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Crack-tip energy absorption processes 
in fibre composites 

J. K. WELLS*, P.W.R. BEAUMONT 
Cambridge University Engineering Department, Trumpington Street, Cambridge, UK 

Energy-absorbing processes which operate at the tip of a crack in lamina within a 
composite are investigated. Previous models are reviewed and revised to take account of 
new analyses of debonding and pull-out processes. The toughness of the lamina is then 
predicted using the new models and compared with the properties of the fibre, matrix 
and interface. Results are presented in the form of a fracture map which clearly shows 
the effect of constituent material properties on the lamina toughness. A parametric study 
identifies important variables which affect the toughness, impact performance, and notch 
sensitivity of laminates. 

1. Introduction 
In a previous paper [1] we describe models of 
debonding and puU-out around the tip of a notch 
in fibre composites. It was shown that both indi- 
vidual fibres and groups of fibres or fibre bundles, 
bonded by resin, could debond and pull out under 
monotonic loading. Expressions were presented 
which allow these lengths to be estimated. 

This paper discusses the processes of energy 
absorption around the tip of a notch in a single 
composite ply. The absorption of energy is quan- 
tified in terms of the debond and pull-out lengths 
and other material parameters. A knowledge of 
these energy-absorbing processes is important 
since they are responsible for the toughness of 
the composite. 

2. Previous work 
When a composite ply fractures from an existing 
notch, a sequence of energy-absorbing events 
occurs in a region surrounding the notch tip. For 
example, the matrix cracks and leaves intact fibres 
bridging it; the fibres debond and create new 
surfaces. With increasing load the fibre strain energy 
increases, to be later dissipated when the fibres 
fracture some distance behind the tip of the matrix 
crack. The fibre then does mechanical work against 
frictional forces at the fibre-matrix interface 
when pulling free from its matrix socket (Fig. 1). 

*Present address: BP Research Centre, Chertsey Road, Sunbury-on-Thames, Middlesex, UK. 
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These processes have been investigated and a num- 
ber of models have been proposed [1-18].  

The first mechanism considered was the work 
o f  fibre pull-out, which is due to the frictional 
forces that hold a broken fibre in its matrix socket. 
Cottrell [2] and Kelly [3] calculated the tough- 
ness of the composite due to this mechanism and 
their result has been widely used by others [4-14]. 

Outwater and Murphy [15] calculated the 
c]ebonding energy which is the change in elastic 
strain energy in the fibre during fracture. The 
model assumes that the fibre is under a uniform 
stress, ignoring the frictional stress transfer between 
fibre and matrix. The Outwater-Murphy model 
has been used extensively, especially for glass- 
fibre reinforced thermosets, for which it was orig- 
inally conceived (Kelly [4]; Harris, Beaumont and 
Ferran [6]; Beaumont and Phillips [7]; Flla, 
Bredin and Piggott [8]; FitzRandolph et al. [9]; 
Kaelble [11]; Marston et al. [13]). 

A similar model was proposed by Piggott [16] 
and FitzRandolph [ 17 ]i where the change in elastic 
strain energy of the material on fracture was 
equated to toughness, although only an approxi- 
mate fibre stress distribution was used. The model, 
which is called redistribution or relaxation energy, 
has been used by FitzRandolph et al. [9] and by 
Marston, et al. [12]. 

Kelly [4] and Piggott [16] derived the work 
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Figure I Schematic diagram of a 
fractured composite. 

done against friction after fibre debonding, but 
prior to fibre fracture. The dissipation of energy 
arises because of the different stiffness of  fibre 
and matrix, which causes relative movement 
between two constituents under load. The model, 
known as post-debond friction, has been used by 
Harris et al. [18] and byKArketal.  [14] to account 
for the toughness of glass fibres in epoxy. 

