
Chapitre 5 – Les polymères 

Lire Ashby & Jones, Vol. 2, Chapitres 23, 24 & 25

Dans Callister les Chapitres 14 et 15.

Une excellente référence disponible en ligne à l’EPFL, pour celles/ceux qui 
voudraient approfondir: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015
https://link.springer.com/book/10.1007/978-1-4899-7485-3
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I – Naissance et production des polymères
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Chapitre 5 – Les polymères 

Un polymère est un matériau constitué de molécules très longues, nommées 
“macromolécules” faites d’unités répétées de nombreuses fois (typiquement plus d’un 
millier de fois). 

En général, et surtout dans les polymères synthétiques, la colonne qui sous-tend ces 
macromolécules est faite de carbone; 

d’autres atomes peuvent cependant s’y trouver (tel le silicium et l’oxygène dans les 
silicones = polysiloxanes; l’azote dans les protéines; … ) 

(notez que par extension ceci peut mener à considérer le verre de quartz comme un 
polymère dont la colonne centrale est faite d’atomes de Si au lieu de C avec des 
atomes attachés d’oxygène au lieu de H et/ou des groupes moléculaires).
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Source: https://thepaintpeople.com/painting-101/preparing-bare-wood-for-painting-or-staining/
https://www.one4leather.com/article/cotance-calls-on-the-eu-commission-to-regulate-the-use-of-the-term-leather

La Nature vivante étant largement constituée de macromolécules, on ne peut pas 
vraiment dire que les matériaux constitués de macromolécules furent « découverts » : 
le bois, le cuir, la soie, la corne, … sont utilisés depuis longtemps. 

La synthèse et la fabrication par l’être humain de matériaux macromoléculaires est, par 
contre, récente. 
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Sources: https://www.bbc.com/news/magazine-27442625; 
https://en.wikipedia.org/wiki/Gutta-percha

Un polymère thermoplastique naturel parmi les plus anciens est le gutta percha, résine 
extraite de l’arbre du même nom
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Sources: https://interestingengineering.com/charles-goodyear-the-father-of-vulcanization
https://en.wikipedia.org/wiki/Charles_Goodyear; 
https://en.wikipedia.org/wiki/Sulfur_vulcanization; 
https://en.wikipedia.org/wiki/Vulcanization#Vulcanization_with_sulfur

Le caoutchouc: un polymère naturel transformé US patent No. 1,090 
February 24, 1839
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Source: https://www.bbc.com/news/magazine-27442625

Alexander Parkes en 1862: invente la Parkesine, le 
premier polymère thermoplastique (“thermoplastic”) 
artificiel, matériau créé pour remplacer la corne et basé 
sur la cellulose (mène peu après à l’invention du 
support “celluloïde” des films photographiques)

Leo Baekeland; Yonkers, New York, 1907: invention de la 
Bakélite, premier polymère (“plastique”) 100% 
synthétique, excellent isolant et matériau pratique dans 
nombre d’objets de la vie quotidienne. C’est un polymère 
thermodurcissable (“thermoset”), fortement réticulé 
(“cross-linked”). 
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De 1928 à 1937: William Carothers et plusieurs autres 
chercheurs sont embauchés par DuPont de Nemours à 
Wilmington, Delaware, pour créer un laboratoire dédié à la 
recherche amont, le «Dupont Experimental Station». Ils y 
développent une série de nouveaux matériaux polymères, 
dont le néoprène, les polyesters, les polyamides, le nylon.

Sources: https://en.wikipedia.org/wiki/Wallace_Carothers; 
H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An 
Introduction, 2nd Ed., Springer, 2015Chapitre 5 – Les polymères 8
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – 
An Introduction,  2nd Ed., Springer, 2015

Le Nylon 6,6 est un polymère formé par une réaction de 
condensation:
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comprenant en général la rupture de liaisons N-H d’un amine, O-H d’un alcool ou 
C-O-H d’un acide organique, de liaisons doubles, ou de liaison cycliques, pour 
produire les macromolécules et une molécule annexe (NH3; H2O, ..)



Sources: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – 
An Introduction,  2nd Ed., Springer, 2015; https://en.wikipedia.org/wiki/Polymer

Alternativement les polymères sont produits par réaction d’addition à partir de 
molécules «monomères» ayant au moins deux sites réactifs pouvant former des 
chaînes; exemple du polyéthylène:

Ces réactions sont initiées, propagées et terminées par divers procédés chimiques, 
dont la nature détermine entre autres la longueur des chaînes.

La classification des mécanismes de production des polymères en réactions de 
condensation ou d’addition n’est ceci dit pas exhaustive.
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering 
Science and Viscoelasticity – An Introduction,  2nd Ed., 
Springer, 2015

Amorphous thermoplastics (those with no regular molecular structure) are;

Polyvinyl chloride (PVC) Polymethyl methacrylate (PMMA)
Polystyrene (PS) Acrylonitrile-butadiene-styrene (ABS)
Polycarbonate Polyethersulphone

In general thermoplastic polymers are easier to produce and cost less than
thermosets. Information on the volume of sales in the US and basic costs of a few
thermoplastics is given in Table 3.1 and the volume distribution by products in
Fig. 3.1.

Table 3.1 US polymer productiona

Resin
US production
(!106 lbs)

US production
(!106 kg)

% Total
production

Price
(US$/lb)

Epoxy 1,874 850 1.6 1.12

Polyurethanes 4,982 2,260 4.3 1.35

Phenolic 4,674 2,120 4.0 0.80

Other thermosets 5,556 2,520 4.8

Total thermosets 17,086 7,750 14.7

LDPE 6,885 3,123 5.9 1.17

LLDPE 13,441 6,097 11.6 1.12

HDPE 17,738 8,046 15.3 1.06

PP 16,325 7,405 14.1 1.17

ABS 1,731 785 1.5 1.18

PS 4,572 2,074 3.9 1.25

Nylon 1,193 541 1.0 1.99

PVC 15,309 6,944 13.2 1.10

PET 4,850 2,200 4.2 1.15

Other thermoplastics 9,381 4,255 8.1

Total thermoplastics 91,425 41,470 78.8

Natural rubber 688 312 0.6 1.47

Synthetic rubberb 6,768 3,070 5.8 1.48

Grand total 115,967 52,602 100
aProduction volume data for thermoplastics from American Plastics Council for 2012: Canadian
and Mexican production data included in some categories; dry-weight basis except phenolic resins.
Pricing data from Plastics News for Feb. 2013. Production volume and pricing data for elastomers
from International Rubber Study Group. Production volume and pricing for thermosets from
Thermoset Resin – A Global Market Watch 2011–2016 and combined other sources. See current
data on respective websites
bIncludes styrene butadiene rubber (SBR), polyisoprene, polybutadiene, polyisobutylene, ethylene-
propylene rubber

