matrix composite 
tension and flexure properties 

KARL M. PREWO 
United Technologies Research Center, East Hartford, Connecticut 06018, USA 

Carbon fibre reinforced borosilicate glass matrix composites have been fabricated to determine 
their mechanical properties in tension and flexure. Composite tensile stress-strain properties, 
including elastic modulus, proportional limit and ultimate tensile strength, have been measured 
as a function of fibre content. Composite tensile properties were also obtained at temperatures 
of up to 625 ~ C through the testing of 0/90 cross-plied specimens. Composite short-beam 
shear strength was found to depend on specimen orientation and also on the composition of 
the glass matrix. This compositional dependence was associated with an independent measure- 
ment of the fibre-matrix interfacial shear strength and was related to the degree of fibre-matrix 
reaction taking place during composite fabrication. 

1. Introduction 
The carbon fibre reinforced glass matrix composite 
system has potential industrial importance because it 
combines many of the attributes of polymer-matrix 
composites with the improved environmental stability 
and high-temperature resistance provided by glass 
matrices. The purpose of this investigation was to 
examine compos'te mechanical properties in the light 
of fibre, matrix and fibre-matrix interface characteris- 
tics. A recent companion study [1] has examined ten- 
sile performance as a function of orientation for uni- 
and bi-axially reinforced specimens. 

Previous research on this system has demonstrated 
that high-strength composites can be fabricated using 
both continuous [2-11] and discontinuous carbon 
fibre reinforcements [12, 13]. In addition, composite 
dimensional stability [14, 15] and tribological charac- 
teristics [16, 17] appear to offer uniquely desirable 
characteristics. The range of applications seems to be 
limited most significantly by the progressive oxidation 
of the carbon fibres at elevated temperatures [18]. 

2. Experimental procedures 
2.1. Composite fabrication 
All composites were fabricated utilizing the tape- 
winding and hot-pressing procedure described pre- 
viously [19]. The matrices were all obtained as -325  
mesh size glass powders which were combined with 
water to produce slurries through which the carbon 
fibre tows could be pulled. The infiltrated carbon fibre 
tows were then wound on to a mandrel, dried and the 
final composite densified under pressures of 6.89 MPa 
at temperatures in excess of 1200 ~ C. 

The carbon fibre used in this investigation was the 
HMU type (Hercules Co.) having an elastic modulus 
of 380 GPa and a tensile strength of 2700 MPa. It was 
used in both 1000 and 3000 filaments per tow sizes. 
The principal glass used was a commercial borosilicate 
glass (Corning type 7740). Other borosilicate glasses 

used were custom-melted to provide desired fibre 
matrix reactions. 

2.2. Mechanical testing 
Mechanical test procedures included both three-point 
flexural testing and tensile testing. The flexural tests 
were performed only on unidirectionally reinforced 
composites. Flexural specimen geometry was varied to 
permit the ratio of maximum flexural stress to shear 
stress to be altered. 

Tensile tests were performed using both parallel- 
sided specimens and reduced-section machined gauge- 
length specimens. The former were used for room- 
temperature testing of both uniaxially and multiaxially 
reinforced specimens, while the machined specimens 
were used for the high-temperature tensile testing of 
0/90 reinforced samples. In both cases the gauge 
length was 2.5cm and the loads were applied at a 
strain rate of 0.05 min -1. At room temperature, strain 
measurements were made using glued-on strain gauges 
while at elevated temperature clip-on extensometry 
was used. 

3. Results and discussion 
3.1. Carbon fibre reinforced borosilicate 

mechanical properties 
Uniaxial and 0/90 cross-ply composites of carbon 
fibre reinforced borosilicate 7740 glass were fabri- 
cated for testing in tension and flexure to determine 
composite overall stress-strain behaviour and failure 
modes. 