The debonding, relaxation, redistribution and 
post-debond friction models all quantify the 
same energy change; their.differences arise from 
the assumptions made and methods of derivation. 
A third mechanism of energy absorption, the sur- 
face energy of the fibre-matrix interface, has been 
discussed by Helfet and Harris [10] and by Marston 
et al. [12]. Although the surface energy of the 
interface is low, perhaps a few tens of Joules per 
square metre, the debonded area of interface can 
be large. This mechanism may therefore account 
for a substantial fraction of the total absorbed 
fracture energy of the composite. 

In summary, several failure models for the 
energy-absorbing processes in composites have 
been proposed. Three mechanisms are identified: 
pull-out, surface energy, and one involving changes 
in the elastic strain energy of the fibre. None of 
the models allow for the Poisson contraction of 
the fibre under load, and the derivations of the 
elastic strain energy term by a variety of methods 
are all therefore approximate. 

The energy absorption mechanisms may also 
operate on fibre bundles, and care must be taken 
to avoid double-counting the contributions to 
toughness. In general, both bundle and individual 

fibre debonding (and therefore pull-out) may 
occur in the composite. The debond length of the 
bundle is normally longer than that of the single 
fibre because of the bundle's lower debond stress 
and slower stress build-up [1 ] (Fig. 1). 

This paper discusses the three principal energy- 
absorbing mechanisms in a single composite ply. 
Additional processes may operate when the plies 
are laminated (splitting and delamination, for 
instance) and have been discussed by Wells [19] ). 

3. A new analysis 
3.1. Interfacial energy 
The simplest surface energy mechanism is that due 
to the area of broken fibres and matrix on a plane 
perpendicular to the applied load, and is readily 
calculated using the rule of mixtures. However, 
this mechanism may be ignored because of the low 
surface energy of both fibre and matrix. 

The process of debonding creates many cylin- 
drical cracks around fibres and bundles which 
penetrate into the composite. Although the sur- 
face energy of the fibre-matrix interface is low, 
the very large surface area created by debonding 
leads to significant energy absorption. The energy 
absorption per unit area, G t ,  due to debonding of 
individual fibres of  radius rf is 

Vf 4lcu71 Vf 
= - ( 1 )  G 2zrrflar271 7rr~ rf 

where laf is the fibre debond length, Vf is the fibre 
volume fraction, and 3'1 is the interracial work of 
fracture. 

For a debonded fibre bundte, a similar expression 

~Throughout this work G refers to the energy per un~ area of crack plane, and is therefore twice the energy per un~ 
area of crack surface, ~. 
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applies: 

4 ldb ~'b 
C - - -  (2) 

fb 

where lab is the bundle debond length, 7b is the 
interfacial work of fracture for the bundle periph- 
ery and r b is the bundle radius. The contribution 
of the two components is additive, and tile total 
toughening effect due to this mechanism is there- 
fore 

Gi _ 41df71 [If + 4lab ') '  b (3) 

rf r b 

The effective surface energy for a bundle, ')'b, is 
given by a weighted average 

1 
7b a [zrrf71 + (a 2r~)3'2] 

where 71 and 72 are the surface energies in shear 
of f ibre-matrix interface and pure matrix respect- 
ively, and a is the centre-to-centre fibre spacing. 

3.2. Elastic energy 
After debonding, load on the fibre increases and 
the elastic strain energy in both fibre and matrix 
increases. When the fibre fractures, the energy 
within the debonded region is largely dissipated in 
the form of heat and acoustic energy. Although 
the stress distribution in the matrix is not known, 
the contribution of the matrix to toughness may 
be ignored because the energy density of  the fibre 
is very much greater than that of the matrix (El >> 
Era), and the volumes of the two phases are similar. 

A number of authors have calculated the 
change is elastic strain energy of the fibre when it 
debonds and snaps (Kelly [4]; Outwater and 
Murphy [15]; Piggott [16]; FitzRandotph [17]), 

but none of the analyses take detailed account 
of the stress distribution of the fibre. An esti- 
mation of the dissipated strain energy requires 
the calculation of the fibre energy before and 
after fracture, using the fibre stress distribution 
described by Wells and Beaumont [1 ]. 

