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Lire Ashby & Jones, Vol. 2, Chapitres 28 & 29

Dans Callister le Chapitres 16.

Un bonne référence disponible en ligne à l’EPFL, pour celles/ceux qui voudraient approfondir: 
Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012
https://link.springer.com/book/10.1007/978-0-387-74365-3

Aussi, ce livre (malheureusement non disponible en ligne mais présent en version papier à la 
Bibliothèque) donne une très bonne introduction au sujet dans ses chapitres 6 à 8): 
G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Un matériau composite, ou en termes usuels, un composite est un 
matériau créé en combinant deux matériaux différents, à échelle 
suffisamment fine pour qu’on puisse parler d’un matériau, ou en 
d’autres mots pour que le résultat soit traité comme tel en conception.
(notez que la définition  d’un composite varie quelque peu d’un auteur 
à un autre).
Les composites sont produits et utilisés depuis longtemps...

Le plus souvent un composite comporte deux phases: 
- un renfort (reinforcement or reinforcing phase), prenant la forme 
d’éléments généralement convexes isolés, tels des fibres, des 
particules, des plaques, 
- une matrice (matrix) qui englobe le renfort pour créer un matériau 
continu.
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I – Les fibres

Reprenons les deux dernières diapositives du chapitre précédent:

Chapitre 6 – Les composites   3  



Below a critical v

I_
Lt_

value lies in the
ratio is constant,
at normal strain
gince higher dra
tensile axis, the
expected from
the strength of
lnASS,

For partially
,/ about M*

,_Lla thermoplasticsA)
(a) (d)-----*r

undeformed phase rilt, slipchanges, and twist
cracks formed,

some chains pulled
out of crystals,

more tilt, slip and twist

fibrils deformed
crystals 5,4,3 Bioxioltwrnnlng

If uniaxial
and strength, are

increasing deformation of single crystals utilized? The
orientation. If

Figure 5.39 Deformation processes during cold drawing

As the strain increasesr going from left to right, p-bAqe changes and _ along /wo axes,
twinning of crystals occur first, followed til and slipjf blate elliqlole lalqellas. crystals probably occurs, How is thisincreasing the
molecules). so

number of chains between crystals (so-called 'tie'
that in the cold drawn state the lamellar sou"iiE hu* wa

increased from its original value, Lr, to a larger value, I,, . The net
but in a subsTantiallv

up a rubber
effect is that sinsle crvstals are by extending eq

and chain The lamellae are roughly what
stacked together in fibrils, which are orientated to the drawins of thermoplastic
direction and are held tosether bv a smaller n
molecules than those the drawins axis.

of lateral tie temperature,

Pour de très fortes déformations, les cristaux de polyéthylène peuvent se réaligner voire 
se désagréger, pour former des structures très résistantes selon certaines directions

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990

Below a critical value of molecular mass, the draw ratio increases with
decreasins molecular mass. For high-density polyethylene the critical
value lies in the region of il[*: 100000. Above this value, the draw
ratio is constant, but below it, draw ratios up to about 15 are possible
at normal strain rates (Figure 5.40).

Since higher draw ratios give even greater chain orientation along the
tensile axis, the tensile modulus increases yet further GigUle 5.411 As
expected from our discussion of strength in the last section, however,
the strength of the drawn material drops rapidly with lower molecular
mass.

For partially crystalline thermoplastics with a molecular mass above
about M* : 100 000, drawins imnroves h stiffness nnd strenoth and
can be usefullv explo in many products (see VExploitation of drawn
thermoplasticsA).

5.4,3 Bioxiol orientotio
If uniaxial orientation gives such big improvements in product stiffness
and strength, are there any other ways in which orientation can be
utilized? The second principal orientation method is termed biaxial
orientation. If the random coil model for a freely jointed chain (Figure

orientation will5.35) can be represented
distort the sphere into a

as a sphere, then uniaxial
cigar shape a prolate ellipsoid. Orientation

along two axes, however, will distort the sphere into a squashed sphere
oblate ellipsoid - as shown in Figure 5.44.

How is this achieved and how can it be used in products?

The simolest wav of nroducins biaxial orientation is lv bv blowins
up a rubber balloon. The material responds to the uniform air pressure
by extending equally in all directions in the plane of the material. This is
roughly what occurs during the process of blow moulding, where a tube
of thermoplastic is heated past its melting point or glass-transition
temperature, inserted into a steel mould of the desired shape and
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L’alignement de macromolécules est 
en particulier utilisé pour produire 
des fibres polymères, allant des 
nombreuses fibres textiles aux 
fibres polymère à haute 
performance. 
Exemple: les fibres polyéthylène à 
masse moléculaire ultra haute 
(UHMWPE), cristallisés à presque 
100%, produits par alignement des 
molécules pendant qu’elles sont à 
l’état de gel, et ayant des propriétés 
remarquables – mais  (seulement) 
en traction selon la direction 
d’alignement des molécules. 

Source: K.K. Chawla, Composite Materials, 2nd Ed., Springer, 1998.

38 2. Reinforcements

Table 2.5. Properties of polyethylene fibers*

Property Spectra 900 Spectra 1000

Density (g cm-3)
Diameter (Pm)
Tensile Strength (GPa)
Tensile modulus (GPa)
Tensile strain to fracture (o%)

0.9'l
38

2.7
119

3.5

0.97
27

3.0
t't5

2.7

* Manufacturer's data; indicative values'

tration. The gelled fibers are drawn at !20"C' One problem with this gel
route is the rather lowspinning rates of 1'5 m min-l' At higher rates' the
properties obtained are "oivedgood 

(Kalb and Pennings 1980; Smook and
Pennings 1984).

Structure and Properties of Polyethylene Fiber

The unit cell of a single crystal (orthorhombic) of polyethylene has the
dimensions of 0.741, i."qgq, inao.iss n-. There are four carbon and eight
hydrogen atoms per unit cell' One can compute the theoretical density of
p'"fv"invf."", urr,r-ltg u 1007o single-crystal polyethylele' If :TJ"jt^*li:ihe"theoretical densit] of polyethylene comes out to be 0.99'79 g cm-',;
of coutse, in practicJ, o,,"- "u" only tend toward this theoretical value'
As it turns out, the ijtghly crystalline, UHMWPE fiber has a density of'i.ni",-.-",,l-r, 

w'hich i. ;;i near the tireoretical value. Thus, polyethylene
nuff i. u.ry iight; in fact, it it lighttt than- water and thus floats on water'
Asummaryofsome"o.-*"i"r-rvavailablepolyethylenefibersisprovidedin Table 2'5' 

r than those of aramid fibers butIts strength and modulus are slightly lowe
on-u p.r-oiit-weight basis, i'e', tpt"lng property values are about 30o/o to
40%higherthanthoseof,aramid^.Asis.trueofmostorganicfibers,bothpoiv",ti"rr" uod uru-id fibers must be limited to low-temperature (lower
than 150'C) aPPlications.

Another "r."t or ir" high degree of chain alignment in these fibers is
manifested *fren tft"y u," it't itt u polymeric matrix to form a fiber rein-
foiced composite. Ulgtt--oOt'tus polyethylene fibers' such as Spectra or
ovr""-", are hard to"to"a with any-polymeric matrix. Some kind of sur-
face treatment must b"-giu"r, to the-polyithylene fiber to bond with resins
*"tt u, epoxy and pfvflife' By far, the most successful surface treatment
involves a cold gu, (ro"t as air, ammonia, or argon) plasma (Kaplan et al''
lggg). A plasma."".i"r-"r gas molecules in an excited state, i.e., highly
reactive, dissociated moleculei. when the polyethylene,_or any other fiber,
istreatedwithapru*,surfacemodificationoccursbyremovalofanysrrrface contaminanti-""i frigftf' oriented surface layers, addition of.polar

networKs ln wmcn crysrarlruc ltiBrurrr rurur

Fig. 2.T1. Gel spinning Process
used to make high-modulus
polyethylene fiber.

appropriate PolYmer solution is converted into gel, which is drawn to give
the fiber. At least three commercial firms Produce oriented polyethylene fiber
using similar techniques DSM (Dutch State Mines) Produces a fiber called
Dyneema; AlliedSignal, a U.S. company, Produces SPectra fiber under
license from DSM; and Mitsui, a Japanese company, produces a poly-
ethylene fiber with the trade name Tekmilon. Next, we will describe the gel
spinning process of making the high-stiffness polYethYlene fiber

Gel Spinning of Polyethylene Fiber

Polyethylene (PE) is a particularly simple, linear macromolecule' with the
following chemical formula

[ - CH 2 - CH2 - CH2_. CHz- CHz- C} z- CH2- CH2-],
Thus,comparedtootherpolymers,itiseasiertoobtainanextendedandoriented chain structure in polyethylene. High-density polyethylene (HDPE)
is preferred to other types of iolyethylene because HDPE has fewer branch
poi"t, along its backbone and a high degree of crystallinity. These charac-
ieristics of linearity and crystallinity are important from the point of getting
u trigtr degree of orientational order and obtaining an extended chain struc-
ture in the final flber.

Figure 2.27 provides a flow diagram of the gel spinning process for
_ukiig the high_modulus polyethylene fiber. The three companies men-
tionedlarfer uie different solvents, such as decalin, paraffin oil, and paraffin
wax,tomakeadilute(5-10%)solutionofpolymerinsolventatabout150;C. A dilute solution is important in that it allows for a lesser chain
entanglement, which makes it e;sief for the final flber to be highly oriented.
A poiyethylene gel is produced when the solution coming out of the spin-

'-r"r"t 
i, quenched by air. The as-spun gelled fiber enters a cooling bath. At

this stage, the fiber 
-is 

thought to have a structure consisting of folded chain
lamellae with solvent between them and a swollen network of entanglements'
These entanglements allow the as-spun fiber to be drawn to very high draw
ratios, whici can be as high as 200. The maximum draw ratio is related to
the average distance between the entanglements, i'e', the solution concen-

Solution

Wet Iilamcnt

Cooling batb

Chapitre 6 – Les composites   5  



Bien d’autres matériaux peuvent être produits sous forme de fibres à haute performance 
mécanique selon l’axe de la fibre. On a déjà vu le verre, le polyéthylène et l’acier perlitique; il y a 
aussi le carbone graphitique si on le produit pour aligner les plans covalents selon l’axe de la 
fibre.

Source: Chawla, Krishan K., 
Composite materials: Science and engineering, third edition, Springer Verlag, 2012
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Fig. 2.23 Model for tensile failure of carbon fiber: (a) a misoriented crystallite linking two
crystallites parallel to the fiber axis, (b) basal plane rupture under the action of applied stress,
(c) complete failure of the misoriented crystallite [from Bennett et al. (1983), used with
permission]

Fig. 2.22 Three-dimensional representation of PAN-based carbon fiber [from Bennett and John-
son (1978), used with permission]
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fully stretched) arranged in a random manner. Such polymeric fibers generally have
poor mechanical properties and typically show rather large deformations at low
stresses mainly because the polymeric chains are not ordered. A commonly used
precursor fiber is polyacrylonitrile (PAN). Other precursor fibers include rayon and
the ones obtained from pitches, polyvinyl alcohol, polyimides, and phenolics.

Carbon fiber is a generic term representing a family of fibers (Chawla 1981).
As pointed out earlier, unlike the rigid diamond structure, graphitic carbon has a
lamellar structure. Thus, depending on the size of the lamellar packets, their
stacking heights, and the resulting crystalline orientations, one can obtain a range
of properties. Most of the carbon fiber fabrication processes involve the following
essential steps:

1. A fiberization procedure to make a precursor fiber. This generally involves wet-,
dry-, or melt-spinning followed by some drawing or stretching.

2. A stabilization treatment that prevents the fiber from melting in the subsequent
high-temperature treatments.

3. A thermal treatment called carbonization that removes most noncarbon
elements.

4. An optional thermal treatment called graphitization that improves the properties
of carbon fiber obtained in step 3.

It should be clear to the reader by now that in order to make a high-modulus
fiber, one must improve the orientation of graphitic crystals or lamellas. This is
achieved by various kinds of thermal and stretching treatments involving rather
rigorous controls. If a constant stress were applied for a long time, for example, it
would result in excessive fiber elongation and the accompanying reduction in area
may lead to fiber fracture.