3 Characteristics, Applications and Properties of Polymers 59

Volumes de production
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https://www.ted.com/talks/charles_moore_seas_of_plasticChapitre 5 – Les polymères 12

Volumes de pollution

https://www.ted.com/talks/charles_moore_seas_of_plastic


Source: http://b.parsons.edu/~pany468/parsons/political_website/source2/index.html
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Source: Eriksen M, Lebreton LCM, Carson HS, Thiel M, Moore CJ, et al. (2014) Plastic Pollution in the World’s Oceans: More 
than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 9(12): e111913. doi:10.1371/ 
journal.pone.0111913 

Volumes de pollution
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Source: Eriksen M, Lebreton LCM, Carson HS, Thiel M, Moore CJ, et al. (2014) Plastic Pollution in the World’s 
Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 9(12): e111913. 
doi:10.1371/ journal.pone.0111913 
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Mitigation de la pollution:
https://www.ted.com/talks/emma_bryce_what_really_happens_to_the_plastic_you
_throw_away?autoplay=true&muted=true
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Source: https://commons.wikimedia.org/w/index.php?curid=32400659 cité par 
D. Xanthos & T.R. Walker,  Marine Pollution Bulletin 118 (2017) 17–26, 
http://dx.doi.org/10.1016/j.marpolbul.2017.02.048 

Mitigation de la de pollution:  .. et (ii) les mesures sociétales

https://commons.wikimedia.org/w/index.php?curid=32400659
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Sources: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – 
An Introduction,  2nd Ed., Springer, 2015; https://en.wikipedia.org/wiki/Polymer

Un point important est la fonctionalité des monomères: c’est le nombre de points 
d’attache qu’ils offrent à d’autres monomères: 

Un monomère bifonctionnel (exemple: l’éthylène) ne pourra que produire des 
macromolécules linéaires, longues chaînes liées entre elles par des liaisons 
secondaires (van der Waals; hydrogène) dans le matériau).

Un monomère tri- ou polyfonctionnel pourra produire des macromolécules à 
branches, voire un réseau moléculaire tridimensionnel relativement rigide: c’est la 
structure des polymères thermodurcissables («thermosets»).
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Source: F.A. McClintock & A.S. Argon, Mechanical Behavior of Materials, Addison-
Wesley, Reading Mass., 1966

On distingue les polymères synthétiques

- thermoplastiques (thermoplastic polymers): chaînes moléculaires peu ou non 
liées par des liaisons covalentes, qui deviennent fluides quand on les chauffe et 
redeviennent solides à plus basse température;

- thermodurcissables (thermosets): chaînes moléculaires fortement liées entre 
elles; quand on les chauffe leur module chute mais ils se décomposent ou 
réagissent avec l’air au lieu de fondre;

- élastomères (elastomers; rubber): entre les deux: un nombre faible de liaisons 
entre de longues chaînes moléculaires; peuvent subir une forte déformation 
réversible à contrainte pratiquement constante dans une gamme de 
températures intermédiaires

- Outre ces trois classes, presque toute la matière du vivant est faite de 
polymères naturels.  
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier 
Butterworth.Chapitre 5 – Les polymères 

Table 23.1 Generic Thermoplastics

Thermoplastic Composition Uses

Polyethylene, PE H

C

H n
Partly crystalline.

Tubing, film, bottles, cups, electrical
insulation, packaging.

Polypropylene, PP H H

C C

H CH3 n

Partly crystalline.

Same uses as PE, but lighter, stiffer,
more resistant to sunlight.

Polytetrafluoroethylene,
PTFE

F

C

F n
Partly crystalline.

Teflon. Good, high-temperature
polymer with very low friction and
adhesion characteristics. Nonstick
saucepans, bearings, seals.

Polystyrene, PS H H

C C

H C6H5 n

Amorphous.

Cheap molded objects. Toughened
with butadiene to make high-impact
polystyrene (HIPS). Foamed with CO2

to make common packaging.

Polyvinylchloride, PVC H H

C C

H Cl n
Amorphous.

Architectural uses (window frames,
etc.). Plasticized to make artificial
leather, hoses, clothing.

Polymethylmethacrylate,
PMMA

H CH3

C C

H COOCH3 n

Amorphous.

Perspex, lucite. Transparent sheet and
moldings. Aircraft windows, laminated
windscreens.

Nylon 66 (!C6H11NO!)n
Partly crystalline
when drawn.

Textiles, rope, moldings.
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.Chapitre 5 – Les polymères 

plastics (widely used for molding and hard surfacing). Other formaldehyde
plastics, which now replace bakelite, are ureaformaldehyde (used for electrical
fittings) and melamine!formaldehyde (used for tableware).

Elastomers
Elastomers or rubbers are almost-linear polymers with occasional cross-links
in which, at room temperature, the secondary bonds have already melted.
The cross-links provide the “memory” of the material so that it returns to
its original shape on unloading. The common rubbers are all based on the
single structure

H H

C C C C

H H R H n

with the position R occupied by H, CH3, or Cl. They are listed in Table 23.3.

Table 23.2 Generic Thermosets or Resins

Thermoset Composition Uses

Epoxy CH3 OH

CC6H4O CH2O CH2C6H4 CH

CH3 n

Amorphous.

Fiberglass, adhesives.
Expensive.

Polyester CH2OHO

C(CH2)mC

O

C O

CH2OH n

Amorphous.

Fiberglass, laminates. Cheaper
than epoxy.

Phenolformaldehyde OH

C6H2 CH2

CH2 n

Amorphous.

Bakelite, Tufnol, Formica.
Rather brittle.

23.2 Generic Polymers 397
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.Chapitre 5 – Les polymères 

Natural polymers
The rubber polyisoprene is a natural polymer. So, too, are cellulose and
lignin, the main components of wood and straw, and so are proteins like
wool or silk. We use cellulose in vast quantities as paper and (by treating it
with nitric acid), we make celluloid and cellophane out of it. But the vast
surplus of lignin left from wood processing, or available in straw, cannot be
processed to give a useful polymer. If it could, it would form the base for a
vast new industry. The natural polymers are not as complicated as you might
expect. They are listed in Table 23.4.