3.2. 1. Calculation o f  elastic energy for 
a single fibre 

A schematic diagram of the fibre stress distribution 
before and after fracture is shown in Fig. 2. Remote 
from the matrix crack, the fibre stress is unaffected 
by the stress concentration around the notch and 
has a value am. At the debond crack front the 
fibre stress is Ua, rising to the failure stress in the 
plane of the matrix crack. After failure, the stress 
builds up by friction from zero at the fractured 
end to the mean stress level am. The dissipated 
strain energy is therefore the difference between 
the initia! and final states, although if failure is 
catastrophic then am will fall to zero. 

The elastic energy stored in the debonded 
length of fibre, of stiffness El, just prior to frac- 
ture is 

; td~2 _ [ u ( x ) ]  2 
Uin = 2 30 7rr~ 2E~ dx 

per fibre, where u(x)  is the stress distribution in 
the debonded length of fibre [1 ], i.e. 

u(x )  = up - ( %  - ua)e -#x  

Up and t3 are functions of the elastic properties of 
fibre and matrix (Up is the maximum fibre stress 
due to friction, and aa is the fibre debond stress). 
For simplicity let 

A = a p - a  a and X -  la 
2 
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Figure 2 Schematic diagram of 
fibre stress distribution before 
and after fracture. 
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Then 

Ui = ~-fzrrl ] o  2p X -  A2(e-2-~x - 1 ) 2 #  

+ 2%A(e-#X--/3 1) I (4) 

The energy stored in the fibre after fracture 
may be estimated to sufficient accuracy by 
assuming a linear stress distribution as shown in 
Fig. 2, i.e. 

o(x  ~ 
and the energy per fibre is therefore 

you, = N 2dx = - - 5 - -  
(s) 

Taking the difference between Equations 5 and 4, 
the toughening due to the absorbed elastic energy 
when a debonded fibre snaps is 

Gel = -~fVf ,I ~ (% -- ~162 - -  1 )  

+ 2~176176 061d [ (6) 

The mean stress levet om is taken as zero in this 
work. 

3,2.2. Calculation of elastic energy for 
fibre bundles 

The process of bundle debonding has been dis- 
cussed by Wells and Beaumont [1] where the 
bundle is treated as a large fibre having the elastic 
properties of the composite ply. Similarly, the 
dissipation of elastic energy due to bundle fracture 
may be calculated using Equation 6, after substi- 
tution of the appropriate material properties. The 
elastic energy absorption of the composite ply 
may be estimated by the term for the bundle only, 
since this inherently takes account of the single 
fibre energy changes. 

3.3. Work of  pu l l -out  / 
Cottrell [2] and Kelly [3] first calculated/the 
work done against frictional forces when pfilling 
a fibre from its matrix socket. Their derivation 
may be amended to take account of the Poisson 
contraction of the fibre during pull-out. 
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3,3, 1. Pull-out work for a single fibre 
The pull-out stress for a fibre embedded a distance 
x is, from [1], 

a(x) = ap(1 -- e -#x) 

and the work to pull out a single fibre a distance 
l is therefore 

l P 

If = j 7rr a(x)dx o 
The fracture energy per unit area is 

Gp(l) = Vfapl l+ (e-#t--1)[ # (7) 

If the average pull-out length is lp then, to a good 
approximation, the average energy absorption due 
to pull-out is 

3.3,2. Pull-out work for a fibre bundle 
The energy absorption due to the phenomenon 
of bundle pull-out may be estimated from 
Equation 8, after substitution of the appropriate 
bundle properties. The pull-out energies due to 
fibre and bundle pull-out are additive. 