3. 1.1. Uniaxially reinforced composites 
Typical single-cycle and double-cycle tensile stress- 
strain curves for a uniaxially reinforced HMU fibre- 
reinforced 7740 glass composite are shown in Fig. 1. 
The single-cycle curve was linear up to a strain of 
approximately 0.13% and a stress of 200MPa. This 
point of deviation is referred to as the "proportional 
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Figure 1 Single-cycle and double-cycle tension stress-strain curves 
for uniaxial 50% H M U  fibre-reinforced 7740 glass. 

limit" and marks the point at which matrix cracking 
and/or fibre-matrix debonding becomes prominent. 
Similar behaviour has been well documented in the 
Nicalon SiC fibre-reinforced LAS glass-ceramic com- 
posite system [20-22]. The fracture path for specimens 
of this type exhibited substantial shear along planes 
parallel to the fibres due to the very low off-axis 
strength of the composites. Higher-magnification views 
of the fracture surfaces also revaled a predominantly 
fibre pull-out mode of failure. The fibres are pulled 
free of the matrix due to the low interfacial strength, 
with the length of pull-out being in the range of 
approximately 3 to 10 times the fibre diameter. 

By loading a specimen to 800 MPa, then unloading 
and then finally reloading to failure (Fig. 1), it was 
possible to reveal a permanent decrease in elastic 
modulus (from 178 to 162 GPa) which occurred due to 
matrix cracking. Also of note for these specimens is a 
comparison in flexural and tensile behaviour (Fig. 2). 
The flexural strength is significantly greater and the 
flexure specimen fracture surface exhibits significantly 
longer fibres pulled free of the matrix. The dramatic 
difference in fracture behaviour is due to the presence 
of both interlaminar shear (which frees fibres from the 
matrix) and tensile stresses in the flexure test. In addit- 
ion a very large deflection was necessary to fracture 
the flexure specimen after test so that the fracture 
surface could be examined. 

Flexural testing was performed over a range of span 
(L) to depth (h) ratios for a second set of specimens 
containing a lower fibre content. Specimens of two 
orientations were tested (Fig. 3). The difference 
between these specimens has to do with the orienta- 
tion of the original tape plys relative to the direction 
of applied load. The applied load-mid-span deflection 
trace shown in Fig. 4 is typical of those obtained. 
Again, a linear region occurred initially, followed by a 
very jagged curve. The test was generally discontinued 
after it was clear that the maximum load-carrying 
capability of the specimen has been passed. At this 
point, however, specimen failure had not occurred 
and the inherent crack growth resistance of this com- 
posite prevented ultimate fracture. Using the propor- 
tional limit and maximum load points shown on this 
curve and from curves of other specimen tests, it has 
been possible to plot the maximum applied shear 
stress (stress at the midplane of the specimen) as a 
function of specimen span-to-depth ratio (Fig. 5). In 
all but the highest L/h cases the stresses associated 
with the proportional limit and the maximum load are 
plotted. In the highest L/h tests the load-deflection 
curves were not obtained and a proportional limit was 
thus not measured. The data are represented in terms 
of shear stress rather than flexural stress due to the 
fact that nearly all the specimens exhibited shear as 
their primary mode of failure. At the higher L/h ratios 
compression failure was also noted and only at the 
highest L/h ratio of 25 was there evidence of tensile 
failure. 

In the case of the "interlaminar" orientation speci- 
mens, the data for the smallest span-to-depth ratio 
tests (L/h = 4) are associated with specimens whose 
cut ends clearly show the ,evidence of interlaminar 
shear cracks (Fig. 6). By looking at this specimen end 
at this magnification it is possible to see that the shear 
plane is primarily along the fibre-matrix interface, 
moving from fibre to fibre. 

By testing flexural specimens in an "edge-on" 
orientation it was found that composite shear strength 
was markedly increased. The two different specimen 
orientations shown in Fig. 3 make evident the reason 
for the higher shear strength due to the loss of easy 

Figure 2 Comparison between tension and flexure behaviour for uniaxial H M U  fibre-reinforced 7740 glass: (a) tensile, UTS = 839 MPa 
(122 ksi); (b) flexure, ~r = 1150 MPa (166 ksi). 
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Figure 3 Three-point flexure specimen orientations tested. The lay- 
up of the plys is shown relative to the specimen three-point loading 
scheme. 

interlaminar planes for shearing. Examination of the 
edge-on specimens after test was unable to reveal any 
interlaminar cracks such as those shown in Fig. 6. 
Thus the original plys have left clearly defined regions 
of weakness for shear failure in the interlaminar 
specimens. 

Based primarily on the data taken from the shortest- 
span tests it was concluded that the interlaminar 
shear strength of these composites was approximately 
22 MPa. The edge-on oriented specimens failed at the 
significantly higher maximum shear stress of 33 MPa. 
It is interesting to note that this value of 33 MPa is in 
good agreement with the value of shear strength used 
to accurately predict the off-axis tensile strength of 
similar composites using the Tsai-Hill failure criteria 
[1]. In this related case, a shear strength of 32 MPa was 
successfully used to predict the strength of both 
unidirectional and angle-ply composites. 

