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Model glass fibre/polyester resin composites have been made in the form of double canti- 
lever beams and the effect of a small number of fibres on quasi-static crack propagation 
has been studied by simultaneous plotting of load/deflection curves, measurements of 
crack length, and observation of the progress of fibre/resin debonding and fibre pull-out. 
By varying the condition of the fibre surface and the arrangement of the fibres to a 
limited extent and carrying out subsidiary experiments on single-fibre samples of identical 
character it has been possible to make direct measurements of all of the important para- 
meters required for an analysis of the macroscopic behaviour in terms of established 
models of fibre/matrix interaction. Agreement between experimental and calculated 
fracture energies for these model composites is not highly satisfactory, but it seems clear 
that the fracture energy of grp is likely to be determined very largely by work done 
against friction between fibres and matrix after the debonding process has occurred. This 
conclusion opposes the currently-held view which attributes the large 3'F values of grp to 
the fibre/resin debonding mechanism. 

1. Introduction 
Interpretation of macroscopic fracture behaviour 
of composites with reference to the physics of  
fibre/matrix interaction is not at all straightfor- 
ward. The physical parameters required must 
usually be obtained in separate model experiments 
for which the conditions may be quite different 
and unrelated to the real composite behaviour, or 
they may have to be deduced second-hand from 
visual observation of the composite fracture. We 
have tried to remove some of the uncertainty in- 
herent in such correlations by carrying out con- 
trolled crack-growth experiments on resin samples 
containing only a few glass fibres. We have analysed 
their macroscopic behaviour in terms of the ex- 
ternal work expended in breaking the samples and 
the apparent critical stress intensity parameter. 
Simultaneously we have studied microscopic failure 
events, clearly visible in these samples, monitoring 
progressive changes in the appearance of the glass/ 
resin system during crack growth. Subsidiary ex- 
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periments on single-fibre samples have also been 
carried out where necessary, but on specimens cut 
directly from identical composites. Control over 
the nature of the fibre surface and fibre strength 
was ensured by drawing the fibres individually, in 
the laboratory, immediately prior to casting them 
into the resin. In this way we have been able to 
make direct measurements of all of the important 
parameters needed for an analysis of the macro- 
scopic behaviour in terms of established models of 
fibre/matrix interaction. 

2. Experimental work 
The composites were prepared as double cantilever 
beam samples similar to those used by McGarry 
and Mandell [1 ] with the dimensions shown in Fig. 
1. The deep side slots were needed to obviate run- 
ning-out of the crack, and the analysis we have 
used was that of  Johnson and Radon [2] who give 
for the critical stress-intensity factor, KIC , in plane 
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bn= ~m 

Load 

Figure I Shape and size of double cantilever beam 
specimens. 

strain: 

3.46P(c/h + 0.7) 
KIc 

[bbnh(1 -- v2)]~ 
(1) 

where P and c are the load and crack length corres- 
ponding to an increment of  rapid crack growth, 
and v is Poisson's ratio. The side grooves were cut 
with a fine rotary saw and the leading edge of  the 
initial sawn notch was of  the fish-tail shape advo- 
cated by Griffiths and Holloway [3]. We do not 
claim that the results we obtain can be regarded 
as conventional critical stress-intensity factors: 
we shall refer to our values of  the parameter 
defined by Equation 1 simply as K'  - a function 
of  stress and crack length - and use these to com- 
pare the behaviour of  different samples. 

These samples were cut from plates made by 
casting catalysed polyester resin (BXL SR 17449) 
to fill one half of  an open, horizontal plate mould 
and laying the fibres, spaced at about 12 mm in- 

TAB LE I Description of experimental composite materials 

tervals, onto the surface of  this layer of  resin after 
it had gelled. An equal quantity o f  the same resin 
mix, which had been temporarily refrigerated to 
retard gelation, was then cast into the top half of  
the mould and the sample was allowed to cure at 
room temperature. Test pieces were machined 
prior to post-curing while the resin retained slight 
ductility, and the samples were then post-cured for 
16h at 100 ~ C. A plain resin sample and four 
plates containing glass fibres were prepared in this 
way. The fibres were drawn immediately before 
placing in the resin by heating a piece of  soda glass 
rod to red heat and pulling the ends to full arm 
span. After a little practice it was possible to 
obtain uniform fibres about 0.25 mm in diameter 
sufficiently long to prepare a plate containing six 
fibres. 

