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The micromechanisms of crack extension of carbon fibres, glass fibres and hybrid compo-
sites containing glass fibres and carbon fibres in epoxy and polyester resins have been
studied. A new collection of failure data based on observations of fibres debqnding,
snapping and pulling out has been summarized in cumulative probability diagrams and
analysed using Weibull distribution parameters. This data, together with models of failure
processes and information of work of fracture, is used to construct fracture-mechanism
diagrams. These diagrams, together with the Weibull parameters may help in distinguish-
ing between mechanisms of fracture, give guidance in selecting a material system and in

isolating aging and environmental effects.

1. Introduction

In designing structural components from brittle
materials, we assume that the operating stress does
not exceed the strength of the material for an
acceptable level of survival probability. Unfortu-
nately, it is not so straightforward. The probability
of failure will be affected by a variety of phenom-
ena; for quasi-brittle fibrous composites, they in-
clude premature fracture of the fibres, and slow
crack growth in the matrix and at fibre—matrix
interfaces. The level of stress required to initiate
breakage of a fibre or failure of an interface de-
pends upon the nature of the defect or flaw, its
size and the way it interacts with the surrounding
microstructure. For example, a weak fibre may
fracture at a low stress but not propagate due to
some localized plastic flow in the matrix. On the
other hand, a small void at an interface or between
two adjacent plies in a laminate may extend with
ease along the length of the fibre. To complicate
matters further, modes of failure are likely to be
affected by environment and stress-state.

To have confidence in the design approach
where working stress does not exceed ultimate
strength for a permissable survival probability,
therefore, requires information of the statistics
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of fracture and a detailed understanding of the
micromechanisms of fracture of the material.

If a bar of quasi-brittle fibrous composite is
pulled in tension, it may fail in one (or more) of
several ways. It may, for example, fracture across
the section and produce a flat surface analogous to
cleavage fracture in metals. Alternatively, it may
fail by the propagation of a crack from one
fracture plane to another producing a rough fi-
brous surface. If the composite is in the form of a
laminate, it may fail by delamination and splitting,
the precise mode of fracture and direction of crack
growth depending upon the orientation of fibres
and stacking geometry of the lamellae. At the
microscopic level, fibres may debond, fracture at
weak points below or on the fracture plane of the
matrix, and pull-out. These micromechanisms of
fracture occur in a zone surrounding the crack
front which we call a microfracture damage zone.
It is the work done in creating this damage zone
which we equate with the toughness of the compo-
site. The distance over which the fibre debonds
and pulls out will depend on a number of intrinsic
variables for example fibre—matrix bond strength,
distribution of flaws in the fibre. A single compo-
site, glass fibres in epoxy, for instance can show
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all these modes of failure. It would be useful to
have some idea of the conditions under which
each appears for example the effect of intrinsic
variables such as surface treatment of the fibre
and ductility of matrix, and extrinsic variables,
changes in temperature and humidity.

This problem can be tackled in two comp-
lementary ways. The range of dominance of the
more easily recognized mechanisms, fibre pull-
out for instance, canbe determined by experiment.
A change in temperature or humidity, or the pass-
ing of time in a given experiment, in which each
mechanism appears can be noted.

Alternatively, one might attempt to couple our
understanding of the micromechanisms of cracking
with models for each fracture process, and thereby
predict the influence of bond strength or toughness
of a matrix on each mode of failure. To do so re-
quires some way of quantifying fracture.

Models to describe the various micromechan-
isms of fracture in quasi-brittle fibrous composites
have been described [1-5].

This paper describes the statistical analysis of
the micromechanisms of fracture of glass fibres
and carbon fibres in polyester and epoxy, and mix-
tures of the two kinds of fibre in hybrid com-
posites. Considerable failure data, based on the de-
bonded and pulled out lengths of fibre, has been
collected in fracture experiments and presented in
cumulative probability diagrams.

A statistical analysis of the failure data is then
carried out in order to obtain a characteristic
value of the debonded and pulled out lengths of
fibre for each fibre composite. Three mechanisms
are briefly described by which these fibrous com-
posites may fail, using the sequence in which they
may occur. An equation is selected for each mech-
anism, based on a physically sound microscopic
model, to describe each failure process in terms of
the energy dissipated.

Each equation is then used, together with a
value of fibre debond length and fibre pull-out
length, to account for the fracture toughness of
the composite, and the dominant mechanism of
toughening is apparent. Some work of fracture
data in this paper are taken from previously
published work [1, 2].

