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ABSTRACT

The micromechanisms of crack extension of carbon fibres, glass

fibres, and hybrid composites containing glass fibres and carbon fibres

in epoxy and polyester resins have been studied. A new collection of

failure data 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 fractures, is used to construct fracture-mechanism diagrams. These

diagrams, together with the Weibull parameters may help in distinguishing

between mechanisms of fracturej give guidance in selecting a material

system; and in isolating aging and environmental effects.
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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. Unfortunately,
it is not so straightforward. The probability of failure will be affected

by a variety of phenomenal for quasi-brittle fibrous composites, they

include premature fracture of the fibres, and slow crack growth in the

matrix and at fibre-matrix interfaces. The level of stress to initiate

breakage of a fibre or failure of an interface depends 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 localised 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 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. Alternately, it may fail by the propagation of a

crack from one fracture plane to another producing a rough fibrous

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 to

the toughness of the composite. The distance over which the fibre debonds

and pulls out will depend on a number of instrinsic variables, fibre-

matrix bond strength, distribution of flaws in the fibres, for example.

A single composite, glass fibres in epoxy, for instance, can show all

these modes of failure. It would be useful to have some idea of the

1_
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conditions under which each appears, the effect of intrinsic variables

such as surface treatment of the fibre and ductility of matrix, and

extrinsic variables, changes in temperature and humidity, for example.

This problem can be tackled in two complementary ways. The

range of dominance of the more easily recognized mechanisms -- fibre

pull-out, for instance -- can be determined by experiment. A change in

temperature or humidity, or the passing of time in a given experiment,

in which each mechanism appears can be noted.

Alternately, 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

matrix on each mode of failure. To do so requires some way of

quantifying fracture.

Models to describe the various micromechanisms of fracture in

quasi-brittle fibrous composites have been described [1 - 5, for example].

This paper describes the statistical analysis of the micromechanisms

of fracture of glass fibres and carbon fibres in polyester and epoxy,

and mixtures of the two kinds of fibre in hybrid composites. Considerable

failure data, based on the debonded 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 composites may fail, using a sequence

in which they may occur. An equation is selected for each mechanism,

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 dominant mechanism of toughening is apparent.

Some of the work of fracture data in this paper are taken from

previously published work [1,2].

The properties of the fibres and resins used in this study are

listed in Table I.

2. FAILURE ANALYSIS OF FIBRE DEBOND LENGTH AND FIBRE PULL-OUT LENGTH

The procedure is as follows. We first assemble the available

work of fracture data for the given material. We then tabulate a large

amount of fractographic information on fibre-matrix debonding and fibre
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pull-out processes. Each failure model is used in turn, together

with the failure data to estimate the energy dissipated by the

fracture mechanisms.

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 debonding 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 and these have been described previously

[I]. The beam is loaded in 3-point bending and the layer of fibres is

subjected to a tensile stress (fig 1). 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. We can

think of these model composites as single lamina from which is made

the laminate (fig 2).

The area under the load/displacement curve is equated to the work

to fracture the composite. Tracings are made of each debonded fibre
region and each protruding bundle of fibres, observed in transmitted

and reflected light, respectively, using an optical microscope (fig 3)
[1].

Average values of the longest fibres extracted from a matrix and

distances over which separation at the fibre-matrix interface have

occurred are determined 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 example, in

specimens containing 5 strands of fibres, (where a strand contains

1,600 individual glass filaments or 5,000 individual carbon filaments),

and where 20 tests have been carried out, 400 tracings are made of

pulled out fibres and debonded fibres, since the two halves of each

specimen can be viewed from both sides. Several hundred values of

fibre debond length and fibre pull-out length can be made in this
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way which: are then tabulated. The technique was developed in this

program and used throughout the study.

There are, of course, difficulties and ambiguities in a fractographic

analysis of this sort. There is the assumption that the profile of

the fibre debonded region does not change through the thickness of the

bundle of fibres. Turning the test-piece over and examining from both

sides will check this. We assume a normal distribution of pulled out

lengths of fibre from zero, where the fibre breaks on the fracture

plane of the matrix, and the maximum pull-out length, 1p. The average

pull-out length is therefore Ip/2. We also assume that each fibre is

extracted from its matrix socket without the attachment of fragments

of resin onto the surface.