Fig. 2.14 (a) Graphitic layer structure. The layers are shown not in contact for visual ease. (b) The
hexagonal lattice structure of graphite

2.4 Carbon Fibers 25

2
.4
.2

S
tru

ctu
ra
l
C
h
a
n
g
es

O
ccu

rrin
g
D
u
rin

g
P
ro
cessin

g

T
h
e
th
erm

altreatm
ents

for
allp

recu
rsor

fi
b
ers

serve
to
rem

ov
e
n
on
carb

on
elem

en
ts
in

the
form

o
f
g
ases.

F
o
r
this,

the
p
recu

rso
r
fi
b
ers

are
stabilized

to
ensu

re
that

they
d
eco

m
po
se

rather
than

m
elt.

G
en
erally

,
they

b
ecom

e
b
lack

after
th
is

treatm
en
t.

C
arbo

n
fi
b
ers

o
b
tained

after
carb

o
nization

con
tain

m
an
y
“gro

w
n
-in

”
d
efects

b
ecau

se
the

th
erm

al
energ

y
sup

p
lied

at
th
ese

low
tem

peratu
res

is
n
o
t
eno

u
g
h
to

b
reak

the
already

-fo
rm

ed
carbo

n
–
carb

o
n
b
on
d
s.T

h
at
is
w
h
y
these

carbo
n
fi
b
ers

are
v
ery

stable
u
p
to

2
,5
0
0
–3
,0
0
0

!C
w
h
en

th
ey

ch
ang

e
to

g
raph

ite.
T
h
e
d
ecom

po
sitio

n
o
f
the

p
recu

rsor
fi
b
er

inv
ariably

resu
lts

in
a
w
eigh

t
loss

an
d
a
d
ecrease

in
fi
b
er

d
iam

eter.
T
h
e
w
eig

h
t
loss

can
b
e
co
n
siderab

le–
from

4
0
to

9
0
%
,
d
ep
en
ding

o
n
the

p
recu

rsor
and

treatm
ent

(E
zek

iel
and

S
p
ain

1
96
7
).

T
h
e
ex
tern

al
m
orp

h
olog

y
o
f
the

fi
b
er,

h
o
w
ev
er,

is
g
en
erally

m
aintain

ed
.
T
h
u
s,
p
recu

rsor
fi
b
ers

w
ith

tran
sv
erse

sectio
n
s
in

the
form

o
f
a
k
id
n
ey

b
ean

,d
o
g
b
on
e,o

r
circle

m
ain

tain
th
eir

form
after

con
v
ersio

n
to

carbo
n
fi
b
er.

F
ig
u
re

2
.2
0
sho

w
s
a
scann

in
g
electro

n
m
icro

grap
h
o
f
a
P
A
N
-b
ased

carbo
n
fi
b
er.N

o
te
the

surface
m
ark

in
g
s
th
at
ap
p
ear

d
u
ring

th
e
fi
b
er

d
raw

ing
p
ro
cess.

A
t
th
e

m
icro

sco
p
ic

lev
el,

carb
o
n

fi
b
ers

p
o
ssess

a
rath

er
h
etero

g
en
eo
u
s

m
icro

stru
ctu

re.
N
o
t
su
rp
risin

g
ly
,
m
an
y

w
o
rk
ers

(D
iefen

d
o
rf

an
d

T
o
k
arsk

y
1
9
7
5
;
W
att

an
d
Jo
h
n
so
n
1
9
6
9
;
Jo
h
n
so
n
an
d
T
y
so
n
1
9
6
9
;
P
erret

an
d
R
u
lan

d
1
9
7
0
;
B
en
n
ett

an
d
Jo
h
n
so
n
1
9
7
8
,
1
9
7
9
;
In
al

et
al.

1
9
8
0
)
h
av
e
attem

p
ted

to
ch
aracterize

th
e
stru

ctu
re

o
f
carb

o
n
fi
b
ers,

an
d
o
n
e
can

fi
n
d
a
n
u
m
b
er

o
f
m
o
d
els

in
th
e
literatu

re.
T
h
ere

is
a
b
etter

u
n
d
erstan

d
in
g
o
f
th
e
stru

ctu
re

o
f
P
A
N
-b
ased

carb
o
n
fi
b
ers.

E
ssen

tially
,
a
carb

o
n
fi
b
er

co
n
sists

o
f
m
an
y
g
rap

h
itic

lam
ellar

rib
b
o
n
s
o
rien

ted
ro
u
g
h
ly

p
arallel

to
th
e
fi
b
er

ax
is
w
ith

a
co
m
p
lex

in
terlin

k
in
g
o
f

F
ig.2.20

S
can

n
in
g
electro

n
m
icro

g
rap

h
o
f
P
A
N
-b
ased

carb
o
n
fi
b
er
(fi
b
er
d
iam

eter
is
8
m
m
).N

o
te

th
e
su
rface

m
ark

in
g
s
th
at

stem
fro

m
th
e
fi
b
er

d
raw

in
g
p
ro
cess

2
.4

C
arb

o
n
F
ib
ers

3
1



Il existe divers procédés pour les produire; un des principaux consiste à partir de fibres d’un 
polymère, le polyacrilonitrile (PAN); notez les températures élevées de la pyrolyse. 

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012
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the resulting ladder-type structure (also called oriented cyclic structure) has a high
glass transition temperature so that there is no need to stretch the fiber during the next
stage, which is carbonization. There are still considerable quantities of nitrogen and
hydrogen present, which are eliminated as gaseous waste products during carboni-
zation, that is, heating to 1,000–1,500 !C (Fig. 2.15). The carbon atoms remaining
after this treatment are mainly in the form of a network of extended hexagonal
ribbons, which has been called turbostratic graphite structure in the literature.
Although these strips tend to align parallel to the fiber axis, the degree of order of

Fig. 2.15 Schematic of PAN-based carbon fiber production [reprinted with permission from
Baker (1983)]

Fig. 2.16 (a) Flexible polyacrylonitrile molecule. (b) Rigid ladder (or oriented cyclic) molecule
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one ribbon with respect to another is relatively low. This can be improved further by
heat treatment at still higher temperatures (up to 3,000 !C). This is the graphitization
treatment (Fig. 2.15). The mechanical properties of the resultant carbon fiber may
vary over a large range depending mainly on the temperature of the final heat
treatment (Fig. 2.17) (Watt 1970). Hot stretching above 2,000 !C results in plastic
deformation of carbon fibers, leading to an improvement in elastic modulus.

2.4.1.2 Ex-Cellulose Carbon Fibers

Cellulose is a natural polymer that is frequently found in a fibrous form. In fact,
cotton fiber, which is cellulosic, was one of the first to be carbonized. As mentioned
above, Thomas Edison did that to obtain carbon filament for incandescent lamp.
Cotton has the desirable property of decomposing before melting. It is not very
suitable, however, for high-modulus carbon fiber manufacture because it has a
rather low degree of orientation along the fiber axis, although it is highly crystalline.
It is also not available as a tow of continuous filaments and is quite expensive.
These difficulties have been overcome in the case of rayon fiber, which is made
from wood pulp, a cheap source. The cellulose is extracted from wood pulp, and
continuous filament tows are produced by wet spinning.

Rayon is a thermosetting polymer. The process used for the conversion of
rayon into carbon fiber involves the same stages: fiberization, stabilization in a
reactive atmosphere (air or oxygen, <400 !C), carbonization (<1,500 !C), and
graphitization (>2,500 !C). Various reactions occur during the first stage, causing

Fig. 2.17 Strength and elastic modulus of carbon fiber as a function of final heat treatment
temperature [after Watt (1970), used with permission]

28 2 Reinforcements



Les propriétés (et le prix) varient aussi fortement avec le processus de fabrication

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012
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(Murday et al. 1984), it also caused extreme concern in many quarters. The reason for
this concern is that if the extremely fine carbon fibers accidentally become airborne
(duringmanufacture or service) they can settle on electrical equipment and cause short
circuiting. An interesting characteristic of ex-mesophase pitch carbon fiber is the

Table 2.4 Comparison of properties of different carbon fibers

Precursor Density (g/cm3) Young’s modulus (GPa)
Electrical
resistivity (10!4 O cm)

Rayona 1.66 390 10

Polyacrylonitrileb (PAN) 1.74 230 18

Pitch (Kureha)

LTc 1.6 41 100

HTd 1.6 41 50

Mesophase pitche

LT 2.1 340 9

HT 2.2 690 1.8

Single-crystalf graphite 2.25 1,000 0.40
aUnion Carbide, Thornel 50
bUnion Carbide, Thornel 300
cLT low-temperature heat-treated
dHT high-temperature heat-treated
eUnion Carbide type P fibers
fModulus and resistivity are in-plane values
Source: Adapted with permission from Singer (1979)

Fig. 2.25 Oxidation resistance, measured as weight loss in air at 350 "C, of carbon fibers having
different moduli: (A) Low modulus Celion 3000 (240 GPa) and (B) High modulus Celion G-50
(345 GPa) [after Riggs JP (1985) Encyclopedia of polymer science and engineering, 2e, vol 2, John
Wiley and Sons, New York, reprinted with permission]
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* pitch en anglais se dit brai en français
https://fr.wikipedia.org/wiki/Brai 

*

https://fr.wikipedia.org/wiki/Brai


On peut aussi produire des fibres d’autres polymères ou de céramique; la gamme est large

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012
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Les fibres à haute performance

2.10 Comparison of Fibers

A comparison of some important characteristics of reinforcements discussed indi-
vidually in Sects. 2.2–2.7 is made in Table 2.11, and a plot of strength vs. modulus
is shown in Fig. 2.47. We compare and contrast some salient points of these fibers.

First of all, we note that all these high-performance fibers have low density
values. If we take the general low density of these fibers as a given, the best of these
fibers group together in the top right-hand corner of Fig. 2.47. The reader will also
recognize that the elements comprising these fibers pertain to the first two rows of
the periodic table. Also to be noted is the fact that, irrespective of whether in
compound or elemental form, they are mostly covalently bonded, which is the
strongest bond. Generally, such light, strong, and stiff materials are very desirable
in most applications, but particularly in aerospace, land transportation, energy-
related industry, housing and civil construction, and so on.

Fiber flexibility is associated with the Young’s modulus and the diameter (see
Sect. 2.1). In the general area of high-modulus (i.e., high-E) fibers, the diameter
becomes the dominant parameter controlling the flexibility. For a given E, the
smaller the diameter the more flexible it is. Fiber flexibility is a very desirable
characteristic if one wants to bend, wind, and weave a fiber in order to make a
complex-shaped final product.

Some of these fibers have quite anisotropic characteristics. Consider the situa-
tion in regard to thermal properties; in particular, the thermal expansion coefficient
of carbon is quite different in the radial and longitudinal directions. This would also
be true of any single-crystal fiber or whisker, e.g., alumina single-crystal fiber,
which has a hexagonal structure. Polycrystalline fibers such as SiC or Al2O3 are
isotropic. Carbon, aramid, and polyethylene are anisotropic because the high degree

Fig. 2.47 Comparison of different fibers
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Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 4th Ed., 2006, 
Elsevier Butterworth.

properties, which we examine next. The important properties of three com-
mon composites are listed in Table 28.2, where they are compared with a
high-strength steel and a high-strength aluminum alloy of the sort used for
aircraft structures.