23.3 MATERIAL DATA

Data for the properties of the generic polymers are shown in Table 23.5. But
you have to be particularly careful in selecting and using data for the proper-
ties of polymers. Specifications for metals and alloys are defined fairly
tightly; two pieces of Type 316 L stainless steel from two different manufac-
turers will differ very little. Not so with polymers: polyethylene made by one
manufacturer may be very different from polyethylene made by another. It is

Table 23.3 Generic Elastomers (Rubbers)

Elastomer Composition Uses

Polyisoprene H H

C C C C

H H CH3 H n

Amorphous except at high strains.

Natural rubber.

Polybutadiene H H

C C C C

H H H H n
Amorphous except at high strains.

Synthetic rubber, car tires.

Polychloroprene H H

C C C C

H H Cl H n
Amorphous except at high strains.

Neoprene. An oil-resistant
rubber used for seals.

398 CHAPTER 23: Polymers
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Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2006, Elsevier Butterworth.Chapitre 5 – Les polymères 
partly because all polymers contain a spectrum of molecular lengths; slight
changes in processing change this spectrum. But it is also because details
of the polymerization change the extent of molecular branching and the
degree of crystallinity in the final product; and the properties can be further
changed by mechanical processing (which can, in varying degrees, align the
molecules) and by proprietary additives. For all these reasons, data from
compilations (like Table 23.5), or data books, are at best approximate. For
accurate data, you must use the manufacturers’ data sheets or conduct your
own tests.

There are other ways in which polymer data differ from those for metals or
ceramics. Polymers are held together by two sorts of bonds: strong covalent
bonds which form the long chain backbone and weak secondary bonds
which stick the long chains together. At the glass temperature TG, which is
always near room temperature, the secondary bonds melt, leaving only the
covalent bonds. The moduli of polymers reflect this. Below TG most poly-
mers have a modulus of around 3 GN m22. (If the polymer is drawn to fibers
or sheet, the molecules are aligned by the drawing process, and the modulus
in the draw-direction can be larger.) But even if Troom is below TG, Troom will
still be a large fraction of TG. Under load, the secondary bonds creep, and
the modulus falls. Table 23.5 lists moduli for a loading time of 100 s at
room temperature (20 !C); for loading times of 1000 h, the modulus can
fall to one-third of that for the short (100 s) test. And above TG, the second-
ary bonds melt completely: linear polymers become very viscous liquids and
cross-linked polymers become rubbers. Then the modulus can fall dramati-
cally, from 3 GN m22 to 3 MN m22 or less.

Table 23.4 Generic Natural Polymers

Natural Polymer Composition Uses

Cellulose ("C6H9O6")n
Crystalline.

Framework of all plant life, as
the main structural component
in cell walls.

Lignin Amorphous. The other main component in
cell walls of all plant life.

Protein

C

H

NH

n

R

C

O
R is a radical. Partly crystalline.

Gelatin, wool, silk.

23.3 Material Data 399
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216 DDFoRMATToN IN poLyMI4RS: vrscoot,AsTrcllfy 6.2

The term 'lB_g,kel!te,-'l for example, at one time denoted a phenol formaldehyde
resin of the original producer, but now denotes their entire line of products.

The chemical terms alone are not always accurate either,.for a particular product
may be importantly modified by the addition of other polymers or plasticizing
agents which make its behavior different and more useful than that of the pure
form. We shall use the chemical name as giving the basic substance.

As a matter of general interest and background, the chemical structure and
modes of polymerization of some common polymers will be discussed, after which
we shall turn to the next larger scale of structure, namely, the arrangements of
repeat units relative to each other.

TABLE 6.1

MolroupRs on
CounoN Por,vlrpns Cr,essrprnr AcconorNc ro MoDE or Por,vvrpnrzATroN

INcr,ulrxc SonrD ABSnEVTATToNS AND TRADE Nauos

TABLE 6.1A. VrNvl Por,vupns

Generic reaction

(+:il"-(
HHttC:C

n

Ethylene
PE

Styrene
PS H Htl

I

H
I

H
I

H

H C H

Vinyl chloride
PYC HCIllC:CtlHH

HCItlC:C

t\/\,/
CCtllCC

//\//\HCH
I

H
Propylene (Propene)

Vinylidene chloride
(Saran) H

I

C
I

H

H
I

C

-I

H
I

CI H
I-c- H
I

H
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Source: F.A. McClintock & A.S. Argon, Mechanical Behavior of Materials, Addison-
Wesley, Reading Mass., 1966

Descriptions donnant les réactions de 
formation

Generic reaction

Butadiene
PB (ingredient of
GRS rubber)

Chloroprene
(neoprene)

)" - (-+-l:r-i-)
n

HHHH

IH

also by partial vinyl
addition
H HHHH

IH
IC-H
il
CHH

IH

I

H
I

H
I

H
I

H

tlHH

H H CIH

{ B. Die Pqtvaellgtjg!= The diene type of polymerization is illustrated by
polybutadiene.. The suffix snp stands for double bonds. The word diprte then
indicates that there are two double bonds in the backbone chain of the monomer.

These $.auble bondq open to attach repeat units together.. As indicated in
fable 6.1, butadiene can also polymerize in the vinyl rlqode- In reality, the two
types of addition occur along the same chain. The result, pqVt"!4!f94e, is PUq4-
Iqbbgt.("Bu" from butadiene, "Na" from the sodium catalyst). If one of the
central hydrogen atoms in butadiene is replaced by a chlorine atom, the poly-
merization product is neqprene, an oil- and gasoline-resistant synthetic rubber
developed by Wallace H. Carothers, the creator of nylon. If the same hydrogen
is replaced by a methyl group, the result is ispprene. The polymer of isoprene is
natural rubb-qr or gutta percha, depending on the structure,.as discussed below.

< C. Ester P.oly-r!eMq!!e!- In ester polymerization, di-basic or di-acidic monomers
combine in a reaction which gives off water. , Polymerization in which another
compound is given off, in this case water, is called aplrydetlfgtigry!sscl;ol7,.in con-
trast to'vinyl and diene polymerization, which are simply additi.on reactions
Pplvellrylcue lerephlhala,tq is actually obtained by a several-stage process in which
methanol and later ethylene glycol are condensed. In making glyptqL-a useful
laboratory resin for sealing joints, the liberation of water is avoided by starting
with the anhydride of the acid, phthalic anhydride. Thus, glyptal can harden
between trvo impermeable surfaces. Furthermore, the presence of three hydtoxyl
ions in glycerol allows the formation of primary bonds between as well as along
chains, and thus gives a space network.