STATISTICAL ANALYSIS OF FAILURE DATA

The statistical predication of failure relies on the characterisation

of a flaw strength distribution function [6]. One form of the extreme

value distribution is

S = exp (-a/aomy (1)

where S is the probability of survival, a is an applied stress on a

specimen of volume V, and m and a are the extreme value distribution0

parameters. The variability of a set of data decreases as m increases;

m and a therefore characterise the material for prediction of
0

structural reliability.

In logarithmic form, equation (1) can be written

In(-1n S) = m(Ln a - Xn a (V = 1) (2)

m is the gradient of a linear plot of Ln (-Xn S) and kn a, and a =-1o
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 distribution of weak points along the length of fibre. This is

why a broken fibre composite has a variability of lengths of pulled-out

fibres protruding above the 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 over a
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particular distance, £,

P =1- exp ( - /om (3)

where P = 1 - S.

The mean value, 1, of a distribution of data in the form of equation (3)

can be expressed as

In

f (Z dP/dZ) dt (4)

For the case of an extreme value distribution, the mean value, £, can

be expressed

£ n m(t/£o)m exp( - (Z/k 0o)m dt (5)

and 1 determined from measured values of m and to.

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 logarithmic form, values of m

, and 1. can be determined. These parameters, together with equation (5)o

are used to determine values of i for fibre debonding and fibre

pull-out.

Figure 4 shows cumulative probability versus fibre debond length,

£d" for model composites containing glass fibres in epoxy. The data

does not overlap but are displaced slightly to higher values of d

as the number of fibres increases. It seems that the debonding process

is sensitive to the number 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 referred to later when we discuss fracture energy. A

similar shift of data towards higher fibre lengths is observed for

pulled out glass fibres (fig 5). The apparent oddity in this case

is the disproportionate displacement of data for N = 8000 fibres.

Metallographic examination of various specimens showed excellent

OW-
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penetration of the fibres with resin and the idea that poor wetting

of the fibres is responsible for the movement of data to higher values

is not correct.

The extreme value distribution equation can describe each set

of data. The parameters m and Zo are determined by replotting the

data _n logarithmic form, (fig 6). Presenting data in this way is

useful for charactersing modes of failure and for observing the

subtle effects of environment, moisture for instance, on values of

m and I.
0

Combining equation 5 with values of m and Z. enables us to0

determine the mean length of debonded and pulled out fibres. Table II

lists values of m, Zo and 1 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

I calculated using equation 5.

Some glass fibre-epoxy specimens were stored at 18 (+2) C, 65% R.H.

for 6 months before testing. The distance over which the fibres

debonded and pulled out are shown in cumulative probability diagrams

(figs 7,8). 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 responsible 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. The

measured work of fracture of glass fibre in epoxy is 280 kJ/m2 ,

approximately, and 200 kJ/m2 after storing for 6 months. In contrast,

the pulling out of debonded glass fibres is unaffected by aging (fig 8).

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 summarized in the following cumulative probability

diagrams (figs 9-11). 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 9). For

example, increasing the glass fibre content from 30% (by vol.) to 56%

(by vol.) of the total fibre content shifts the data from low values

to high valuesl increesing the g7ass fibre content by a further 7%
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(by vol.) moves the data back to lower values. Closer examination

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 contrast, data of glass fibre pull-out length in the hybrid

composite are almost superimposed (fig 10). The same applies to the

data for carbon fibres (fig 11). Each cumulative probability curve

overlaps one another and the shape and position of the curves are not

significantly affected by variations in composition. The same data

plotted in a logarithmic form, based on equation 6, is used to determine

values of m and Z (Table III).
0

Fig 12 shows the distribution of glass fibre debond lengths as

a function of the microstructure of a glass fibre/carbon/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 examination of the two diagrams (fig 9 and 12) indicates 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 extreme 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 microstructure

(figs 13,14).