28.3 MODULUS

When two linear elastic materials (with different moduli) are mixed, the
mixture is also linear elastic. The modulus of a fiber composite when loaded
along the fiber direction (Figure 28.1(a)) is a linear combination of that of
the fibers, Ef, and the matrix, Em

Ecjj 5VfEf 1 ð12Vf ÞEm ð28:1Þ

Table 28.1 Properties of Some Fibers and Matrices

Material
Density ρ
(Mg m23)

Modulus E
(GN m22)

Strength
σf (GN m22)

Fibers

Carbon, Type 1 1.95 390 2200

Carbon, Type 2 1.75 250 2700

Cellulose fibers 1.61 60 1200

Glass (E-glass) 2.56 76 1400#2500

Kevlar 1.45 125 2760

Matrices

Epoxies 1.2#1.4 2.1#5.5 40#85

Polyesters 1.1#1.4 1.3#4.5 45#85

Table 28.2 Properties of Composites

Material
Density ρ
(Mg m23)

Youngs
Modulus E
(GN m22)

Strength σy

(MN m22)

Fracture
Toughness Kc

(MN m23/2)

Composites

CFRP, 58% uniaxial C in epoxy 1.5 189 1050 32#45

GFRP, 50% uniaxial glass in polyester 2.0 48 1240 42#60

Kevlar epoxy (KFRP), 60% uniaxial 1.4 76 1240 #
Kevlar in epoxy

Metals

High-strength steel 7.8 207 1000 100

Aluminum alloy 2.8 71 500 28

28.3 Modulus 479
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6.2 Structu re ond properlies of fibres
6,2,1 Common feotures
Fibre materials can be classified as natural or synthetic, and further sub-
divided into organic, inorganic und lq.tullit
The . the only significant -
inorganic one being asbestos (there is no natural source of metallic
f,bres). Both animal fibres, such as wool and silk (Fieure 6.3). and plant
fibres. like cojlan_and-fla4 FJeg1g_6.0, were and still are widely used in
a variety of textile products. Now they are often blended with ryqlbqIrc_
organic fibres like nylon 6,6 and PET. Such synthetics are important in
their own right, and offer a wide range of properties. Table 6.1 shows
the mechanical properties of some of the more common natural and
synthetic organic fibres, compared to those for steel piano wire (Chapter
3).

Table 6.1 Tensile properties ol single textile libres

Material Density/
Kgm -

Tensile
modulus
(bulk)/GNm 2

Tensile
modulus
(fibre)/GNm-'z

Strength
(bulk)/
MNm-2

Strength
(flbre)/
MNm 2

0 20mm

Figure 6.3 Cocoons of the cultivated silk
moth bontbyx mori

Figure 6.4 Flax plant carrying ripened
seeds; head of flax in bloom; a seed
capsule

natural
polymer fbres
cotton
silk
wool
synthetic
polymer fbres
nylon 6,6
PET
PP

metallic n,ire
steel (piano
wire)

80
54
33

400-750
600-800
600

1520
1 340
I 300

6- l0
8-13
3-4

300-800
300-650
1 00-200

ç1r40
I 380
910

2
-t
1.5

l-5
t2-19
6.4

210 460

It's apparent that the moduli of the fi
sisnificantlv hisher than the moduli of the bulk materials. From
Chapter 5, this immediately suggests that, relative to the bulk material,
the polymer in the fibres is either more hishlv or more hishlv

7860 210 3000

.. I

!.rr t. t '.,;.,,t,.i.i. .ir :t ,,; .

crvstalline, or both. In fact,
orientation- and virtuallv all

is less im
oolvmeric fibres. whether natural or n l.orgamc

svnthetic- share a hish desree of molecular orientation alons the fibre
axis. Progress towards higher strength, higher modulus fibres has relied
as much on methods of achieving even higher degrees of orientation as
on molecular engineering to produce stiffer and stronger polymer chains

C
*I

275

Aux fibres synthétiques on peut ajouter les fibres naturelles, issues du monde 
végétal, à base de cellulose (coton, lin, chanvre, ..), ou du monde animal, à 
base de protéines (soie, laine, ..), que l’on utilise aussi sous forme de textile ou 
de corde
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Les fibres naturelles

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Un panorama de fibres parmi les plus usuelles

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990

lable 7.3 Typical properties of reinforcing ûbres

Density Young's
plMgm I modulus

E/GNm-2

Tensile
strength

orr/GNm 2

Linear
expansion
coefficient
a/10 6K-'

Typical
diameter/um

Melting or
softening point/K

Relative
price/kg '

L'l rfrrltl ill,.r l, l',ir,tl i"l,l $j;.':, lilllii l,i

E-glass
C-glass
S-glass
A-glass

aramid (Kevlar 49)

UHMPE (Specta)

carbon UHM
HM
UHS
HS

zirconta (Sffil)
alumina (Sffit)
boron
asbestos (chrysotile)
silicon carbide

steel piano wire

5.6
2.8
2.6
2.5
2.5

7.9

100
100
380
160
4t0
210

I 0-20

t2

38

3
J

100-200
0.02

140

(up to 5 mm)

2.55
2.49
2.49
2.50

1.44

72
69
87
68

124

5.1
7.2
2.7

16.2

- 4fl)
5e(r)

- 2fl)
17(r)

I
5-10
5-r2
1.5

l0

30

20-100

450
0.1

2

3.4
2.8
4.6
2.4

3.1

2.6

2.3

l1l0
I030
t220
970

770

420

3920

2770
2270
2s70
1190

0.97

1.96
1.85
1'75
t.76

2.0
5.2
2.8

t20
780
480
270
265

0.7
1.0
3.8
2.1
4.0

3.0

8

30

t5

25

1670

One of the problems with polymeric matrix materials has been their
relatively low maximum service temperatures (see Table 7.2). yet some
of the available fibres can remain load-bearing at very high
temperatures, so matrices are needed that more nearly match this
performance. This has spurred the development of materials such as
PES, PEEK and polyimide (but at some sacrifice of processability) on
the one hand, and, on the other, to composites based on metal and
ceramic matrices. Bear in mind, though, that the presence of reinforcing
fibres freouentlv raises the uooer temoerature of the composite
vis-à-vis the matrix on its own. Thus nylon 6,6 with 30% by weight of
glass fibres can perform adequately at about 470K, whilst titantum-
silicon carbide fibre composite can withstand some 1200K.

Some typical properties of the most important, high performance
reinforcing fibres are shown in Table 7.3. Aramid, high modulus
polyethylene (HMPE), carbon and glass fibres were described in
Chapter 6. Of the others in Table 7.3 the Sffil zkconia and alumina
tbres are examples of recent fibres; boron
(which is made by vapour deposition onto a 13 um diameter til-ngsten
fllament) and silicon carbide are expensive, special purpose materials;
and asbestos, in contrast, is very cheap, but its use is severely restricted
by tfiêTssoci-ated health hazards. Steel piano wire is included for
comparison, although it is available only in much larger diameters than
those listed for the fibres.

315



II – Les matériaux composites renforcés
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Comme vu, les fibres à haute performance constituent un renfort évident, mais il y en a bien 
d’autres: les fibres naturelles (comme la paille combinée à l’argile pour construire des maisons), 
l’acier qui renforce le béton précontraint, ou des particules céramiques ajoutées pour durcir un 
polymère, voire des charges (filler) ajoutées, par exemple au ciment ou à des matériaux 
polymériques, pour diminuer le prix du matériau final. 

Les matrices des matériaux composites peuvent être des trois classes que nous avons vues à ce 
jour: polymériques, métalliques ou céramique. 
Par masse ou volume, le béton et a fortiori le béton précontraint étant un composite, les 
céramiques dominent.
Pour les composites à haute performance ce sont les polymères qui dominent, car ils sont légers 
et bien plus faciles à mettre en œuvre que les métaux ou les céramiques lors de l’élaboration de 
composites au sein desquels on veut préserver les propriétés de fibres à haute performance.
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Les renforts et les matrices 

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990



Dans chaque phase, de fraction volumique Vi, on a si = Ei ei
Ignorons les contraintes latérales (présentes si n1 ≠n2)

Selon la direction A 
• les déformations sont identiques dans chacune des 
phases: ec =e1 = s1 / E1 = e2 = s1 / E1
• sc = V1s1 + V2s2 
... et donc                  Ec =	V1E1 +	V2E2

Selon la direction B 
• les contraintes sont identiques dans chacune des phases: 
sc =s1 = E1 e1 = s2 = E2 e2
• ec = V1e1 + V2e2 

... et donc                    
𝟏
𝑬𝒄

= 𝑽𝟏
𝑬𝟏

+ 𝑽𝟐
𝑬𝟐
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Le module des matériaux composites: 
cas du composite lamellaire Direction B

Direction A

Direction A

Direction B



Il est démontré que ces deux expressions sont respectivement une borne supérieure (upper 
bound, dite de Voigt) et inférieure (lower bound, dite de Reuss) du module de tous les 
composites biphasés élastiques linéaires. 
La borne supérieure, s’applique bien aux composites à fibres longues sollicitées 
parallèlement aux fibres, car il est réaliste là aussi d’écrire (si on néglige 
l’influence des différences de contraction latérale de Poisson): 
ec =ef = em et donc, quelle que soit le mode déformation
sc = Vfsf + Vmsm= Vfsf(ec) + Vmsm(ec)  avec Vm = 1 - Vf

faisant qu’en déformation élastique linéaire 
Ec = VfEf + VmEm       où f = fibre, m = matrice.

On appelle cela la loi des mélanges (rule of mixtures), laquelle 
s’applique aussi à quelques autres propriétés 
(e.g., la densité, la capacité calorifique).
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Le module des matériaux composites: Les composites à fibres longues parallèles
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properties of composites in terms of the properties of their compo-
nents, their amounts, and their geometric distribution in the com-
posite. We also discuss the limitations of such expressions.

15.5.1 Density and Heat Capacity
Density and heat capacity are two properties that may be predicted
rather accurately by a rule-of-mixtures type of relationship, irrespect-
ive of the arrangement of one phase in another. The simple relation-
ships predicting these properties of a composite are as follows.

Density
The density of a composite is given by the rule-of-mixture equation

ρc = ρmVm + ρr Vr ,

where ρ designates the density and V represents volume fraction,
with the subscripts c, m, and r denoting the composite, matrix, and
reinforcement, respectively.

Heat capacity
The heat capacity of a composite is given by the expression

C c = (C mρmVm + C r ρr Vr )/ρc ,

where C denotes heat capacity and the other symbols have the signifi-
cance given in the equation for density.

15.5.2 Elastic Moduli
The simplest model for predicting the elastic properties of a
fiber/reinforced composite is shown in Figure 15.5. In the longitu-
dinal direction, the composite is represented by a system of ‘‘action
in parallel” (Figure 15.5(a)). For a load applied in the direction of the
fibers, assuming equal deformation in the components, the two (or

(a) (b)

Pc = Σ Vi Pi

=
=

t=1

n  = Σ 
t=1

n Vi

Pi

1

Pc 

Fig. 15.5 Simple composite
models. (a) Longitudinal response
(action in parallel). (b) Transverse
response (action in series).
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The variational calculus method does not give exact results, but pro-
vides upper and lower bounds. These results can be used only as
indicators of the behavior of the material unless the upper and lower
bounds are close enough. Fortunately, this is the case for longitudi-
nal properties. Hill put rigorous limits on the value of E in terms of
the bulk modulus in plane strain, kp, Poisson’s ratio ν, and the shear
modulus G of the two phases.5 One notes that kp is the modulus for
lateral dilation with zero longitudinal strain (kp is not equal to K) and
is given by

kp = E
2(1 − 2v )(1 + v )

.

According to Hill, the bounds on Ec are

4V f Vm(vm − v f )2

V f /kpm + Vm/kpf + 1/G m
≤ E c − (E f V f + E mVm)

≤ 4V f Vm(vm − v f )2

V f /kpm + Vm/kpf + 1/Gf
. (15.6)

It is worth noting that this treatment of Hill does not have restric-
tions on the form of the fiber, the packing geometry, and so on.
We can see, by putting in values in Equation 15.6, that the devi-
ations from the rule of mixtures (Equation 15.3) are rather small,
for all practical purposes. For example, take Ef/Em = 100, vf = 0.25,
vm = 0.4. Then the deviation of the Young’s modulus of the compo-
site from that predicted by the rule of mixtures is, at most, 2%. For
a metallic fiber (e.g., tungsten in a copper matrix), the deviation is
less than 1%. Of course, the rule of mixture becomes exact when
vf = vm.