2. Failure analysis of fibre debond length
and fibre pull-out length

The procedure is as follows: First, the available

work of fracture data for the given material is
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assembled. Then a large amount of fractographic
information on fibre—matrix debonding and fibre
pull-out process is tabulated. Each failure model is
vsed in turn, together with the failure data to esti-
mate the energy dissipated by the fracture mech-
anisms.

2.1. Method of collecting failure data

There are, at least, two methods of collecting
fractographic information. The first, and most
common procedure, is to use a scanning electron
microscope for observing fibres protruding above
the fracture plane of the matrix. Several areas of
the fracture surface are examined, photographs are
taken and measurements of a few hundred pulled
out fibres are made. However, using this technique,
nothing is learned about the fibre—matrix debond-
ing process. A second technique involves the use of
an optical microscope and the fracture of model
fibrous composites. Such model composites can be
in the form of a prismatic bar of transparent resin
containing a single layer of unidirectional fibre
tape. These have been described previously [1].
The beam is loaded in three-point bending and the
layer of fibres is subjected to a tensile stress.
Bundles of glass fibres and carbon fibres can be
arranged in various ways to produce a series of
composites ranging from a glass fibre composite to
a carbon fibre composite, with many combinations
between the two extremes. These model com-
posites can be thought of as single lamina from
which the laminate is made.

The area under the load/displacement curve is
equated to the work required to fracture the com-
posite. Tracings are made of each debonded fibre
region and each protruding bundle of fibres, ob-
served in transmitted and reflected light, respect-
ively, using an optical microscope [1]. Average
values of the longest fibres extracted from a mat-
rix and distances over which separation at the
fibre—matrix interface have occurred are deter-
mined as follows. The area of each tracing is
measured using a planimeter and is divided by the
width of the fibre bundle. A summation of these
values for each bundle is then made and divided by
the total number of fibres in the bundles. For ex-
ample, in specimens containing 5 strands of fibres,
(where a strand contains 1600 individual glass
filaments or 5000 individual carbon filaments),
and where 20 tests have been carried out, 400
tracings are made of pulled out fibres and de-
bonded fibres, since the two halves of each speci-



men can be viewed from both sides. Several hun-
dred values of fibre debond length and fibre pull-
out length can be made in this way which are then
tabulated.

There are, of course, difficulties and ambiguities
in a fractographic analysis of this sort. There is
the assumption that the profile of the fibre de-
bonded region does not change through the thick-
ness of the bundle of fibres. Turning the test-piece
over and examining from both sides will check
this. A normal distribution of pulled out lengths of
fibre from zero is assumed, where the fibre breaks
on the fracture plane of the matrix, and the maxi-
mum pull-out length is [p. The average fibre pull-out
length is therefore Ip/2. It is also assumed that each
fibre is extracted from its matrix socket without the
attachment of fragments of resin onto the surface.

2.2. Statistical analysis of failure data

The statistical prediction of failure relies on the
characterization of a flaw strength distribution
function [6]. One form of the extreme value
distribution is

§ = exp (—0a/ag)™V, 1)

where S is the probability of survival, ¢ is an ap-
plied stress on a specimen of volume V, and m and
0o are the extreme value distribution parameters:
The variability of a set of data decreases as m in-
creases; m and o, therefore characterize the
material for prediction of structural reliability.
displacement of data for N = 8000 fibres. Metallo-
graphic examination of various specimens showed
excellent penetration of the fibres with resin and
the idea that poor wetting of the fibres is respon-
sible for the movement of data to higher values is
not correct.

The extreme value distribution equation can de-
scribe each set of data. The parameters m and [
are determined by replotting the data in logarith-
mic form, (Fig. 3). Presenting data in this way is
useful for characterizing modes of failure and for
observing the subtle effects of environment e.g.
moisture, on values of m and [,.

Combining Equation 5 with values of m and /,
enables us to determine the mean length of de-
bonded and pulled out fibres. Table I lists values
of m, I, and I for the debonding and pulling out of
glass fibres in epoxy. For comparison, values of
the arithmetic mean of fibre debond length and
fibre pull-out length are shown alongside / calcu-
lated using Equation 5.

Some glass fibre—epoxy specimens were stored
at 18 (+ 2)° C, 65% relative humidity for 6 months
before testing. The distance over which the fibres
debonded and pulled out are shown in cumulative
probability diagrams (Figs.4 and 5). Aging the
composite has resulted in the data being displaced
to lower values of debonding. The inference is that
aging, by whatever process, has increased the
strength of the glass fibre—epoxy bond with a
corresponding decrease in the distance over which
the fibre debonds. It may be that additional curing
and cross-linking of the resin with time is respon-
sible for improvement in bonding, the effect of the
matrix contracting around the fibres. If this is true,
then an increase in bond strength, together with a
decrease in fibre debond length would result in a
fall in toughness of the composite (see Section
3.1). The measured work of fracture of glass fibre
in epoxy is 316kJm™2, approximately, and
200kJ m™? after storing for 6 months. In contrast,
the pulling out of debonded glass fibres is unaffec-
ted by aging (Fig. 5). The distribution of values of
pulled out fibres is dependent only on the flaw
population of the fibre.