Values of m, 9. and i for the polyester hybrid composites are0

listed in Table IV. In the case of the debonding of glass fibres, m

values are slightly higher for epoxy than polyester, while 9o 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 two resins, while 9. are less for the0

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. MODELLING MICROMECHANISMS OF FRACTURE

Consider the propagation of a crack in a brittle matrix, around

and beyond a long, strong fiber, glass fiber in polyester, for instance,

(fig 15). Localised stresses at the tip of the crack are likely to

cause a breakdown of the fibre-matrix bond. Under conditions of

increasing load, the crack faces of the matrix separate and the

70_-



TABLE III

Values of m, X and £ 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 to m to m to

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 3.4 0.21 0.19 2.2 0.25 0.22

100:0 .. .... 2.4 0.31 0.28

i



TABLE IV

Values of m, Zo0 and . carbon fibres and glass fibres in polyester

Ratio of Glass fibres Glass fibres Carbon fibres
C/G debonding pulling out pulling out

(mm) (mm) (mm)

m to o m to m t 0

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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interfacial debonded region, on either side of the matrix crack,

extends. Relative displacement between fibre and matrix can ti'en

occur over the entire length of debonded fibre. Provided the fibre

still interacts in some way withthe matrix, by mechanical keying at

the interface, for instance, a frictional (sliding) shear force is

established soon after the bond fails. The distance over which this

shear force acts is approximately equal to the product of the

debonded length of fibre, Id' and the differential failure strain of

fibre and matrix, Ac. Since the initial frictional shear force,

STid(kd/2), acts in each direction from the fracture surface of the

matrix over a distance, ACZd/2 , the work done per fibre is (3,5)

2Wpd f = wdTId Ae (6)

= wdT, d2 ef/2 (7)

provided >>e . This is a reasonable assumption for a brittle matrix
m

which cracks at low strains. (d is the diameter of fibre).

The load on a fibre is a maximum in the debonded region and as it

increases the fibre is likely to break at a flaw somewhere along its

debonded length (fig 16). The localised elastic work of tensile

defr-rmation, Wd, in the fibre over a length, I d' (sometimes referred to

as fibre debonding energy (7)), can be expressed as

2 2
Wd = rd2a f Id/8Ef (8)

This equation does not account for the recoverable energy as the load

builds up in the fibre over a distance t /2 from the point of fibre
c

fracture* (8,9). af and Ef are the tensile strength and Young's

modulus of the fibre, respectively.

Provided there is some kind of interaction between the debonded

fibre end and matrix, then a frictional (sliding) shear force opposes

any applied force to extract the fibre (3,10), (fig 17). The total

frictional work of the pull-out is

* A critical fibre length, Ic' is defined as the smallest

length of fibre which, when embedded in a matrix, can be

loaded to its breaking point.
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W = vdT 2,2 (9)
p p

The average work to extract a fibre whose embedded length lies between

0 and I , is therefore
p

W =irdTl 2 /6 (k. < 1c/2) (10)

assuming a constant frictional shear stress, T.

The frictional shear stress can be estimated using the expression (6)

T = a fd/2c (11)

In a fibre pull-out experiment, the maximum length of fibre that can be

extracted from a block of matrix without first breaking is equal to £ /2.

Equations 7 and 10 can be rewritten, therefore, in term of Zd and 9

2 2w =(1dOEf/8) (22)(2
pdf ff (d /Ip (12)

W = 7d2afp/24 (13)

In each model, the work done is directly proportional to the number of

fibres and each mechanism, in its own way, is sensitive to the interfacial

shear stress. We have assumed that the interfacial shear stress is a con-

stant. This may not be true; the frictional shear stress depends upon

the radial force exerted by the matrix onto the fibre which is likely

to be sensitive to the spacing between fibres and fibre bundles.

From the above relationships, we can identify three contributions to

the total work to fracture the composite. The work to fracture the

composite can be written in terms of Z d and Z.

WT = (rd 2/4) [(3'fcf) 2/ ) + (af2zd/Ef ) + (af I)] (14)
f ./~ d. p (14

where 9d is the distance over which the fibre has debonded and 9. is

the maximum fibre pull-out length.

