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CRACKING AND FRACTURE IN COMPOSITES

G. A. Cooper* and M. R. Piggott**

ABSTRACT

The experimental and theoretical work which has led to our present wider-
standing of the fracture of composites is eritically reviewed. It is
shown that processes contributing to toughness fall into three groups:
(1) those which lead directly to energy dissipation during crack propa-
gation; (&) indivect processes that co-operate to enhance toughness; (3)
Interactions betwee 8 and matrix vhtch lead to a reduction in a
proparty of fibres or matr The appiicability of fracture mechanics to
compostte materials atso reviewed, and the concept of structural in-
tegrity is introduc

1. INTRODUCTION

It is the purpose of this paper to review some of the recent progress which
has been made in our understanding of the processes which lead to the ten-
sile failure of fibre composites. The field of composite materials re-
search has grown very rapidly in the last few years so that it is no

longer possible to review the whole subject in a single publication, or
even to cover such a restricted field as that of their mechanical proper-
ties, as was still possible only a few years ago. In the early days of
the subject, the broad limits to the properties of composite materials

were identified with the help of a handful of simple concepts: the rule
of mixtures springs to mind as an obvious example.

Subsequently, as our understanding of composites has improved, more subtle
effects have been detected and analysed. This is particularly true in the
case of cracking and fracture of these materials. The importance of op-
timizing fibre pull-out for maximum toughness was noticed early on by
tottrell [1], and Kelly [2] and the potential toughening of casy splitting,
and separation of the fibres was observed at the same time by Cook and
Gordon [37.

Since then, numerous processes contributing to toughness have been iden-
titfied. It has been our aim to select and compare some of these newer
developments, starting with processes that can operate directly to cause
energy absorption during cracking. Indirect effects are then discussed.
By and large these fall into two categories; synergetic, or co-operative
effects, and cohibitive effects, where one element reduces the potential
contribution of the other. Finally, the applicability of fracture tough-
ness concepts will be discussed, together with some experimental measure-
ments of fracture toughness parameters.

*Institut CERAC S.A., Chemin des Larges-Pieces, CH-1024 Ecublens,
Switzerland.

**Chemical Engineering Department, University of Toronto, Ontario
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Creep fai‘l,ure and fatigue fracture, which have aiso been the subjects of
a great deal of study, will not be included. ‘

2 CNERGY ABSORPTION DURING URACKING AND FRACTURE

In this section, we consider the micromechani
from the point of view of the var

s of the fracture process
ous energy-absorbing mechanisms which
may occur. Without discussing whether the concepts of fracture mechanics
are applicable in all cases to composite materials (which is left to a
!urgr section), it is clear that any process which tends to absorb encrgy
during fracture will hinder the failure proce and thus be a desirable
property. Processes discussed in this scction will be limited to those
that result from the compenents of the composite a ing in concert. Thus,

contributions dirvectly attributable to the toughness of the fibres or matris

are excluded.

In what f()glcmxvs. the work of fracture, . will be discussed, vather than
what has often been called the fracture surface energy, v, where y = G/2.

2.1

sulf-out

From the eariie days of the interest in composite materials, it was
gan{e{‘a.lly recognised as useful to surround brittle fibres by a tough,
ductile matrix in order to increase the fracture resistance. The ‘i"'i,rst
sechanism to be put on a scientific footi ng was, however, fibre pull-out
from crack fac normal to the fibre direction [Z.41. Figure 1| [5] shows
4 typical example of fibre pull-out.

The work done in pulling a s ingle fibyre out of the matrix over a distance
2 again: a constant shear stro r at the interface was shown to be

wdt 2%/2 where d = fibre diameter. 7 the fibres have a strength o then
the maximum length of fibre which can be pulled out is 2./2, \\';‘;(‘T‘CY ;‘,:.Uv
dogy/21.  Thus for fibres of Length £ less than Y., all the fibres pull-out
g‘:xther than breaking and the average work done in Fibre pull-out is wdrt 22/
21 S0, writing s for the aspect rvatio, ¢/d, and Vg for fibre volume
fraction, the total contribution of this process to the fracture work is

('fp vf\uw'/c» (1)

o the case where the fibr are of length greater than Loy only a fraction
Ye/% of the fibres will be pulled out, while the vest will be broken. In

this case the contribution to the fracture work will he

/08 {

2y

Gp, = Vod

4

where s. is the critical aspect ratio and is equal to Dpg/ 20, 0 Opy /o,
for fibres well bonded to ductile material matrices. i

Fibre pull-out is not, however, confined to discontinuousty-reinforced
systems, as it will be found in general whenever Fibres break adjacent to
ti}.xc': plane of the matrix crack. This will occur, for example, when the
f’lhl"(‘:’i have a distribution of wenk points along their length., Such a sit-
uation has been discussed by Cooper [6] who considered <:(>;11‘]7<>9:il'c:_-» rein-
forced by continuous fibres whose st rength was uniform except for the pre-
sence of weak points of constant (lower) strength uniformly spaced along
(:.ho Fibres. In general, if the weak points are severe and closely spaced,
fracture will alwavs occur at these points, leading to fibre ]ml."l -out, but
as they become wider spaced or less severe, fibre hreaks can occur in the
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undamaged fibres at the plane of the matrix crack.

Pull-out effec have also been noted with continuous brittle fibres.
Harris et al [7] observed that, with continuous carbon fibre reinforced
spoxXy resins, the pulled-out length increased when the adhesion between
the fibres and matrix was veduced. The average length was equal to 2./2,
calculated using plausible values for the interfacial shear stress, T.
Phillips [8] and Sambell ¢t al [9] have also observed pull-out effects
with continuous carbon fibres, in glass and ceramic matrices.

Harris [10] considers that pull-out occurs because the fibres first debond,
then fracture at an avevage distance from the crack face of RC/d. The
average distance from the crack face will clearly be controlled by the
interface, and the average distance between large flaws in the fibres. Why
it should come to &./4, however, was not clear.

Piggott {11} has put forward an alternative explanation, based on the de-
formation accompanying the stress copcentration around the crack tip. This
could break the fibres up into their critical lenpths, if the deformed zone
is sufficiently extensive. The effect is thus governed by the size of this
deformed zone, and criteria have been derived which indicate that this pro-
cess is favoured when the fibres have small breaking strains.

When debonding has taken place, pull-cut can still require a considerable
amount o©f work., ‘The shear force at the interface, 1, is now governed by
friction between the fibre and the matrix, thus:

o po (3)

where p is the < fficient of friction and U the normal (radial) stress
at the fibve-matrix interface.

T is not constant along the fibres, so that the simple treatment of pull-
out given above cannot be applied. Amirbavat and Hearle [12] have obtain-
ed sults that indicate the p is not constant, with embedded length. In
addition, the value of o, is subject to considerable doubt.

Hadjis and Piggott [13] have attempted to meusure y and oy independently,
by pulting fibres out of strained matrices. They found that epoxy and
polycarbonate matrices contain large residual compressive radial strains.
These residual strains, and the strains resalting from tensile forces
applied to the composite, cause 0y to be compressive at low fibre volume
fractions. Thus the fibres and matrix can remain in contact, despite the
fibre Poisson’s contraction, and friction stresses can develop as a result
of the interfacial Criction during pull-out.

However, at high volume fractions, o, changes sign, and the stress becomes
tensile, so that separation of fibres and matrix can take place, and 1T be-
comes zevo.  Unfortunately, the value of Vg at which op changes sign is
not kpown.  The stress analyses arve only approximate, and do not appear
te have been veritfied experimentally. They are discussed in detail by
Holister and Thomas [14] who also derive cquations for the case of short
fibres.  These equations, however, produce the unlikely rvesult that the
normil styress goes to infinity as the voluwee fraction becomes vanishingly
sma b

Whein tibres bridge a crack, op will not be constant with distance along the
fibre from the crack face. It will be affected by both the change in matrix
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stress, which increases with increasing distance from the crack face, and
by the Poisson's shrinkage of the fibre, which decreases with increasing
distance from the crack face, so long as fibre and matrix remain in contact.
(Poisson's shrinkage effects provide a credible explanation for the unex-
pectedly low interfacial shears needed to account for Allred and Schuster's
results [15]).

These shrinkage effects can also result in situations where the fibres can
be pulled out indefinitely. This was first noticed by Piggott [16] and
vields infinitely large values for the work of fracture. This has been
examined in more detail by Kelly and Zweben [17]. Morley [18,19] has even
proposed core and sheath elements where the core can pull out indefinitely.
This latter process is likely to be limited to special applications where
the loss in stiffness and strength, due to the presence of the core (a
helical spring or kinked wire is proposed), is not important.

In addition, plastic flow of reinforcement wires can cause indefinitely
large pulled out lengths. Morton and Groves [20] have observed that with
annealed wires in epoxy resin, a wire which is too long to be pulled out
at a stress below its yield stress deforms plastically, and in so doing
contracts radially by an amount sufficiently great to free it from the
surrounding matrix, thus permitting indefinite pull-out.