4. Theoretical toughness and toughness 
mapping 

The energy absorption due to the fracture of a 
composite ply is due essentially to three principal 
failure mechanisms. The failure models are func- 
tions of material properties, such as fibre modulus 
and strength, as well as the debond and pull-out 
lengths of individual fibres and bundles of fibres. 
These characteristic lengths can in turn be calcu- 
lated from the material properties [1]. By com- 
bining these results, the composite toughness may 
now be calculated directly from the properties of 
the fibre, matrix and interface. 

One effect of combining, for example, a theory 
of pull-out with that of energy absorption is to 
highlight the complex interdependencies that exist 
in the system. By way of example, consider the 
result of reducing the frictional stress between 
fibre and matrix. This increases the pull-out 
length, but also reduces the work done in pulling 
the fibre out of its socket. The overall effect :on 
toughness is therefore not obvious. The models 
described above are not restricted to a particular 
fibre system. Their results may therefore be used 
for glass, Kevlar, and high-modulus and high- 
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T A B L E I Fibre properties used in calculations 

Fibre property E-glass K e v l a r  H i g h - m o d u l u s  High-strength 
carbon carbon 

Average fibre strength af (GPa) ' 1.65 
Fibre Young's modulus Ef (GPa) 70 
Fibre radius rf (t~m) 7 
Weibull modulus rn 7 
Interfacial toughness G 1 (J m -2) 50 
Fibre Poisson's ratio vf 0.2 

2.27 1.79 2.48 
124 370 230 

6 4 4 
7 7 7 
2 24 61 
0,2 0.2 0.2 

strength carbon fibres, after substitution of the 
appropriate material properties. 

4.1. Method  o f  ca lcula t ion  
A prediction of composite toughness based on 
Equations 3, 6 and 8 requires the prior calculation 
of debond length and pull-out length for both 
individual fibres and fibre bundles [1 ]. In addition, 
the frictional stress distribution parameters Op and 
/~ have to be determined from the elastic properties 
of  the materials [1 ]. Fig. 3 shows the order of 
calculation and the relevant equations. 

4.2. Estimation of the input parameters 
for the model 

The model requires fifteen parameters in all; many 
of these are well known and can be found from 
the literature (e.g. stiffness and strength of fibre 
and matrix). Values of the parameters used for E- 
glass, Kevlar 49, and high-modulus and high- 
strength carbon fibres are given in Tables I to III. 
The justification for the choice of values of  those 
parameters which are not easily measured is pro- 
vided below. 

4.2. 1. Interfacial work o f  fracture 
The work of fracture for shear failure of the 
fibre-matrix interface, Gz, and the pure matrix, 
G2, have been estimated from tests on single 
bundles of glass fibres m epoxy resin. Values of 
G1 = 5 0 J m  -2 and G2 = 5 0 0 J m  -2 were measured 
[19]. These values, in conjunction with the inter- 
laminar shear strengths, may be used to estimate 
the value of G1 for different fibre systems [19]. 
The approXimate values found are given in Table IV. 
The values of GI and G2 are used to estimate the 

T A B L E II Epoxy matrix properties used in calculations 

Matrix strength o m (MPa) 
Matrix Young's modulus E m (GPa) 
Shear toughness G 2 (J m -2) 
Poisson's Ratio u m 

80 
3 

500 
0.35 
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energy absorption due to the creation of new 
interface (Equation 3), since G1 = 271 and G 2 = 
2~/2. 

4.2.2. Fibre-matrix misfit strain (Co) 
A number of authors have investigated the residual 
stresses around fibres produced by the mismatch 
between thermal coefficients of  expansion of fibre 
and matrix [20-26].  A summary of results is shown 
in Table V. An estimate of the effective radial 
compressive stress obtained by Adams [23] for 
glass fibres in epoxy is 8.7 MPa. A typical radial 
compressive stress of 3MPa is predicted by 
Woolstencroft and Curtis [24]. Cunningham 
et al. [25] measured a radial compressive stress of 
6 MPa for a ZrO2 glass fibre in epoxy. Harris [26] 
calculated a misfit strain of about 0.8%, from 

which a radial stress can be obtained by using a 
shrink-fit equation derived by Timoshenko [27]. A 
value of eo = 0.65% has been used in this work. 
The value is similar to those predicted, although 
higher than most of the finit-element estimates. 
The same value is used for all fibre systems, as 
there is little evidence that the misfit strain is 
strongly affected by fibre type. 