4. FRACTURE MECHANISM DIAGRAMS

In view of the agreement between the two methods of determining

2, the arithmetic means of fibre debond length and fibre pull-out lengths,

together with the expressions of fracture energy, are used to estimate

the energy of each mechanism of failure and total theoretical fracture

energy of the composite. A diagram of fracture energy versus number
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of glass fibres (fig 18) shows the estimated energy dissipated during

the post-debond fibre sliding mechanism (equation 12). 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.

We recall that 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 probability data for N = 6400 fibres to which reference

was made earlier.

An estimation of the fibre debond energy (equation 8) is shown in

the next diagram (fig 19). At first sight, the shape is linear but

closer examination shows a smooth curve with a gradually 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 debond energy is directly proportional

to the length of debonded fibre. The energy dissipated in this way is

significantly 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 13) is of a similar order of magnitude as the fibre debond

energy (fig 20). Both figures have a similar shape; the increase in

gradient of the curve at the high numbers 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 parameters (equation 14) is

shown in figure 21. Apart from a small rise in the curve at N = 5000

fibres, approximately, it is a smooth curve with a gradually increasing

slope as the number of fibres increases. Comparison of the empirical

diagram with experimental work of fracture data shows remarkable

likeness in shape and magnitude (fig 22). From observations of the

fracture of glass fibres in epoxy we know that the composite exhibits

all the common modes of failre; matrix cracking, fibres debonding,

fibres snapping and fibres pulling out. The dominant toughening

mechanism appearr 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 composite.
2

The measured work of fracture of glass fibres in epoxy is 280 kJ/m
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approximately, and 200 kJ/m2 after storing for 6 months.

Table V shows the predicted energy terms calculated using the

models of fracture, together with average values of debond length

and pull-out length of the glass fibres used in the calculation.

In the mechanism involving debonding and slippage, aging has approximately

halved the value of the post-debond fibre sliding parameter. The

agreement between theoretical energy and experimental work of fracture

is a good one.

Average values of fibre ca ond length and fibre pull-out length

for the glass fibres and carbon fibres, combined with the equations

of fracture energy, can be used to estimate the energy dissipated

during fracture and pull-out of both kinds of fibre. In this case,

fracture energy is plotted against percentage of carbon fibres in the

hybrid composite (figs 23-28).

Figure 23 shows an estimation of the energy dissipated during glass

fibre-matrix sliding soon after the bond has failed. While there is

an overall decrease in energy as the carbon fibre content increases,

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 40% (by vol.) of carbon fibre. At that

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, we realize 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% (by vol.) of 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 debond energy decreases linearly with

an increase in volume fraction of carbon fibre (fig 24). Closer

inspection shows a shallow curve with a very small peak at 44% (by vol.)

of 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

iso be indentified with minor changes in shape and position of the

cumulative probability curves (fig 25). As a first approximation, the

glass fibre debond energy and glass fibre pull-out energy are directly



TABLE V Effect of aging for 6 months upon the fracture energy

of a glass fibre-epoxy composite

Wpdf Wd Wp WT WEXPT
(kJ/m2 )

Before aging 226 46 56 328 280

After aging 117 34 58 209 202

These predictions are based on the following measurements:

zd (unaged) = 5. 3imm

Id (aged) = 3.9mm

t = 0.24mm approximately, before and after aging
p

It is the post-debond fibre sliding mechanism and the decrease

in Id which appears to be primarily responsible for the decrease

in work of fracture.
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proportional to the amount of glass fibre in the composite, as one

would expect from the form of the equations.

Similar undulations in the carbon fibre pull-out energy diagram

originate in the small differences to be found in the cumulative

probability data (fig 26). Ignoring these minor effects, the pull-

out energy follows a linear relationship with carbon fibre content,

as one would expect. Figs 27 and 28 show good agreement between

theory and experiment.

GLASS FIBRES AND CARBON FIBRES IN F')LYESTER

In this section, we present work of fracture data of a hybrid

system with a polyester matrix. Data of mean fibre debond length

and mean fibre pull-out length, together with the models of micro-

mechanisms of fracture are used to estimate the energies dissipated

during crack propagation (figs 29-33). Where possible, comparisons

are made between the fracture behaviour of the two hybrid systems

investigated and the effect of matrix becomes apparent.