However, only a limited amount of pull-out can normally be considered to
contribute usefully to the toughness, since the maximum amount of crack
opening may be restricted by structural requirements. 7This will be dis-
cussed in more detail later.

A source of energy consumption which is normally associated with, but is
distinct from, fibre pull-out, is that which occurs when the fibre-matrix
interface fails. It is customary to discuss this in terms of systems in
which the fibre-matrix bond is relatively brittle, and where the zone over
which the failure of the interface occurs in small by comparison with £..
This is typically the case with resin or ceramic matrices, but less so with
metals. The subject was first tackled by Outwater and co-workers [21-23].
They consider a long single fibre embedded in a block of matrix, debonded
over a length x from the free surface. The stress necessary to continue
to extract the fibre is given by

8E G 2

dex (T £ 3IT (4)

where T is the sliding frictional stress in the region already debonded

(discussed in 2.1 above). The second term in the expression is the energy
required to break the bond, Gjy1 being the fracture surface energy of the
interface in shear. In the case where x = 0, we have
SE G. 12
Op = .ifff:kil (5)
£ d o)

which is the condition for debonding to begin. Rearranging the expression
we see that for given material properties, there is a certain fibre dia-
meter d < 8EfG; /0% for which the debonding stress is greater than the
failure stress of the fibres. This implies that under these conditions

the fibres can never be debonded from the matrix, and sugg s that a crack
propagating in the matrix would cut ¢leanly through the fibres, producing
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a completely planar fracture with no fibre pull-out. Such a failure mode,

of which an example is shown in Figure 2 is clearly to be avoided if at all
possible: fortunately it does not appear to be very common with well-made

composites.

2.3 Stress-relaxation and redistribution

Piggott [16] has shown that brittle fibres which break in the plane of a
crack can also contribute to the work of fracture. This is by virtue of

the work done in stressing them, and the subsequent loss of elastic energy
due to stress relaxation after fracture. At the instant of fracture the
total stored elastic energy in a fibre, neglecting that arising from elastic
stress transfer, is,

i 39
ed ferd
£

(¢)

and an equal amount of work has been dissipiated in the matrix, or at the
interface, during the build~up of stress. Here T is the matrix shear flow
s in the case of a well-adhering metal matrix, and the frictional shear
s for reinforced polymers. Eg is the Youngs modulus of the fibres. A
correction factor for T was derived for the case of significant Poisson's
contraction of the fibres.

The failure and relaxation of the fibre involves a total dissipation of
<Ugp, when account is taken of the matrix (or interface) work, and thus the
contribution to the work of fracture comes to

G =

fh (7)

When polymers are reinforced by fibre bundles, these usually break in the
plane of the crack, since their strength is generally uniform, and so the
work of fracture must be attributed to stress relaxation rather than pull-
out. Figure 3 shows an example of a failed fibre bundle at a fracture sur-
Face.

Tf the stress in the composite remote from the crack results in a signifi-
cant fibre ?tross,wmgo say, then Ugy must be replaced by U%u - 0}y in the
above equations. Clearly this correction will only be important when the
composite stress is near its unnotched breaking strength.

Elastic str transfer can also involve a significant amount of strain
energy redistribution. Piggott [16] obtained

U, = wd? (1+vm)xn(2w/«§“vf}/4ﬁm (8)

for the strain energy of the fibre in regions adjacent to the crack where
the interfacial shear stress is less than the yield stress, or debonding
stress of the fibre-matrix interface. Here Em and vp are respectively

the Youngs modulus and Poisson's ratio of the matrix. The corresponding
strain energy matrix is very much smaller. These strain energies were
considered to be recoverable, and hence not to augment the toughness. How-
ever, they can involve significant amounts of stored energy.
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2.4 Oblique fibres

Cracks propagate obliquely to fibres when the fibres are randomly dispersed
in the matrix, and can also do so when the fibres are aligned, if the crack
is suitably constrained. When fibres cross cracks obliquely, extra energy
absorbing mechanisms can be identified in both fibres and matrix.

Piggott [24] has shown that the tensile stresses which can be supported by
brittle fibres such as glass, are reduced when a flexural stress is superim-
posed on the tensile stres
are not so weakened - at least when the flexure results from the wires
crossing a crack obliquely in a polymer matrix.

As a consequence, short metal wires crossing cracks obliquely can contri-
bute the normal pull-out work des bed in section 2.1, together with uan
extra, and potentially large, amount of work as they are dragged around
the corners formed by the intersections of the fibre holes and the crack
faces. Hing and Groves [25] and Helfet and Harvis [26] have derived simi-
lar, approximate, expressions for this, based on the plastic work done,
first to bend the wire, and then to straighten it again. Hing and Groves'
expression for the work done for a single fibre is

wd o

tan ¢ (9)

Ufs

where £ is the pulled out length, Op, is the yield stress of the fibre,
i cen the fibre and the crack plane. Thus for uni-

and ¢ 1s the angle betwu
directional fibres, of aspect ratio s, the total contribution to the work
of fracture is

(10)

for 5.  When s > s. some fibres break, and the corresponding value
for Ggg is the above, multiplied by (s./5)°. Hing and Groves derived the
analogous expression for the random fibre case.

When the tibres are brittle, on the other hand, flexure of the fibres re-
duces their apparent strength. The fibres cause yielding of the matrix

(at a shear stress Tyy) at the corners formed by the interscctions of the
fibre holes and the crack f S . fhus the smaller the matrix yield stress,
the more the deformation of the matrix, and the less sharp the curve assumed
by the fibres. We find therefore that the reduction in fibre strength for
brittle fibres is [24]

/ = 5.5 ot
,\um 5.56 Ty tan ¢ (11)

fhis will reduce the pull-out work, since the critical pull-out length will
be less for an oblique fibre, as a consequence of its reduced apparent
strength. The flexure will also cause reduction of the stress relaxation
work. Results have been reported by Piggott and Lee [27] which show that
Ggp falls with increasing angle between the fibre and the crack plane
normal in the way predicted by Piggott. Also, Piggott [28] showed thut
pseudo-randomly dispersed glass fibre bundles in epoxy gave the expected
reduction in toughness.
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The fibre will, however, do work on the matrix as it deforms the corners
formed by the intersection of the fibre holes and the crack faces; sece
Figure 4. [n ductile matrices, fibres thus do additional work which in-
creases the stress redistribution term by a factor (1+1.43 Efp tan ¢),
where cgy is the maximum tensile strain in the fibre. 1In brittle matrices
the deformation takes the form of multiple fractures at the crack face and
the amount of work is difficult to estimate [29].

2.5 Practical consideratio

The relative magnitudes of the pull-out and stress redistribution work can
readily be compared by considering the effect of aspect ratio, if we neglect
the effect of fibre fractures away from the crack plane. Figure 5 shows the
variation, with aspect ratio, of the sum, Gge» of these two contributions

to the work of fracture. Ulg. is plotted as a proportion of its maximum

value, Ggp, which occurs when s = s., and may be calculated from equation 1
with s = s..
It may be seen that for very strong silica fibres (g = 0.1) the maximum

contribution from the stress redistribution term (when s - «) is a little
less than 50% of the maxinum pull-out work (s = s.). For carbon fibres the
corresponding value is about 1%. However, the picture would be entirely
different were the strain energy in the fibre in the elastic stress trans-
fer region near the crack face to be included. This energy (equation 8)

is very large for low modulus matrices (e.g., polymers).

The debonding energy does not appear to have been separately evaluated.
This is evidently an area which would repay further study. However, Kelly
[30] considers that the debonding energy is very small. We also consider
that it is not likely to be a very significant factor, despite arguments

to the contrary by Marston et al [31]. It should be remembered that Marston
et al were not able to measure it, but used what they thought was a reason-
able value, based on some work of Harris. However, Harris et al [7] demon-
strate its rvelative unimportance in the case of reinforced polymers by
caleculating o Gpy, which agreed with their experiments, without considering
the debonding work. (They calculated the pult-out work using plausible
values for v). Similarly, with metal matrices, values of Gep which agree
quite well with experiment can be calculated from pull-out work, neglecting
the debonding work. In this case the shear flow stress of the metal is
used for T,

Fibres crossing cracks obliquely can give large works of fracture. If
ductile wires are used, and the crack propagates obliquely to the fibres

in the most favourable dirvection (tan $=2) we find that the maximum value
of Gfg is about 2.7 times greater than the highest value for brittle fibres
crossing cracks normally [24]. However, this is a somewhat artificial sit-
uvation, and it is more veasonable to compare the random fibre case, which
reduces the contribution to about 0.2 of the above. In any case, if matrix
vielding allows the fibre to cantilever, rather than shearing, this reduces
the plastic work in oblique fibres to less than that due to fibres pulling
out normal to the crack face, except for fibre lengths much less than the
critical length [29].