Fractographic information of glass fibres in a
glass fibre/carbon fibrefepoxy hybrid is summar-
ized in the following cumulative probability dia-
grams (Figs. 6 to 8). The fibre debond length data
do not superimpose, and increasing the ratio of
glass fibres to carbon fibres may displace the data
to the right or to the left of the diagram (Fig. 6).
For example, increasing the glass fibre content
from 30vol% to 56 vol% of the total fibre content
shifts the data from low values to high values; in-
creasing the glass fibre content by a further 7 vol%
moves the data back to lower values. Closer exam-
ination of the data shows the subtle effects of
microstructure on the position of the cumulative
probability curve. These effects will be referred to
later.

In logarithmic form, Equation 1 can be written

In(—=InS) = m(lno—1Inoy); (V=1),Q2)

where m is the gradient of a linear plot of
In(—InS) and In 0, and ¢ =gy when S=e! =
0.37.

Each mechanism of failure in a fibre composite
is affected by the statistical aspects of fibre—
matrix bond strength, fibre strength and the distri-
bution of weak points along the length of fibre.
This is why a broken fibre composite has a vari-
ability of lengths of fibres protruding above the
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fracture surface. A quantitative assessment of
failure therefore requires a statistical analysis of
the micromechanisms of fracture; fibre pull-out
length, for example, is likely to be affected by the
distribution and strength of weak flaws along the
length of the fibre. Equation 1 can be written in
terms of the probability of a fibre debonding or
pulling out ower a particular distance, /,

P = 1—exp(—fl)", 3

where P=1-—S5.
The mean value, /, of a distribution of data in the
form of Equation 3 can be expressed as

- ln
j= ﬁ " aranyar @)

For the case -of an extreme value distribution, the
mean value, /, can be expressed

In
[= 7 many™ exo =@l a1 )

1

2.3. Cumulative probability diagrams
summarizing failure data

Cumulative probability diagrams can summarize a
considerable amount of fractographic information
on fibre—matrix debonding and fibre pull-out.
They show a distribution of extreme values of
fibre lengths and by presenting the data in logar-
ithmic form, values of m and /4 can be determined.
These parameters, together with Equation 5 are
used to determine values of / for fibre debonding
and fibre pull-out.

CUMULATIVE PROBABILITY [P)

Fig.1 shows cumulative probability versus
fibre debond length, /4, for model composites con-
taining glass fibres in epoxy. The data does not
overlap but are displaced slightly to higher values
of Iy as the number of fibres increases. It seems
that the debonding process is sensitive to the num-
ber of glass: fibres in the resin. It is interesting to
note, (although it is not obvious why), the data for
N = 4800 fibres falls to the right of the data for
N = 6400 fibres. This apparent reversal in trend in
the shift of cumulative probability data will be re-
ferred to later when we discuss fracture energy. A
similar shift of data towards higher fibre lengths is
observed for pulled out glass fibres (Fig. 2). The
apparent oddity in this case is the disproportionate
displacement of data for N = 8000 fibres. Metallo-
graphic examination of various specimens showed
excellent penetration of the fibres with resin and
the idea that poor wetting of the fibres is respon-
sible for the movement of data to higher values is
not correct.

The extreme value distribution equation can de-
scribe each set of data. The parameters m and [,
are determined by replotting the data in logarith-
mic form, (Fig. 3). Presenting data in this way is
useful for characterizing modes of failure and for
observing the subtle effects of environment e.g.
moisture, on values of m and /,.