3. 1.2. Cross-ply reinforced composites 
Cross-ply reinforced (0/90) tensile specimens were fab- 
ricated having nearly the same fibre content as the 
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Figure 5 Calculated maximum mid-plane shear stress as a function 
of test span (L) to depth (h) ratio for uniaxial 38vol % HMU 
fibre-reinforced 7740 glass. (o, zx) Based on maximum load; (o, A) 
based on proportional limit. (o, e)  Interlaminar orientation; (zx, ~,) 
edge-on orientation. 

uniaxial specimens. The tensile stress-strain curve for 
a typical specimen is shown in Fig. 7. The summary of 
composite strength and elastic modulus for 0 ~ and 
0/90 specimens fabricated under identical conditions 
is presented in Table I. The 0/90 composite elastic 
modulus was measured to be half that of the uniaxial 
composites, indicating that the 90 ~ plies contribute 
almost nothing in stiffness. In contrast, however, the 
0/90 composites were less than half the strength of the 
uniaxial composites, indicating that the 0 ~ plies are 
apparently weakened by the presence of the 90 ~ plies 
when tested in this configuration. 

The proportional limit stress for the 0/90 com- 
posites was found to be extremely low due to the fact 
that 90 ~ ply cracking occurs at very low strain levels. 

The fractured 0/90 tensile specimens exhibited more 
planar fracture on the macro-scale because the 90 ~ 
plies prevented the large shear cracks parallel to the 0 ~ 
direction from forming as noted in the unidirection- 
ally reinforced specimens. On the other hand, high- 
magnification examination of the 0/90 composite frac- 
tures (Fig. 8) revealed more extensive pull-out than in 
the unidirectional case alone. This is probably due to 
the number of fibres at the 0/90 interply boundaries 
that are less well surrounded by glass, and also the 
probability of much greater matrix cracking in the 90 ~ 
plies freeing up adjacent 0 ~ fibres. 
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Figure 4 Typical applied load-mid-span deflection curve for uni- 
axial HMU-reinforced 7740 glass. 

Figure 6 Cut flexural specimen edge after testing, revealing path of 
shear crack along fibre-matrix interface. 
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Figure 7 Tension stress-strain curve for 0/90 52 vol % HMU fibre- 
reinforced 7740 glass. 
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Figure 8 0/90 reinforced tensile specimen fracture surface. 

3. 1.3. Elevated-temperature tensile strength 
of cross-ply reinforced composites 

A series of 0/90 reinforced HMU/7740 composites 
was fabricated to permit the determination of tensile 
strength as a function of test temperature. The 0/90 
orientation was chosen so that tensile specimens with 
a reduced gauge section could be used for test without 
causing extensive shear parallel to the fibres. All tests 
were performed in air with a hold-time at temperature 
prior to test of less than 10rain to minimize the 
deleterious effects of oxidation. 

The resultant properties are listed in Table II. While 
elastic modulus is relatively independent of tempera- 
ture, composite tensile strength decreased significantly 
above 540 ~ C, which is close to the borosilicate glass 
matrix annealing point (Fig. 9). Due to the short time 
of exposure to temperature it was not anticipated that 
a significant reduction in strength would have occurred 
due to oxidation of the carbon fibres at even 600 ~ C. 
The decrease in composite proportional limit at above 
540~ also points to an important contribution of 
matrix to the failure mechanism. It is also of interest 
that, while composite strength decreased substantially 
at 625 ~ C, the composite ultimate failure strain was 
much less temperature-dependent. The fact that these 
composites exhibited significantly higher propor- 
tional limit stresses than that presented in Table I 
may be due to the use of a less sensitive extenso- 
metry system for these samples. The extensometer was 
necessary to permit strain measurement at elevated 
temperature. 