Indefinite pull-out, which implies infinitely large works of fracture,

is a suggertion that still needs to be put on a proper quantitative footing.
The present proposals all appear to be impractical because the pull out
forces being considered are too small. Thus significant work is developed
only at unacceptably large crack openings. 'This danger was pointed out by
Piggott in 1970 [16] but seems not to have received any attention till now.
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Since the fibres never break, this type of work is analogous to the strain
energy at the crack tip rather than to surface energy or surface work
effects. Suppose a crack has converging faces, at a constant angle 26,
Figure 6. Let the fibres be pulling out at constant stress ogg.  For a
crack extension da, the pull out work will be 2Vgaog da tan 0, since Vea
represents the total cross section of fibres contributing to the work, and
2da tan 8 is the crack opening, and hence pull out distance for a crack
extension da. (In addition there will be a second order effectdue to the
extra fibres involved in bridging the newly extended crack. As da + 0 this
can be neglected compared with the other term) .

A further disadvantage to increasing the size of the reinforcing fibres is
that they quickly become very rigid, and although this may be an advantage
in maintaining alignment it means that they cannot be moulded to follow

the contours of a sharply-curved part. (For this reason it has frequently
been found that boron must be replaced by carbon fibres in curved structures).
A compromise solution which has achieved considerable success is to group
the fibres into bundles which, while sufficiently flexible to be moulded,
nonetheless shpw some of the characteristics of single fibres during frac-
ture. (This is a solution which has been reached in practice in many cases
without the help of the materials scientist, as is shown by the widespread
use of glass fibre as chopped-strand nat in resins, and partially opened

The rate of change in total energy for the system for an applied stress asbestos in cement).

O is thus

The subject has been treated both theoretically and experimentally by Fila

Sz,
du g." & W . g5 B % V.6 12 et al [34] and by Magdell and McGarry [35]. ‘Boyh groups describe work in
da | oot eVp agg tan mm (12) which the toughness is enhanced by the use of fibre bundles, and can be

: o hé controlled by control of the mechanicel properties of the bundle-matrix

interface. The fibre bundles broke ir the plane of the crack (their strength
was uniform along their length), and the fracture work depended on bundle
modulus and interfacial shear force as predicted by Piggott [16] though the

where EX is the appropriate composite elastic constant, @ is a constant
depending on crack shape, and Gy the work of fracture of the matrix.

Crack propagation occcurs when gg < 0, and taking the limiting case, ?2 =0, actual values were somewhat higher than predicted.
we £ind e \a/2 These methods of improving the toughness all involve increasing the crack
quhC ) opening. A criterion which takes this into account [16] is the ratio of
s = inffﬂ (13) the critical strain energy release rate to the distance apart of the crack
faces required for the pull out or str redistribution work to be done.
For fibre pull-out, with the most favourable length, this comes to Veop,/12,
where while for fibre fracture in the plane of the crack it comes to 2Veaey/ 3.
8 (14) Thus, on this basis, stress redistribution is nearly an order of magnitude

more effective than pull-out. It can be seen that this criterion depends
only on the fibre strength and volume fraction.

If B is large enough a crack can never propagate, a situation discussed in
detail for non-composite materials by Piggott [32]. However, unless 8 is

0.5 or greater the contribution of the pull-out work does not exceed that

of the matrix. Thus infinite pull-out is only useful if the pull-out stress,
Og, is large enough to make § > 0.5. Taking a typical example: a=1, Vg = 0.5,
»é = 100 GPa, tan 8 = 0.01, letting the applied stress be half the unnotched
failure strength, e.g., Oz = 0.5 GPa we find that we need Og = 0.12 GPa for

B = 0.5. This is very much higher than the pull-out forces envisaged so far
for indefinite pull-out.

Note, however, that the application of this "structural integrity" criterion
may only be appropriate in small structures and load bearing members. Large
ones are likely to be able to withstand much larger crack openings. In
addition, significant crack openings may be desirable in certain special
cases. For example, for pressure vesszls, it is desirable to have leakage
before bursting.

In addition, many of the mechanisms proposed for obtaining long pull-out
lengths involve weakening the interface [7,36]. This introduces another

e amely that ¢ transverse properties ca 2 serious iminis .
The same difficulty arises when other pull-out and crack bridging mechanisms problem, namely that the transverse properties can be seriously diminished

are maximized to increase the work of fracture, though not to the same ex-
tent. 3. SYNERGETIC EFFECTS
Cooper {33} has pointed out the advantage of increasing the fibre diameter,
but this is principally because the pull-out length is thereby increased.

In any case, this is not always possible, since many reinforcing fibres,
including metal wires, and above all, ceramic fibres such as glass, alumina,
silicon carbide.and boron, show a systematic decrease in tensile strength

as the fibre size increases. In addition, because of manufacturing problems,
it is sometimes technically impossible to maintain fibre properties at large
diameters (in the manufacture of carbon fibres from PAN, for example, the
precursor fibre must undergo a preliminary oxidation before pyrolysis, and
because of the slow diffusion into the interior of the fibre, it is prohibi-
tively expensive to produce fibres with a diameter greater than about 10 pm) .

This section describes contributions te toughness which result from one
component of the composite enhancing a property of the other component .

3.1 Deformation and ductility

Unless both fibres and matrix are ductile, the composite cannot be expected
to be ductile. However, the combination of brittle fibres with a brittle
or ductile matrix can bring about interactions whi h result in non-linear
stress~strain relationships, analogous to those of ductile metals. With
brittle matrices the effects are due to multiple frncturing of the matrix,
while with the ductile matrix, short fibres can cause curvature of the
stress strain curve. Both these mechanisms result in the absorption of
energy under rising load conditions.
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3.1.1 Single and multiple fracture
When one or another of the phases in a composite fails, complete failure
may or may not ensue. A classification based on this distinction leads to
a definition of "single" and '"multiple" fructure [6]. We consider a gener:
ised composite (Figure 7), having phases '"1'" and '"2" with breaking stresses
03 and 02 vespectively, and with corresponding breaking strains e; and €,.
At low strains, €, we can write

. = ViEje + VoEae. (15)

If both phases remain elastic, this equation will hold true until failure
of the more brittile phase. 1If £; > £,, we have

0 = ViEjep + ViEze,, )
; (16)
= \/1E1612 + VaOs.
At this strain, phase 2 fails, and the load which was carried by this phase
is thrown onto phase 1. This then fails if:

V01 < ViEj€s + V,0, (17)

and the composite breaks by the formation of a single fracture surface.
This is defined as single fracture. 1f phase 1 is sufficiently strong,
however, failure of the compo e will not occur, but as loading is contin-
ued, phase 2 will be progressively broken by a series of transverse cracks.
Finally, when the load reaches the failure load of phase 1, complete

ot

fracture will occur when o = Viu;. This process is termed muléiple fracture.

In the case of a fibre-reinforced material, either the fibres or the matrix
may be the more brittle phase and single or multiple fracture may be found}
in either system (see Figures 8 and 9). In each case, however, only one of
the two types of failure is of interest when dealing with composites which
may be correctly termed '"reinforced". In the case of ductile matrix com-
posites, multiple fracture (of the fibres) occurs at concentrations ho%ow
Vimin, the minimum volume fraction for which the strength of the comp951te
obeys the law of mixtures [37], and is characterised by the progressive
breaking down of the fibres into lengths between the critical length and
half this value. There are numerous experimental observations of this be-
haviour, in a variety of systems (ec.g., [2,38,39]). At fibre concentra-
tions in excess of Vpip, single fracture is expected, and this is indeed
the normal fracture mode for high strength ductile-matrix systems.

In the case of composites with a brittle matrix, inspection of Figure 8b
shows that the roles are reversed, and that high strength compesites whicb
will be of practical interest, will ¥ail by multiple cracking of the matrix,
followed by failure of the reinforcing fibres. This failure mode is typical
of reinforced ceramics of all sorts, from cement and plaster reinforced by
glass [40-42] to glass and aluminosilicate matrices rveinforced by carbon
[9,43-457.

Resin matrix composites may exhibit both single and multiple fracture under
different conditions. Typically, when reinforced by stiff fibres such as
carbon or boron, single fracture is found, but when the fibre modulus is
decreased, or the matrix is embrittled by, for example, cooling or shock
loading, multiple fracture behaviour can be observed. Chaplin [46] has
shown good examples of multiple resin cracking from the root of a notch
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in polyester - 12% E - glass, and Cooper and Sillwood [47] used a cooling
method both to embrittle the matrix and to produce cracking by differential
thermal contraction in an epoxy resin reinforced by steel wires.

1.2 Stress-strain curve with brittie matriz

the stress-strain curve of a composite with a brittle matrix has been dis-
cussed in detail by Aveston et ail {48,49] (see Figure 10). In general,
there is an initial steeply-rising portion, before cracking has begun, when
the stiffness of the composite is given by the "rule of mixtures"

Bo o= B Vo + BV, (18)
When the matrix cracking begins, the compliance of the composite begins to
increase, and the slope of the stress-strain curve decreases. (The slope
will fall to zero if the matrix has a constant failure strain, but in
general the curve will still be rising slowly as the failure of the stronger
regions will vequire a somewhat greater stress than those areas which are
the first to crack). Finally, the matrix will be broken down into blocks

of length between x and 2x, where

o =gl v B (19)

(Omy and 1 are the strengths of the matrix and interface in tension and
shear respectively). When cracking is complete, the slope of the stress-
strain curve will again increase. Under these conditions, the fibres will
be sliding through the blocks of matrix under constant stress, and the
modulus of the composite will then be EgVg, a value which will be retained
until failure of the fibres.