The transverse properties and the shear moduli are not amenable
to such simple reductions. Indeed, they do not obey the rule of mix-
tures, even to the first approximation. The bounds on them are well
spaced. Numerical analysis results show that the behavior of the com-
posite depends on the form and packing of the fiber and on the spac-
ing between fibers.

Unidirectionally reinforced, continuous fiber composites show a
linear increase in their longitudinal Young’s modulus as a function

50

40

10

0
0 0.2

E c
l, 

G
Pa

0.4 0.6

20

30

Vf

Fig. 15.6 An example of a linear
increase in the longitudinal
modulus of the composite, Ecl, as a
function of the volume fraction of
fiber for a glass fiber-reinforced
epoxy. (After R. D. Adams and D.
G. C. Bacon, J. Comp. Mater., 7
(1973) 53.)

of the volume fraction of fiber. For materials with a low modulus,
such as polymers and metals, reinforcement by high-modulus and
high-strength ceramic fibers can result in a significant increase in
the composite’s elastic modulus and strength. Figure 15.6 shows an
example of a linear increase in the longitudinal flexural modulus as
a function of the volume fraction of fiber for a glass fiber-reinforced
epoxy. In the case of CMCs, an increase in the elastic modulus or
strength is rarely the objective, because most monolithic ceramics

5 R. Hill, J. Mech. Phys. Solids, 12 (1964) 199.

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., 
Cambridge University Press, 2009



Selon les autre directions, le problème est plus 
complexe. 

La borne inférieure, dite de Reuss (loi des mélanges 
isocontrainte = equistress rule of mixtures) donne 
généralement une sous-estimation du module. 
Le module d’un composite à fibres parallèles 
perpendiculairement aux fibres sera donc quelque 
part entre ces deux bornes, en général plus près de la 
borne inférieure.

Notez que ces bornes sont fortement espacées si les 
deux phases sont de module nettement différent, ce 
qui est souvent le cas puisque les polymères on des 
modules faibles.
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Le module des matériaux composites: Les composites à fibres longues parallèles

Considering both components to be elastic and remembering that sct ¼ sf ¼ sm
in this case, we can write (10.13) as

sct
Ect

¼
sct
Em

Vm þ
sct
Ef

Vf

or

1

Ect
¼

Vm

Em
þ
Vf

Ef
¼

1

E22
: (10.14)

The relationships given by Eqs. (10.5), (10.10), (10.11), (10.13), and (10.14) are
commonly referred to as rules-of-mixtures (volume weighted averages). Figure 10.2
shows the plots of Eqs. (10.10) and (10.14). The reader should appreciate that these
relationships and their variants are but rules-of-thumb obtained from a simple,
strength of materials approach. More comprehensive micromechanical models,
based on the theory of elasticity, can and should be used to obtain the elastic constants
of fibrous composites. We describe below, albeit very briefly, some of these.

10.2.2 Micromechanical Approaches

The states of stress and strain can each be described by six components.
An anisotropic body with no symmetry elements present requires 21 independent
elastic constants to relate stress and strain (Nye 1985). This is the most general case
of elastic anisotropy. An elastically isotropic body, on the other hand, is the simplest
case; it needs only two independent elastic constants. In such a body, when a tensile

Fig. 10.2 Variation of
longitudinal modulus (E11)
and transverse modulus (E22)
with fiber volume fraction
(Vf)

342 10 Micromechanics of Composites

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012



response field is obtained. The phase geometry is represented by one single fiber
embedded in a matrix cylinder. This outer cylinder is embedded in an unbounded
homogeneous material whose properties are taken to be equivalent to those of
average composite properties. The matrix under a uniform load at infinity
introduces a uniform strain field in the fiber. Elastic constants are obtained from
this strain field. The results obtained are independent of fiber arrangements in the
matrix and are reliable at low-fiber-volume fractions (Vf), reasonable at intermedi-
ate Vf, and unreliable at high Vf (Hill 1964). Exact methods deal with specific
geometries, for example, fibers arranged in a hexagonal, square, or rectangular
array in a matrix. The elasticity problem is then solved by a series development, a
complex variable technique, or a numerical solution. The approach of Eshelby
(1957, 1959) considers an infinite matrix containing an ellipsoidal inclusion.
Modifications of the Eshelby method have been made by Mori and Tanaka (1973).

The variational or bounding methods focus on the upper and lower bounds on
elastic constants. When the upper and lower bounds coincide, the property is
determined exactly. Frequently, the upper and lower bounds are well separated.
When these bounds are close enough, we can safely use them as indicators of the
material behavior. It turns out that this is the case for longitudinal properties of a
unidirectional lamina. Hill (1965) derived bounds for the ply elastic constants that
are analogous to those derived by Hashin and Rosen (1964) and Rosen (1973).
In particular, Hill put rigorous bounds on the longitudinal Young’s modulus, E11, in
terms of the bulk modulus in plane strain (kp), Poisson’s ratio (n), and the shear
modulus (G) of the two phases. No restrictions were made on the fiber form or
packing geometry. The term kp is the modulus for lateral dilation with zero
longitudinal strain and is given by

kp ¼
E

2 1" 2nð Þ 1þ nð Þ
:

Fig. 10.4 A transversely isotropic fiber composite: plane transverse to fibers (2–3 plane) is isotropic

10.2 Mechanical Properties 345

Un composite à fibres longues est donc souvent fortement anisotrope. 
En général un matériau anisotrope peut avoir un grand nombre (≤21) de constantes 
d’élasticité – mais leur nombre est diminué s’il y a des symmétries dans la structure du 
matériau. Un exemple fréquent est le matériau à isotropie transverse
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Le module des matériaux composites: Les composites à fibres longues

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012

dictated by elasticity theory (see Chap. 11). It is of interest to know properties, such
as the elastic constants and the strength characteristics of a ply. In particular, it is
very valuable if we are able to predict the lamina characteristics starting from the
characteristics of the individual components. Later in the macro-mechanical analy-
sis (Chap. 11), we treat a ply as a homogeneous but thin orthotropic material.
Elastic constants in the thickness direction can be ignored in such a ply, leaving four
independent elastic constants, namely, E11, E22, v12, and G12, i.e., one less than the
number of constants required for a thick but transversely isotropic material. The
missing constant is G23, the transverse shear modulus in the 2–3 plane, normal to
the fiber axis. A brief description of the various micromechanical techniques used
to predict the elastic constants follows and then we give an account of a set of
empirical equations, called Halpin-Tsai equations, that can be used under certain
conditions to predict the elastic constants of a fiber composite.

In the so-called self-consistent field methods (Chamis and Sendecky 1968),
approximations of phase geometries are made and a simple representation of the

Table 10.1 Elastic moduli of a transversely isotropic fibrous composite

E ¼ C11 "
2C2

12

C22 þ C23
K23 ¼

1

2
C22 þ C23ð Þ

G ¼ G12 ¼ G13 ¼ G44 G23 ¼
1

2
C22 " C23ð Þ

n ¼ n13 ¼ n31 ¼
1

2

C11 " E

K23

! "1=2

v23 ¼
K23 " fG23

K23 þ fG23

E2 ¼ E3 ¼
4G23K23

K23 þ fG23
f ¼ 1þ

4K23n
2

E

Stress–strain relationships

e11 ¼
1

E1
s11 " n s22 þ s33ð Þ½ ' e22 ¼ e33 ¼

1

E2
s22 " ns33ð Þ "

n

E
s11

g12 ¼ g13 ¼
1

G
s12 g23 ¼

2 1þ n23ð Þ
E2

s23

Source: Adapted with permission from Hashin and Rosen (1964)

Table 10.2 Elastic constants of a transversely isotropic composite in terms of component
constants (matrix isotropic, fiber anisotropic)

Longitudinal modulus E11 ¼ Ef 1Vf þ EmVm

Transverse modulus E22 ¼ E33 ¼
Em

1"
ffiffiffiffiffi

Vf

p
1" Em=Ef2ð Þ

Shear modulus G12 ¼ G13 ¼
Gm

1"
ffiffiffiffiffi

Vf

p
1" Gm=Gf12ð Þ

Shear modulus G23 ¼
Gm

1"
ffiffiffiffiffi

Vf

p
1" Gm=Gf23ð Þ

Poisson’s ratio n12 ¼ n13 ¼ vf12Vf þ vmVm

Poisson’s ratio n23 ¼
E22

2G23
" 1

Source: Adapted with permission from Chamis (1983)
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Sous sollicitation selon une 
direction qui n’est pas un axe de 
symmétrie et si la matrice est 
complaisante, les fibres peuvent 
aussi changer leur orientation 
pour accommoder la déformation. 
On y remédie en produisant des 
composites laminés (laminated 
composites)  contenant des 
couches où les fibres assument un 
nombre suffisant d’orientations, 
comme 0 – 45 – 90 – 135°
(voir figure ci-contre).
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where Vf is the volume fraction of fibers (see EMIEd4, Chapter 6). The mod-
ulus of the same material, loaded across the fibers (Figure 28.1(b)) is much
less—it is only

Ec\ 5
Vf

Ef
1

12Vf

Em

! "21

ð28:2Þ

(see EMIEd4, Chapter 6 again).

Table 28.1 gives Ef and Em for common composites. The moduli Ejj and E\
for a composite with, say, 50% of fibers, differ greatly: a uniaxial composite
(one in which all the fibers are aligned in one direction) is exceedingly ani-
sotropic. By using a cross-weave of fibers (Figure 28.1(c)), the moduli in the
0# and 90# directions can be made equal, but those at 45# are still very low.
Approximate isotropy can be restored by laminating sheets, rotated through
45#, to give a plywood-like fiber laminate.

FIGURE 28.1
(a) When loaded along the fiber direction the fibers and matrix of a continuous fiber composite suffer

equal strains. (b) When loaded across the fiber direction, the fibers and matrix see roughly equal

stress. (c) 0290# laminate has high and low modulus directions; 02452902135# laminate is nearly

isotropic.
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Sources: M.A. Meyers and K.K. Chawla, Mechanical Behavior 
of Materials 2nd Ed., Cambridge University Press, 2009, M.F. 
Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 
2006, Elsevier Butterworth.
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(a)Fig. 15.23 Probability of failure
versus strength (Weibull) plot of
tensile strength of a carbon
fiber–epoxy composite. (Courtesy
of B. Atadero and V. Karbhari.)

at +90◦, +45◦, −45◦, −45◦, +45◦, and +90◦, subjected to an in-plane
tensile stress, there occur compressive stresses in the direction of
thickness, in the vicinity of the edges. Should the same composite
have the sequence +45◦, −45◦, +90◦, +90◦, −45◦, +45◦, however,
these stresses in the direction of thickness are of a tensile nature
and thus tend to delaminate the composite, clearly an undesirable
effect.

15.8.4 Statistical Variation in Strength
The strength of a composite can show significant variation from speci-
men to specimen. Thus, care has to be exercised when tests are con-
ducted and strength is quoted. As an example, Figure 15.23 shows the
results of 50 tensile tests carried out on a carbon fiber--epoxy matrix
composite. The strength varied from 800 to 1400 MPa, a considerable
spread. The Weibull modulus is 9.9, and σm is 1,160 MPa. The Weibull
modulus is on the same order as the one for ceramics. The experi-
mental results follow a Weibull distribution, which is represented by
the continuous line in Figure 15.23.
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Exemple de composite multilaminé (multilaminate, or laminated composite)

Fig. 5.5 (a) Schematic of a prepreg. (b) Setup in an autoclave to make a laminated composite.
(c) Layup of plies with different fiber orientations. (d) Micrograph of carbon fiber/epoxy laminated
composite made in an autoclave. (e) A higher magnification picture of (e). Note the different fiber
orientation in different layers

Fig. 5.5 (a) Schematic of a prepreg. (b) Setup in an autoclave to make a laminated composite.
(c) Layup of plies with different fiber orientations. (d) Micrograph of carbon fiber/epoxy laminated
composite made in an autoclave. (e) A higher magnification picture of (e). Note the different fiber
orientation in different layers

Source: Chawla, Krishan K., Composite materials: Science and engineering, third edition
Springer Verlag, 2012

(d)
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Butterworths, London, 1990

Si les fibres ne sont pas toutes parallèles, en première approche simplifiée on peut procèder 
par simple correction de la loi des mélanges via l’introduction d’un facteur d’efficacité B
(efficiency factor) devant le terme décrivant la contribution des fibres:

Ec = BVfEf + VmEm

avec 
B = 1 pour des fibres toutes alignées selon la contrainte
B = 1/2 pour des fibres moitié à 0° de la contrainte, moitié à 90°
B = 3/8 pour des fibres aléatoirement orientées dans un plan contenant la contrainte
B = 1/5 pour des fibres aléatoirement orientées en 3D.