Combining Equation 5 with values of m and [,
enables us to determine the mean length of de-
bonded and pulled out fibres. Table I lists values
of m, Iy and [ for the debonding and pulling out of
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Figure 1 Extreme value distributions of lengths of debonded glass fibres in epoxy for different numbers of strands in
the model specimens. (1 strand contains 1600 filaments, 2 strands contains 3200 filaments, and so forth.)
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CUMULATIVE PROBABILITY (P)
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Figure 2 Extreme value distributions of lengths of pulled out glass fibres in epoxy.
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Figure 3 Logarithmic plots of the data presented in Figs. 1 and 2.
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TABLE I A summary of m, [, and [ for glass fibres in epoxy resin

No. of glass Fibre debond length (inm) Fibre pull-out length (mm)

fibre rovings I, I(equation 5) [ (arithmetic) — m I, T(equation 5)  I(arithmetic)
1 3.1 2.3 1.7 2.0 1.5 0.12 0.09 0.11

2 3.6 2.7 2.4 2.5 2.0 0.11 0.10 0.11

3 3.1 3.6 3.2 3.2 1.9 0.14 0.13 0.13

4 3.5 3.3 3.0 3.0 1.9 0.15 0.13 0.13

5 46 4.2 3.8 3.9 2.2 0.25 0.22 0.24

glass fibres in epoxy. For comparison, values of
the arithmetic mean of fibre debond length and
fibre pull-out length are shown alongside [ calcu-
lated using Equation 5.

Some glass fibre—epoxy specimens were stored
at 18 ( 2)° C, 65% relative humidity for 6 months
before testing. The distance over which the fibres
debonded and pulled out are shown in cumulative
probability diagrams (Figs 4 and 5). Aging the
composite has resulted in the data being displaced
to lower values of debonding. The inference is that
aging, by whatever process, has increased the
strength of the glass fibre-epoxy bond with a
corresponding decrease in the distance over which
the fibre debonds. It may be that additional curing
and cross-linking of the resin with time is respon-
sible for improvement in bonding, the effect of the
matrix contracting around the fibres. If this is true,
then an increase in bond strength, together with a
decrease in fibre debond length would result in a
fall in toughness of the composite (see Section

CUMULATIVE PROBABILITY

3.1). The measured work of fracture of glass fibre
in epoxy is 316kIm™2 approximately, and
200 kI m™2 after storing for 6 months. In contrast,
the pulling out of debonded glass fibres is unaffec-
ted by aging (Fig. 5). The distribution of values of
pulled out fibres is dependent only on the flaw
population of the fibre.

Fractographic information of glass fibres in a
glass fibre/carbon fibre/epoxy hybrid is summar-
ized in the following cumulative probability dia-
grams (Figs 6 to 8). The fibre debond length data
do not superimpose, and increasing the ratio of
glass fibres to carbon fibres may displace the data
to the right or to the left of the diagram (Fig. 6).
For example, increasing the glass fibre content
from 30vol% to 56 vol% of the total fibre content
shifts the data from low values to high values; in-
creasing the glass fibre content by a further 7vol%
moves the data back to lower vlaues. Closer exam-
ination of the data shows the subtle effects of
microstructure on the position of the cumulative
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Figure 4 Extreme value distribution of lengths of debonded glass fibres in vpoxy before and after aging for 6 months at

18 (¢ 2)° C, 65% relative humidity.
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Figure 5 Extreme value distribution of lengths of pulled out giass fibres in epoxy before and after aging for 6 months at

18 ( 2)° C, 65% relative humidity.

probability curve. These effects will be referred to
later.

In contrast, data of glass fibre pull-out length in
the hybrid composite are almost superimposed
(Fig. 7). The same applies to the data for carbon
fibres (Fig. 8). Each cumulative probability curve
overlaps one another and the shape and position of
the curves are not significantly affected by vari-
ations in composition. The same data plotted in a
logarithmic form, based on Equation 2, is used to
determine values of m and {; (Table II).

Fig. 9 shows the distribution of glass fibre de-

CUMULATIVE PROBABILITY

bond lengths as a function of the microstructure
of a glass fibre/carbon fibre/polyester hybrid. As
we observed and reported earlier, the position of
the extreme value distribution depends upon the
ratio of carbon fibres to glass fibres. Closer exam-
ination of the two diagrams (Figs. 6 and 9) indi-
cates that the relationship between the extreme
value distribution and composition is not clear;
the movement of cumulative probability curves as
the ratio changes is not consistent from one hybrid
to the other. In the case of glass fibres in epoxy
(without carbon fibres) the data are on the ex-
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GLASS FIBRES

Figure 6 Extreme value distribution of lengths of debonded glass fibres in hybrid composites (epoxy matrix).
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Figure 7 Extreme value distribution of lengths of pulled
out glass fibre in hybrid composites (epoxy matrix).

treme right of the diagram, while for the polyester
composite, the data are towards the extreme left.
The pull-out lengths of glass fibres and carbon
fibres remain essentially independent of micro-
structure (Figs. 10 and 11).

Values of m, I, and [ for the polyester hybrid
composites are listed in Table III. In the case of
the debonding of glass fibres, m values are slightly
higher for epoxy than polyester, while 7, values
are essentially independent of the choice of
matrix.