The first plate contained freshly-drawn fibres 
embedded in the resin within minutes of  drawing. 
The second plate contained fibres that had been 
allowed to dry after immersion in a 5% solution in 
acetone of  Union Carbide's A187 organo-silane 
coupling agent (3,-glycidoxypropylsilane). The 
third plate contained fibres which had been drawn 
once between finger and thumb prior to embed- 
ding and the fourth contained fibre damaged in 
the same way but lying at an angle of  about 68 ~ to 
the crack plane instead of  perpendicular to it. The 
mean strength of  the freshly-drawn fibres was 

9 9 0 M N m  -2 while that of  the handled fibres was 
580 MNm -2. The mean diameter of  fibres in each 
plate was established by polishing off one of  the 
fractured faces of  the plate and measuring each 
fibre. Basic experimental data relating to the four 
composite beams are shown in Table I. 

Fracture tests were carried out quasi-statically 
in an Instron machine, the load being applied by 
turning the manual control to drive the servo 

Fibre surface condition Fibre diameter No. of fibres Vf 
d, N 
(ram) 

1 Freshly-drawn, clean 0.253 6 9 X 10-4 
fibres 

2 Fibres treated with A187 0.268 5 8.5 • 10 -4 
organosilane 

3 Fibres handled after 0.231 6 7.6 X 10  -4 

drawing 
4 Handled fibres at 68 ~ 0.262 6 9.6 X 10 -4 

to crack plane 

The resin used was polyester BXL SR 17449, with MEK peroxide catalyst and cobalt naphthanate accelerator in the 
ratio 50 : 1 : 1 parts by weight. 
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system instead of driving the machine at constant 
cross-head speed. Small load increments could 
then easily be applied and loading stopped when 
any movement of the crack tip occurred. The 
sample was illuminated by polarized light so that 
the position of the crack front and the extent of 
fibre/resin debonding could be seen through a 
travelling microscope. Measurement of the load, P, 
the crack length, c, and the length, y, of the de- 
bonded region in each fibre were recorded during 
the test, and after a sample was completely frac- 
tured the lengths, lp, of all fibre ends that that had 
pulled out of the matrix were determined. 

In subsidiary experiments, samples containing 
single fibres were cut from unbroken plates and 
tensile tested. These single fibre samples, which 
already contained side grooves, were cut on the 
remaining two sides so as to leave only a small 
amount of  resin surrounding the fibre. Before 
testing, the samples were twisted slightly so that 
the remaining resin cracked without severing the 
fibre. This was easily done in samples containing 
silane-treated or handled fibres, but was difficult 
in those containing clean fibres. In the latter, the 
crack most frequently ran straight through both 
resin and fibre with little debonding. The load -  
deflection curves obtained by loading these pre- 
cracked samples to fracture in tension were used 
to determine the initial frictional force and the 
actual pull-out work. 

3. Experimental results 
3.1. Fract~ure work and fracture toughness 
Complete load-deflection curves for the four 
composite samples are shown in Fig. 2. There 
are two obvious distinguishing features: (i)the 
total energy required to break the samples contain- 
ing silane-coated fibres and misoriented fibres is 
lower than that for either of the other two; (ii) 
the curve for the sample containing handled fibres 
shows two distinct components -- the large drops 
in load are associated with increments of crack 
growth, but between these events there are many 
smaller load drops and recoveries which contribute 
substantially to the high fracture energy. These 
smaller drops have since been shown quite unam- 
biguously to be associated with sudden increments 
of debonding and fibre pull-out, the latter occur- 
ring by a discontinuous stick-slip mechanism [4]. 

Values of K' were calculated for each increment 
of crack growth. In order to compensate for differ- 
ent numbers of fibres and different mean diameters 
in the four composite samples (Table I), these 
values of K t Were all normalized to a notional 
"volume fraction" of 0.0009 by multiplying by 
0.0009/[V~ (actual)]. The normalized values are 
plotted as a function of crack length, together 
with results for the plain resin, in Fig. 3. Although 
the K' values for all of the composites rise above 
the stable resin value (about 0.5MNm-3/2), the 
curves for silane-treated and misoriented fibre 

LOAD, 

J~ Clean fibres 

fibres 

~ 0 kg 

and misoriented fibres 

I i D E F L E C T I O N ,  x 
lr~m 

Figure 2 Load versus deflection (or crack-opening displacement) curves for quasi-static fracture of DCB composite sam- 
ples containing (a) clean fibres, (b) silane coated fibres, (c) fibres damaged by handling, and (d) damaged fibres at an 
angle of 68 ~ to the crack plane. 
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Figure 3 Apparent critical stress intensity factor, K' ,  as a function of  crack length for plain polyester resin and four 
composite beams. The fibre treatments are the same as those represented in Figure 2 and Table I. 

composites rise to maximum values less than 
twice that of  the resin, whereas the other two 
curves rise to between three and four times this 
level. Mean values of  K '  were converted to the equi- 
valent fracture energies, ? r ,  on the assumption 
that the fracture mechanics relationship. 