Ceci est bien sûr approximatif.

Le module des matériaux composites: Les composites à fibres longues 



Chapitre 6 – Les composites   21  

Sources: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990, Chawla, Krishan K., Composite materials: Science and engineering, 
third edition Springer Verlag, 2012

Souvent les fibres sont courtes car cela permet de produire des pièces de forme complexe 
par des procédés comme l’aspersion, ou le moulage par injection ou compression

Le module des matériaux composites: Les composites à fibres courtes 

Another commercial process called, LFT-D-ILC, has been used to make LFT
composites consisting of styrene copolymers/glass fibers. Polypropylene has also
been used as a thermoplastic matrix in this process. Essentially, it is an extrusion/
compression molding process. The distinctive feature of the LFT-D-ILC process is
that the long fiber composite is produced directly from the basic materials. The
polymer matrix material and any modifiers/additives are mixed and melted in a
compounding extruder. This mixture is mixed with the reinforcing fibers in a twin
screw extruder (Krause et al. 2003). The special screw-design disperses the fibers
in the matrix and further fiber breakage is avoided. The extruder machines work
continuously and produce a continuous long fiber reinforced extrudate, which is cut
into pieces with the desired length and is then directly compression molded.

5.1.3 Sheet Molding Compound

There are some common PMCs that do not contain long, continuous fibers; hence,
we describe them separately in this section. Sheet molding compound (SMC) is the
name given to a composite that consists of a polyester resin containing short glass
fibers plus some additives called fillers. The additives generally consist of fine
calcium carbonate particles and mica flakes. Sometimes calcium carbonate powder
is substituted by hollow glass microspheres, which results in a lower density, but
makes it more expensive. Figure 5.10 shows a schematic of the SMC processing.
Polyester resin can be replaced by vinyl ester to further reduce the weight, but again

Fig. 5.9 Extrusion/compression molding process for making long fiber reinforced thermoplastic
(LFT) composites. Hot melt impregnation of fibers is used to produce tapes, rods or long pellets of
LFT. Pelletized LFT material is fed into an extruder or plasticator. Plasticized LFT charge is
compression molded to different product forms

5.1 Processing of PMCs 153
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flow direction

Figure 7.45 Contact microradiograph of a
section through the thickness of an
injection moulding containing 22oÂ by
volume ol 13 pm diameter glass fibres

I
ir

The degree of anisotrop_y K of a material can be defined in terms of the
moduli along two of the principal axes in the material. Thus, in the
above example, and using E, and 8,,

E,K ;-l (7.12)
Ly

which equals 1.84 for the values quoted in Table !$.. When E, : E,,,
rc : 0, but this does not necessarily mean that the material is isotropic.
For instance, the reinforcement might be in the form of a woveqclqth-
yrth_A__E_r_, although the modulus in any other direction would be
lower.
Ina comnosite with discontinuous fibres or one in which the fibre
alignment is distributed over a _LQ!g_e- =a-f _@Ugug,. the rule of mixtures
expression, Equation (7.9), is no longer adequate in its simple form to
predict the composite properties in the nominal fibre direction. Also the
degree of anisotropy is reduced. FjgurçJ.44jllustrates this for an
iniection moulded, p o_1y p_r qp yjqq e -gla l-q t ble tqg!ru4!-(BP), wh o s e

anisotropy of tensile modulus is compared with that of the
unidirectional te of Table 7.8 The
vertical axis is normalized with respect to the modulus E, of both
materials in the fibre direction, and É', is the modulus at an angle 0 to
the -r-direction in The xy plane. (Note that these are 10O-second tensile
creep moduli - see Figure 5.14.)
The degree of anisotropy rc for the PP is 0.62, while that for the EP,
which we obtained above, is 1.84. This difference arises because, not
only did the PP contain a lower proportion of glass than the EP (20%
and 80% by weight respectively) but also because the fibres in the PP
were short and imperfectly aligned. A typical example of such a
disrribulie-q. ef -fi-b;ç-.o--ç!-e-nta!iq4-q 

jp::44-td-qq!iq-4-gqttl-4rtlg-is shown in
Eigur-e-.J-45; the non-uniform dispersion of the fibres is also apparent.
The effect of fibre aspect ratio for three different volume fractions of
fibre is shown in Eigqlç*].A!..in terms of the composite modulus as a
fraction of the unmodified rule of mixtures solution. For 2 greater than
about 1000, there is very little effect of f,bre aspect ratio, that is very
little difference between continuous and discontinuous fibres. However,
the aspçqt g4!-o-.s_q{ tbç fib19ç_i-4 gr_g.qt -s!r.-o(--[!=1e .c!I4pq!i.!,e=s-1q-q{ -t-q-1i9.
ln-lh,ç_fqngg,_bqt_wçp"q..]_0=-a1_4_]_Q-Q0-,_ +nd it is just in this range that the
modulus is changing rapidly with aspect ratio. It's important to bear in
mind that the aspect ratio is def,ned relative to the direction of applied
stress. Thus, if a f,bre's aspect ratio was 100, say, when stressed parallel
to its long axis, it would only be 0.01 when stressed at right-angles to
this.
T o 1qe3qq1e_ gg_qggq@-q"o*l:4:is1l1b,U-ti o n -li ke the o ne s h o wn i n F i gure
7.45, or to quantify it theoretically, is by no means straightforward,
although the extremes of total alignment and total randomness are
much easier to describe. The effect of fibre misalignment is frequently
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Avec des fibres courtes, même pour une 
sollicitation uniaxiale du composite 
parallèlement à des fibres parallèles, on 
ne peut plus supposer que fibre et 
matrice sont également allongés: 
ec ≠ef ≠ em. 

Une analyse approximative du problème 
part du principe que la matrice transfère 
sa contrainte à la fibre par simple 
cisaillement à l’interface. 
Supposons que la contrainte de 
cisaillement à l’interface ti soit constante 
le long de toute la fibre (c’est une 
simplification de la réalité).

Le module des matériaux composites: Les composites à fibres courtes 

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

at a distance x from the end. The force which will just break the fiber is

Fc 5
πd2

4
σf
f : ð28:7Þ

Equating these two forces, we find that the fiber will break at a distance

xc 5
d

4

σf
f

σm
s

ð28:8Þ

from its end. If the fiber length is less than 2xc, the fibers do not break—but
nor do they carry as much load as they could. If they are much longer than
2xc, then nothing is gained by the extra length. The optimum strength (and
the most effective use of the fibers) is obtained by chopping them to the
length 2xc in the first place. The average stress carried by a fiber is then sim-
ply σf

f=2 and the peak strength is

σTS 5
Vfσf

f

2
1 ð12Vf Þσm

y : ð28:9Þ

This is more than one-half of the strength of the continuous-fiber material
(Equation (28.3)). Or it is if all the fibers are aligned along the loading
direction. That, of course, will not be true in a chopped-fiber composite. In

FIGURE 28.4
Load transfer from matrix to fiber causes the tensile stress in the fiber to rise to a peak in the middle.

If the peak exceeds the fracture strength of the fiber, it breaks.

28.4 Tensile Strength 483
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On a dès lors:  A dsf = P ti dx
où A et P sont respectivement l’aire et le périmètre de 
la section transverse de la fibre, de longueur L. 
P/A = 2/R pour une fibre cylindrique de section 
circulaire et de rayon R.
Si pour simplifier on prend  ti constant et sf = 0 au bout 
de la fibre, on a

sf, max = (P/A) (L/2) ti et

sf = (1/2) sf, max

tant que sf, max ≤ Ef em
où em est l’allongement élastique de la matrice 
(sm/Em) près de la fibre – car au-delà la fibre devient 
plus allongée que la matrice. 

Le module des matériaux composites: Les composites à fibres courtes 

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.
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nor do they carry as much load as they could. If they are much longer than
2xc, then nothing is gained by the extra length. The optimum strength (and
the most effective use of the fibers) is obtained by chopping them to the
length 2xc in the first place. The average stress carried by a fiber is then sim-
ply σf

f=2 and the peak strength is
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This is more than one-half of the strength of the continuous-fiber material
(Equation (28.3)). Or it is if all the fibers are aligned along the loading
direction. That, of course, will not be true in a chopped-fiber composite. In
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28.4 Tensile Strength 483



where Pf is the load on the fiber and B is a constant that depends on the geometric
arrangement of fibers, the matrix type, and moduli of the fiber and matrix.
Differentiating Eq. (10.57), we get

d2Pf

dx2
¼ B

du

dx
"
dv

dx

! "

: (10.58)

We have

du

dx
¼ strain in fiber =

Pf

Ef Af
;

dv

dx
¼ strain in thematrix away from the fiber

= imposed strain, e:

Thus, Eq. (10.58) can be rewritten as

d2Pf

dx2
¼ B

Pf

Af Ef
" e

! "

: (10.59)

Fig. 10.15 Load transfer in a fiber/matrix composite and variation of tensile stress (sf) in the fiber
and interfacial shear stress (t) with distance along the interface

10.4 Mechanics of Load Transfer from Matrix to Fiber 373

Chapitre 6 – Les composites   24  

Si par contre L est tel que 
Ef em < (P/A) (L/2) ti

alors sur la partie centrale de la fibre 
la contrainte atteint un plateau
sf, max = Ef em , 
et on a une contrainte moyenne dans 
la fibre égale à: 

sf = Ef em [1-l/L]

où:
l = (A/P) (Ef/ti) em
= (R/2) (Ef/ti) em pour une fibre 
circulaire

Le module des matériaux composites: Les composites à fibres courtes 

contrainte de 
cisaillement 
constante

contrainte de 
cisaillement fonction de 
la déformation de la 
fibre

Source: Chawla, Krishan K., Composite materials: Science and engineering, third ed. Springer Verlag, 2012
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Pour un composite à fibres longues et 
parallèles sollicité selon les fibres, on 
peut écrire sc = Vfsf(ec) + Vmsm(ec) 
= VfEf ec + Vmsm(ec)
car les fibres restent habituellement 
dans le domaine élastique linéaire. 

Il est usuel que le renfort se rompe 
avant la matrice. La courbe de traction 
aura alors deux maxima:
un à 
sc = Vfsf

* + Vmsm(ef*) ≈ Vfsf
* + Vmsm, y

l’autre à 
sc = Vmsm

*= (1-Vf)sm
*

(s* = contrainte à rupture)

Déformation et rupture en traction des matériaux composites

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

28.4 TENSILE STRENGTH

Many fiber composites are made of strong, brittle fibers in a more ductile
polymer matrix. Then the stress!strain curve looks like the heavy line in
Figure 28.2. The figure largely explains itself. The stress!strain curve is linear,
with slope E (Equation (28.1)) until the matrix yields. From there on, most
of the extra load is carried by the fibers which continue to stretch elastically
until they fracture. When they do, the stress drops to the yield strength of
the matrix (though not as sharply as the figure shows because the fibers do
not all break at once). When the matrix fractures, the composite fails
completely.