For the extraction of broken glass fibres from
their matrix sockets, values of m are similar for the

CUMULATIVE PROBABILITY
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Figure 8 Extreme value distribution of lengths of pulled
out carbon fibres in hybrid composites (epoxy matrix).
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ol
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two resins, while /, values are slightly higher for
the polyester. In the pulling out of carbon fibres,
values of m and I, are less for the epoxy than
polyester. The indication is that the interfacial
bond strength between fibre and matrix is greater
for the epoxy composite and, as we shall see later,
the toughness is correspondingly lower.

3. Analysis of micromechanisms of
fracture based on direct observation

In previous papers [1-5], simple models are de-

rived to describe various mechanisms of fracture of

brittle fibrous composites. For convenience, three

TABLE II Valuesofm, [, and I for glass fibres and carbon fibres in epoxy resin

Ratio of Glass fibres Glass fibres Carbon fibres
C:G debonding pulling out pulling out
(mm) (mm) (mm)
m A 7 m I I m I I
0;100 6.9 5.6 5.3 2.4 0.26 0.23 - - -
13:87 4.5 4.9 4.4 2.0 0.36 0.25 1.3 0.35 0.32
23:77 4.2 4.9 4.4 2.1 0.24 0.22 2.0 0.31 0.28
37:63 5.3 5.1 4.7 1.6 0.24 0.23 2.0 0.37 0.32
44:56 5.8 6.7 5.9 1.8 0.32 0.27 2.4 0.30 0.33
54:46 9.1 5.6 5.3 1.7 0.30 0.26 2.6 0.39 0.34
64:36 4.8 4.7 4.3 1.9 0.31 0.27 2.2 0.34 0.31
70:30 5.0 4.1 3.8 2.2 0.31 0.28 2.2 0.32 0.28
83:17 - - 2.3 34 0.21 0.19 2.2 0.25 0.22
100:0 - — - - — - 2.4 0.31 0.28

=kFor glass fibres we have used of = 1.65GN m ™2 ;Ef = TOGN m™?; ¢¢ = 0.01; and for carbon fibres o5 = 2.4 GN m™?

and E¢ = 240GNm™.
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Figure 9 Extreme value distributions of debonded lengths of glass fibres in hybrid composites (polyester matrix).

models, (Fig. 12), together with equations, are (The difference between the strain to failure of
listed below

Wpat = mdT 13 Ae/2 (post-debond fibre

Wd =

sliding energy);

fibre and matrix is given by Ae = e; — €,,, where
€m = 0 for a brittle, precracked matrix).
The frictional shear stress, 7, which appears in
6)  the above relationships can be estimated using the

nd? of 13/8Es (fibre deformation energy); expression [1]

) 7= g d/21,. )]

W, = md 713/6 (fibre pull-out energy). (8) In a fibre pull-out experiment, the maximum

CUMULATIVE PROBABILITY
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Figure 10 Extreme value distributions of pulled out lengths of glass fibres in hybrid composites (polyester matrix).
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Figure 11 Extreme value distribution of pulled out lengths of carbon fibres in hybrid composites (polyester matrix).

length of fibre that can be extracted from a block
of matrix without first breaking is equal to /,/2.
Equations 6 and 8 can be rewritten, therefore, in
terms of /4 and /;,

Woar = (md? o5 €g/8) (13/ly);
-+ Wp = 7Td2 Oflp/24,

(10)
(11)

In each model, the work done is directly pro-
portional to the number of fibres and each mech-
anism, in its own way, is sensitive to the interfacial
shear strength. From the above relationships, we
can identify three contributions to the total work
required to fracture the composite. The total work
required to fracture the composite can be written,
therefore, in terms of /g and /,

Wy = N(nd?*/48) [(3oses) (13/1y)

+ (60%14/Ep) + (401ly)], (12)

where Iy is the distance over which the fibre has
debonded, Zp is the average fibre pull-out length
and N is the number of fibres. Therefore, the total
work required to fracture a composite can be esti-
mated from a knowledge of the failure parameters
of the fibre oy, €5, 3 and £,

The characteristic lengths of debonded and
pulled out fibres, typical values for o¢ and ef, to-
gether with the expressions of fracture energy, are
used to estimate the energy dissipated for each
mechanism of failure and the total theoretical frac-
ture energy of the composite. Diagrams have been
constructed of fracture energy versus number of

TABLE III Values of m, 1, and 1 for carbon fibres and glass fibres in polyester resin