T A B L E  I Tensile performance comparison for HMU fibre- 
reinforced 7740 composites (both hot-pressed under identical con- 
ditions) 

Orientation Fibre content UTS Proportional E ~r 
(vol%) (MPa) limit (GPa) (%) 

(MPa) 

0 ~ 50 839 180 180 0.54 
953 200 178 0.63 

0/90 52 289 14.6 90.7 0.44 
308 18.I 87.1 0.50 
3t5 15.8 92.5 0.45 
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3. 1.4. Effect of fibre content on uniaxially 
reinforced composites 

A series of uniaxially reinforced composites was fabri- 
cated to evaluate the effect of fibre content on com- 
posite stress-strain behaviour and shear properties. 
Two different fibre tow sizes were used in composite 
fabrication to examine their effects on performance. 

The tensile stress-strain curves for three of the 
specimens fabricated with 1000-filament tows are 
shown in Fig. t0. As can be seen from the curves, 
there has been a significant change in stress-strain 
behaviour with change in fibre content. The composite 
elastic modulus Eo obtained from the initial linear 
portions of the curves increased with increasing fibre 
content Vf. The data, taken from Fig. 10 and also 
Table III, are all plotted in Fig. 11. The best-fit 
straight line corresponds to a rule of mixtures projec- 
tion (Equation 1 below) that extrapolates to an effec- 
tive fibre elastic modulus Er of 310MPa, which is 
significantly less than the value of 380 MPa associated 
with the fibre by the manufacturer. The projected 
matrix modulus Em of 55 MPa is in fair agreement 
with the 63MPa associated with the unreinforced 
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Figure 9 Ultimate tensile strength of 0/90 HMU fibre-reinforced 
7740 glass at temperature in air. Similar symbols designate samples 
taken from a single composite plate. 



T A B L E  I I  0,/90 HMU/7740 composite tensile properties 

measured at temperature in air 

Fibre Test UTS Proport ional  E ar 

content temperature (MPa) limit (MPa) (GPa) (%) 

(vol %) (%) 

42 25 328 52 - 0.47 

42 450 259 49 72 0.44 

47 25 276 85 83 0.42 

47 540 269 38 91 0.47 

38 403 303 75 75 0.48 

38 625 168 30 66 0.40 

39 425 301 62 82 0.46 

39 600 222 27 70 0.44 

matrix. Microcracks present in the matrix after fab- 
rication would tend to reduce the value somewhat. 

E c = E fV f  4- EmVm (1) 

As would be expected, composite tensile strength 
increased significantly with fibre content, and the 
stress associated with the composite proportional 
limit increased even more rapidly (Fig. 12). Another 
way of examining these data is to look at the com- 
posite strain levels associated with these stresses 
(Fig. 13). The failure strain of the composite is nearly 
constant at 0.5% and independent of fibre content, 
indicating that the strength increases observed were 
primarily due to increases in fibre content. In contrast, 
the strain levels associated with the proportional limit 
increased significantly, most probably due to a refine- 
ment of  the structure and mechanisms relatable to the 
Aveston-Cooper-Kelly (ACK) model [23-25]. The 
ACK model predicts that the matrix cracking strain 
increases with fibre content according to the relation- 
ship 

12ZTm Ef  Vf 2 X~l/3 

8 m = EoE2mrVm j (2)  

w h e r e  8m = matrix failure strain in the composite at 
proportional limit, E = elastic moduli of composite, 
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Figure 10 Effect of fibre content on the tensile stress-strain behav- 

iour for uniaxiat H M U  fibre-reinforced 7740 glass. Fibre contents 

are from left to right 55, 40 and 29 vol %. 
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matrix or fibre, ~ = interfacial shear strength, V = 
volume fractions, r = fibre radius and 7m = matrix 
surface fracture energy. 

Because the elastic modulus of the composite, Ec, 
is dominated by the term Er Vr in Equation 1, it is 
expected that the dependence of 8 m o r  Vf can generally 
be approximated by a Vr ~/3 term. Also of note is the 
fact that the 1000 filament per tow fibre-reinforced 
composites exhibited significantly higher proportional 
limit stresses and strains, probably because of  a more 
uniform fibre distribution as compared to the much 
larger 3000-fibre tow reinforced samples. The tow size 
had much less of  an effect on ultimate strength, reflect- 
ing a lesser dependence on microstructural distribu- 
tion for this property. 