4.2.3. Bundle misf i t  strain 
Experiments carried out on single glass fibre 
bundles in epoxy indicate a bundle misfit strain of 
about 5% [19]. If it is assumed that the bundle 
misfit is due to a fixed number of intermeshed 
fibres across the bundle diameter, then the misfit 
strain will be proportional to the fibre radius and 
bundle radius (Section 4.2.5.). A value of eb = 5% 
has been used for E-glass, which is in agreement 
with the experimental estimate; values for these 
and other fibres are given in Table VI. 

4.2.4. Coefficient of friction 
The coefficient of friction between glass and epoxy 
was found by simple experiment. A piece of 
polished epoxy was placed on a sheet of plate glass 



T A B L E I I I Other parameters used in toughness maps 

Composite property E-glass Kevlar High-modulus High-strength 
carbon carbon 

Coefficient of friction t~ 0.25 0.25 0.25 0.25 
Poisson's ratio u e 0.32 0.32 0.32 0.32 
Bundle radius r b (#m) 200 200 200 200 
Bundle misfit strain e b (%) 5 4.3 2.9 2.9 
Fibre misfit strain e o (%) 0.65 0.65 0.65 0.65 
Volume fraction Vf (%) 60 60 60 60 

T A B L E I V Interface shear toughness of composites 

Fibre type G 1 (J m -s) 

High-modulus carbon 24* 
High-strength carbon 61" 
Kevlar 49 2* 
E-glass 50t  

*Calculated; "~ measured. 

4.2.5. Bundle radius 
The bundle radius is a difficult parameter to 
estimate. Observations of failed laminates suggest 
that the bundles are about 0.5 mm wide and with 
a thickness equal to that  of  the composite ply. 
This correponds to an effective bundle radius of  
about 200 #In, which is the value used in the 
model. 

after both  items had been degreased. The plate was 
tilted until sliding just occurred. A repeatable value 
for the coefficient of  friction, /~ = 0.25, was 
found. The same value is used for all fibres, since 
any error in the value o f /a  is likely to be small by 
comparison with the error in eo and eb, with 
which it always appears. 

4.2.6. Fibre volume fraction 
The model assumes a volume fraction of  60%, a 
value typical of  high-quality laminates. 

4 .3 .  C o n s t r u c t i o n  o f  f r a c t u r e  e n e r g y  
m a p s  

The mechanisms which control the toughness of  a 
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Figure 4 A typical fracture map, 
showing the effect of varying 
bundle radius and fibre strength 
on the toughness of E-glass/ 
epoxy. 
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T A B L E V Estimates of misfit strain 

Authors Radial stress misfit strain Notes 
(MPa) (%) 

Adams [231 

Woolstencroft and Curtis [24] 

Cunningham, Sargent and Ashbee [25] 

Harris [26] 

8.7 0.4 

3A5 0.18 
3.21 0.16 

16.2 0.82 
22.8 1.2 

6 0.28 

- 0.8 

Vf = 60%, S-glass fibre 

V~ = 40%, carbon fibre 
Vf = 65%, carbon fibre 
Vf = 80%, carbon fibre 
V f = 89%, carbon fibre 

Model, glass fibre 

Any fibre, little affected 
by volume fraction 

T A B L E V I Bundle misfit strains 

rf (~m) e b (%) 

E-glass 7 5 
Kevlar 49 6 4.3 
Carbon 4 2.9 

composite ply have been shown to interact in a 
complex way, making it difficult to predict the 
effect of  changing material properties on tough- 
ness. A "mapping" technique used in this work 

enables the effect o f  two simultaneously varying 
parameters upon toughness to be shown clearly. 
A typical  map for E-glass/epoxy is shown in Fig. 4. 