Ratio of Glass fibres Glass fibres Carbon fibres
C:G debonding pulling out pulling out
(mm) (mm) (mm)
m Ly i m I I m I, 7
0:100 3.6 5.2 4.7 2.5 0.35 0.31 - - -
23:77 3.4 6.6 5.8 2.0 0.53 0.45 2.7 0.42 0.37
37:63 4.1 5.1 4.7 2.7 0.46 0.41 4.2 0.48 0.44
64:36 4.0 6.7 6.0 2.8 0.41 0.37 3.0 0.42 0.37
70:30 3.7 5.3 4.7 2.5 0.49 0.43 2.6 0.38 0.34
100:0 - - - - - - 2.7 0.37 0.33
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FIBRE-MATRIX SLIDINC

Wpdf =Tl?d'r /545

Wp=ﬂ:dt1p2/6

fibres for a given composite or proportion of two
kinds of fibre for a given hybrid composite system.
Since for glass fibres and carbon fibres in brittle
polymers, the work of fracture is some 2 to 3
orders of magnitude greater than the work to frac-
ture the matrix, we have chosen to normalize our
work of fracture values with cross-sectional area of
the fibres. In this way, direct comparison between
the models of fracture and experiment can be
made.

3.1. Glass fibres in epoxy

A fracture energy diagram for glass fibres in epoxy
(Fig. 13a) shows the estimated energy dissipated
during the post-debond fibre sliding mechanism
(Equation 10). The relationship is not a simple
linear one as one would expect from the form of
the equation, the cumulative probability data
showed fibre debond length to be sensitive to the
number of fibres in the composite. It is the square
of the fibre debond length and number of fibres
which appears in the post-debond fibre sliding
equation. The plateau to the curve reflects the
reversal in the trend in shift of cumulative prob-
ability data for V= 6400 fibres to which reference
was made earlier.

An estimation of the fibre deformational energy
(Equation 7) is shown in the next diagram (Fig.
13b). At first sight, the shape is linear but closer
examination shows a smooth curve with a gradu-

()

W =no%af1,/8E,

Figure 12 Three micromechanisms of fracture: (a) post-
debond fibre sliding; (b) fibre fracture, and (c) fibre
pull-out.

ally increasing slope. It reflects the dependence of
fibre debond length on the number of glass fibre
strands. The plateau shown in the previous figure
is less obvious since fibre deformational energy is
directly proportional to the length of debonded
fibre. The energy dissipated in this way is signifi-
cantly less than the work done in the post-debond
fibre sliding mechanism.

The work to pull broken glass fibres out of a
cracked matrix (Equation 11) is of similar order of
magnitude as the fibre deformational energy
(Fig. 13¢). Both diagrams have a similar shape; the
increase in gradient of the curve at the high num-
bers of fibres originates from the high values of
fibre pull-out length shown previously in the
cumulative probability data for N = 8000 fibres.

The result of summing these 3 energy para-
meters (Equation 12) is shown in Fig. 13d. Apart
from a small rise in the curve at V= 5000 fibres,
approximately, it is a smooth curve with a gradu-
ally increasing slope as the number of fibres in-
creases. Comparison of the empirical diagram with
experimental work of fracture data shows remark-
able likeness in shape and magnitude (Fig. 13e).
From observations of the fracture of glass fibres
in epoxy we know that the composite exhibits all
the common modes of failure; matrix cracking,
fibres debonding, fibres snapping and fibres
pulling out. The dominant toughening mechanism
appears to be post-debond sliding between fibre
and matrix; the breakage of fibres and the pulling
out of the broken fibre ends dissipates similar
amounts of energy and together contribute little
more than one-quarter of the total fracture energy
of the compaosite.

Table IV shows the predicted energy terms
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calculated using the models of fracture, together
with characteristic values of debond length and
pull-out length of the glass fibres used in the calcu-
lation after ageing the composite for 6 months. In
the mechanism involving debonding and slippage,
ageing has approximately halved the value of the
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Figure 13 Estimations of the energies dissipated for glass
fibres in epoxy for each of the three micromechanisms of
fracture, based on data of fibre debond length and fibre
pull-out length, together with Equations 7, 10, 11, 12.

post-debond fibre sliding parameter. The agree-
ment between theoretical energy and experimental
work of fracture is a good one.

3.2. Glass fibres and carbon fibresin epoxy
In a similar manner, the work required to fracture
a hybrid composite, glass fibres and carbon fibres
in epoxy can be estimated. Taking characteristic
values of fibre debond length and fibre pull-out
length for the glass fibres and carbon fibres,
combined with the equations of fracture energy,
we can estimate the energy dissipated during frac-
ture and pull-out of both kinds of fibre. In this
cage, fracture energy is plotted against percentage
of carbon fibres in the hybrid composite (Fig. 14).