In any structural application it is the peak stress which matters. At the peak,
the fibers are just on the point of breaking and the matrix has yielded, so
the stress is given by the yield strength of the matrix, σm

y ; and the fracture
strength of the fibers, σf

f ; combined using a rule of mixtures

σTS 5Vfσf
f 1 ð12Vf Þσm

y : ð28:3Þ

This is shown as the line rising to the right in Figure 28.3. Once the fibers
have fractured, the strength rises to a second maximum determined by the
fracture strength of the matrix

σTS 5 ð12Vf Þσm
f ð28:4Þ

FIGURE 28.2
The stress!strain curve of a continuous fiber composite (heavy line), showing how it relates to those

of the fibers and the matrix. At the peak the fibers are on the point of failing.

28.4 Tensile Strength 481
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...ce qui schématiquement donne la figure 
ci-contre. 

Donc pour avoir un renforcement de la 
matrice, la fraction volumique de renfort 
doit excéder une valeur seuil, Vf,critique.

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.
where σm

f is the fracture strength of the matrix; it is shown as the line falling
to the right on Figure 28.3. The figure shows that adding too few fibers does
more harm than good: a critical volume fraction Vf ;crit of fibers must be
exceeded to give an increase in strength. If there are too few, they fracture
before the peak is reached and the ultimate strength of the material is
reduced.

For many applications (e.g., body pressings), it is inconvenient to use con-
tinuous fibers. It is a remarkable feature of these materials that chopped fiber
composites (convenient for molding operations) are nearly as strong as
those with continuous fibers, provided the fiber length exceeds a critical
value.

Consider the peak stress that can be carried by a chopped-fiber composite
which has a matrix with a yield strength in shear of σm

s ðσm
s " 20:5 σm

y Þ:
Figure 28.4 shows that the axial force transmitted to a fiber of diameter d
over a little segment δx of its length is

δF5πdσm
s δx: ð28:5Þ

The force on the fiber thus increases from zero at its end to the value

F5

ðx

0
πdσm

s dx5πdσm
s x ð28:6Þ

FIGURE 28.3
The variation of peak stress with volume fraction of fibers. A minimum volume fraction (Vf,crit) is

needed to give any strengthening.
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Avec des fibres courtes, il n’est pas donné 
que les fibres se rompent quand casse le 
composite: 

pour qu’elle rompent, il faut que 

sf, max = (P/A) (L/2) ti

puisse atteindre sf
* et donc que

L  ≥  L* = (sf
*/ti ) (2A/P).

Des fibres plus courtes que cela vont 
rester intactes pendant toute la 
déformation du composite.

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

at a distance x from the end. The force which will just break the fiber is

Fc 5
πd2

4
σf
f : ð28:7Þ

Equating these two forces, we find that the fiber will break at a distance

xc 5
d

4

σf
f

σm
s

ð28:8Þ

from its end. If the fiber length is less than 2xc, the fibers do not break—but
nor do they carry as much load as they could. If they are much longer than
2xc, then nothing is gained by the extra length. The optimum strength (and
the most effective use of the fibers) is obtained by chopping them to the
length 2xc in the first place. The average stress carried by a fiber is then sim-
ply σf

f=2 and the peak strength is

σTS 5
Vfσf

f

2
1 ð12Vf Þσm

y : ð28:9Þ

This is more than one-half of the strength of the continuous-fiber material
(Equation (28.3)). Or it is if all the fibers are aligned along the loading
direction. That, of course, will not be true in a chopped-fiber composite. In

FIGURE 28.4
Load transfer from matrix to fiber causes the tensile stress in the fiber to rise to a peak in the middle.

If the peak exceeds the fracture strength of the fiber, it breaks.

28.4 Tensile Strength 483
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Notez qu’en général les fibres n’ont pas une contrainte de rupture fixe: ce sont des 
matériaux résistants mais qui cassent par rupture fragile, à une contrainte qui est par 
conséquent généralement distribuée statistiquement. Cela fait qu’il en est de même pour 
les composites dont ils sont produits. La contrainte à rupture des composites à fibres 
longues suit de ce fait souvent lui aussi une statistique de Weibull,
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Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., 
Cambridge University Press, 2009
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Fig. 15.22 Unidirectional and
cross-plied composites.
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(a)Fig. 15.23 Probability of failure
versus strength (Weibull) plot of
tensile strength of a carbon
fiber–epoxy composite. (Courtesy
of B. Atadero and V. Karbhari.)

at +90◦, +45◦, −45◦, −45◦, +45◦, and +90◦, subjected to an in-plane
tensile stress, there occur compressive stresses in the direction of
thickness, in the vicinity of the edges. Should the same composite
have the sequence +45◦, −45◦, +90◦, +90◦, −45◦, +45◦, however,
these stresses in the direction of thickness are of a tensile nature
and thus tend to delaminate the composite, clearly an undesirable
effect.

15.8.4 Statistical Variation in Strength
The strength of a composite can show significant variation from speci-
men to specimen. Thus, care has to be exercised when tests are con-
ducted and strength is quoted. As an example, Figure 15.23 shows the
results of 50 tensile tests carried out on a carbon fiber--epoxy matrix
composite. The strength varied from 800 to 1400 MPa, a considerable
spread. The Weibull modulus is 9.9, and σm is 1,160 MPa. The Weibull
modulus is on the same order as the one for ceramics. The experi-
mental results follow a Weibull distribution, which is represented by
the continuous line in Figure 15.23.
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En compression les composites à fibres longues se rompent le plus souvent en cisaillement 
par un mécanisme qui s’apparente au flambage coordonné des fibres le long d’une bande 
de plissement (kink band), ceci à une contrainte inférieure à leur contrainte à rupture en 
traction qui dépend en particulier des propriétés des fibres en compression.

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

a car body, for instance, the fibers are randomly oriented in the plane of the
panel. Then only a fraction of them—about 1/4—are aligned so that much
tensile force is transferred to them, and the contributions of the fibers to the
stiffness and strength are correspondingly reduced.

The compressive strength of composites is less than that in tension. This is
because the fibers buckle or, more precisely, they kink—a sort of cooperative
buckling, shown in Figure 28.5. So while brittle ceramics are best in com-
pression, composites are best in tension.

28.5 TOUGHNESS

The toughness Gc of a composite (like that of any other material) is a measure
of the energy absorbed per unit crack area. If the crack simply propagated
straight through the matrix (toughness Gm

c ) and fibers (toughness Gf
c), we

might expect a simple rule-of-mixtures

Gc 5VfG
f
c 1 ð12Vf ÞGm

c : ð28:10Þ

But it does not usually do this. We have already seen that, if the length of
the fibers is less than 2xc, they will not fracture. And if they do not fracture,
they must instead pull out as the crack opens (Figure 28.6). This gives a
major new contribution to the toughness. If the matrix shear strength is σm

s

(as before), then the work done in pulling a fiber out of the fracture surface
is given approximately by

ð1=2

0
F dx5

ð1=2

0
π dσm

s x dx5π dσm
s

l2

8
ð28:11Þ

FIGURE 28.5
Composites fail in compression by kinking, at a load which is lower than that for failure in tension.
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Notez que des fibres de matériau fortement anistrope comme le graphite ou le polyéthylène 
cristallin auront une contrainte à rupture perpendiculairement à l’axe de la fibre bien inférieure 
à la valeur mesurée selon l’axe des fibres

Source: Chawla, Krishan K., 
Composite materials: Science and engineering, third edition, Springer Verlag, 2012
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Rupture en traction perpendiculairement aux fibres

Fig. 2.23 Model for tensile failure of carbon fiber: (a) a misoriented crystallite linking two
crystallites parallel to the fiber axis, (b) basal plane rupture under the action of applied stress,
(c) complete failure of the misoriented crystallite [from Bennett et al. (1983), used with
permission]

Fig. 2.22 Three-dimensional representation of PAN-based carbon fiber [from Bennett and John-
son (1978), used with permission]
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fully stretched) arranged in a random manner. Such polymeric fibers generally have
poor mechanical properties and typically show rather large deformations at low
stresses mainly because the polymeric chains are not ordered. A commonly used
precursor fiber is polyacrylonitrile (PAN). Other precursor fibers include rayon and
the ones obtained from pitches, polyvinyl alcohol, polyimides, and phenolics.

Carbon fiber is a generic term representing a family of fibers (Chawla 1981).
As pointed out earlier, unlike the rigid diamond structure, graphitic carbon has a
lamellar structure. Thus, depending on the size of the lamellar packets, their
stacking heights, and the resulting crystalline orientations, one can obtain a range
of properties. Most of the carbon fiber fabrication processes involve the following
essential steps:

1. A fiberization procedure to make a precursor fiber. This generally involves wet-,
dry-, or melt-spinning followed by some drawing or stretching.

2. A stabilization treatment that prevents the fiber from melting in the subsequent
high-temperature treatments.

3. A thermal treatment called carbonization that removes most noncarbon
elements.

4. An optional thermal treatment called graphitization that improves the properties
of carbon fiber obtained in step 3.

It should be clear to the reader by now that in order to make a high-modulus
fiber, one must improve the orientation of graphitic crystals or lamellas. This is
achieved by various kinds of thermal and stretching treatments involving rather
rigorous controls. If a constant stress were applied for a long time, for example, it
would result in excessive fiber elongation and the accompanying reduction in area
may lead to fiber fracture.

Fig. 2.14 (a) Graphitic layer structure. The layers are shown not in contact for visual ease. (b) The
hexagonal lattice structure of graphite
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III – L’interface et la ténacité des composites
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Une région qui revêt une importance particulière dans les composites est l’interface 
entre le renfort et la matrice. Au niveau le plus simple c’est une surface; cependant 
celle-ci peut être rugueuse, avoir une certaine épaisseur s’il y a eu réaction chimique 
entre matrice et renfort ou si une phase supplémentaire y est délibérément insertie 
pour améliorer l’élaboration et/ou les propriétés du composite. 

L’interface peut aussi altérer la matrice; 
un exemple est ci-contre où les espèces 
chimiques insérées à l’interface pour 
optimiser la liaison entre matrice et fibre 
ont modifié la cristallisation du polymère 
au voisinage de l’interface. 

Chapitre 6 – Les composites   32  Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Z3_Ço Ln p_o_g ite st i ff n ess
,3,1 Mode ling composite= b_ehoviour.

A considerable amount of work has been devoted to devising models of
the behaviour of composite materials. The bulk of this work has
concentrated on their mechanical properties. Other areas, such as
thermal properties and dielectric properties, have received less attention.
The aim of such modelling is to express the behaviour of composites in
terms of the properties of the constituent materials, the proportion of
each present in the composite and, in more sophisticated models, their
geometry.

However, the task of accurately predicting composite behaviour is
straightforward in only a limited number of cases. Thus, the well-known
'rule of mixtures' which is a volume-weighted average of the moduli of
the phases present (see Section 7.3.2), provides an exact solution for the
tensile modulus in the fibre direction of an aligned. continuous fibre
comoosite onlv when both fibres and matrix have szme Poisson's
ratio. Even here, though, there may be some problem in assigning a
correct value to the modulus of the matrix, since this can be affected by
the presence of the fibres. For example, it has been suggested that
hydroxyl ions on the surface of glass fibres could modify the
crosslinking reaction of an epoxy or polyester matrix, and there is
evidence that partiallv crvstalline thermoplastics crystallize in a different
manner when in contact with fibre surfaces (an example is shown in
Figure 7,35). Both of these factors are liable to produce a matrix
material whose mechanical properties differ from those of nominally the
same material but which is unfilled.

A similar caveat is thought to apply to polymeric foams. in their case
because the lower the density, the thinner and more highly drawn the
cell-wall material is likely to be (to say nothing of possible differences in
crystallization). Hence the properties of the bulk polymer are less likely
to represent those of the foam matrix.

The nroblems of llins comnosites intensifv as fihres become
more discontinuous, as their lengths-dgcrease, and as the distributions ot
leneth and of fibre orientation broaden. Similarly, with particu!4ts
composrtes (that is, those with more-or-less equiaxed second phase
geometry) exact solutions are available only for some special packing
àrrangements. However, although it is important to bear these provisos
in mind, it will be seen in the following sections that it's still possible to
use simple models to establish limits on the behaviour of composites,
and to help gain an insight into the processes of reinforcement.