3.1.3  Stress-sirain curve with a ductile matvisc

In general, for a ductile matrix, the stress-strain curve begins with both
Fibre and matrix elastic, is followed by a transition when one of the
phases vields (but is more or less constrained by the unyielding phase), and
finally, there may be a portion where both phases have yielded. If the
fibres are brittle, one or more of these stages may be suppr ed. When
the fibres are continuous the failure process may be considered to begin
when one ot the phases yields. At this point, the stiffness falls from

a value given (to a good approximation) by the rule of mixtures, equation
(18). to a lower value. Bounds on this modulus have been obtained by Hill
[50] but, in a non-work hardening matrix, they are very close to the simple
value EgVy.  1f the matrix is capable of work-hardening, the situation is
more complex. A simple approach would suggest

Eo= BV, + [t -y (20)
=),

where the expression in brackets is the tangent modulus of the matrix at
the strain in question. In fact, it is often found that the matrix shows
considerably greater strength; this is discussed in 3.2.1. 1f multiple
fracture of the fibres occurs, the fibre contribution to the modulus,
EfVy, will also be modified. It will not necessarily fall to zero since
the fibres will show increasing strength as they become shorter.

If the fibres are short to start with, however, stress-strain curves dev-
iate from linearity quite close to the origin, on account of the stress
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concentrations at the fibre ends (see section 4.2). Piggott [51] has shown
that the behaviour at higher stresses is governed by the interfacial forces
between fibres and matrix near the fibre ends. With metal matrices well
bonded flbrgs cause matrix flow at the interface near the fibre endé and
§trass~§tra1n curves as shown in Figure 11 are predicted. The effect of
increasing the aspect ratio is to bring the stress-strain curve closer to
the '"rule of mixtures! (equation (18)).

J 5 - - - .
With polymer matrices the interfacial forces near the fibre ends are
governed hy frlgtlonal effects. The frictional shears are not constant
along the interface, so that the stress-strain curves are expected to have

a different shape from the metal matrix case. Figure 12 shows some examples.

Again, high aspect ratio fibres give curves close to the rule of mixtures
althoggh the actual aspect ratio for a 5% maximum deviation from equation)
(l?) 1s expected generally to be greater for the frictional case. As
p01nt?d out earlier (section 2.1), our knowledge of the radial forces at
the flbr? surface is scanty; this is clearly an area which would repay
further investigation, both theoretically and experimentally.

N?te Fhat %argé deviations from the rule of mixtures are predicted for
aspect ratios in the region 30-100. These aspect ratios give the maximum
pull-ocut work (section 2.1).

3.2 Beneficial matrix constraints

3.2.1 Ductile matrices

The_matrlx often contributes a greater stiffness and strength to the com-
posite than expected, for example, from equation (18). This has been
observed in conventional composites with small inter-fibre spacings [52-55]
and also in eutectic structures [56,57]. The matrix stress-strain curves
in the presence of fibres are shown in Figure 13. Theoretical explanations
of the effect have been suggested. Kelly and Lilholt [54] consider the
e{fect to ?e due to plastic constraint of the matrix induced by the presence
9t thg unyielded fibres, while Neumann and Haasen [58] have prbposed a model
in which the increased yield stress is derived from the pile~-up of disloca-
tions at the fibre boundary. Tanaka and Mori's [59] explanation of the
phengwenon is that at small inter-fibre spacings, the stress fields of

?he tlbres‘over]ap, and so the stiffness of the matrix should bhe increased
in proportion.

One recent observation has further confused the question. Lee and Harris
{60] In experiments on the copper-tungsten system, have observed that the
increased apparent yield stress in the matrix did not decrease after yield
hgd occurred in the fibres. This is in direct opposition to Kelly and
Lllholt's.experimental results, and if true sheds considerable doubt on
thg p1a§t1c constraint theories, since the constraint could not be main-
talne@ if the fibres were no longer essentially rigid. Lee and Harris
?xplaln tbeir results by assuming them to be due to dislocation pile-ups.
They obtalv agreement using a Hall-Petch type relation, hut only if they
use as their parameter a cell size of 0.5 micron rather than the grain Size.
ihlsf they propose, could have been derived from relaxation of the stress
arising from differential thermal contraction on cooling from the fabrica-
tion temperature.

Whatever the explanation of the effect, however, it will probably only be

of significgnce when the fibres are very small: Kelly and Lilholt esti-
mated that in their case, an unyielded zone of only two microns around each
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tibre would have explained their experimental results, and the presence of
such a zone around any but the finest fibres is likely to pass unnoticed.

.2.2 Brittle matrices

A very interesting feature of the multiple cracking process which occurs when
the matrix is very brittle is that the fracture of the matrix can be per-
turbed by the presence of the fibres. The mechanism can be envisaged in

the following manner. We consider the energy balance established when a
crack in the matrix propagates across the composite (without the fibres
breaking). As the crack propagates, several changes occur. Firstly, energy
is required to produce the crack in the matrix. Secondly, the interface be-
tween the fibre and matrix will fail over a distance x on either side of

the crack given in equation (19). This also consumes energy. Since the
matrix is now unloaded in the plane of the crack it will relax back over

the distance x, and will lose strain energy. Conversely the fibres still
bridging the crack are made to carry an increased load, and will therefore
increase in strain energy. In addition, since the matrix relaxes while the
fibres stretch, there will be a differential movement between the two, re-
sulting in the loss of energy to frictional processes. Finally, since the
crack propagates under fixed load conditions, and the composite extends
slightly (by the amount that the fibres stretch), the external forces will
do work, and provide an input of energy to the system. Aveston et al [48]
showed that these separate energies can be calculated and the energy
balance can be evaluated exactly. Intuitively, however, one can see that
all the terms in the balance involve the thickness of the relaxed zone, x,
on either side of the crack with the exception of the energy required to
propagate the matrix crack, which is just GpVp per unit area of fracture
surface. Since x is proportional to the fibre diameter and inversely
proportional to the fibre concentration, one can see that by making the
fibres sufficiently small, or by increasing their concentration, x can be
made so small that there is no longer a sufficient release of strain energy
to support the growth of the matrix crack (Figure 14). The criterion can

be conveniently given as:

(21)

for cracking. 'This shows that for it to be possible for the matrix crack
to form at strain e, the fibre concentration (Vg) must not be too high,
and the fibre diameter must not be too small. If cracking is suppressed,
then continued loading of the composite will increase the available strain
energy, and equation (21) can then be rearranged to show that the matrix

will fail at a strain:

(22)

Further increases in the fibre concentration or decreases in the fibre size
will progressively increase the fracture strain of the matrix until,
theoretically at least, it reaches the failure strain of the fibres, in
which condition the stress-strain curve will be linear to the failure strain
of the fibre, when both phases will fail simultaneously.

569



G. A. Cooper and M. R. Piggott

Practure 18977, Volwne 1

It is interesting to compare this behaviour with that of conventional mets!-

when the yield stress is increased without affecting the work-hardening be
haviour. Th. can be done, for e ample, by applying increasing degrees of

cold work before machining the test specimens (Figure 15). The un-workharis:

metal, or the composite with no matrix strength enhancement, shows elastic
behaviour only to small strains, but a large extension to failure accompi
ied by irreversible, energy-conswning deformation. As the degree of prior
work-hardening or matrix constraint ic increased, the elastic limit is
increased, but the extension to failure is decreased. Finally, if the
metal is cold worked to or beyond its point of plastic instability, or the
composite matrix is prevented from cracking until the failure strain of
the fibres, the loading becomes essentially elastic until failure, and thse
only irreversible deformation will be found in the immediate vicinity of

3
the fracture surface.

There have been many experimental observations of matrix crack inhibition
during failure by multiple cracking. Phillips et al [44] have obtained
results which show quantitative agreement with the theory outlined above,

and there are many qualitative observations of the effect (see, for example,

[61-63]). A good example {64} is shown in Figure 16, which clearly shows
the increasing resistance to cracking of the matrix, and the progressivety
closer approach of the cracking stress to the ultimate strength as the
tibre content is increased.

3.5 Modifications to fibre properties

3.3.1 Duetile fibres

The plastic constraint between fibres and matrix has a beneficial cffect
on the U.T.5. of a composite in which both phases are ductile. Here the
U.T.S. is defined by the condition that do./de = 0, the point of plastic
instability. 1In the case of the composite, we have

da do
i
v, =
£ de
Tyson [65] was the first to point out that since doy/de is still likely
to be positive at the failure strain of the fibres, the failure strain of
the composite will probably be greater than that of the Ffibres alone. This=
idea has been extended by Mileiko et al [66,67] to the evaluation of the
fracture energy, and also by Garmong and Thompson [68], who show that high
local elongations are to be expected in the area of the neck due to the
lateral support provided by the matrix. This phenomenon has often been
observed experimentally (sce, for example, [69-71]).