Figure 34 shows the experimental work of fracture data for the two

hybrid systems. Certain features 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 obtained 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

composite. Certain comments can be made and generalisations 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 similarl 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 fracture 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. Comparison between the theoretical fracture

energy and experimental work of fracture data show remarkable similarities

in shape and magnitude. For glass fibre, the post-debond sliding energy

term is a major component of the total fracture energy, while the

debonding energy and pull-out energy terms are comparable in magnitude.

Together, debonding and pull-out of glass fibre comtribute no more

than one-quarter of the total fracture energy of the hybrid composite.
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On the other hand, carbon fibres were not observed to debond, and the

work done in extracting them from a cracked matrix can be successfully

equated to the fracture energy of a carbon fibre composite.

-5. 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 structural fibrous composites.

Consider, for example, a structural unidirectional glass fibre or

carbon fibre composite, fabricated to.the dimensions of the model

composite, 20 mm x 10 mm x 2 mm. If the fibre volume fracture is

0.5, then the total cross-sectional area of the fibres is 10 x 10 m

In a model composite containing 5 tows of carbon fibres, for instance,

the total cross-sectional area of the fibres is 1.4 x 10- 6 m ,

approximately. There are about 7 times as many fibres in the structural

composite compared to the model, composite. If we multiply the measured

fracture energy of the model carbon fibre composite by 7 times, and

in the case of the model glass fibre composite containing 5 strands by

8.5 times, we cdn estimate the work done in breaking the structural

composite. 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 VI lists the work of fracture

of several carbon fibres and glass fibre strL tural composites estimated

in this way. They are based on measurements of work of fracture

obtained using the model composite specimens. These values are very

close to measurements made by others using fracture mechanics specimens,

(see, for example, Harris and Bunsell (11) and Beaumont and Phillips (12)),

but in those cases a detailed failure analysis was not carried out and

would have been extremely difficult to have done so.

6. HYGROTHERMAL AGING EFFECTS

Weight Changes

Exposure to extremes of humidity at 100 0C results in a change of

weight (AW) with time (t), of epoxy, glass fibre-epoxy and carbon

fibre-epoxy (Fig 35). The initial slope of a weight versus (time)h curve

for matrix and composite aged at 95% RH is linear. It suggests that

the diffusion of water is Fickian controlled, i.e., AW - t . Complete

saturation is achieved after 5 days, approximately, corresponding to

a water content of about 3 w/0. In fig 35, data are normalised to the



TABLE VI

Work of fracture (kJ/m2 )

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)

l-
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volume fraction of epoxy. The superposition of data indicates that

the diffusion mechanism is in some way determined by the matrix.

In contrast, aging of epoxy and composite at 1000C, 0% RH results in

a decrease in weight. We believe a loss of volatiles from the epoxy

takes place. An additional weight loss of the composite may be due

to drying out of the glass fibres and carbon fibre originating as

moisture absorbed onto the surface of the fibre before impregnation with

resin.

Cumulative Probability Diagrams of Failure Data

Failure data of fibre debond length and fibre pull-out length

collected in the fractographic analysis are presented in the following

cumulative probability diagrams (fig 36-41). In Fig 36 are shown data

of debond length of glass fibres in epoxy after aging at 100°C, 0% RH.

Each distribution of data do not superimpose but are displaced relative

to one another. Inspection of positions of sets of failure data reflect

the observed variations in shape of the experimental work of fracture

curve. For example, specimens tested after manufacture (t = 0) produce

failure data which fall towards the right of the probability diagram,

or have high values of fibre debond length. Failure data collected after

1 h are on the left of the diagram and correspond to low values of debond

length. Each subtle movement of a set of data to higher and lower values

of debond length for aging times between 1 h and 28 days correlate with

a rise and fall of the curve drawn through the measurements of work of

fracture. The Weibull constant m describes the spread of failure data

for each aging cycle (Table VIII). For an aging time of 10 days m = 3.

and between 2 and 4 weeks m = 2, approximately. The difference may not

be significant, but when considered together with the shift of failure

data with time, a change in m may suggest a variation in mechanism of

failure.