0 50pm

Figure 7.35 Transcrystallinity around
aramid fibre in nylon 6,6
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L’interface joue aussi un rôle primordial dans le comportement mécanique des composites. 
Si une fissure approche une interface entre deux phases perpendiculairement à celle-ci, 
selon le rapport des ténacités de l’interface ou de la phase de l’autre côté de celle-ci la 
fissure peut soit continuer tout droit, soit bifurquer pour délaminer l’interface; la 
trajectoire suivie dépend du rapport des ténacités (en J/m2) entre la seconde phase (Phase 
2, qui est la fibre si la fissure traverse la matrice) Gf, et celle de l’interface, Gi.
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Fig. 15.18 The ratio of the
interface fracture toughness to
that of fiber, Gi/Gf, vs. the elastic
mismatch α. Interfacial debonding
occurs under the curve, while for
conditions above the curve, the
crack propagates through the
interface.

crack wake debonding in a fiber reinforced composite. Because of the
mixed-mode fracture, a single-parameter description by the critical
stress intensity factor KIc will not do; instead, one needs a more com-
plex formalism of fracture mechanics to describe the situation. In
this case, the parameter K becomes scale sensitive, but the critical
strain energy release rate GIc is not a scale-sensitive parameter. G is a
function of the phase angle ψ , which, in turn, is a function of the
normal and shear loading. For the opening mode, or mode I, ψ = 0◦,
while for mode II, ψ = 90◦. One needs to specify both G and ψ to ana-
lyze the debonding at the interface. Without going into the details,
we present here the final results of such an analysis, in the form of
a plot of Gi/Gf vs. α, where Gi is the mixed-mode interfacial fracture
energy of the interface, Gf is the mode-I fracture energy of the fiber,
and α is a measure of the elastic mismatch between the matrix and
the reinforcement, defined as

α =
(

Ē 1 − Ē 2

Ē 1 + Ē 2

)
, (15.40)

where

Ē = E
1 − v2

. (15.41)

The plot in Figure 15.18 shows the conditions under which the crack
will deflect along the interface or propagate through the interface
into the fiber. For all values of Gi/Gf below the shaded boundary,
interface debonding is predicted. For the special case of zero elas-
tic mismatch (i.e., for α = 0), the fiber--matrix interface will debond
for Gi/Gf less than about 0.25. Conversely, for Gi/Gf greater than 0.25,
the crack will propagate across the fiber. In general, for elastic mis-
match, with α greater than zero, the minimum interfacial toughness
required for interface debonding increases (i.e., high-modulus fibers
tend to favor debonding). One shortcoming of this analysis is that it
treats the fiber and matrix as isotropic materials; this is not always
true, especially for carbon fiber.
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The plot in Figure 15.18 shows the conditions under which the crack
will deflect along the interface or propagate through the interface
into the fiber. For all values of Gi/Gf below the shaded boundary,
interface debonding is predicted. For the special case of zero elas-
tic mismatch (i.e., for α = 0), the fiber--matrix interface will debond
for Gi/Gf less than about 0.25. Conversely, for Gi/Gf greater than 0.25,
the crack will propagate across the fiber. In general, for elastic mis-
match, with α greater than zero, the minimum interfacial toughness
required for interface debonding increases (i.e., high-modulus fibers
tend to favor debonding). One shortcoming of this analysis is that it
treats the fiber and matrix as isotropic materials; this is not always
true, especially for carbon fiber.

Source: M.A. Meyers and K.K. 
Chawla, Mechanical Behavior of 
Materials 2nd Ed., Cambridge 
University Press, 2009
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Ceci fait qu’avec une interface suffisamment faible une fissure traversant la matrice 
(typiquement polymère thermodurcissable et donc relativement fragile) va bifurquer quand 
elle arrive à chaque fibre. Il en résulte
(i) que la fissure augmente nettement sa superficie,
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Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of 
Materials 2nd Ed., Cambridge University Press, 2009
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Fig. 15.16 Fracture of weak
interface in front of crack tip due
to transverse tensile stress; m and
f indicate the matrix and fiber,
respectively. (After J. Cook and J.
E. Gordon, Proc. Roy. Soc. (London),
A 228 (1964) 508.)

Crack front
debonding

Matrix

τ Sliding

Crack wake
debonding

Fig. 15.17 Crack front and
crack wake debonding in a fiber
reinforced composite.

an interface or the separation of the fiber--matrix interface is an inter-
esting mechanism of augmenting the resistance to crack propagation
in composites. Cook and Gordon analyzed the stress distribution in
front of a crack tip and concluded that the maximum transverse tens-
ile stress σ 11 is about one-fifth of the maximum longitudinal tens-
ile stress σ 22. They suggested, therefore, that when the ratio σ 22/σ 11

is greater than 5, the fiber--matrix interface in front of the crack
tip will fail under the influence of the transverse tensile stress, and
the crack would be deflected 90◦ from its original direction. That
way, the fiber--matrix interface would act as a crack arrester. This is
shown schematically in Figure 15.16. The improvement in fracture
toughness due to the presence of weak interfaces has been confirmed
qualitatively.

Another treatment of this subject is based on a consideration of
the fracture energy of the constituents.10 Two materials that meet at
an interface are more than likely to have different elastic constants.
This mismatch in moduli causes shearing of the crack surfaces, which
leads to a mixed-mode stress state in the vicinity of an interface
crack tip involving both the tensile and shear components. This, in
turn, results in a mixed-mode fracture, which can occur at the crack
tip or in the wake of the crack. Figure 15.17 shows crack front and

10 See M. Y. He and J. W. Hutchinson, J. App. Mech., 56 (1989) 270; A. G. Evans and D. B.
Marshall, Acta Met., 37 (1989) 2567.



Ceci fait qu’avec une interface suffisamment faible une fissure traversant la matrice 
(typiquement polymère thermodurcissable et donc relativement fragile) va bifurquer quand 
elle arrive à chaque fibre. Il en résulte
(i) que la fissure augmente nettement sa superficie,
mais surtout que (ii) beaucoup d’énergie sera dépensée pour extraire les fibres de la 
matrice: c’est le mécanisme de déchaussement de fibres (fiber pull-out).
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Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of 
Materials 2nd Ed., Cambridge University Press, 2009
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Fig. 15.15 Scanning electron
micrographs of fracture in
composites, showing the fiber
pullout phenomenon. (a) Carbon
fiber/polyester. (b) Boron
fiber/aluminum 6061.

15.7.2 Failure Modes in Composites
Two failure modes are commonly encountered in composites:

1. The fibers break in one plane, and, the soft matrix being unable to
carry the load, the composite failure will occur in the plane of fiber
fracture. This mode is more likely to be observed in composites that
contain relatively high fiber volume fractions and fibers that are
strong and brittle. The latter condition implies that the fibers do
not show a distribution of strength with a large variance, but show
a strength behavior that can be characterized by the Dirac delta
function.

2. When the adhesion between fibers and matrix is not sufficiently
strong, the fibers may be pulled out of the matrix before failure of
the composite. This fiber pullout results in the fiber failure surface
being nonplanar.

More commonly, a mixture of these two modes is found: fiber fracture
together with fiber pullout. Fibers invariably have defects distributed
along their lengths and thus can break in regions above or below the
crack tip. This leads to separation between the fiber and the matrix
and, consequently, to fiber pullout with the crack opening up. Exam-
ples are shown in Figure 15.15.

One of the attractive characteristics of composites is the possibil-
ity of obtaining an improved fracture toughness behavior together
with high strength. Fracture toughness can be defined loosely as
resistance to crack propagation. In a fibrous composite containing
a crack transverse to the fibers, the crack propagation resistance can
be increased by doing additional work by means of any or all of the
following:! Plastic deformation of the matrix.! The presence of weak interfaces, fiber--matrix separation, and deflec-

tion of the crack.! Fiber pullout.

It would appear that debonding of the fiber--matrix interface is a
prerequisite for phenomena such as crack deflection, crack bridg-
ing by fibers, and fiber pullout. It is of interest to develop some cri-
teria for interfacial debonding and crack deflection. Crack deflection
at an interface between materials of identical elastic constants (i.e.,
the same material joined at an interface) has been analyzed on the
basis of the strength of the interface. The deflection of the crack along
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compared to the width of the plate V/, it is usually safe to assume that
Y x1.

t3. r

Examples

Two wooden beams are butt-jointed using an epoxy adhesive as shown in
the diagram. The adhesive was stirred before application, entraining air
bubbles which, under pressure in forming the joint, deform to flat, penny-
shaped discs of diameter 2a:2mm. If the beam has the dimensions shown,

"ri .po"y has a fracture toughness of 0.5 MN m 7" calculate the maximum
load F that the beam can support. Assume K : o',/na for the disc-shaped
bubbles.
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 
1, 2nd Ed.,Elsevier Butterworth.

Ce déchaussement de fibres extraites des 
deux faces de la fissure consomme beaucoup 
d’énergie: c’est pour cela que la combinaison 
de deux matériaux fragiles comme le verre et 
l’epoxy peut donner un matériau 
pratiquement aussi tenace qu’un métal...
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Two wooden beams are butt-jointed using an epoxy adhesive as shown in
the diagram. The adhesive was stirred before application, entraining air
bubbles which, under pressure in forming the joint, deform to flat, penny-
shaped discs of diameter 2a:2mm. If the beam has the dimensions shown,

"ri .po"y has a fracture toughness of 0.5 MN m 7" calculate the maximum
load F that the beam can support. Assume K : o',/na for the disc-shaped
bubbles.
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L’interface et la ténacité des composites

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 
1, 2nd Ed.,Elsevier Butterworth.

Ce déchaussement de fibres extraites des 
deux faces de la fissure consomme beaucoup 
d’énergie: c’est pour cela que la combinaison 
de deux matériaux fragiles comme le verre et 
l’epoxy peut donner un matériau 
pratiquement aussi tenace qu’un métal...
... quand il est sollicité selon des fibres 
alignées.

Quand par contre le composite est sollicité 
selon d’autres directions l’interface peut (va?) 
le fragiliser.
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The number of fibers per unit crack area is 4Vf/πd2 (because the volume frac-
tion is the same as the area fraction on a plane perpendicular to the fibers).
So the total work done per unit crack area is

Gc 5π dσm
s

l2

8
3

4Vf

πd2
5

Vf

2d
σm
s l

2: ð28:12Þ

This assumes that l is less than the critical length 2xc. If l is greater than 2xc
the fibers will not pull out but will break instead. Thus, optimum toughness
is given by setting l5 2xc in Equation (28.12) to give

Gc 5
2Vf

d
σm
s x

2
c 5

2Vf

d
σm
s

d

4

σf
f

σm
s

! "2

5
Vfd

8

ðσf
f Þ
2

σm
s

: ð28:13Þ

The equation says that, to get a high toughness, you should use strong fibers
in a weak matrix (though of course a weak matrix gives a low strength). This
mechanism gives CFRP and GFRP a toughness (50 kJ m22) far higher than

FIGURE 28.6
Fibers toughen by pulling out of the fracture surface, absorbing energy as the crack opens.

28.5 Toughness 485

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

Ce mécanisme (dit de Cook-
Gordon) est aussi opératif dans 
les composites à fibres courtes 
alignées selon la contrainte de 
traction appliquée
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Les matériaux poreux

Beaucoup de matériaux sont poreux: on peut les voir comme étant des composites entre 
une phase solide et un gaz (ou le vide). 