The complementary case, in which the fibres are ductile but the matrix is
brittie, was discussed by Cooper and Kelly [72]. They showed that, in the
case of a constant interfacial shear stress, the length of fibre on cach
side of the crack which is subject to plastic deformation is Ogd/4T.  This
is half the fibre critical Tength, i.e. 2./2. Thus the contribution of the
fibres to the work of fracture is

b= ; 24)
Ge = VUL /2 (24)

where U, is the work done in deforming unit volume of the fibre material
to dts U.7.85.

A. Cooper and M. R. Piggott

Cracking and Fracture of composites

w of the various types of fibre pull-out mechanisms discussed above
section 2, one can question the utility of equation (24), particularly

we have in mind fibres which are capable of some plastic deformation.

fhe oxperiments of Morton and Groves [20], in which they observe very long
pill-out lengths in metal wire-reinforced resins due to the plastic con-

ion of the wires away from the matrix are possibly more relevant in
case. Nevertheless, Gerberich [73,74] found that in the ductile matrix-

thi

“
ductile fibre system aluminium-stainiess steel, the contribution of the

stbres to the fracture energy of the composite could be satisfactorily de-
¢ribed by an expression similar to equation (24), and that when this was
ided to the contributions of the matrix, obtained by the use of equation
J, he obtained a good correlation with the experimentally measured
cture toughness.

2.3.2 Brittie fibres

ittle fibres and whiskers are generally characterized by a decrease in
‘trength as length is increased. The strength of continuous fibres is
asually measured on lengths of 25 um or more, but the length required to
transfer the stress from fibres to matrix is normally less than 1 mn.

the fibre -length having the appropriate strength lies somewhere between
these values, so that measurements of fibre strengths often underestimate
the strength. The expression for composite strength may be written

a = oV 0 + V. o 25
cu £7fu m mu (25)

shere @ is a constant, which for a well-made composite can be greater than
1.0 because of this effect. Rosen [75) used a statistical approach and
thowed how @ varied with fibre length and the coefficient of variation of
the fibre strength.

Parratt [76,77] suggested a graphical method for determining the appropriate
fibre strength. This is illustrated in Figure 17, which shows a length vs.
@ean strength curve for glass fibres, taken from the results of Metcalf and
Schmitz [78]. Superimposed on the curves are lines, given by the equation

T =41 2/d Tor different values of t. The intersection of these lines with
the strength curve gives an indication of the appropriate fibre strength

for the composite. It can be scen that the error in usi ¢ the 25 mm value
for the strength is likely to be substantial, uniess T is 1MPa or less.
However, one may argue that the strength used should be for a fibre length
of several times the value used. (Parratt considered the strength of fibre
bundles, as well as that of individual fibres. Fibre bundles have strengths
of about 0.7 of the values shown in Figure 16, except for very short lengths).

Although neither approach has been widely used, (probably owing to the
paucity of suitable data), they are nevertheless important since they can
explain some unexpectedly high results for the strength of composites con-
taining brittle fibres, or whiskers.

4. COHIBITIVE E

FECTS

This section describes contributions to toughness which result from one
component of a composite reducing a property of the other component.
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4.1 Matrix constraints

In a ductile matrix, in the absence of fibres, the plastically deformed

;oge ag fracture surfaces can be as large as 1 cm or more. This can be
0; gfe ;.and_hence the wo;k of fracture reduced by the constraining effect
¢tu§;zd_;brgb. The sontrlbutlon of the matrix to the work of fracture wa
s y Cooper and Kelly (1967). In their simple t Cme "
sidered the behaviour of the matri i ieh ave lore oo e

a -Tix bridges which are left spanning th

- . o o . ¢
iﬁi?? afteg th? féllure of the fibres (assumed brittle). The maxiium load
fek;;dcgn ke‘Cdrrlfd ?cross these bridges is op,Vyp, which is then trans- v

ack into the fi a dists i id :
e ibres over a distance x on either side of the crack,

Koo ik L.
(26}

The vo{ume of matrix undergoing plastic deformation is thus 2xV er i
area of crack, and it was 2 E i i *the T e
area < '}‘, g assumed that the contribution to the fracture
iné gieoﬂamgljoﬁeformgt1on was approximately equivalent to that of deform-
s ume of matrix to its U.T.S ¢} The matri i i
L s ix
to the work of fracture thus becomes: m coneribution
V2 o ud
G~ cr—m v —il .y (27

m Vf 2T m

where U_ is the work i i i i
otte m done in deforming unit volume of the matrix to its

igﬁfrl?sgtal}y& the validity of this equation was studied by Cooper and
fjbri Sizi, SEiIR. E. Cooper [80]. 'The former studied the variation of
aﬁd voiume’fractgot e iatter investigated both the effects of fibre size
and D -ion. n general, reasonable agreement was found, although
_coper [81] observed the dependence on fibre volume fraction to lie between

G 2 i i
m © Vi and the relation Gy = V5/Vg predicted by equation (27). Subsequenti

Thowason [8?] has obtained a plane-strain solution for rigid fibres in ¢
Flg}d«plast}c matrix. He obtains a slip line field which is qﬁite si;i?ar
;zlits Predlctions to the deformation observed experimentally by Cooper and

vy, and the work hgs been extended to the estimation of the fracture
igg:gy ég?]. dTbe estlmatedlvalues, however, come to only one tenth of
‘ S%rosg a;:ewe;? the experiments. Thomgson points out the value of having
8 mr thé el izs‘a tough, matrix. ﬂ}s argument is essentially that
% il constr;lned by the ?1b?es and its ductility will be

ed 1n any case by their presence, it is better to increase the yield

stress at the expense of some ductility in order to maximise the total work

?f fracture. An?ther interesting observation is that under certain circum-
5tagces the matrix may be so constrained that the fibres will fracture ét
a distance from the crack plane before the matrix can yield: fﬁiq is evi«
dently angther way of describing the transition between %inglevané multiple
fracture in metal-matrix composites. ) e

4.2 Stress concentrations at fibre ends and breaks

The effects of fibre.ends and broken fibres have been very widely studied
not 9n1y from th? point of view of their influence on the adjacent fibres’
but also for their effects on the surrounding matrix. The work of ‘
digepeth [84] on planar composites has been extended [85] to includ
fibrous rgther than laminar structures and to allow for vield in thee tris
No? surprisingly, the stress concentrations found in thelfibre‘case aﬁz .
lower than for the planar composite. Numerical methods were required to
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4in solutions, and the actual values of the stress concentrations look
ite small, until it is realised that even in the case of the fibrous

:cture, a region of nine fibre breaks (three fibres broken across the
Jdiameter) can reduce the strength of an infinite composite to only

+us thirds of its undamaged strength.

above analysis, and further extensions which have been made subsequently
, [86-88]) were made using an elastic shear-lag analysis, which con-

s only shedr stresses in the matrix. One of the failings of the theory
.. that it does not take account of the relative volume-fractions of fibre
44 watrix, nor does it give information about the distribution of stress

.4 the matrix. To obtain further information, one is obliged to use tech~
siques such as finite-element analysis, which is much more laborious (see,
fur example [89-931).

s

fockett [94,95] has compared the results obtained by shear lag analysis with
e more accurate numerical techniques. As might be expected, the agreement
good for high fibre volume fractions or low matrix elastic properties,

st otherwise the shear lag analysis tends to overestimate the stress con-
centrations in the adjacent fibres. Lockett estimates a maximun stress
~oncentration in the case of the lamina, of 1.16, which is to be compared
with Hedgepeth's value of 1.33. By analogy, he expects the true value in
the case of the fibrous geometry to be less than Hedgepeth's value of 1.15,
4 even questions whether it will be significant at all in view of the
sther variables in real systems.

fxperimental studies to measure the stress-concentration due to fibre ends

o1 breaks have nearly always used photoelastic techniques. In many cases,
the object was to measure the rate of load transfer from fibre to matrix
{26-100]. Allison and Holloway [101] have investigated the effect of fibre
snd shape, and have shown that a hemispherical end produces a greater stress-
soncentration than a square one, and Durelli et al [102] have investigated
the stress-concentrations due to fibres arranged in groups. A particularly
sttractive study has been made by MacLaughlin [103] in which both “fibre"
and "matrix" were made of a photoelastic material, so that the stress
concentrations in each could be observed simultaneously (see Figure 18).

A consistent conclusion to be drawn from all this work is that whereas

the stress concentrations in the adjacent unbroken fibres will probably

he low enough to be neglected, the stress~concentrations in the matrix

will be very high. (MacLaughlin, for example, reports experimentally ob-
served matrix stress concentration factors of up to thirteen times in some
cases). These observations seem to be borne out in the case of real com-
posites. Wadsworth and Spilling [104] and Mullin and Mazzio [105,106]
have observed matrix cracking or shear failure associated with fibre breaks
in carbon fibre-reinforced resins, and Mullin et al [107] have observed
similar effects in boron-reinforced resins, often with the formation of
interesting symmetrical crack patterns (Figure 19). The presence of these
stress concentrations invalidates the simple elastic shear lag analyses, ex-
cept at very low applied stresses (see, for example [51]).