Isoprene
(natural rubber,
gutta percha)

HHHHCHH

2t8 DEFORMATION IN POI,YMERS: VISCOEIJASTICITY

TABLE 6.18. Drexe Por,vnpns

6,2
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Une liste plus exhaustive: 

6.2 6.2 STRUCTURE OF POLYMERS 219

TABLE 6.1C. Por,vnsrpns

Generic reaction
HO-R-OH + H-P-H + -R-P- + 2H2O

alcohol + acid alkyl ester * rvater
Ethylene terephthalate

(Dacron, Cronar, Mylar, Terylene)

HH
H H

H
IC-
I

TI

H
I:C
I

H

by
;hen
ler:lin
two
'g!s-
the
oly-
rber
)gen
Le is
v.

qers,
bhel
lon-
ons.
ti.h
eful
ting
'den
rxyl
.ong

o
/

o
HO\ hrr \ HttHH

ethylene glycol terephthalic acid
Urethane HH O HH O H

H
ilC:ttHH tttlHHH H

Glyptal

before bridging after bridging
ethylene glycol ethylene diisocyanate

HHH
H oltrHOH

H C:O
\/ C-C
/\H-C C-H

/\HH
glycerol

HHH
phthalic anhydride

oo
H) lrtHOH

H
/ \

hn
HH-C C-
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TABLE 6.1D. PoIyAMTDES

6.2

Generic reaction
o HO

R- P-'+R rilN-C- P+HzO

Peptides
H R o H R,O

N

H

H H
I

H
I

H

IfRIfRIfR
is H, peptide is aminoacetic acid (glycine)
is CH3, peptide is D alanine
is CH2OH, peptide is D serine

Nylon 6

H H o H H o
N-

H

N- H
I

H 5
I

H 5

aminocaproic acid

Nylon 6,6

H H H o H o
H-O H

I

H 6
I

H 4

hexamethyldiamine adipic acid

{ D. Agine__l-_o_!y_nr9{zq1!94_. "Ihe am'ides polymerize rvith the _qlimination of
'water from an amine and a carboxylic acid group., There are dozens of amino-
acetic acids common in the proteins of living organisms. Hydrogen bonding be-.
trveen oxygen and nitrogen atoms of the same chain makes it curl up into a helix,

Chapitre 5 – Les polymères 
Source: F.A. McClintock & A.S. Argon, Mechanical Behavior of Materials, Addison-
Wesley, Reading Mass., 196626
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TABLE 6.1G. Orunn Por,vupns

Silicones
CHs CHa

H H
I

CH

Silica
(quartz) ...-...-...-o-

-o

Polysulfides
(Thiokol A)

HH HH
CI NallHH tlHH

ethylene
chloride

sodium
tetrasulfide

Polyacetal
(Delrin)

),-[

H

I

H
IH n

formaldehyde

{G. Other Closses. Many.psb/mers fi1 into qla$res,.gtheljbauilpsq-sxpli-q,illf
con-
rga
ally,
pace

siven in Table 6.1. Since siliSg-bas four bonds, as does carbon, it can form poly-
than carbon because double bonds are not known. Themers, but of fewer types

s,ilicones usually polymerize with the elimination of hydrochloric acid. Gloss is
the term traditionally applied to inorganic polymers with oxygen bonding and no
hydrogen atoms. There are a wide variety of glasses, although those based on

222 DEFORMATION IN POI,YMERS: VISCOEI,ASTICITY

TABLE 6.1F. FonTuALDEHyDE Copor,vuons

6.2

H

P-H+O*H-P-+
llH-C-H

IP-C- P+H2O
I

H
rvhere the group P may be one of the following:

Phenol formaldehyde
PF, (Bakelite)

H)
--\

OH
I

C H
/\

P: phensl :
C

I

C
ll
C

H
\

C H
I/?\,,H\

Urea formaldehyde
UF {n

/\-"
N

H o
P: UI€&:

.--^/H) \---(H
Melamine {ormaldehyde

MF
H H

I

C
,//

N
P : melamine :

N
I

C
II
C H

H)-N'..' .L
,/ II \,

\./
N

I/T\/H"

{ F. Formqldehyde Resins. The .forntaldehades are typically forrned by a con-
densation reaction involving formaldehyde and two other molecules, leaving a
methylene (CHr) group as a bridge between the two larger tnonotners. Usually,
the molecules used have three or rrrore hydrogen atoms available, so that space
networks can be formed, as discussed above in connection with glyptal.
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Sources: F.A. McClintock & A.S. Argon, Mechanical Behavior of Materials, Addison-
Wesley, Reading Mass., 1966;     https://en.wikipedia.org/wiki/Cellulose
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TABLE 6.1E. PoIysACCHARTDES

Cellulose
H CH2OH HOHHOH

H OH HO
I l,/c_c

\
H

OH \ ,r/\n "/\ /c_c o_c OH

,/l l\HOHHOH
glucose

I

H cH2oH

-OH + HNOB ---+ -NO3 * HzO gives cellulose nitrate

-OH + HCH2COOH -+ -CHzCOOH + H2O gives cellulose acetate (CA)

S S
/ /

-oH + HOC --+ -OC -l HzO gives cellulose xanthate
(viscose rayon)

-Na+ -Na+

which may in turn be folded into a complicated knot or arranged in a fibrous or
planar structure, forming the basis of a crystallized protein. P_ Bpt'kles are poly-
merization products of substituted aminoacetic acids. The three given in -Tqb-lg"6J comprise 85/6 of ajilJ;_fut .The most important man-made polymer of the
amine group is nylon. One variety is formed by the self-polymerization of amino-
caproic acid and another by the polymerization of hexamethylenediamine with
adipic acid. The numerical desisnation of nylon indicates the number of carbon
atoms in the monomers

{E. Polysqcchqrides. In the group of polgsaccha,ides, qgUglgggiqg-b-g regQldg4.