4.3. 1. Method of  computation 
A computer program has been written to produce 
the map; it allows any of  the variables which affect 
the fracture process to be varied along the x and y 
axes. To construct a map the values of  the x and y 
parameters are varied in sequence, all other 
material properties are held at the default values 
listed in Tables I to III. The pull-out and debond 
lengths for fibres and bundles are calculated at 
each point,  and the composite toughness found as 
described in Section 4.1. Contours of  the fibre and 
bundle pull-out lengths, the bundle debond length, 
and the composite toughness are then found by  
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FIBRE PULL-OUT LENGTH (turn) 

E-GLASS/EPOXY 

FIBRE MODULUS (GPa) 8 8  

Figure 5 E-glass/epoxy fracture 
map with axes of fibre strength 
and fibre modulus. 
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Figure 7 High-modulus carbon/ 
epoxy fracture map with axes 
of fibre strength and fibre 
modulus. 
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T A B L E V I I Contour values used in computation 

Parameter Contour value 

Lowest Highest Increment 

Fibre pull-out length [pf_ (mm) 
Bundle pull-out length/lYo (mm) 
Bundle debond length Idb (mm) 
Toughness G (kJ m -2) 

0.05 0.5* 0.05 
0.05 0.5 0.05 
1 10 1 

20 260 20 

*Contours extend to l-pf = 0.75 mm on Kevlar maps 

linear interpolation from the actual points o f  
calculation. 

4.3.2. Description o f  a typical map 
Fig. 4 shows a map produced for E-glass/epoxy, 
using the values listed in the Tables. The con- 
tours are identified by the differing hatch lengths, 
and are labelled as detailed in Table VII. The 
largest single toughening mechanism (the "domi- 
nant mechanism") is identified at each calculation 
point; the boundary between areas with different 
dominant mechanisms is shown by a series of  small 
squares. The regions are identified by the abbrevi- 
ations 

3-1 

"8 
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113 

W 
r r  
m 
tL  
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PO = Pull-out energy 

TOUGHNESS (kJ rn  -2 )  
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BUNDLE PULL-OUT LENGTH ( m m )  

[ I I I [ 

INT I ~ ~ 

/ ~ / I ~  
I 

J 

EL = Elastic energy 

INT = Interfacial energy 

which are printed on either side o f  the boundary. 
In addition, the label INV indicates a region where 
debond length theory is invalid. 

4.4. Comparison of fracture maps for 
different systems 

Maps have been produced for glass, Kevlar, high- 
modulus and high-strength carbon-fibre com- 
posites. Figs. 5 to 8 show four such maps. All have 
fibre strength and fibre modulus as axes, varying 
from 75% to 125% of  the nominal values for the 
fibre. The maps all show toughness increasing 
rapidly with fibre strength, and decreasing slowly 
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Figure 8 High-strength carbon/ 
epoxy fracture map with axes 
of fibre strength and fibre 
modulus. 
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T A B L E V I I I Predicted properties of composites 

Fibre type Pull-out length 

Fibre 
lift (mm) 

Bundle  
[pb (mm) 

Bundle Toughness Dominant 
debond G (kJ m -2) mechanism 
length 
lab (ram) 

Glass 0.21 (~ 0.1) 
Kevlar 0.71 (N 0L3) 
High modulus carbon (0) 0.09 
High-strength carbon (0) 0.22 

3.8 61 Interface 
7.2 240 Pull-out 
2.9 19 Interface 
7.7 67 Interface 

Figures in brackets are not contoured on the maps. 

with increasing fibre stiffness. The predictions for 
the "typical" material (marked by the triangle) 
are summarized in Table VIII. The values of 
material properties used in the calculations of 
these maps have been taken directly from the 
results of Section 4.2 and the Tables. 