K~c -~ 2(1 -- v2)E'YF (plane strain) (2) 

also holds for K'.  The value of  E used was that for 
the resin since there was so little reinforcement, 
and the values obtained are shown, together with 
the areas under the curves of Fig. 2, in Table II. The 
integration values are divided by the total crack 
surface area to allow comparison with conven- 
tional surface fracture energies. The agreement 
between the two estimates of  3'F is good for sam- 
ples 1 and 3, but for samples 2 and 4 the result 
derived from fracture mechanics is only about half 

that measured directly. The ranking is the same in 
both cases, however. 

3.2.  F ibre  d e b o n d i n g  and  f ib re  pu l l -ou t  
During crack growth, resin cracks would sometimes 
stop in the regions between fibres and they were 
often, but not invariably, halted by fibres. The 
stopping of  a crack at a fibre and the onset of  fibre/ 
resin debonding usually appeared to occur simul- 
taneously, but during subsequent reloading, further 
debonding would often occur before the crack 
could grow past the fibre. In some cases two or 
three fibres would remain unbroken behind the 
crack front and the debonding process would con- 
tinue until a fibre broke. Fibres often fractured at 
the crack plane even after extensive debonding, but 
fracture inside the resin and fibre pull-out also 
occurred. The samples were illuminated by trans- 

TAB LE I I Measured and derived fracture parameters 

Sample Mean K'  Mean "IF "/F 
(MN m -3~2) (derived from (graphical value) 
(-+0.05) /~' (J m -2) (J m -2) 

(-+ 5) (+ 5) 

Plain resin 0.5 
1 Clean fibres 1.3 
2 Silane coated 0.7 

fibres 
3 Handled fibres 1.6 
4 Handled fibres, 0.7 

angled 

40 
280 250 
90 180 

400 370 
90 160 

All values of  K'  and "YF for composites are normalised to Vf = 0.0009. 
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T A B LE III Fibre/resin debonding and fibre pull-out 

Sample Mean debond Max. value Fibre pull-out 
length* of debond length* length; 
f (mean for all fibres) mean for all 
(mm) Ymax fibres,/lo 

(mm) (mm) 

1 6.3 9.8 1.07 9.2 
2 10.7 12.8 1.35 9.5 
3 28 34 3.2 10.6 
4 14 14 0 

* The debond length, y ,  is the total debonding per fibre and is measured on both  sides of  the crack plane. 

mitted polarized light during testing and the posi- 
tion of the crack front, the extent of debonding, 
and the stress transmitted between fibre and resin 
during fibre pull-out were made clearly visible by 
stress birefringence. The debonded lengths at each 
fibre were measured for each increment of crack 
growth and the mean and maximum values are 
recorded, together with mean pull-out lengths, in 
Table III. When attempts are made to analyse the 
fracture behaviour of composites, the value of the 
fibre critical length, le, is usually required and in 
the absence of a direct determination an estimate 
is often made from the appearance of the fracture 
surface. The "mean" length of fibre pull-outs, [p, 
which can be roughly estimated from scanning 
electron micrographs, is assumed to be half the 
maximum possible pull-out length, and this should, 
in turn, be equal to le/2, so that le ~ 41p. It is also 
often assumed that the total debond length is of the 
order of lr whence y ~ 4/p. The results in Table 
III show, however, that for those composites 
where debonding and pull-out occurred together, 
the ratio of (maximum debond length/(mean pull- 
out length) is about 10. When the fibres do not lie 
normal t o  the crack plane there is no pull-out as 
might be expected, and the extent of debonding is 

much smaller than when the fibres are arranged 
vertically. 

3.3. The work of fibre pull-out and the 
friction force 

When single fibre samples were loaded in tension 
the load-deflection curves showed two character- 
istic regions. The initial, steeply rising portion 
(Fig. 4) is associated with elastic deformation of 
the fibre and a gradual change in the stress distri- 
bution between resin and fibre as debonding 
occurs. When the fibre breaks the load drops 
rapidly but if, as is frequently the case, the frac- 
ture is within the resin, the resin re-asserts its grip 
on the fibre and the load may be maintained at a 
substantial level, Pu" The high level of this fric- 
tion load and the amount of work required subse- 
quently to withdraw the broken fibre end from the 
resin conflict directly with the familiar assertion 
[5, 6] that the pull-out work can be ignored in 
glass-reinforced plastics. We also note that whereas 
the pull-out load on a damaged (handled) fibre falls 
fairly smoothly as pull-out progresses, implying a 
reasonably constant value of the interfacial fric- 
tion stress, it increases intially during pull-out of a 
silane-treated fibre. The curious behaviour obser- 