4.3 Statistical aspects of failure

4.3.1 Cwmlative versus non-curnulative fracture

Two views may be taken of the failure of composite material. The first
is that damage accumulates progressively throughout the volume of the com-
posite as the load is increased. This damage may take the form of fibre

p
~
(3}
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fractures, regi s fa .
and f;ajtﬁr;:gisniiof fdl?ure of ic }nterfaCe, or the formation of VOids
damesge wi 11 %uitj;fé matrlx; As 10adl§g 15 continued, these points of
$ui Paiis Thigvgri»gnt{l a po&nt of 1n5tahi11ty is reached and the mater.
as for example'QhénL;lure-mOde s termed cumilative failure. 1n the exty
8 i e it Be Pl :edﬁlbretmatrlx bond is poor, the individual points
statistically, Fumu?;;.%?tf??VOHG another,_and the failure may be trearcd
composites reinférced b;V;ib:ééU$?§ha:0w§§PJCHl:¥ observed in weakly-bonded
fracture is i i s . a € scatter in strength. Th
brush—liké? riﬁnfﬁ;ygxfg¥'éfr?su{ar’ And ey often be descriged as 5§3Vﬁnh
s Yl coupl ] - bergﬂ.bl e extreme, 7u@—cuanative failure is obtained ‘
the failure Offanviei een the elemen;s of the composite is so good that

in their turn ﬂ;d—sd Sﬁngp;i1§2m?:?;§:fedfto}adjfcent elements which fuii
thus occy : S Fecipitate fai ¢ of the whole composite. Failure
b Owncg;éw;EOftizi SEV?lebF 1nd1v?dua{ flaw at the moment when it ri:chw;
bonded systems ;éin%f~ Soﬂjcumulgtlve fractures are characteristic of weti
show this type of he;F?? Ylth uniform fibres; metal-metal Systems normu]iv
aluminum frnmrﬁerrin dt;OPI' A typical pon-cumulative failure in boron-
with multiple féucfufec rdl,{}ag] 1s shown in Figure 20. As we have seen
ventional metals: ey ’]d parallel can be drawn between composites and corn-
the gradual eﬁh;ﬁstiomu‘?tlve gallure can_be regarded as the analogue of
men, whereas ﬁoﬁ~;uﬁ ?-?- thg(?ork hardening capacity of an un-notched spes
a crack or notch. OsvéllYe,fdllure can be compared to failure arising from
ditions to be fnénd . 19??1)1>the?9 15 a whole range of intermediate con-
totally independent .? :cdl fUmp0>1tcs T _even in a rope the fibres are not
fibre-matrix coupli;gd?: Egel§>3rf}Y?rx,?ew compasite systems in which the
precipitates failure'of"tﬁe ﬁogpoé;ié.taLlure of one fibre immediately

4.3.2. Statistical theopies f
>es- Statistical theories Jor composite strength

The statistica] — .
histo;;tx;F;;EintrigtFont of the strongﬁh of fibrous materials has a long
the str;ng{h of %]:}tl th early work of Pierce [109] and Weibull [110] on
of 1inks %Aken~j;1:1n’llnks loaded in series. The complementary problem
was reviewed and c[:fdilel’ was treated by Daniles [111], and their use
cal values for fhéx~:ﬁied by Epstein [112].  Coleman [113] obtained numeri
tribution, and a sy;f;i?gfh $f<F1hrC bundles having a Weibull strength dis-
and EETard (114]: -N1e51s ot all these appraoches was undertaken by Gucer

The a ac F Gucer =
RO:Q;P?;E;Lh“rt hrncr and Gurland was applied to composite materials by

S¢ > Who showed that the strength of tt ol ; .
e s a2 S gt the composi s o T
than indicated by the rule of mixtures (section 3 3}° *® could be greater

This - s ne .
approsgﬁoiiqhizv:u:seﬁﬁcntIy been extended and enlarged [115-1201; the
CrEE non;chu1q£1y: f*tond the statlst%cal theory so as to be able to
results of ”edr;,pt} Js/yell as cumulative fracture. As a first step, the
more pre—exist?nL>F;b[%4J WFYQ used to estimate the influence of one or
fibron failing \Fin ﬁt 3redks on"the probability of one of the adjacent
ity of the foréwTiQDUI; ul,Afrom “sEhen. and Rosen [117] shows the probabil-
B iy ;uﬁ‘g.o a4 given number of fibre breaks in boron-reinforced
prcrimvntaijy ¢b<; l?n ?f applied stre§ These are compared with the
found to Correlaté TYQﬁ e UE-ComPOSIte Failure stresses, which were
nuel el containi;rbbjtt,\th? predicted stress for the formation of fracture
ment wWith éhe Thiors x;:nogfgigzg f?u:hbroken fib?es. Qualitative agree-
aluminium composites aftey exposurclto ﬁig;gizgﬁzigyuiZQh?ff?fth of boron-
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“s statistical approach to composite failure is capable of considerable
inement, and it will be interesting to follow further developments.
of the considerable difficulty in obtaining statistical information
tbhre (and matrix) properties, however, one can question whether it will

In the authors' view,

In

vory widely applied quantitatively in practice.
of the most outstanding contributions of the theory at present is in
clarification it has brought to the distinction between the cumulative

nern-cumulative failure modes.
THE RELEVANCE QF FRACTURE MECHANICS TO COMPOSTITE MATERTALS

question of the applicability of fracture mechanics to crack propaga-
and failure in composite materials is open to question [122 In this
Lon, we examine this question and attempt to establish the conditions

sier which a fracture mechanics approach will be justified.

i

#.1 The fracture criterion

iwoper [33] has discussed the general conditions which must be fulfilled
fur fracture to occur in a composite material. He proposed that fracture,
itk any other physical process, will not occur unless two separate criteria
are fulfilled. These are in general terms the kinetic and thermodynamic
crireria, by which it was understood that the former required that the
rocess could be initiated (by achieving some activation energy or by

sing a critical initiation point) while the latter required that in the
turther development of the process, there would be a net energy loss to
the system. Applying these ideas to the fracture of a body from a crack
notch, the first criterion should be understood to require that it should
physically possible for the crack to advance; in the case of a metal,
: » means that the fracture stress must be exceeded at the root of the
sotch, while for the composite, it demands that there is a sufficient
ress concentration for the next unbroken fibre (or element of matrix)
to be fractured. The thermodynamic criterion for crack growth is of course
the well-known requirement that there will be a net loss of mechanical
znergy to the system as the crack grows. In the case of conventional
materials this leads directly to the Griffith-Orowan-Irwin fracture mech-

anics.

The energy criterion of fracture mechanics has achieved such dominance in
the description of fracture that the "activation' or stress criterion as

4 separate entity is scarcely recognised. It is important to recognise,
however, that both arc necessary requirements to fracture. As an illustra-
tion, compare the behaviour of ductile and brittle metals.

A ductile metal having a sharp notch can tear, but does so under a Tising
sufficiently notch insensitive, the tearing process
cross section is so reduced that general yielding
occurs. In this case there is sufficient stress concentration for the
initiation of crack growth, but insufficient stress for the energy criterion
for failure. On the other hand, a higher stress than that required for

the energy criterion for failure will be needed to propagate a crack in a
brittle metal having a blunt notch. In this case we have a situation where
there is more than sufficient strain energy present in the specimen to be
able to complete the fracture once initiated but because there is no local
region which is sufficiently highly stressed for the material actually to
be torn apart, a crack cannot grow.

toad curve. If it is
can proceed until the

u1
ul
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The above simple arguments may seen trivial when applied to the failure of ©¢ the body, that it will be elastically anisotropic.

isotropic and homogeneous materials, but the authors believe that they are
instructive when applied to composites. We have postulated above that a
crack can be prevented from propagating in a material when eiiher the stress
or the energy criterion is not satisfied. Taking the stress criterion fir
we believe that this amounts to searching for a mechanism which will in
some way prevent or delay the propagation of a fracture at the root of a
aotch. Such a mechanism has been proposed by Cook and Gordon [3]. who dreow
attention to the stress concentrations (both in tension and in shear) at
the root of a notch which tend to cause failure on planes normal to the
crack plane. They therefore suggested that by sufficiently weakening the
fibre-matrix interface, cracks could be blunted by a process of splitting
or delamination ahead of the crack. This mechanism thus fulfills our re-
quirement for fracture prevention by interfering with the stress criterios,
for if the material delaminates, the stress-concentration at the root of
the crack disappears, and the next unbroken fibre cannot be fractured
until the overall stress reaches the un-notched fracture stress. In genersi
terms, we can extend this concept to any mechanism which prevents the pro
pagation of the crack either by reducing the stress-concentration at the
crack root or by placing a sufficiently strong barrier in the path of the
crack. In either case, the condition for its further propagation must be
evaluated in terms of the increase in load necessary to compensate for tiis
drop in the stress-concentration at the crack tip, or the increase in load
necessary to cause failure of the strong point. The condition for the
material to fracture will not be related in any direct way to the strain
energy content of the specimen.

have seen elsewhere in this review, analogies can be drawn between
shaviour of the homogeneous and isotropic metals, and composites, and
same is true for the applicability of fracture mechanics. It is well
unised in the field of the fracture of metals that the propagation of
is irregular when seen on the same scale as the grain size. In

i, for example, near the ductile-brittle transition, some grains may
by plastic flow, while others will fail by cleavage. Clearly, one

not hope for success in applying continuum fracture mechanics on this
» while using values of fracture energy obtained from a standard CHARPY
simen.  Similarly, when testing larger pieces of ductile material, it
iown that the behaviour of shallow but sharp notches is not to be ex-
cisined in terms of the mechanics of steady-state crack propagation because
¢ the non-equilibrium form of the crack. Finally, it is recognised that

I measurements of the fracture toughness will not be obtained if the

= of the plastic zone is of comparable dimensions to those of the test

b 2

:n [122] pointed out that the shear-lag analyses of Hedgepeth [84] and
s predict that the relationship of composite notched failure stress

, to the crack length a (i.e. the number of consecutive fibres broken)
'ty close to the form oepy = Ka'?, and that in view of the fact that

s relation is based purely on the calculation of stresses, the experi-
‘al observation of relationships of the form Ogpy = Ka'® cannot be taken
» proof of the validity of fracture mechanics to composite materials.