of
o-
e-
.x,

as a oolvmerwhose repeat units are rings formed from the simple sugar glucose.
The large number of hydroxyl groups gives rise to stro:re hvdroggnlglt4lng_bg.
lggihsgbabs. This bonding is responsible for the insolubility and the lack of
heat softening. &eoteq9d0gu!-St-ql&*Uyp*_g.;[bres_sl"_lbge.*.hvjre;ykrgug.by
treatment with nitric, acetic, or xanthic acid eive-il}pelLr=nq.r,lb3!_ggg_be"qgflptrgd
in a solvent, worked, and then dried to give a regenerated cellulose such as rayon.
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Une caractéristique importante est la taille des macromolécules constituant le polymère; 
on en distingue plusieurs mesures car ce sont des grandeurs moyennées (la longueur et 
la structure des macromolécules n’étant pas uniformes). On retiendra:

- Le degré de polymérisation: est le nombre (moyen) d’unités moléculaires (de 
monomères) constituant les chaînes;

- La masse moléculaire (moyenne): est la masse molaire (moyenne) des 
macromolécules. Elle égale environ (si on néglige les terminaisons) le degré de 
polymérisation fois la masse moléculaire du monomère. Le moyennage peut se faire par 
nombre de macromolécules ou par leur masse.  Elle est (en principe mais pas toujours) 
écrite sans unités exprimées, étant comptée en unités du douzième de la masse molaire 
de l’atome de carbone 12C.  

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 201529
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%A9culaire
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Ces grandeurs influencent fortement les propriétés des polymères:

Mass of 1 PE chain: 104 2 ! 12 þ 4 !1ð Þ ¼ 280, 000 amu

A mole of polyethylene chains, where each chain is 104 mer units long, has a
molar mass of

Mass of 1mole of PE chains: 280, 000 grams or grams=moleð Þ

neglecting chain end effects. Note that the molecular mass of a chain end (or at a
branch point) is not the same as the molecular mass of a mer unit but the
difference is neglected because the effect is small in terms of the total molecular
mass of a chain.

While “relative molecular mass” is the official and more correct terminology
for polymers (as used in McCrum 1997), in the following the term molecular
weight will be most often used as is common in many polymer texts.

A useful term to describe the extent of polymerization in polymers is the
“degree of polymerization” (DP) which is defined as the number of mer units per
chain or,

n ¼ M

Mr
¼ DP ð4:6Þ

where M is the molar mass (weight) of a chain and Mr is the molar mass
(weight) of a mer or repeat unit. (Number average and weight average degrees
of polymerization are also used as will be evident directly).

The degree of polymerization or the length of a polymer chain is an indicator
of the nature and mechanical characteristics of a polymer composed of similar
length chains. The following table illustrates the relationship between chain
length and the character of a polymer at 25 &C and a pressure of one atmosphere
(Table 4.6).

Table 4.6 Degree of polymerization – phase relationship (Data from Clegg and Collyer
1993, p. 11)

Number of –CH2–CH2

repeat units per chain
(degree of polymerization)

Molar mass
kg mol'1

Softening
temperature

&C

Character at
25&C and 1

at

1 28 '169 Gas

6 170 '12 Liquid

35 1,000 37 Grease

140 4000 93 Wax

430 12,000 104 Resin

1,350 38,000 112 Hard resin
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With these various molecular characteristics, it is now possible to have a more
precise classification scheme of polymers as is illustrated in Fig. 4.16.

4.4.2. Copolymers

The polymers described previously are generally referred to as homopolymers
because the mer units along the backbone chains are identical. However, it is
possible to form copolymers such that the mer units along the backbone chain
may vary. Depending on the process of polymerization, various sequences of
mers may occur along the backbone chain in random, alternating, block or graft
arrangement as shown in Fig. 4.17a.

Block copolymers are of particular interest in many technical applications
due to the ability of the block domains to phase segregate when the miscibility
between the individual polymers is low (measured by Flory Huggins parameter).
Since the individual polymer blocks are covalently bonded to each other along the
length of the chains, the polymers are unable to phase separate on a large scale, and
instead form regular micro- or nano-scale domains. A styrene-butadiene
block copolymer is a common example in which polystyrene (PS) mers and
polybutadiene (PB) mers form block domains along each polymer chain.

Fig. 4.16 Classification of polymers by molecular characteristics
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4.4. Molecular Configurations

The terms configuration and conformations are often used to describe the
arrangement of atoms in a polymer and sometimes it seems as if they can be
used interchangeably. However, herein the description for each given by
Billmeyer (1984) will be used. Configurations describe those arrangements of
atoms that cannot be altered except by breaking or reforming chemical bonds.
Conformations are arrangements of atoms that can be altered by rotating groups
of atoms about a single bond. Each will be discussed in the subsections below.

4.4.1. Isomers

Polymers that have the same composition but with different atomic arrange-
ments are called isomers. There are many types of isomers and official termi-
nology is determined by IUPAC (International Union of Pure and Applied
Chemistry). Note, however, that various terms are sometimes used with
conflicting meaning in different sources. We will describe only a few of the
most important types of isomers in polymers and use the current IUPAC
language. Two fundamental isomers in polymers are stereoisomers and cis-
trans isomers. Isomers occur because polymers may have more than one type
of side atom or side group bonded to the main chain (e.g. PVC, see Fig. 4.7) such
that a mer unit would appear as in Fig. 4.12a in which R represents an atom or
side group other than hydrogen. Polymers with only one extra side group are
called “vinyl” polymers. A “head-to-head” arrangement of mers occurs when
the R groups are adjacent to each other, and a “head-to-tail” arrangement occurs
when the R groups bond to alternate carbon atoms in the chain as shown in
Fig. 4.12. The head-to-tail configuration predominates as polar repulsion occurs
between R groups in head-to-head configurations. Isomers where the line for-
mula differs, while the molecular formula is identical, such as those in
Fig. 4.12b, c, are referred to as constitutional isomers.

(a) Basic mer unit (b) Head to head config. (c) Head to tail config.

Fig. 4.12 Sequences for isomers
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La formule chimique ne dit pas tout: on peut avoir des polymères isomères, ayant 
la même constitution chimique mais des structures – et de là des propriétés –
différentes.
Les Isomères ayant une molécule de même formule atomique mais où la 
constitution chimique de la chaîne diffère sont des isomères de constitution: 

Chapitre 5 – Les polymères 33
Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
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Les stéréoisomères diffèrent par la séquence d’emplacement des mêmes groupes 
moléculaires le long de la macromolécule: stéréoisomères isotactiques (groupes du 
même côté), syndiotactiques (groupes en alternance) et atactiques (groupes à 
emplacement aléatoire).  Ces caractéristiques influencent la structure et donc les 
propriétés; par exemple les structures isotactiques ou syndiotactiques peuvent 
cristalliser; pas les structures atactiques.