LOAD 

DEFLECTION 

Figure 4 Typical load-def lec t ion  curves for pull-out o f  single glass fibres from blocks of  polyester resin. The actual load 
levels are not  comparable because the lengths of  fibre ends being pulled out were different. But the relative areas of  the 
initial (elastic stretching, debonding and fracture) and secondary (pull-out) port ions may be compared. 
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TAB LE IV Work of fibre pull-out and interfacial friction stress (single fibre samples) 

Fibre Initial friction Effective friction Critical 
condition stress, r i stress, reff length* 

(MN m -2) (MN m-2) le 
(ram) 

Work of fibre 
pull-out, 
wp 
(kJ m -2) 
(of fibre surface) 

Clean 6.0 3.2 21 8.1 
fibres 
Silane 8.6 13.4 15 13.7 
coating 
Damaged 5.3 4.0 13 2.7 
fibres 

* from le/d = af/2r  i. 

ved when clean fibres are pulled out indicates a 
stick-slip friction mechanism, but there again the 
mean value of the load falls smoothly during the 
pull-out process. 

The work of pulling out a fibre end of length l v 
measured directly from the load-deflection graph 
is 

lp 
t ~ 

= J ,  Pdx. Wp 

Although the interfacial friction stress apparently 
does not always remain constant during pull-out, 
we can calculate an effective friction stress, "/-eft , 
by assuming that this stress does work �89 
which is equal to Wp and 

2wp 
r e f f -  7rdlg" 

The value of the interfacial friction stress at the 
start of pull-out immediately following fibre frac- 
ture is 

e. 
r i =  

and values of "/'eft and ri for composites showing 
pull-out may be compared in Table IV where the 
actual work of fibre pull-out, wp, related to the 
surface area of the pulled-out end, is also recorded. 
For untreated fibres and damaged fibres the initial 
level of interfacial shear stress is not maintained 
during pull-out, contrary to what is commonly 
assumed, whereas if the fibres are silane treated 
the shear stress increases during pull-out. 

The similarity between the three values of r i 
is not so surprising if we assume that the principal 
effect of surface treatments (including handling) is 
to alter the initial tensile and shear debonding 
characteristics rather than alter the ordinary fric- 
tion coefficient between sliding glass and resin 

surfaces. Weakening of the fibres is immaterial in 
this respect. Once pulling out starts it is then still 
not totally unexpected that the friction force 
should fall slightly i f  during the pull-out process, 
any residual secondary adhesive bonds are broken 
or any small asperities on the glass or resin sur- 
faces are smoothed out. These explanations would 
be reasonable for samples 1 and 3 where no "extra" 
material is interposed between fibre and resin. A 
silane coating, on the other hand, is likely to be 
less brittle than the resin and would in any case 
cover the glass only imperfectly [7]. If small 
"rubbery" islands could become detached from 
the glass and resin during pull-out they could easily 
deform as they are dragged along and increase the 
effective friction coefficient. 

3.4. The  critical t ransfer  length 
Since in all our experiments where debonding and 
pull-out occur together, Ymax ~ 10/p, "critical 
lengths" calculated from Ymax and /-p would be 
quite different. From lp values, fibres in samples 
1, 2 and 3 should have critical lengths of 4.3, 5.4 
and 13 mm respectively, whereas the equivalent 
values from Ymax are about 10, 13 and 34mm. 
However, these results are completely at variance 
with other published values such as those of 
Carswell and Lockhart [8] and Hancock and 
Cuthbertson [9], and the usual value reported for 
(presumably) clean fibres in polyester or epoxy 
resin is about 13mm. If data from the single 
fibre pull-out experiments are used to determine 
lc, and measured values of fibre strength and in- 
itial friction force are substituted in the relation- 
ship 

Ic/d = af/er 

we find that le is 21, 15 and 13mm for the same 
three samples (Table IV). The value for clean fibres 
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is rather high, but the other two are acceptable, 
and none bears any convincing resemblance to 
those derived from ip and Yma~- 

4 .  Discussion 
The measured values of K'  increase with crack 
length in composite samples, and at the point when 
the final catastrophic propagation of the crack 
occurs the crack faces may still be tied together by 
several unbroken fibres. Since the sample can then 
still apparently have a non-zero K'  value because 
the load on the sample is borne entirely by un- 
broken fibres which are being pulled out, the crack 
having passed completely through the resin, the use 
of  the stress intensity concept is clearly suspect. 
Furthermore, since so few fibres are involved the 
failure of only one fibre at a statistically low load 
could thus make a significant difference to the last 
few measurements of K'  With the result that a 
value of 7F for such a sample, obtained from the 
mean K'  as in Table II, could quite easily fall well 
below the integrated work of fracture. This would 
presumably account for the discrepancies between 
the two values of  7F for samples 2 and 4 in Table 
II. 