The main points of interest are that the model 
predicts reasonable estimates of both lengths and 
toughnesses for all the systems, despite the vari- 
ation in fibre properties. In particular, the model 
predicts pull-out to be entirely of bundles in 
carbon composites, and principally of individual 

fibres (/pf >/pb) in glass and Kevlar; this is observed 
in practice. The predicted toughness of Kevlar is 
high, in agreement with its known high impact 
performance. This contrasts with the poor impact 
behaviour of high-modulus carbon composites, 
which is also predicted*. The toughenss of Kevlar 
is largely due to pull-out energy, which is only 
fully developed when the matrix crack faces are 
well separated. Consequently the toughness found 
from notched strength tests, where the crack 
opening is limited, will be lower than the value 
shown on the map. 
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*The details of energy absorption may differ at high strain rates, bet  the values predicted here are thought to indicate 
relative impact properties. 
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T A B L E I X Summary of  fracture property dependence on consti tutive properties of  the  composite* 

Composite 
Parameter 

Glass and Kevlar fibre composites 

Effect on Notes 

/pf ldb G 

o f  t t t 
Ef  4̀  4̀  , 
G i i  1 - -  _ _  - -  

Em 4̀  4̀  4̀  
r f  r - t 
r b - ? 1" 
eo 4  ̀ - 4  ̀

e b -- 4̀  !. 
G, 4 4̀  4, 
G: - ~ 4̀  
v f  - t r 

i 

Direct effect of  lp and I d 
Increases debond stress 
Negligible effect on strength of bundle 
Residual stress for a given misfit strain affected 
Fibre debond stress and friction build-up affected 
Reduced bundle debond stress and friction build-up 
Faster friction stress build-up 
Faster friction stress build-up 
Debond stress and interface energy 
Debond stress and interface energy 
Increased number  of fibres, increased bundle  strength 

Carbon fibre composites 

Effect on 

lpb ldb G 

t t 
4̀  4̀  4̀  

4̀  4̀  

t t t 

4̀  4̀  

4̀  4̀  

t t t 

*~, increases with composite parameter;  4`, decreases. 

4.5. Parametric study of fracture 
parameters 

The toughness models are dependent on fifteen 
parameters. The effect of some may be small, and 
some may be assumed constant for practial pur- 
poses (e.g. p, vf, v m and m). The parameters are 
f r o m  f o u r  c a t eg o r i e s :  

Fibre el, El, rf, m, vf 

Matrix (7 m , Era, G1, Vm 

Interface g, eo, eb, G1 

Geometry r b ,  V f  

The effect of changes in the Weibull modulus of 
the fibre, m, has not been discussed in this paper 
although its effect on pull-out lengths was described 
by Wells [19]. The influence of other variables on 
pull-out lengths, debond lengths and composite 
toughness is displayed on fracture maps. Maps for 
E-glass/epoxy (Figs. 9 to 13) show a small triangle 
marking the location of the "typical" composite. 
The results are summarized in Table IX; Kevlar 
and E-glass composites have the same dependence 
on material properties. The behaviour of carbon 
composites is also shown in Table IX. 

5. Summary and conclusions 
1. Three mechanisms of energy absorption are 

proposed, and are used in conjunction with 
previously developed theories of pull-out and 
debonding. 

2. The toughness of composite laminae is 
predicted from fibre, matrix and interface prop- 
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erties, and the results displayed in the form of 
"toughness maps". 

3. A parametric study indicates the key material 
variables which control toughness, allowing the 
prospect of obtaining higher toughness by 
increasing fibre strength, fibre radius, tow size, and 
volume fraction; or by reducing fibre or matrix 
stiffness, fibre-matrix bond strength, and f ibre-  
matrix misfit strains induced on cure. Although 
changes in many of these parameters will affect 
other properties of the composite this paper quan- 
tifies their effect on toughness, enabling better 
optimization of material performance. 
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