For a polymer chain with a given sequence of mer groups, i.e., same consti-
tution, stereoisomers can then be distinguished. The three types of stereoisomers
(isotactic, syndiotactic and atactic) for a head-to-tail sequence are shown in
Fig. 4.13 and the two cis-trans isomers for a mer unit containing a double bond
are shown in Fig. 4.15. In stereoisomerism, the atoms are linked together in the
same order (e.g., head-to-tail) but their spatial arrangement is different.
The isotactic configuration (a) is when the R groups are all on the same side of
the chain. The syndiotactic configuration (b) is when the R group is on alternate
sides of the chain and the atactic configuration (c) is when the R group alternates
from one side to the other in a random pattern. Examples of stereoisomers for
polypropylene are given in Fig. 4.14.

Conversion from one type to another is only possible by breaking a carbon to
carbon bond, rotating and reattaching. This constraint can be seen best by use of
molecular models or three dimensional chain representations (e.g., Fig. 4.20). A
specific polymer may contain more than one type of stereoisomer but one may
predominate depending only on the synthesis procedure used. The type and
degree of tacticity is typically reported for polymers and is an important guide to
the physical properties, including melting point, crystallinity and flexibility.

(a) Isotactic (b) Syndiotactic

(c) Atactic

Fig. 4.13 Stereoisomers
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Cis-trans isomerism is a special case of stereoisomerism in olefins, surround-
ing the carbon-carbon double bond. An example of cis-trans isomerism is given
by the isoprene mer and is shown in Fig. 4.15. In cis-isoprene the structure is
such that the CH2 groups are on the same side of the carbon to carbon double
bond and in trans-isoprene the CH2 groups are on the opposite side of the carbon
to carbon double bond. Conversion between the two configurations is not
possible by a simple rotation as the double bond is rotationally rigid. The cis
form is the basis of natural rubber, also known as cis-1,4-polyisprene, while the
trans form is the basis of gutta percha, trans-1,4-polyisoprene. There are signif-
icant physical differences between these isomeric forms as the trans configura-
tion allows crystallization and is a hard and rigid polymer in contrast to the
amorphous soft natural rubber.

(a)

(b)

(c)

Fig. 4.14 Atactic (a), isotactic (b) and syndiotactic (c) polypropylene

(a) Cis-isoprene (b) Trans-isoprene

Fig. 4.15 Cis-trans isomers for isoprene
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Isoprène Cis: base du caoutchouc naturel 
(= cis-1,4-polyisoprene): amorphe et 
relativement mou

Isoprène Trans: base du “gutta percha” (= 
trans-1,4-polyisoprene): dur et rigide; 
peut cristalliser

Stéréoisomères cis et trans
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Les copolymères (≠ homopolymères) combinent différents types de monomères 
dans les mêmes macromolécules

The proportion of PS to PB and the arrangement of the blocks leads to different
overall structures and properties. A triblock SBS is a common rubber with glassy
polystyrene endblocks connected through a long rubbery polybutadienemidblock
on each chain, leading to spheroidal PS domains dispersed in a rubbery PBmatrix.
The dispersed glassy domains lead to higher durability of the rubber. In general, as
the volume fraction of the minority phase increases in the copolymer, the phase
morphology changes with the minority phase progressing from spheroidal inclu-
sions, to cylindrical inclusions, to a bicontinuous gyroidal structure to lamellae as
the phase fractions approach 50 %. See Fig. 4.17b.

Thermoplastic elastomers (TPEs) mentioned in Chap. 3 are also block copol-
ymers. These are often multiblock chains consisting of alternating low polarity

random

alternating

multiblock

graft

diblock

triblock

(a)

(b)

Spheres
0-21%

Gyroid
33-37%

Cylinders
21-33%

Lamellae
37-50%

Increasing volume fraction of green phase

Fig. 4.17 (a) Chain structure of types of copolymers: random, alternating, graft and
block. (b) Block copolymer self-assembled domain morphology with increas-
ing volume fraction of minority (green) phase
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Source: S.V. Kallivokas, A. P. Sgouros and D.N. Theodorou Soft Matter, 2019,15, 
721-733, https://doi.org/10.1039/C8SM02071J 

Un polymère époxide, 
fortement réticulé
(thermodurcissable)
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Beaucoup de polymères sont amorphes...

Source: A.H. Windle, Chapter 32 – A metallurgist’s guide to polymers, in R.W. Cahn and P. 
Haasen, Eds.,  Physical Metallurgy, 4th revised and enhanced edition, Elsevier Science, 1996

2722 A. H. Windle Ch. 32, w 
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Fig. 45. Specific volume vs. temperature curves for different cooling rates. 

on the chain. Some of these transitions may well 'freeze out' at lower temperatures, 
contributing to a further reduction in the slope of the line. 

9.3. Observation of the glass transition using differential scanning calorimetry 
(DSC) 

Of the various types of thermal analysis used to examine transitions in polymers, 
DSC is probably the most widely available and easy to use. The internal energy of a 
polymer as a function of temperature spanning the glass transition temperature is an 
analogue of the volume/temperature relationship considered above (fig. 44). Ignoring 
work against atmospheric pressure on heating, the energy is referred to as the enthalpy, 
H, as in fig. 46a. Differential scanning calorimetry plots the heat capacity, dH/dT, 
against temperature, so that a typical DSC plot is the differential of the enthalpy plot and 
is illustrated in fig. 46b. The glass transition temperature appears as a step on the calori- 
meter trace. In reality the step is not sharp and is often complicated by overshoot effects. 
Consider reheating a glass more rapidly than it had been cooled. The reheat curve on the 
enthalpy plot will follow the cooling curve in the glassy state, but when the glass 
transition is approached the molecular rearrangements required for equilibrium increase 
in enthalpy will not initially be able to keep pace with the fast heating rate and overshoot 
occurs as sketched in fig. 47a. A result of the overshoot is that the enthalpy curve 
becomes transiently steeper than the equilibrium line before it catches up. The conse- 
quences for the heat capacity plot logged by the machine are that the onset of the glass 
transition is delayed, and that the transition appears to be marked by a peak (fig. 47b). 
It is vital that the appearence of a DSC peak at a glass transition does not tempt one to 
think in terms of a first-order transition, the transition is not a thermodynamic one. 
Despite overshoot, it is apparent from fig. 47a that the transition temperature can still be 

La structure amorphe est hors 
équilibre: ce n’est pas une phase 
(métastable) équilibrée et elle 
comporte un excédent de volume par 
molécule par comparaison au liquide. 