An additional consequence is that the maxi- 
mum values of K'  measured on composites contain- 
ing fresh fibres and damaged fibres may not be 
truly representative of the maximum possible 
crack resistance obtainable in longer samples (or in 
real composites). Nevertheless, the differences in 
behaviour resulting from the various fibre and 
interface conditions are significant. They corrob- 
orate the observation of Outwater [10] that pre- 
serving the cleanliness of fibres and using coupling 
agents during the manufacture of grp are not 
necessarily beneficial for applications where 
toughness rather than strength is the critical 
design requirement. The presence of a minute 
quantity (<  0.1 vol. %) of "dirty" fibre increases 
the fracture toughness of  the base resin by a fac- 

tor of  four. Scaling up linearly to compositions 
typical of commerical grp composites (Vf ~ 0.70) 
implies multiplying by about 103, giving an extra- 
polated value of about 2 GN m -3/2 for K ~. Values 
reported for real composites are much lower than 
this, however, and the work of Owen and Rose 
[11], for example, indicates that 10 or 20 would 
be a more reasonable multiplying factor. 

Outwater and Murphy [5] have shown how 
Griffith's use [12] of the first law of thermo- 
dynamics to describe the fracture of brittle solids 
may be extended to fbre-reinforced composites. 
In the Appendix we expand Outwater's treatment 
somewhat in order specifically to consider effects 
which he considered negligible and to permit the 
correlation of experimental and theoretical results. 
From thls we take as the basis for our discussion 
the final Equation A10: 

1 f0ea~ure F 7F = ~e~ dx 

- 2A w2 1- 2AW-'/3 + 2AW4 + 7s,m + 7s,i" (AI0) 

7F is the total work of fracture of the composite, 
measured directly as fo fa~ure Fdx,  the integrated 
load-deflection curves; w2 is the elastic energy 
stored in the fibres at failure (debonding energy); 
w3 is the post-debonding friction work; w4 is the 
pull-out friction work; 7s,i is the "surface" energy 
of interface created during debonding; and 7s,m 
is the constant matrix surface fracture work, 
42 J m -2. The calculated work and energy terms in 
equation A10 together with the summation of the 
R.H.S., are shown in Table V. The level of agree- 
ment is not particularly good except for sample 3. 
It seems likely that the discrepancy in the case of 
sample 4 is partly attributable to the fact that 
when fibres are at an angle to the crack plane the 
resin fracture face, normally smooth, fiat and 
mirror-like, becomes highly irregular. This appears 

TAB LE V Summary of calculated and measured fracture energy values 

Sample Debond Post-debond P u l l - ou t  Matrix Interface Total Measured 
energy, friction friction fracture fracture estimated fracture 
w2/2A work, work, energy, energy, fracture work, 
(J m -2) wJ2A wJ2A "Ys,m 7s,i work 7F 

(jm -2) (Jm -2) (Jm -2) (Jm -2) (Equation A10) (Jm 2) 
(J m -2) 

3t 29 62 42 
38 63 117 42 
32 160 56 42 
16 31 42 

4 
4 

11 
5 

169 
264 
301 
94 

253 
167 
312 
168 

2056 



to be because the crack tries to run normal to the 
fibres and as a result passes into the thicker parts 
of the sample each time it moves past a fibre. 
Perhaps the overall lack of agreement is not 
surprising when we consider that only five or six 
fibres are involved in each composite and there 
is a strong possibility that none will break exactly 
at the statistical mean values used in the calcula- 
tions. What is important, however, is the relative 
magnitude, of the separate contributions to the 
total fracture energy. It is clear the two friction 
terms dominate all other components, and fric- 
tion clearly plays a larger part in determining 
work of fracture than has hitherto been implied 
by Outwater's analyses. Although several deter- 
minations of the interfacial bond shear strength 
have been made, there is little measure of agree- 
ment between them. For single fibre pull-out 
tests Norman et al. [13] report a value of 20.6 
MNm -2 for polyester/glass and this agrees with 
Hancock and Cuthbertson's value of 22MNm -2 
for epoxy/glass at low V~. Hancock and 
Cuthbertson [9] show, however, that the value 
can be as low as half this in normal composites. 
Broutman [6] reports values between 4.2 and 
6.9MNm -2 for the shear debond stress and ob- 
serves that silane coatings do not increase the bond 
strength. On the other hand he shows that silane 
coatings can increase the tensile debond stress 
from 5.2 to 8.4MNm -2. Murphy and Outwater 
[5] showed that the debond energy, w2, measured 
in single fibre shear experiments (GII e in their 
notation) could be halved either by handling the 
fibres or by applying conventional surface treat- 
ments, a conclusion not apparently corroborated 
by our own results. They also state that the post- 
debond friction force in glass/epoxy systems was 