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990

,2,4 A nqlutgl_Comp.qllTp: wood
Wood, or timber, is one of our oldest structural materials. Its use in
buildings, boats, bridges, furniture and similar artefacts stretches far
back into anûquity Its annual rate of is similar that of
iron and which. in terms of volume. means about ten times sreater
(and that's excluding its use as fuel)

Being a natural material, wood's properties cannot be manipulated to
anything like the extent of those ôf -u.ry of the other materials we,ve
considered in this and the previous chapters. since there are some 30 000
so.ecies_of tree,each with its own prop.ity proflle, p.op..ii.r;Ë:
selected over quite a wide range throùgh choice oî;p.;i." But, within
any given species, there is alirge, and to some exteni.rrrp..oi.tutt.,
variability. Design with timber,-and in our context, load-tearing design,
has to bear this variability in mind.
There's little in the external appearance of a tree to suggest that wood is
not a cellular but also

it's a aruso hose

Since-it's made up of a very large number of cells, wood has a .more
, and, at different levels of

scale. To explore this, let's rook at a typicar softwood, sincÀ the

(a) 0 lmm (b) 0 lmm (.) 0 50pn

(d) 0 100pm (e) 0 0.5mm (f) 0

Figure 7.30 A range of foams: (a) nicker (b) grass (c) cork (d) sponge (e) bread (f) chocorate bar
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Les exemples sont nombreux et sont tant synthétiques que naturels. Ils peuvent être 
isotropes, ou fortement anisotropes (comme le nid d’abeille utilisé dans les assemblages 
«sandwich» destinés à résiter à la flexion). 

Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Figure 7.28 Section through a 5 mm thick
PS structural foam moulding

ill

(u) 0 -50 trrm (b) 0 lmrn

0 lmrn

\!t al

(c) 0 500 pm (d)

Figure7.27 (a) Closed-cell PS foam, p : ll5kg- t (SEM) (b) syntactic foam, glass
spheres in epoxy resin, p : 475kgm ' lSeV; (c) open-cell SBR/NR foam,
p : 78kg- '(SEM) (d) reticulated open-cell PU foam, p : 36kgm , (SEM)

can vary from a surface pierced by one or more holes, to the so-called
reticulated cell (Ejgurq 2zù-where the cell structure is defined by
more-or-less linear ties and struts.
Most synthetic foams are polymeric, and in volume terms, pqlyglbylrAg,.
Lglygl@g, p_ely:glglg,and LVÇ-are probably the most widely used
However, structural foams and sandwich mouldings, based on such

t

materials as HDJE, pplypfqpyle4g,
p e_lJçgûo4 q|e, ar e more important

and
in load-bearing applications. These

differ from other foams in that they have solid skins covering a foamed
core. In both cases, the gas pressure in the foam allows thicker wall
sections than are normally feasible in injection moulding, so increasing
the bending stiffness per unit weight. Their densities are in the range
60-80% of that of the parent material. Figure 7.28 shows a section
through a structural foam moulding.
It's not just polymers that can be foamed. The second illustration in this
book, Fieure 1.2(g)., is of a foam. Many other natural materials are
cellular (for example wood, bone, sponge), and earthenware and
cement-based products are frequently porous. Breeze blocks used in
building are, in effect, foams made from ash and clinker, and, at the
dining table, bread, meringues, omelettes and mousses are all foams.
Fisure 7.29:i.s a section through a specimen of bone, which bears a
striking resemblance to structural foam. Figure 7.30 overleaf shows
examples of foams in other material s, some of which are very familiar. Figure 7.29 Section through tibia
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Leur comportement mécanique est «une fraction» de celui du solide qui les constitue; 
cette fraction dépend de la géométrie interne du matériau et aussi, et ce souvent de 
façon généralement non linéaire et forte, de la fraction volumique du solide (la «densité 
relative»):
par exemple pour une mousse à cellules ouvertes (pas de paroi entre cellules), le module 
d’Young Em du matériaux poreux varie comme le carré de la densité relative: 

Em = k Es (Vs)2 = k Es (rm/rs)2

où rm= densité du matériau poreux
rs= densité du solide dont il est constitué
Vs = fraction volumique du solide
dans le matériau poreux
Es = module du solide
dans le matériau poreux et k ≤ 1

that of either the matrix (5 kJ m22) or the fibers (0.1 kJ m22); without it nei-
ther would be useful as an engineering material.

28.6 FOAMS AND CELLULAR SOLIDS

Many natural materials are cellular: wood and bone, cork and coral, for
instance. There are good reasons for this: cellular materials permit an optimi-
zation of stiffness, or strength, or of energy absorption, for a given weight of
material. These natural foams are widely used by people (wood for struc-
tures, cork for thermal insulation), and synthetic foams are common too:
cushions, padding, packaging, insulation, are all functions filled by cellular
polymers. Foams give a way of making solids which are very light and, if
combined with stiff skins to make sandwich panels, they give structures
which are exceptionally stiff and light. The engineering potential of foams is
considerable.

Most polymers can be foamed easily. It can be done by simple mechanical
stirring or by blowing a gas under pressure into the molten polymer. But by
far the most useful method is to mix a chemical blowing agent with the
granules of polymer before processing: it releases CO2 during the heating
cycle, generating gas bubbles in the final molding. Similar agents can be
blended into thermosets so that gas is released during curing, expanding the
polymer into a foam; if it is contained in a closed mold, it takes up the
mold shape accurately with a smooth, dense, surface.

The properties of a foam are determined by the properties of the polymer, and
by the relative density, ρ/ρs: the density of the foam ρ divided by that of the solid
ρs of which it is made. This plays the role of the volume fraction Vf of fibers in
a composite, and all the equations for foam properties contain ρ/ρs. It can vary
widely, from 0.5 for a dense foam to 0.005 for a particularly light one.

The cells in foams are polyhedral, like grains in a metal (Figure 28.7). The
cell walls, where the solid is concentrated, can be open (like a sponge) or

FIGURE 28.7
Polymer foams, showing the polyhedral cells. Some foams have closed cells, others have open cells.

486 CHAPTER 28: Properties of Composites and Foams

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.
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En compression, les 
matériaux poreux 
montrent le plus 
souvent une courbe 
avec un plateau assez 
étendu si le matériau 
dont ils sont faits n’est 
pas fragile

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.

closed (like a flotation foam), and they can be equiaxed (like the polymer
foam in the figure) or elongated (like cells in wood). But the aspect of struc-
tures which is most important in determining properties is none of these; it
is the relative density. We now examine how foam properties depend on
ρ/ρs and on the properties of the polymer of which it is made.

28.7 PROPERTIES OF FOAMS

When a foam is compressed, the stress!strain curve shows three regions
(Figure 28.8). At small strains, the foam deforms in a linear elastic way: there
is then a plateau of deformation at almost constant stress; and finally there is
a region of densification as the cell walls crush together.

At small strains the cell walls at first bend, like little beams of modulus Es,
built in at both ends. Figure 28.9 shows how a hexagonal array of cells is
distorted by this bending. The deflection can be calculated from simple
beam theory. From this, we obtain the stiffness of a unit cell, and thus the
modulus E of the foam, in terms of the length l and thickness t of the cell
walls. But these are directly related to the relative density: ρ/ρs5 (t/l)2 for
open-cell foams, the commonest kind. Using this gives the foam modulus as

E5 Es
ρ
ρs

! "2

: ð28:14Þ

FIGURE 28.8
The compressive stress!strain curve for a polymer foam. Very large compressive strains are possible,

so the foam absorbs a lot of energy when it is crushed.

28.7 Properties of Foams 487
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Les matériaux poreux
Ces matériaux 
comprennent en 
particulier le bois, dont le 
poids produit 
annuellement pour des 
applications structurales 
est, comme pour le béton 
et l’acier, de l’ordre de 109

tonnes 
– faisant que par volume 
c’est le matériau le plus 
utilisé.

Source: G. Weidmann, P. Lewis & N. Reid Eds., 
Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.
modulus along the grain to that across the grain) increases as the density
decreases: balsa woods are very anisotropic; oak or beech are less so. In
structural applications, wood is usually loaded along the grain: then only
the axial modulus is important. Occasionally, it is loaded across the grain,
and then it is important to know that the stiffness can be a factor of 10 or
more smaller (Table 29.1).

The moduli of wood can be understood in terms of the structure. When
loaded along the grain, the cell walls are extended or compressed
(Figure 29.5(a)). The modulus Ewjj of the wood is that of the cell wall, Es,
scaled down by the fraction of the section occupied by cell wall. Doubling
the density obviously doubles this section, and therefore doubles the modu-
lus. It follows immediately that

Ewjj 5 Es
ρ
ρs

! "
ð29:1Þ

where ρs is the density of the solid cell wall (Table 29.3).

FIGURE 29.4
Young’s modulus for wood depends mainly on the relative density ρ/ρs. That along the grain varies as

ρ/ρs; that across the grain varies roughly as (ρ/ρs)2, like polymer foams.

498 CHAPTER 29: Wood Structure and Properties

Table 29.1 Mechanical Properties of Woods

Wood
Density1

(Mg m23)

Youngs
Modulus1,2 (GN m22)

Strength1,3 (MN m22) jj
to grain

Fracture
Toughness1(MN m23/2)

jj to
grain

\ to
grain Tension Compression jj to grain

\ to
grain

Balsa 0.1!0.3 4 0.2 23 12 0.05 1.2

Mahogany 0.53 13.5 0.8 90 46 0.25 6.3

Douglas fir 0.55 16.4 1.1 70 42 0.34 6.2

Scots pine 0.55 16.3 0.8 89 47 0.35 6.1

Birch 0.62 16.3 0.9 ! ! 0.56 !
Ash 0.67 15.8 1.1 116 53 0.61 9.0

Oak 0.69 16.6 1.0 97 52 0.51 4.0

Beech 0.75 16.7 1.5 ! ! 0.95 8.9

1Densities and properties of wood vary considerably; allow 620% on the data shown here. All properties vary with moisture content
and temperature; see text.

2Dynamic moduli; moduli in static tests are about two-thirds of these.
3Anisotropy increases as the density decreases. The transverse strength is usually between 10% and 20% of the longitudinal.

FIGURE 29.1
The macrostructure of wood. Note the coordinate system (axial, radial, tangential).
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Et pour finir 
n’oublions pas que ces 
matériaux constituent 
aussi une bonne 
partie de notre corps.

Source: G. Weidmann, P. Lewis & N. Reid Eds., 
Materials in Action series -  Structural Materials, 
Butterworths, London, 1990
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Figure 7.28 Section through a 5 mm thick
PS structural foam moulding
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Figure7.27 (a) Closed-cett PS floam, p : lllkg*-t (SEM) (b) syntactic foam, glass
spheres in epoxy resin, p : 475kgm-' (SEM) (c) open-cell SBR/NR foam,
p :18kg- t (SEM) (d) reticulated open-cell PU foam, p : 36kgm '1Snv;

can vary from a surface pierced by one or more holes, to the so-called
reticulated cell (EigUt{Z"d).where the cell structure is defined by
more-or-less linear ties and struts.

Most synthetic foams are polymeric, and in volume terms, p_alySlbylçqç,
p_glyq!g!11qq.g, pqlyqlyrg4g,and P_YC-are probably the most widely used.
However, structural foams and sandwich mouldings, based on such
materi als a s H D IE, p olmfqpylg4g, pply (ph-qnylçqe qlid_ç), :4_p S - and
p*ofy-çgfb*qlAler are more important in load-bearing applications. These
differ from other foams in that they have solid skins covering a foamed
core. In both cases, the gas pressure in the foam allows thicker wall
sections than are normally feasible in injection moulding, so increasing
the bending stiffness per unit weight. Their densities are in the range
60-80% of that of the parent material. Figqte 7.28 -shows a section
through a structural foam moulding.
It's not just polymers that can be foamed. The second illustration in this
book, Fieure 1.2(p)., is of a foam. Many other natural materials are
cellular (for example wood, bone, sponge), and earthenware and
cement-based products are frequently porous. Breeze blocks used in
building are, in effect, foams made from ash and clinker, and, at the
dining table, bread, meringues, omelettes and mousses are all foams.
Eigutç.7,-29 i.s a section through a specimen of bone, which bears a
striking resemblance to structural foam. Figure 7.30 overleaf shows
examples of foams in other materials, some ôFwliîèÉ are very familiar.

t

Figure 7.29 Section through tibia
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