Cet excédent de volume (ou déficit 
de densité) dépend de son historique 
de formation et exerce une influence 
sur les propriétés mécaniques.
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Sources: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., 
Cambridge University Press, 2009 ; https://en.wikipedia.org/wiki/Polymer

≈ 10 nm 

Certaines macromolécules peuvent cristalliser, généralement sans parvenir à occuper 
100% du volume avec la structure cristalline.  On parle ainsi du taux de cristallinité ( 
«percentage crystallinity»). Exemple du polyéthylène:EXERCISES 67

Fibre axis

= Carbon = Hydrogen

0.245 nm

0.741 nm
0.452 nm

Fig. E1.13 Crystalline form of
polyethylene with orthorhombic
unit cell.

1.16 What are smart materials? Give some examples.

1.17 What are glass-ceramics? Explain their structure and properties. (Hint:
Think of Corning ware.)

1.18 Explain how the scale of microstructure can affect the properties of a
material. Use steel, an alloy of iron and carbon as an example.

1.19 For a cubic system, calculate the angle between

(a) [100] and [111],
(b) [111] and [112],
(c) [112] and [221].

1.20 Recalculate the bicycle stiffness ratio for a titanium frame. (See Examples
1.1 and 1.2) Find the stiffness and weight of the bicycle if the radius of the
tube is 25 mm. Use the following information:

Alloy: Ti ---6% Al ---4% V,

σy = 1, 150 MPa,

Density = 4.5 g/cm3,

E = 106 GPa,

G = 40 GPa.

1.21 Calculate the packing factor for NaCl, given that rNa = 0.186 nm and
Rcl = 0.107 nm.

1.22 Determine the density of BCC iron structure if the iron atom has a radius
of 0.124 nm.

1.23 Draw the following direction vectors in a cubic unit cell:

a [100] and [110], b [112], c[1̄10], d[3̄21̄].
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Le polyéthylène, dont les cristaux sont mélangés avec des zones amorphes, et 
donnent après une croissance isotrope une structure sphérulitique 

Sources: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015; M.A. Meyers and K.K. 
Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 
2009

the direction of drawing along with deformation induced crystallinity in the
amorphous regions leads to an overall increase in crystallinity with drawing.

The cold drawing of thermoplastic polymers can drastically improve mechan-
ical properties and is often performed to create favorable properties for certain
applications. A case in point is the biaxial stretching of polycarbonate for use in
aircraft canopies. The ability to be drawn (either cold or hot) is of great use
commercially. For example, PET (polyethylene terephthalate), which is often
used for soft drink bottles, is first produced by injection molding as a small test
tube size object. Before filling with liquid, the material is heated and “blown” as
large as the standard 2 l soft drink container.

Fig. 4.36 Schematic diagram of a spherulite. Inset detail after Callister (1994)
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(a)

(b)

(c)

Fig. 1.26 Spherulitic structures.
(a) A typical spherulitic structure
in a melt-formed polymer film.
(Courtesy of H. D. Keith.) (b)
Schematic of a spherulite. Each
spherulite consists of an assembly
of radially arranged narrow
crystalline lamellae. (c) Each
lamella has tightly packed polymer
chains folding back and forth.
Amorphous regions fill the spaces
between the crystalline lamellae.

example, with dust or catalyst particles, in a quiescent melt and
then grow as spheres. Their growth stops when the neighboring
spherulites impinge upon each other. Superficially, the spherulites
look like grains in a metal. There are, however, differences between
the two. Each grain in a metal is a single crystal, whereas each
spherulite in a polymer is an assembly of radially arranged, narrow
crystalline lamellae. The fine-scale structure of these lamellae, consist-
ing of tightly packed chains folding back and forth, is shown in Figure
1.26(c). Amorphous regions containing tangled masses of molecules
fill the spaces between the crystalline lamellae.

Degree of Crystallinity
The degree of crystallinity of a material can be defined as the frac-
tion of the material that is fully crystalline. This is an important
parameter for semicrystalline polymers. Depending on their degree
of crystallinity, such polymers can show a range of densities, melt-
ing points, etc. It is worth repeating that a 100% crystalline poly-
mer is very difficult to obtain in practice. The reason for the dif-
ficulty is the long chain structure of polymers: some twisted and
entangled segments of chains that get trapped between crystalline
regions never undergo the conformational reorganization necessary
to achieve a fully crystalline state. Molecular architecture also has
an important bearing on a polymer’s crystallization behavior. Linear
molecules with small or no side groups crystallize easily. Branched
chain molecules with bulky side groups do not crystallize as easily.
For example, linear, high-density polyethylene can be crystallized to
90%, while branched polyethylene can be crystallized only to about
65%. Generally, the stiffness and strength of a polymer increase with
the degree of crystallinity.

Like crystalline metals, crystalline polymers have imperfections.
It is, however, not easy to analyze these defects, because the topo-
logical connectivity of polymer chains leads to large amounts and
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Autre exemples de macromolécules pouvant cristalliser:

Sources: https://en.wikipedia.org/wiki/Polymer41
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III – Propriétés mécaniques des polymères en 
comparaison (diapos des chapitre 2&3)
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Source: M.F. Ashby, H. Shercliff et D. Cebon, Matériaux, 
PPUR, traduction de Materials: engineering, science, 
processing and design, 3rd Ed. Elsevier, 2014

22  Chapitre 2 Classification des matériaux et des procédés

est multipliée par 5. Le caoutchouc, intrinsèquement mou et extensible, est rendu dur et 
fragile par la vulcanisation. Un traitement thermique particulier du verre peut rendre celui-ci 
suffisamment résistant aux chocs pour supporter l’impact d’un projectile (verre blindé). 
Quant aux composites comme l’époxy renforcée par des fibres de carbone, ils n’ont aucune 
propriété intéressante tant qu’ils n’ont pas été mis en œuvre, car auparavant ce ne sont rien 
de plus qu’une soupe de résine et un amas de fibres.