100 
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only 1.4MNm -2. Laws et al. [14] point out that 
except for very short fibre lengths, the composite 
strength and toughness would be more effectively 
improved by increasing the interfacial friction 
stress, static or dynamic, than increasing the inter- 
facial shear bond strength. This is certainly in 
agreement with our own findings. 

In a series of experiments similar to our own, 
Mandell and McGarry [1] used bundles of glass 
yarns in their cantilever beam samples. Some of 
their conclusions may be compared with ours, as 
follows. 

(1) They suggest that toughness increases if the 
fibre strength is increased. In our experiments the 
opposite has occurred because when glass fibres 
were weakened by handling there was a concomi- 
tant change in pull-out length because the inter- 
facial friction force remained roughly the same. 

(2) Work of fracture increases if the extent of 
debonding increases. Fig. 3 shows a similar effect: 
in sample 3 with fibres damaged by handling the 
fibres were debonded to the full extent of the sam- 
ple height, and this sample has the highest tough- 
ness. Even in this case, however, the fibres were 
not pulled out over their whole debond length. The 
increases in toughness with crack length illustrated 
in Fig. 3 also suggest a relationship between tough- 
ness and the length of debonded fibre. If the indi- 
vidual values ofK '  af each crack length are conver- 
ted to 7F values, as described earlier, and these are 
then divided by the total length of debonded fibre, 
Ny, measured directly from the sample during the 
test, the ratio 7F/ZY becomes constant after stable 
crack growth conditions have been established al- 
though, as Fig. 5 shows, the proportionality con- 
stant depends on fibre and surface conditions. Since 
two of the terms on the R.H.S. of Equation 3 are 

daraag'ed and 
misoriented fibres 

. /  
J I 

15 

Figure 5 The apparently linear relation- 
ship between the fracture energy, 7F, 
and the total length of  debonded fibre 
is shown here by the constancy of  the 
ratio 7F/Ny as a function of  crack 
length after an initial rapid drop. 
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roughly proportional toy  and two are proportional 
to y2, this result is perhaps not surprising. 

(3) Toughness increases with fibre volume frac- 
tion. This is expected since only one term in Equa- 
tion 3 is independent of the number of fibres. But 
it is not clear what form the relationship will take 
since we cannot easily predict how the interface 
friction stress and the fibre critical length will vary 
as the stress systems in the neighbourhood of each 
fibre begin to interact. 

(4) No significant effect of fibre orientation on 
either toughness or debond length was observed 
for yarns lying up to 60 ~ from the perpendicular. 
This is clearly at variance with our own results 
and the most likely explanation is that our thicker 
fibres are much more rigid and, therefore, able to 
sustain a much smaller degree of curvature before 
breaking at the crack face. Not only is there then 
no fibre pull-out but the extent of debonding is 
also reduced since the fibres fail under smaller 
tensile loads when there is a large added bending 
component. There are obvious implications of this 
result for the users of composites containing thick 
boron fibres as opposed to the usual very fine glass 
and carbon fibres, and for users of laminated or 
chopped fibre composites. 

work terms of the form fdx (elastic extension) and 
7dA ("surface" energy). 

The highest fracture energy measured was equi- 
valent to about 0.5 J in terms of work expended on 
the sample. If the sample were thermally isolated 
the irreversible conversion of this work to heat in 
a 30g sample of specific heat 2000Jkg-aK -1 
would raise its temperature by about 0.01 ~ C. It is 
most unlikely that in a quasi-static experiment a 
temperature rise as high as this could have occurred 
in the sample as a whole, and even in the vicinity 
of the crack tip substantial heating was probably 
absent. We shall tentatively assume, therefore, 
that dQ = 0. The resin matrix is loaded elastically 
during the experiment and its internal (potential) 
energy is initially increased, but subsequently the 
sample is completely unloaded by the slow propa- 
gation of the crack. The thermodynamic state of 
an element of resin remote from the crack face is, 
therefore, identical before and after the sample is 
broken, and since the surface fracture work is to 
be treated as distinct from internal energy the 
recoverable elastic energy does not enter into the 
equation and dU = 0. Equation A1 is then 

i 

5. Conclusion 
It has been possible to show, by studying the propa- 
gation of cracks in model composite beams and 
simultaneously measuring all of the important 
reinforcement parameters, that the fracture energy 
of glass reinforced plastics is likely to be deter- 
mined very largely by work done against friction 
between fibres and matrix after the debonding 
process has occurred. A comparison between ex- 
perimental and calculated values of fracture 
energy for a number of  different fibre surface 
treatments gives only a modest level of agree- 
ment, possibly as a. result of the fact that the 
number of fibres in each composite was to small 
to permit the use of statistical mean strengths, 
pull-out lengths, debond lengths, etc. 