The distribution of failure data to describe the extraction of

broken glass fibre ends is shown in fig 37. The data fall in a narrow

band with superposition at low probabilities and low values of fibre

pull-out length, with slightly displaced data at P = 1. In general,

a slight variation in shape and position of a probability curve reflects

the observed changes in work of fracture with time. For t = 1 h, failure

data lie close to the left of the band. After 1 day, the distribution

has moved to the right side of the band which is later displaced to lower

values of pull-out length as t approaches 10 days. For aging between

_ _ _ _ _ _ _ _ _ _l



-16-

2 and 4 weeks, the probability curve moves again to higher values of

pull-out lengths of fibres. An anomaly may exist for data corresponding

to t - 0 which lie in the centre of the band instead of to the right

as we observe for the distribution of measurements of fibre debond length.

The Weibull constant m ranges between 1.8 and 2.5 (Table VII).

We do not observe any debonding of carbon fibres although the

fibres do pull-out after snapping at flaws. The distribution of pull-out

lengths fall in a narrow band with the superposition ofdata at low

probabilities and separation of data at P = 1 (fig 39). The shortest

pull-out lengths are observed at t = 0 and t = 7 days; the longest

fibres are found at times of 1 day, 10 days and 14 days. Each movement

of the distribution of data is consistent with observed variations in

work of fracture as a function of time. The Weibull constant m lies

between 1.8 and 2.5, similar to values corresponding to the pulling out

of glass fibres (Table VIII).

Cumulative probability diagrams displaying failure data of glass

fibres and carbon fibres in epoxy at 100 0C, 95% RH are shown in figs

39-41. Data essentially superimpose for exposure times up to 1 week and

are located between distribution curves for t = 0 and t = 2-3 weeks.

The data corresponding to t = 1 h and t = 10 days are between the

distribution curves for 1 week and 2 weeks. The positions of the

probability curves illustrate the time-dependence of the debonding process

of glass fibres. At t < I h, the fibre debond length decreases; between

1 h and 3 days, the length increases; and between 3 days and 2 weeks,

the length decreases once more. We see that m is between 2.0 and 2.4

and m = 3.3 for data collected in the fizst 10 days and following 2

weeks of aging, respectively (Table VII). The distribution of fibre

pull-out data fall in narrow bands (figs 40,41). Close inspection shows

slight displacements of the probability curves to lower values of pull-out

length with time to a similar extent that we observed data collected in

a dry environment. The Weibull constant m is between 2.0 and 2.6 for

both composite systems (Table VII).

Work of Fracture

The work of fracture data for composites aged at 100°C, 0% RH are

shown in Fig 42. For glass fibres in epoxy, a precipitous fall in

toughness by nearly one-half occurs after 1 h. This drop in toughness

is almost recovered after I day but the toughness falls during again during

the next 150 h or so. Aging for 1 week proeuces a minimum in the work
2

of fracture curve of ca. 80 kJ/m Over the next 3 weeks or so, we see

._,+ .. _ _ _+. + .,.ui.:_ _ ... . .. iii
+, - . - -.

- - iII....+ + - -+ - -... .....- I



TABLE VIII Values of the Weibull constant m for the debonding

and pulling our of glass fibres and the pulling out
of carbon fibres in epoxy

Debonding Pull-out Debonding Pull-out
Time (h) glass glass carbon glass glass carbon

(100C , OZ ,H) (100C, 95Z RH)

0 2.9 2.4 2.3 2.9 2.4 2.3
1 3.5 2.5 2.0 2.2 2.2 2.2
24 2.9 2.0 2.0 2.2 2.2 2.6
72 3.1 2.1 2.3 2.4 2.4 2.0
168 3.0 2.5 2.0 2.4 2.3 2.4
240 3.0 1.9 1.8 2.0 2.5 2.6
336 2.1 1.8 2.5 3.3 2.4 2.5
672 2.4 1.8 2.5 3.2 2.5 2.6
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a steady rise in toughness towards the original value. For carbon fibres

in epoxy, an initial increase in work of fracture after 1 h is followed

by a gradual decrease to a constant value of ca. 40 kJ/m 2 after 100 h,

approximately.