Fig. 14a shows an estimation of the energy dis-
sipation during glass fibre—matrix sliding soon



TABLE IV Effect of aging for 6 months upon the frac-
ture energy of a glass fibre—~epoxy composite

Wpat Wa Wp Wt
(k¥ m™*)

Wexpr

Before aging 215 46 58 319 316
After aging 117 34 58 209 202

These predictions are based on the following measure-
ments: /g (unaged) = 5.3 mm; /g (aged) = 3.9mm;l, =
0.24 mm approximately, before and after aging. It is the
post-debond fibre sliding mechanism and the decrease in
I'q which appears to be primarily responsibie for the de-
crease in work of fracture.

FRACTURE ENERGY {kJ ni?)
400 T T T T

Glass fibre post debond enerqy

[s}
o2 0-4 [sX3 -8 -Q

[o]
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FRACTURE ENERGY [(kJ f2)
400, T T T

Total theoretical energy

o -4 O o8
(e} VOLUME FRACTION OF CARBON FIBRES

after the bond has failed. While there is an overall
decrease in energy as the carbon fibre content in-
creases, as one would expect, it by no means forms
a linear relationship. Certain features are worth
pointing out. The first is that after a sharp drop in
energy as glass fibre is replaced with carbon fibre,
a plateau is observed up to 40vol% carbon fibre.
At this point, the fracture energy actually increases
slightly before falling to zero as the remaining glass
fibres are replaced with carbon fibres. Recalling
the cumulative probability data, it can be realized

FRACTURE ENERGY {kJ m?}
400 T —— T T

00 =
Slass tibre dehond energy

2008 .

100 ~
[« 0-2 O-4 [ X} 08 [Te]
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3001

Corbon fibre pull-out energy
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s} [a] O-4 06 o8 -0
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FRACTURE ENERGY (kJ 79
400,

T T L T

Work of fracture

%
(f)

Q-2 O-a 06 o8
VOLUME FRACTION OF CARBON FIBRES

Figure 14 Estimations of the energies dissipated for glass fibres and carbon fibres in epoxy for each of the three micro-
mechanisms of fracture, based on data of fibre debond length and fibre pull-out length, together with Equations 7, 10,

11,12,
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Figure 15 Comparison between experimental
work of fracture data of polyester and epoxy
hybrid composite systems,

WORK OF FRACTURE
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% CARBON FIBRES

that it is the effects of composition on glass fibre
debond length and the subtle balance between
debond length and number of fibres which is the
origin of the unexpected shape of the post-debond
sliding energy diagram. The small peak in the
diagram at 44 vol% carbon fibre coincides with the
large displacement of the cumulative probability
data to higher values of glass fibre debond length.

At first sight, glass fibre deformational energy
decreases linearly with an increase in volume frac-
tion of carbon fibre (Fig. 14b). Closer inspection
shows a shallow curve with a very small peak at
44vol% carbon fibre. Minor differences in shape
and position of the cumulative probability curves
are responsible for the non-linear behaviour.

Slight undulations in the pull-out curve for the
glass fibres can also be identified with minor
changes in shape and position of the cumulative
probability curves. As a first approximation, the
glass fibre deformational energy and glass fibre
pull-out energy are directly proportional to the
amount of glass fibre in the composite, as one
would expect from the form of the equations
(Figs. 14c¢ and d).

Similar undulations in the carbon fibre pull-out
energy diagram originate in small differences to be
found in the cumulative probability data. Ignoring
these minor effects, the pull-out energy follows a
linear relationship with carbon fibre content, as
one would expect. Figs. 14e and f show good
agreement between theory and experiment.
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3.3. Glass fibres and carbon fibres in
polyester

In this section, we present work of fracture data of
a hybrid system with a polyester matrix. Cumu-
lative probability diagrams showing extreme value
distributions of fibre debond lengths and fibre
pull-out lengths have been constructed and re-
plotted in logarithmic form in order to determine
the parameters m and /,. Data of mean fibre de-
bond length and mean fibre pull-out length,
together with the models of micromechanisms of
fracture are used to estimate the energies dissi-
pated during crack propagation. Where possible,
comparisons are made between the fracture behav-
iour of the two hybrid systems investigated and
the effect of matrix becomes apparent.