6. A p p e n d i x :  Es t imat ion  of  contributions 
to total fracture energy 

With the convention that work done by a system is 
positive, the first law of thermodynamics in its 
most general form [15] is 

dU = d a - ~  ~d~ ,  (A1) 
i 

where for our particular case q~d~ includes all 

or ~ f d x  + ~7dA = O. (A2) 

Each of these terms consists of several components. 
~fdx includes work done on the system by exter- 
nal forces, the work done by the system against 
friction between resin and fibres, and the irre- 
coverable work done by the system in loading up 
debonded fibres to their fracture point. The total 
work done by the applied force, F, on the system 
boundary (defined here so as to contain the speci- 
men only) is the area under the load-deflection 
curves of Fig. 2 and is, therefore, 

~ e  

= -- J0 Fdx. (A3) Wl 

As the crack passes through the beam, lateral 
tensile forces at the tip initiate fibre/resin debond- 
ing which spreads in discontinuous steps along the 
fibre. As it debonds the fibre is directly loaded 
over an unsupported length until a critical flaw 
within this debonded length initiates fracture. This 
is an uncontrolled process and the stored elastic 
energy in the fibre at failure, which is far in excess 
of the fibre surface energy, is released irrecoverably 
as kinetic, acoustic and thermal energy. The 
energy, w2, to load the fibre to failure over the 
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debonded length is called the debonding energy 
[10]. After debonding and fibre fracture have oc- 
curred, the fibre and resin will have moved relative 
to each other. If the fibre is still gripped by the 
resin, and our experiments show that it is, work 
must, therefore, have been done against this inter- 
facial friction. This post-debonding friction work, 
w3, is easily distinguished from the pull-out fric- 
tion work, Wa, that is now required to withdraw 
the broken fibre end from the resin, also against 
interracial friction. The sum Nfdx is, therefore, 

~ f d x  = - wl + w2 + w3 + w4. (A4) 

This net work serves to create new surfaces and 
interfaces and the term NTdA is therefore the sum 
of three separate contributions from the resin, 
%,m, the fibres, 7s,~, and the new interfaces 
formed by the debonding process, 7s,i. Outwater 
represents this as a debonding energy, G]] c,  which 
has the character of a strain energy release rate for 
mode II (shear) crack propagation along the inter- 
face. The energy balance equation is thus: 

f m l u r e  

f0 Fdx = w 2 + w 3 + w 4  (AS) 
+ -r~,fAf + "r~,,.Am + 3'~,~A~ 

where A~, Am, A i are the fracture surface areas of 
fibres and matrix, and the area of new interface. 

We can exclude the kinetic energy of separation 
of the resin crack faces since this was a quasi-static 
experiment, and we ignore the very small kinetic 
energy term for the fibres. There could also be a 
non-zero stored elastic energy term were there any 
residual stresses between the fibres and resin after 
total fracture or if cracking has altered the balance 
of any residual stresses set up by the curing con- 
traction. However, there was no evidence of such 
residual stresses in terms of birefringence either 
before or after fracture, and we therefore ignore 
them. In order to obtain dimensionally and physi- 
caUy comparable results, all energy measurements 
and estimates are normalised by dividing by the 
total surface area of crack (two faces) produced 
during the experiment. Each energy or work term 
can then be directly compared with conventional 
fracture surface energies, 3's, and with the work of 
fracture values, 7F = (1/2A) fo maure Fdx,  in Table 
II. We now attempt to estimate the terms on the 
R.H.S. of Equation A5: 

1 
"rr = ~ (w2 + w3 + w4 

+ 3's,f "Af + 7s,mAra + 3's,iAi) (h6) 