Comparison of macroscopic fracture modes for the 
1000-filament reinforced composites (Fig. 14) demon- 
strates a significant change in failure mode with fibre 
content. As fibre content increased, the composite 
failure mode became more and more irregular. Closer 
examination of the specimen fracture surfaces revealed 
a wide range of fracture characteristics. In one region 
(Fig. 15) very long fibre pull-out was observed and 

T A B L E I I I Effect of fibre content on 0 ~ HMU/7740 composite properties 

Fibre tow Fibre content Tensile test 
size* (vol %) 

UTS ef E Proportional limit 

(MPa) (%) (GPa) (MPa) 
Proportional limit 

strain (%) 

Short-beam 

shear strength (MPa) 

Interlaminar Edge-on 

1K 29 507 0.49 129 53.0 0.04 39.6 51.1 

466 0.48 127 46.8 0.04 40.3 52.1 

1K 35 436 0.40 156 192 0.12 - - 

540 0.52 156 173 0.11 - - 

IK 40 734 0.57 158 283 0.18 40.9 44.6 

724 0.62 I59 304 0.19 42.3 - 

IK 55 826 0.52 193 499 0.26 - - 

837 0.51 198 453 0.23 - - 

3K 38 592 0.50 144 72 0.05 22.2 33.0 
555 0.44 145 70 0.05 - - 

3K 54 - 32.9 44.4 

- - - 29.9 

3K 50 839 0.54 180 180 0.10 - - 

953 0.63 178 200 0.11 - 

*Number  of filaments per two 1K = 1000, 3K - 3000. 
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Figure 11 Elastic modulus of uniaxial HMU fibre-reinforced 7740 
glass: (e) 1000-filament tows, (O) 3000-filament tows. 
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Figure 13 Tensile failure strain and proportional limit strain for the 
same composites as in Fig. 12. 

seems to be associated with a relatively high fibre 
content. In another region, both fibre content and the 
degree of fibre pull-out were significantly lower. The 
lesser degree of pull-out appears associable with a 
lower fibre content. 

3. 1.5. Ef fects  o f  matr ix  c o m p o s i t i o n  
The borosilicate glass matrix used in the previously 
described portions of this report consisted of a stan- 
dard composition of the Corning Glass Works desig- 
nated 7740. It was the purpose of this portion of the 
investigation to fabricate composites with other con- 
trolled compositions of glass to determine the effects 
of  chemistry and fibre-glass reactions on composite 
properties. In particular, it was planned that controlled 
fibre-matrix reactions would take place during com- 
posite fabrication to alter the composition and pro- 
perties of the fibre-matrix interface and to determine 
the effects of these changes on composite mechanical 
properties. The analysis of potential fibre-matrix reac- 
tions is described in detail elsewhere [26], while the 
matrix compositions selected for composite fabrica- 
tion, as well as the standard 7740 glass, are listed in 
Table IV. It should be noted that the changes in 
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Figure 12 Tensile strength (UTS) and proportional limit stress (PL) 
for uniaxial HMU fibre-reinforced 7740 glass: (e, a) 1000-filament 
tows, (O, zx) 3000-filament tows. 
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matrix chemistry were made in such a way as to 
minimize changes in matrix physical properties such 
as thermal expansion and stiffness. 

As a starting point, the surface chemistry of  the 
as-received H M U  fibre was compared with that of 
fibres in a 7740 glass matrix composite. The as-received 
fibre surface was very smooth and scanning Auger 
microscopic (SAM) analysis revealed the fibre chemis- 
try r o b e  100% carbon down to 100nm into the fibre 
surface. In contrast the chemistry of the fibres located 
on the fracture surface of a 7740 matrix composite 
contained evidence of both silicon and oxygen dif- 
fusion into the fibre. Analysis of the matrix surface out 
of which a neighbouring fibre had been pulled during 
composite fracture also revealed extensive diffusion of 
carbon into the glass matrix. 

The series of uniaxially reinforced composites fabri- 
cated out of the trial matrices is listed in Table IV. 
Each of these compositions was used to make thin 
samples for tensile testing and thicker ones for short- 
beam shear testing. Composite tensile strength was 
affected significantly by matrix composition with the 
molybdenum-containing glass exhibiting a significant 
strength reduction. This was also associated with a 
definite decrease in fibre pull-out length. Close exam- 
ination of the surfaces of fibres on the fracture sur- 
face of this molybdenum-containing composite also 
revealed evidence of fibre-matrix reaction. An inde- 
pendent measure of the presence of this reaction and 
its affect on the fibre-matrix interface was obtained by 
applying a load to individual fibre ends and measuring 
the stress necessary to initiate debonding of the fibre 
from the matrix [27]. The resultant fibre-matrix inter- 
facial shear stress was obtained using the applied load 
necessary to cause the observed initial debond in a 
finite-element stress analysis. The c)btained interfacial 
strength data were associated with the interlaminar 
short-beam shear strength (SBSS) measured on speci- 
mens from the same composite samples. These data 
(Fig. 16) indicate that an interfacial bond strength 
increase can be associated with an increase in short- 
beam shear strength. This is in agreement with the 
model proposed by Phillips [5] and the observed frac- 
ture mode for short beam shear (Fig. 6) which showed 
shear cracks following the fibre-matrix interfacial 
regions. 