Fig. 15 shows the experimental work of frac-
ture data for the two hybrid systems. Certain fea-
tures of the curves are apparent. First, the general
shape of the curves are similar and second, the
polyester hybrid composites have work of fracture
values which are about 50% higher than values ob-
tained for the epoxy composites. One noticeable
exception is the datum point for the glass fibre—
polyester; in this case, the work of fracture is less
than the value obtained for the epoxy conmiposite.
It may be the apparently low value of I/ for glass
fibres in polyester that is responsible for the low
work of fracture measurement.

Values of debond length and pull-out length for
glass fibres and carbon fibres, given in Table III
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were used, together with the models of fracture,to
predict energies of post-debond fibre sliding, fibre
deformational energy, and fibre pull-out. Esti-
mations of these energy parameters for glass fibres
and carbon fibres are shown in Fig. 16. Certain
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Figure 16 Estimation of the energies dissipated for glass
and carbon fibres in polyester for each of the three micro-
mechanisms of fracture, based on data of fibre debond
length and fibre pull-out length, together with Equations
7, 10, 11, 12, The points in (e) represent measured work
of fracture data.

comments can be made and generalizations drawn
from comparison of the fracture energy diagrams
for epoxy and polyester based composites. The
overall shapes of the theoretical and experimental
fracture energy curves are similar; and the relative
order of magnitudes of the four energy parameters
and the contribution each one makes to the total
fracture energy or toughness of the composite are
also alike. The shape of both total theoretical frac-
ture energy curves is dominated by the post-
debond fibre sliding term for glass fibres; and at
the carbon fibre-rich end of the diagram, the pull-
out term for carbon fibres is important. Compari-
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TABLEV

Work of

fracture
Composite kIm™)
Carbon fibre/epoxy 48
64% carbon fibre/36% glass fibre/epoxy 75
Glass fibre/epoxy 148
Carbon fibre/polyester 70
64% carbon fibre/36% glass fibre/polyester 118
Glass fibre/polyester 132

(The nominal fibre volume fraction is 0.5)

son between the theoretical fracture energy and
experimental work of fracture data show remark-
able similarities in shape and magnitude. For glass
fibres, the post-debond sliding energy term is a
major component of the total fracture energy,
while the deformational energy and pull-out
energy terms are comparable in magnitude. To-
gether, debonding and pull-out of glass fibres con-
tribute no more than one-quarter of the total
fracture energy of the hybrid composite. On the
other hand, carbon fibres were not observed to
debond, and the work in extracting them from a
cracked matrix can be successfully equated to the
fracture energy of a carbon fibre composite.

4. Work of fracture of structural fibrous
composites
Model specimens of the kind used in this study can
be used to estimate the work of fracture of struc-
tural fibrous composites. Consider, for example, a
structural unidirectional glass fibre or carbon fibre
composite, fabricated to the dimensions of the
model composite, 20mm x 10 mm x 2 mm. If the
fibre volume fraction is 0.5, then the total cross-
“sectional area of the fibres is 10 x 10°* m?. In a
mode] composite containing 5 tows of carbon
fibre, for instance, the total cross-sectional area of
the fibres is 1.4 x 107% m?, approximately, There
are about 7 times as many fibres in the structural
composite compared to the model composite. If
the measured fracture energy of the model carbon
fibre composite is multiplied by 7 times, and in
the case of the model glass fibre composite con-
taining 5 strands by 8.5 times, the work done in
breaking the structural composite can be measured.
The work of fracture of the structural composite is
calculated by simply dividing the estimated work
to break the specimen by twice its cross-sectional
area. Table V lists the work of fracture of several
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carbon fibre and glass fibre structural composites
estimated in this way. They are based on measure-
ments of work of fracture obtained using the
model composite specimens. These values are simi-
lar to measurements made by others (for example,
[7-12]) using fracture mechanics specimens.

5. Summary and implications

When a crack passes through a hybrid composite,
the glass fibres' are observed to debond and to-
gether with the carbon fibres fracture, pulling out
of the resin as the surfaces of the matrix crack
open. Models based on these observations, predict
the energies dissipated when a debonded fibre
slides in its socket, snaps and pulls out of the mat-
rix. Detailed comparisons of experimental data
combined with the models show that the post-
debond fibre sliding mechanism is primarily re-
sponsible for the work to fracture glass fibres in
epoxy or polyester matrices, while the fibre pull-
out mechanism. accounts for the fracture energy
of .carbon fibres in epoxy or polyester resins. It is
the subtle balance between these mechanisms and
the volume fraction of the carbon fibres and glass
fibres in the hybrid composite, and the effects of
composition upon the mechanisms of debonding
and pull-out where lies the origins of toughness of
the hybrid fibre systems.
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