6.1. Debonding energy [10, 16] 
If a fibre debonds to a total distance Yraax[2 on 
each side of the crack face, the stored elastic en- 
ergy released when it breaks is 

w2 = }(o~/E)(volume) = �89 (TrdZ/4)ym~, 

and i f N  fibre break 

W2 NTrd2 e~Y raax 
- -  - ( A T )  
2A 16AE~ 

This must, in fact, be an overestimate since it as- 
sumes that the fibre/resin interfacial shear strength 
falls to zero after debonding and our results clearly 
show that this assumption is untenable (see, for 
example, Kelly [17]. Outwater's own determi- 
nations of the parameter Gnc were made by com- 
pressing prismatic resin samples containing single 
fibres and it seems likely that his experiment intro- 
duces a substantial tensile debonding component 
whereas in a conventional mode I fracture there 
will be a large shear debonding force. It is by no 
means certain, then, despite the fact that many of 
our observations mirror those of Outwater, that the 
values of Grrc he uses are relevant to our analysis. 
We have therefore adopted Outwater's Equation 
(A7) as an upper bound instead of using his 
measured Gnc values. If Equation A7 is modified 
so as to refer to the debonded surface area of a 
single fibre the debonding work becomes 

w2 a~d 
W d  - -  _ _  

7rdy max 8El 

which is given by Outwater as an upper bound to 
the debonding energy. Outwater's measured value 
of wa (or Gnc max) is 4 KJ m -2 for clean glass/ 
epoxy, which is about ten times our own value 
for composites 1 and 2." 

6.2. Pos t -debond  f r ic t ion  work  [17, 18] 
The total work expended will result from the action 
of the interfacial friction force over a distance 
equal to the differential displacement of fibre 
and resin. Kelly suggested that this distance is 
roughly the product of the debonded length and 
the differential failure strain, Yma~Ae. But in view 
of the relatively high rigidity of the matrix resin 
(or the surrounding composite in a real material) 
when compared with that of a single fibre, and the 
fact that the brittle resin crack propagates in any 
case at very low strains it is more likely that a 
better estimate is simply Yraax x (fibre failure 
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strain). I f  the initial friction force, riTrd(ymax]2), 
acts in dach direction from the crack face over a 
distance oe(Ymax/2), the work is 

2 ri rrdYmax efYmax 
wa - 2 2 per fibre. 

For a composite containing N fibres 

w3 Nrindy2max ef 
2A 4A 

(AS) 

The relevant values of  ef for clean and damaged 
fibres are found from known strength and modulus 
data to be 0.014 and 0.008 respectively. 

6.3. Work of fibre pull-out [19, 20] 
When a fibre end of  length x is pulled from the 
matrix, the friction force, rennd(x/2) acts over the 
distance x to do work ~refrndx ~. Since x is normally 
considered to vary between le/2 and 0 in the aver- 
age composite, the mean work done in pulling N 
fibres out to a maximum distance 1J2, referred to 
the crack surface area, is 

Nrrdreif flOel2x2 dx 
W 4  ~- 

2 ;'oel=dx 
w4 Nzrd're~lrdl~ 

i.e. - (A9) 
2A 24A 

However, since we have measured the work of  pull- 
out,  w n; and the mean pull-out length, fn, is simply 
the total length of  pulled-out fibre divided by the 
number of  fibres in the composite, we can write 

w 4 _  NwpTrdfp (A9) 
2A 2A 

This avoids the complication that we have already 
discussed that the mean pull-out length is not  equal 
to le]4 except for sample 3. 

6.4. Fibre surface energy 
For an ideal brittle solid like glass the fracture sur- 
face work is of  the order of  only 5 J m -2. Distri- 
buted over the total fracture area this would be 
minutely small and 3's,~ will, therefore, be neglec- 
ted. 

6.5. Matrix surface energy 
The appropriate value of  7s,m is 42 J m -2 which is 
the fracture surface work of  the resin obtained 
from our measured values of  K'  and Equation 2 
(Table II). 

6 .6 .  I n t e r f a c e  su r f ace  e n e r g y  
This is the difference in thermodynamic surface 
energy between the two s t a t e s -  fibre wetted by 
resin; and fibre and matrix surfaces separated by 
an air film: it is obtained from the work of  ad- 
hesion. Marston et al. [16] have had some success 
in accounting for the fracture energies of  glass, car- 
bon- and boron-reinforced epoxy resins by associ- 
ating a surface energy term with the actual de- 
bonded surface area although in the absence of  
measured 7s,i values they assumed that the "Ys,i 

would not be very different from %,m. It may be 
that (Ts,m + %,f) would be a more realistic esti- 
mate ( "  50Jm-2) ,  but in our case the energy 
7s,i related to the sample cross-sectional area 

Nrrdy max Ts.i 
2A 

is still a very small quantity, even for sample 3 
with the largest debond lengths, because there 
are so few fibres. 

From the foregoing, Equation A6 can now be 
reduced to 

Nrrd2tr~Ymax 4 NriTrdyZmax ef 
TF -- 16AE~ 4A 

Nwpndfp + NTrdymax % i 
2A 2A " + %,m. 

(A10) 
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