#ben 1s clearly dealing with the stress criterion: it is tacitly assumed
the thermodynamic criterion is already satisfied, since once the fail-
» stress of the unbroken fibre is reached, it fails immediately, and the
le of the stress concentration is passed onto the following fibre.

trast this behaviour with that which would be found if the fibres were

: In this case, yield of the first unbroken fibre would occur as
credicted by the stress criterion, but because of the plasticity of the

it would not fail immediately. Because of its extension, however,

s would be transferred to the following fibres, which again, would

d in their turn. At this point, where should we define the front of
rack, and what is the remote stress to cause final failure to the
unbroken fibre? Certainly, it is in principle possible to calculate
» crack growth stress under these conditions, in the same way that it is
i principle possible to calculate the whole elastic-plastic stress field
4t the root of a growing crack in a metal. However, it also becomes
wwessary to enquire where the strain energy is drawn from to accomplish

e deformations. At this point, therefore, we must also introduce

the energy balance, to determine whether energy must continue to be supplied
from the external loading system to maintain growth (i.e. crack growth under
easing or constant stress at ''general yield") or whether there is
icient stored energy in the system to complete the failure in an un-

The energy criterion deals essentially with the steady-state growth of

the crack. For this to be the criterion which governs crack growth, thers
must be no irregularity in the crack tip stress needed to cause the failurs
of consecutive elements of the material, when considered on the same scale
as the crack length. This is, of course, a question of macroscopic versy
microscopic dimensions. If we take a composite consisting of, say, britt
fibres well bonded to a ductile matrix, and we observe the fracture be-
haviour of the composite with cracks or notches which are of the same ord:
of size as the fibres (Figure 22a) it is clear that the stress necessary
cause the next small increment of crack extension will in no way be relatad
to the fracture energy of the composite when measured in a large cross-
section. The ease of propagation of the notch will depend upon whether

its tip is in the fibre or the matrix, and whether it has just penetrated

or has practically severed the element in which it is growing. The situa:
tion will be similar in the case where partial or complete delamination
occurs (Figure 22b). In either of these cases, the only possible "fractuye
mechanics' approach would be to treat the crack propagation in each elemcnt
separately, using the relevant fracture energy for each phase and crack
propagation mode, and having regard for the constraint imposed on each
phase by the other.

Fibre

af

suff
‘table manner under falling load. This is the domain of fracture mechanics.

Contrast, however, the situation where we have deep cracks propagating in
large pieces of the composite (Figure 23). In these cases, the influence
of the failure of each fibre or element of matrix on the behaviour of the
whole body is minimal, and from the exterior the crack will be observed to
propagate in a uniform manner under a load which does not vary erraticaliy
between successive small increments of crack advance. Under these con~
ditions there can be no reason why an energy balance cannot be applied t«
the growth of the crack, provided that due account is taken of all the ceoi-
tributions to the energy consumed during growth of the crack, and due
allowance is made, in the calculation of the change in the strain energy

fiperiments on the growth of cracks from sharp notches in a composite were
reported by Cooper and Kelly [79] (and are discussed by Zweben [122]). The
tem chosen was copper reinforced by ductile tungsten wires. In these
eriments, it proved possible to observe the three stages of crack growth
ussed above: growth from a sharp notch under rising load conditions,
ady growth under essentially constant load, and catastrophic final

lure. Such observations are difficult to explain on the basis of a
simple stress criterion. The above arguments could no doubt be repeated
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for the case of brittle fibres in a ductile matrix, for a brittle-brittie
system showing fibre debonding and pull-out, etc. Without going into de-
tail, however, it scems clear that there will always be some circumstanc
under which the failure will be governed by a stress criterion, and othe
under which it will be governed by a fracture mechanics approach. In add

ition, it is evident that, as with metallic specimens, not all experimentid
measurcments of the fracture toughness parameters will be valid. In partis
ular, it will be necessary to distinguish stages of initiation and early
growth of the crack from those of steady-state propagation, when the dama
-one at the root of the crack has reached its equilibrium size, and to pu
attention that the damaged zone does not become comparable in size with the
dimensions of the test piece.

5.2 Some experimental measurements of fracture toughness parameters

There has been considerable interest in the applicability of fracture
mechanics to the failure of composite materials. In general, these studi
have concentrated upon two yuestions, the first being the applicability of
the concepts of fracture mechanics, and the second being to velate the
measured fracture energies to the micromechanical processes which occur
during fracture.

In investigations ot the applicability of fracture mechanics to composites
a4 considerable amount of work has been done on glass-resin systems. Owen
and Bishop [123] investigated the behaviour of a reinforced polyester. e
found that K. was independent of crack length when measured pnral]el with
the fibres in unidirectional material, but increased in specimens rein-
forced with chopped-strand mat or balanced weave material. To obtain a
value of Kg which was independent of crack length, ?hey used Irwin's crack
tip correction factor together with an equivalent yield stress, and were
then able to predict the failure of specimens with a circular hole with
reasonable accuracy. This work was then extended [124] to the testing of
plate and pox-beam specimens, again with good agreement being obtained be-
tween theory and experiments. Spencer and Barnby [125] have used a compli-
ance method to obtain a critical stress intensity factor in glass-fibre-
resin composites having a variety of notch and fibre angles; they draw
attention to the ftact that the compliance-crack length curve is very differ
ent from that of conventional materials because the composite is aniso-
tropic and inhomogeneous [126]. The importance of anisotropy has also
been emphasised in some preliminary work by Konish et al [127] who show
that the concepts of linear elastic fracture mechanics (l.e.f.m.) are only
applicable provided that due allowance is made for anisotropic effects.

The effects of notch geometry and specimen dimensions have been studied by

4 number of workers. Guess and Hoover [128] measured the critical stress
intensity Ko and the work of fracture G for a series of carbon-carbon com-
posites. They found that provided the specimens did not delaminate (which

was, in fact, the '"toughest' mode of failure) K. and G were independent of
the notch depth-to-width ratio and crack width. Kg and G did not correlate
very well, but gave the specimens the same ranking. Ellis and Harris [129
have investigated the fracture behaviour of epoxy resins reinforced by
carbon fibres of both high and low modulus. They found that in both cases,
the work of fracture was independent of notch width and there was only a
small dependence on notch root radius and strain rate. On the other hand,
there was a strong dependence upon fibre orientation (as might be expectedi,
on specimen length and on the notch depth. They used a l.e.f.m. approach
on a double edge-notched plate and showed that K. is related to the strain
energy release rate G, obtained from compliance measurements, but not so

¢, A. Cooper and M. R. Piggott
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2+i1 connected with the work of fracture. High- and low-modulus carbon
Sibres and S-glass in resin matrices were studied by Beaumont and Philips

0] who found that the notch root radius has a significant effect on the
jarent fracture toughness parameters. In particular, they found that as
relative sharpness of the notch was increased, there was a progressive
ovement in the agreement of observation with the predictions of L.e.f.m.
v found that the work of fracture of the carbon composites could best be
-xplained by contributions from fibre pull-out, while that of the glass-
scinforced material could be explained by the energy required to debond the
“ibres from the matrix. Fitz-Randolph et al [131] have measured the fracture
sergy of boron-epoxy composites. They found the fracture energy to vary
soth with the crack depth and also with the measurement method. The former
cariation appears to be linked to the form of the stress-distribution in

ve notched material, since they found that the work of fracture was attri-
itable to the energy consumed in debonding the fibres from the matrix, and
that post-fracture examination showed that the debond length varied with

the depth of the original notch.