Figure 14 Fractured tensile specimens of uniaxial 
HMU fibre-reinforced 7740 glass with (a) 29, (b) 40 
and (c) 55 vol % fibre reinforcement. 

4 .  S u m m a r y  

Carbon fibre reinforced glass matrix composites 
have been shown to be high-strength, high-stiffness 
materials whose performance can be related to their 
constituent properties and the role of the fibre- 
matrix interface. Composite tensile strengths of nearly 
1000 MPa, combined with an axial elastic modulus of 
180 GPa and an overall composite density of 2 g cm 3, 
make these composites important candidates for 
structural applications. The shape of the composite 
tensile stress-strain curves is strongly dependent on 
the level of proportional limit stress. After this stress 
has been exceeded the composite stiffness is reduced 
significantly, most probably by the occurrence of 
matrix cracking and also the debonding of the fibre 
surface from the matrix. Both of these occurrences will 
cause an irreversible reduction in composite axial elas- 
tic modulus. 

The retention of composite tensile strength to 
540 ~ C is also notable in that, while limited by carbon 
fibre oxidation, it provides significant potential advan- 
tage over traditional polymer and aluminium matrix 
composites. 

Comparison with polymer matrix composites is also 
relevant in that it points to a potential degradation of 
fibre properties during the glass matrix composite 
fabrication process. An epoxy matrix composite made 

Figure 15 High fibre pull-out region of a uniaxial HMU fibre- 
reinforced 7740 glass composite containing 29 vol % fibre. 

as part of this investigation using approximately 50% 
by volume of the same HMU type fibres exhibited a 
tensile strength of 1500 MPa. This is 50% greater than 
the herein reported glass matrix composite tensile 
strengths, and points to a significant loss of fibre 
performance. As reported in this paper, the effective 
fibre elastic modulus obtained for these composites 
(Fig. 11), is also reduced significantly below that 
reported by the fibre producer and again points to 
fibre degradation. 

The role of fibre-matrix reaction was investigated 
somewhat further and shown to be significantly altered 
through the use of matrices containing reactive 
elements. Enhanced reaction reduced the effective 
fibre strength even further, but at the same time 
increased the composite shear strength. This points to 
the dilemma facing those wishing to develop opti- 
mized fibre-reinforced ceramic matrix composites. To 
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Figure 16 Fibre-matrix interfacial debond shear strength (~'max) 
against composite short-beam shear strength (SBSS) for uniaxial 
HMU fibre-reinforced borosilicate glasses containing the additions 
indicated. 
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T A B L E I V Effect of matrix composition on composite tensile properties 

Matrix Composition (wt %)* Fibre content UTS ef E Proportional limit 
(vol %)* (MPa) (%) (GPa) (MPa) 

82% SiO2, 14% B203, 4% Na20 51 

81% SiO:, 14% B203, 4% Na20, 1% Nb205 42 

81% SiOz, 14% B203, 4% Na20, 1% MoO 3 44 

859 0.56 188 474 
814 0.52 193 445 

971 0,67 173 352 
904 0,64 179 271 

569 0.33 175 490 
557 0.34 179 330 

*7740 Composition is 81% SiO2, 13% B203, 4% Na20 , 2% A1203. 
* 3000-filament tows used. 

preserve fibre strength and achieve a high degree of 
fracture toughness it is necessary to have a low fibre- 
matrix interracial strength. This, however, results in 
low composite shear strength and also off-axis tensile 
strength. By increasing the fibre-matrix bond we 
increased shear strength but severely reduced tensile 
strength and toughness. In the future it will be necess- 
ary to achieve compromises between these two extremes 
based on the requirements of particular applications. 
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