Exposure of glass fibre-epoxy to 1000C, 95% RH for 1 h causes the
2

work of fracture to fall by nearly one-fifth to ca. 95 kJ/m (fig 43).

The initial work of fracture is recovered after 3 days before falling
2

over the next 2 weeks to a value of ca. 65 kJ/m . The data collected

for carbon fibres in epoxy shows a trend similar to the one observed

during aging at 100 C, 0% RH. The maxima and minima in the work of

fracture can be identified with the subtle movement of the failure data.

The open symbols of figs 42, 43 are theoretical values of work of

fracture based on the models and failure data. In all cases, there is

excellent agreement between the experimental work of fracture and predicted

fracture energy, although in general, theory overestimates the measurement

of toughness.

Similarity between the work of fracture data and predicted values of

fracture energy suggests that it is the energy dissipated during extraction

of broken carbon fibres behind the tip of a crack that is the origin of

toughness of carbon fibres in epoxy. The dissipation of energy during

slippage of unbonded glass fibres close to a crack tip, and their

subsequent extraction behind an advancing crack front can be equated to

the work to fracture glass fibres in epoxy. In both systems, the fall in

toughness with time at 100 0 C, 0% RH can be attributed to an improvement

in bond strength. This can occur as a result of additional post-curing of

the resin and contraction around the fibre. Such an "aging effect" manifests

itself in a reduction in debond length of glass fibres, and a slight

decrease in pull-out length of glass fibres and carbon fibres. These

observations explain the larger reduction in toughness of the glass

fibre composite.

The origin of the increase in toughness of glass fibres in epoxy after

aging for 2 weeks at 1000C, 0% RH is unclear. We observe an increase in

4 length over which the fibre debonds and a change in value of m, with little

change in pull-out length. The inference is that the interfacial shear

strength has decreased, perhaps due to degradation of the interface by

some means. It may be that the chemical bond between glass fibre and

matrix is weakened as a result of polymerisation of the silane coupling

agent on the surface of the fibre (13).

A fall in work of fracture of both composite systems aged at 1000 C,

95% RH for t > 3 days corresponds to a shift of fibre debond length and I
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and fibre pull-out length data to the left of the probability diagram,

ie, to shorter lengths. This may be attributed to an enhancement

of interfacial shear strength as a cesult of moisture absorption

and matrix swelling and an increase in radial compressive force of the

matrix onto the fibres. We see from the fibre pull-out models, that an

increase in bond strength reduces the fibre pull-out length and pull-out

energy as we observe. The collection of failure data and their relative

positions to one another in the probability diagram support this

hypothesis for t > 3 days.

The precipitous fall in work of fracture of the glass fibre composites

at t < 1 h at 100C, 0% RH corresponds to positional changes of the

probability curves of failure data to lower values. The effect is also

observed after annealing in the humid environment. Because of the

short time involved, we believe that the effect is a thermal one. It may

be that a moist surface of the fibres before impregnation with resin is

drying out, an effect which is more pronounced in air at 0% RH. Alternatively,

the short annealing treatment may cause relaxation of any residual stress

in the matrix which affects the bond strength. Whatever the reason, the

two composite systems behave differently at t < I h and the nature of the

phenomenon is unknown to us at this time.

II

______
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Fig. 1 A bar of transparent resin containing a single layer of
unidirectional hybrid tape close to the tensile face in
a 3-point bend test. (Dimensions of the specimen are
200 mm x 10 mm×x 2 mm).
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Fig. 3 A photomicrograph (b) of a central tow of carbon fibres with
two strands of glass fibres on either side. The broken half

of a specimen shows profiles of pulled-out fibres (dark re-
gions) and debonded fibres (light regions). The sketch (a)

represents the pulled-out and debonded fibre of one of the

glass fibre strands, defining P and d -p. d
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Fig. 4 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.)