Phillips [132] has made a critical comparison of several methods for
ohbtaining the fracture toughness parameters. Using carbon-fibre laminates,
he measured the variation of compliance with crack length, the total work

¢ fracture, and the tensile failure stress of centre-cracked plates. His
jalysis of the latter method depended upon the Griffith-Trwin failure
criterion, and hence the fracture toughness parameters derived from this
rest could be compared with those obtained from the other two tests to give
4 critical test of the relevance of linear elastic fracture mechanics. In
fuct, he found that the measured K. obtained by l.e.f.m. was largely in-
dependent of crack length, and that it compared favourably with values of
ihe fracture toughness obtained by other methods.

fhere has been widespread recognition that the values of fracture energy
deduced from the initiation stage of crack-growth, and which are normally
tdeduced by use of l.e.f.m., are often considerably less than those derived
from other measurements, such as the "work of fracture' method (see, for
example, [133-137]).

This is so not only when the values are measured parallel with the fibres,
but also in the transve direction [134]. The reason for this appears
not to be due to the non-applicability of the fracture mechanics approach
but to the genuine measurement of two different parameters. The L.e £ .om.
approach measures the difficulty of initiating the crack, while the fracture
energy method measures its resistance to propagation. [f in the former
case, failure is taken to have occurred vhen the crack can first be de-
tected, it is probable that the only energy-absorbing processes to have
been called into play will have been those involved in the failure of the
matrix and the fibre-matrix interfaces. Such energy as remains to be ab-
sorbed in completing the fracture by, for example, pulling out the broken
fibres will only be completely consumed vhen the crack opening displacement
has finally reached the maximum pull-out length, and thus it will only be
measured in specimens which are large enough for these displacements to be
included in the fracture test. This type of behaviour is precisely para-
1leled by that of ductile metals which are sharply notched; if one measures
the loads at which the first local yielding occurs at the root of the notch,
low values of the fracture toughness will be obtained. The full value of
the fracture cnergy will only be measured when the crack has grown sutfic-
iently for the equilibrium form of the plastic zone to be developed at the
root of the crack, and this will only be obtained in a sufficiently large
test specimen.
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This explanation appears to be well supported by the experimental evide
Both Beauwont and Philips [130} and Gershon and Marom [137] account for
the experimentally obtained values of the initiation fracture energy by
the energy required to debond the fibres from the matrix, or, in generﬁ
Fhe formation of new surfaces, while the propagation-values are increas:
by the contribution of fibre pull-out. Beaumont and Harris [135] obser:
that the initiation value is similar to the "elastic strain energy rel
rate at the initiation of fracture of a brittle orthotropic solid" and
that furthermore, when measured parallel to the fibres, the initiaéinn va
and the propagation value are similar, and not dissimilar to the fractuye
energy of the resin alone. Harris et al {138] consider that they can
account for the propagation fracture energy of glass-reinforced resins in
terms of the contributions from fibre pull-out.

In ;ddition, the particular specimen dimension and loading system may h:
an influence. We cite, as one example among many, the work of Prewo [1
on the impact energy of the boron-aluminium system, in which he found &
{a?ge amount of deformation and hence energy absorption on the compressi
failure side of the specimen. 1In addition, it was shown that only twenty
percent of the energy consumed was dissipated in the immediate vicinity :
the fracture, while the rest was lost in interlaminar shear and other nos
{ocalised deformation processes. This casts considerable doubt on the i
iyiness of the impact method for testing the fracture toughness of compy
sites.

Reviewing all these diverse experimental observations, it must be admitt
that the direct applicability of fracture mechanics is not universally

proven. The authors feel, however, that this is not through any basic

failing of fracture mechanics, nor because it is inapplicable to composi
materials. Rather the tests which are applied to the composite should b
closely examined, as one does with metallic specimens, and it should be
estab}lshed precisely what parameter one is measuring (initiation or pro
pagation values for example). Finally, it should be determined whether
the parameter which is being measured is relevant to the subsequent use
the material, bearing in mind what has been called the "structural inte

(section 2.5). A

6. SUMMARY AND CONCLUSIONS

The experimental and theoretical work which has led to our present under-
standing of the fracture of composites has been critically reviewed, and
the many processes which have an effect on the toughness of composites
have been classified into three main groups.

Tbe firsF group comprises processes that lead directly to energy dissipa-
tion during crack propagation. These processes generally arise from fib
movements relative to the matrix, and the many proposals for making these
as large as possible have been critically reviewed to determine their
potential usefulness for tough, load bearing structures. A criterion of
structural integrity is introduced and it is shown that stress redistribus
makes the greatest contribution to toughness when the crack opening has ‘
to be minimized.

The. second group contains indirect processes that
t9ughness of a material, i.e. syngertic effects.

fibres with a brittle or ductile matrix can bring
result in non-linear stress-strain relationships,
ductile metals.

cooperate to enhance the
The combination of britti
about interactions whih

analogous to those of
In addition, some matrix properties can be improved by
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+ presence of fibres, and, also, there are situations where the matrix
sun have a beneficial effect on the fibre strength and ductility.

“e third group consists of those interactions between fibres and matrix

«h lead to a reduction in a property of the fibres or matrix. For ex-

sple, constraints due to fibres at the crack face can reduce the depth of
+ sdeformed layer in the matrix in this region, and thus reduce the

sirent toughness of the matrix. In addition, stress concentrations, at

v ends and breaks, can contribute to early failure of the matrix. Cum-

itive vs. non-cumulative failure are also discussed in this context, and
mmportance of this distinction is emphasized.

he gquestion of the relevance of fracture mechanics to composite materials
2150 discussed. The size of the fibres relative to the test specimen
is a very important factor to be considered when tests for toughness
to be made. Also important is the relevance of the parameter being
asured, to the subsequent use of the material, bearing in mind what has
#een called the structural integrity.
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Carbon fibres in epoxy resin (after Pinchin and
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values of .
Woodhams [5]).

Figure 2 Brittle fracture of a carbon-carbon composite due to having
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too good a bond.
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Figure 3 }‘ractur‘e .snr{":u:o with fibre bundle. At least half of the
wm"k oi_: fracture comes from stress relaxation and redis~
tribution. ) o

surface. Plastic work
es in the
surface contribute substantially to

Flexure of oblique fibres at fracture
in flexing the fibres, and elongation of the hol
matrix at the fracture
the work of fracture.

Figure 4
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Figure 6 Crack opening with continuous pull-out
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Figure 10 Theoretical stress-strain curve with a brittle matrix.

Figure 9 Examples of single and multiple fracture:

(A) Single fracture, ductile matrix: tungsten in copper,

(B) Single fracture, brittle matrix: phosphor bronze in
an epoxy resin,

(C) Multiple fracture, ductile matrix: the Co-CoAl
cutectic after Cline [38],

(D) Multiple fracture, brittle matrix: steel wire
reinforced epoxy, after testing at 77K.
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Figure 11 Theoretical stress-strain curves with a metal matrix for
fibres with a number of aspect ratios. (Boron-Aluminium;

Omy is the matrix yield stress).
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Figure 12 Theoretical stress-strain curves with a polymer for fibres
with a number of aspect ratios (steel-polycarbonate; Opy

is the matrix yield stress).
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Figure 13 Derived stress-strain curve of the matrix in tungsten fibre

reinforcgd copper, compared with stress-strain curve for
copper with 12 micron grain diameter. (Vg = 0.38, d = 10um).
(After Kelly and Lilholt [54]). ’ ’

Figure 14 Suppression of multiple fracture at high volume fractions of
fine wire in steel-reinforced epoxy resin tested at 77K
(after Cooper and Sillwood [47]).
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work-hardening to a homogeneous ductile metal.
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Suppression of multiple fracture in glass reinforced cement:
change in tensile strength of composite as a function of

glass content. (1) ultimate strength, (2) stress causing
cracks to form in hardened paste, (3) 1imit of proporti(mality.
Adapted from Biryukovitch, et al [64]7.
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Graphical method illustrating appropriate fibre strength for
composite, after Parratt [76,77]. Intersection of line
o=412/d with line for fibre strength gives fibre pull-out
length and fibre strength at this length. Fibre strength
curves taken from Metcalf and Schmitz [78]. Fibre dia-
meter is about 10 microns.

Figure 18 Photoelastic models showing the stress distribution near
various types of discontinuity (after MacLaughlin [103],
U.S. Department of the Army photograph) .
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A. NO DISK CRACK IN MATRIX B.

CASE I

Figure 19
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C. NO DISK CRACK IN MATRIX

Various types of matrix crack for

filament failure in
et al [107]).

MATRIX DISK CRACK
CASE I: HIGH STRAIN RATE, LOW TOTAL STRAIN (SPEC. NO 1)

D.  MATRIX DISK CRACK
LOW STRAIN RATE, HIGH TOTAL STRAIN (SPEC. NO 2)

med as a consequence of
a boron-epoxy composite (after Mullin,
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Edge of
specimen

. T c >rring
Figure 20 Non-cumulative failure in boron-aluminium (after Herring,
- et al [106]).
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Figure 21 The probability (P3j) of a given_numbe? of"fibr? breaks in
b » boron-aluminium as a function of applied stress.
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Figure 23 Cracks or notches which are very much larger than the
diameter: (A} good fibre-my x bond and no signific
delmaination; (B) with delamination.

B

or notches the same order of size as the fibre dia-~
er: (A) good fibre-matrix bond, and no significant de-
jamination; (B) with delamination.

Figure 22
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