In this diagram and other cumulative probability diagrams
shown in this report, about 300 datum points collected
from between 15 and 20 duplicate specimens and tests,

constitute a single cumulative probability curve.
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Fig. 5 Extreme value distributions of lengths of pulled-out
glass fibres in epoxy.
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Fig. 6 Logarithmic plots of the data presented in Figs. 4 and 5.
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Fig. 8 Extreme value distributions of lengths of pulled-out glass fibres
in epoxy before and after aging for 6 months at 18 (+ 2) 0 C,
65 R.
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Fig. 9 Extreme value distributions of lengths of debonded glass
fibres in hybrid composites (epoxy matrix).
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Fig. 10 Extreme value distributions of lengths of

pulled-out glass fibres in hybrid composites
(epoxy matrix).
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Fig. 11 Extreme value distributions of lengths of
pulled-out carbon fibres in hybrid compo-
sites (epoxy matrix).
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in hybrid composites (polyester matrix).
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Fig. 14 Extreme value distribution of pulled out lengths of carbon
fibres in hybrid composites (polyester matrix).
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Fig. 18 An estimation of the energy dissipated during post-debond
sliding of glass fibres in their epoxy matrix sockets', based
on data of fibre debond length and fibre pull-out length,
together with eq.. (12).
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Fig. 19 An estimation of the release of stored elastic strain energy
when a debonded glass fibre snaps, based on data of fibre de-
bond length, together with eq. (8).
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Fig. 20 An estimation of the work done in pulling broken glass fibres'

out of their epoxy matrix sockets, based on data of fibre
pull-out length, together with eqn. (13).
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Fig. 21 Total theotetical fractur~e energy of glass fibres in epoxy
determined by comrbining data of fibre debond length and
fibre pull-out length with eq. (14).
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Fig. 22 Experimental work of fracture for glass fibres in epoxy.
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Fig. 23 An estimation of the energy dissipated when a glass fibre
debonds and slides in its matrix socket in a hybrid compo-
site system (epoxy matrix).
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Fig. 24 An estimation of the release of stored elastic strain energy
when a debonded glass fibre snaps in a hybrid composite sys-
tem (epoxy matrix).
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Fig. 25 An estimation of the work done in pulling a broken glass
fiber out of a cracked matrix in a hybrid composite system
(epoxy matrix).
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Fig. 26 An estimation of the work done in pulling a broken carbon
fibre out of a.cracked matrix in a hybrid composite sys-
tem (epoxy matrix).
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Fig. 27 Total theoretical fracture energy of a hybrid composite sys-
tem determined from data of debonded length and pull-out
length of glass fibers and carbon fibers in epoxy.
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Fig. 28 Experimental work of fracture of a hybrid composite system
(glass fibres and carbon fibres in epoxy).
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Fig. 29 Estimation of the energy dissipated when a glass fibre de-
bonds and slides in its matrix socket in a hybrid composite
system (polyester matrix).
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Fig. 30 Estimation of the release of stored elastic strain energy
when a debonded glass fibre- snaps in a hybrid composite

% ~system (polyester matrix) .
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Fig. 31 Estimation of the work done in pulling a broken glass fibre
out of its matrix socket in a hybrid composite system (poly-
ester matrix).
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Fig. 32 Estimation of the work done in pulling a broken carbon fibre
out of its matrix socket in a hybrid composite system (poly-

% ester matrix).
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Fig. 33 Total theoretical fracture energy of a hybrid composite
system (carbon and glass fibres in polyester). The points
represent measured work cf fracture data.
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Fig. 34 Comparison between experimental work of fracture data
of polyester and epoxy hybrid composite systems.
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Fig. 36 Distribution of glass fibre debond lengths for
various aging times (100 °C, 0 % RH).
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Fig. 37 Distribution Of glass fibre pull-out lengths
for various aging tipes (100 0C, 0 % RH).
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Fig. 38 Distribution of carbon fibre pull-out lengths for

various aging times (100 0 C, 0 % RH).
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Fig. 40 Distribution of glass fibre pull-out lengths for
Ivarious aging times (100 0 C, 95 %RH).
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Fig. 41 Distribution of carbon fibre gull-out lengths
for various aging times (100 C, 95 % RH).
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Fig.- 42 Workof fractu e of-,composite as a function of --

aging time (100 C, 0 % RH) .
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