L’assemblage modifie également les propriétés d’un matériau. Le soudage implique la 
fusion locale suivie de la resolidification des faces des pièces à assembler. Comme on peut s’y 
attendre, la zone de soudure a des propriétés différentes, en général moins bonnes que celles 
du matériau loin de la soudure. Les traitements de surface, en revanche, sont généralement 
choisis dans le but d’améliorer les propriétés : la galvanoplastie permet d’améliorer la résis-
tance à la corrosion et la carburation améliore la résistance à l’usure.

L’interaction procédé-propriété est évoquée dans un certain nombre de chapitres et sera 
traitée plus spécifiquement dans le chapitre 19.

2.5 Cartes de propriétés des matériaux

Les fiches techniques des matériaux listent leurs propriétés mais ne permettent pas de prendre 
du recul et ne présentent pas de comparaisons. Une vue d’ensemble est obtenue grâce à une 
représentation graphique sous forme de carte de propriétés des matériaux. Il existe deux 
types de cartes : les histogrammes et les diagrammes à bulles.

Un histogramme est simplement un graphique d’une propriété pour l’ensemble des maté-
riaux. Un exemple est donné en figure 2.8 : il s’agit d’un histogramme pour le module élas-
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Source: M.F. Ashby & D.R.H. 
Jones, Engineering Materials 
Vol. 2, 3rd Ed., 2006, Elsevier 
Butterworth.

3.6 Data for Young's modulus 39

soft rubbers and foamed polymers are at the bottom with moduli as low as
0.001GPa. You can, of course, make special materials with lower moduli-
jelly, for instance, has a modulus of about 10 6GPa. Practical engineering
materials lie in the range 10-3 to 10+3GPa-a range of 106. This is the rangà
you have to choose from when selecting a material for a given application.
A good perspective of the spread of moduli is given by the bar chart shown in
Figure 3.5. Ceramics and metals-even the floppiest of them, like lead-lie
near the top of this range. Polymers and elastomers are much more compliant,
the common ones (polyethylene, PVC, and polypropylene) lying several decades
lower. Composites span the range between polymers and ceramics.

To understand the origin of the modulus, why it has the values ir does,
why polymers are much less stiff than metals, and what we can do about it,
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Examples 69
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Figure 5. I 2 Bar chart of data for density, p.

adopt structures which are not close packed. Ceramics-even the ones in
which atoms are packed closely-are) on average, a little less dense than
metals because most of them contain light atoms like O, N and C.
Composites have densities which are simply an average of the materials of
which they are made.

Examples

5. | (a) Calculate the density of an f.c.c. packing of spheres of unit density.
(b) If these same spheres are packed to form a glassy structure' the

arrangement is called "dense random packing" and has a density of
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Source: M.F. Ashby & D.R.H. 
Jones, Engineering Materials 
Vol. 2, 3rd Ed., 2006, Elsevier 
Butterworth.
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Figure 4.6 Carte module de Young–densité.
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Figure 4.7 Carte module de Young–coût relatif. (Le logiciel CES contient les prix des 
matériaux, régulièrement actualisés.)
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Source: M.F. Ashby & D.R.H. 
Jones, Engineering Materials 
Vol. 2, 3rd Ed., 2006, Elsevier 
Butterworth.

8.8 The hardness test I 09
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Figure 8. I 2 Bar chart of data for yield strength, or.

material the 'indenter' (as it is called) sinks, the softer is the material and the
lower its yield strength. The true bardness is defined as the load (F) divided by
the projected area of the 'indent', A. (The Vickers hardness, H,, unfortunately
was, and still is, defined as F divided by the total surface arca of the'indent'.
Tables are available to relate H to H,.)

The yield strength can be found from the relation (derived in Chapter 11)

H:3ov (8 8)

but a correction factor is needed for materials which work-harden appreciably.
As well as being a good way of measuring the yield strengths of materials like

ceramics, as we mentioned above, the hardness test is also a vety simple and
cheap nondestructiue test for or. There is no need to go to the expense of
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6.3 Cartes pour la limite élastique  125
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Figure 6.5 Correspondances empiriques entre les différentes échelles de dureté et limite 
élastique approximative.
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210  Chapitre 9 Sollicitations cycliques, endommagement et rupture

9.4 Cartes pour la limite d’endurance

La propriété la plus importante pour caractériser la résistance à la fatigue est la limite d’endu-
rance σe, définie comme la résistance à 107 cycles sous une contrainte moyenne nulle (un 
rapport R de −1). Connaissant cette valeur et ayant de plus la possibilité de la corriger pour 
une contrainte moyenne non nulle et d’additionner les contributions de plusieurs amplitudes 
de contraintes différentes (équations (9.7) et (9.8)), la conception peut tenir compte de la 
fatigue à grand nombre de cycles.

La limite d’endurance est sans surprise reliée à la résistance, la corrélation avec la résis-
tance en traction σts étant la plus forte. Sur la carte en figure 9.8, les données pour les métaux 
et les polymères sont regroupées autour de la droite

σ σe ts≈ 0 33.

Alors que les céramiques et les verres suivent la relation

σ σe ts≈ 0 9.

Les raisons de ces comportements sont examinées dans la prochaine section.
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Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 
2006, Elsevier Butterworth.
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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.

I

I
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186  Chapitre 8 Rupture et ténacité

La contrainte de rupture dépend à la fois de K1c et de la longueur de fissure c (éq. (8.12)). 
La longueur de fissure de transition ccrit pour laquelle le comportement passe de ductile à 
fragile, donnée par l’équation (8.13), est tracée sur la carte sous forme de droites en poin-
tillés. Les valeurs varient fortement: elles sont proches des distances interatomiques pour les 
céramiques et les verres fragiles et atteignent près d’un mètre pour les métaux les plus ductiles 
comme le cuivre ou le plomb. Les matériaux situés vers le coin inférieur droit ont des limites 
élastiques élevées et des faibles ténacités: ils se rompent avant de se déformer plastiquement. 
Les matériaux situés vers le coin supérieur gauche, au contraire, se déforment plastiquement 
avant de rompre.

La carte limite élastique–ténacité à la rupture sert à sélectionner des matériaux pour 
concevoir des structures porteuses de manière sûre (chap. 10). Elle sert aussi à évaluer 
l’influence de la composition et des procédés de production sur les propriétés mécaniques.

8.5 Origines de la ténacité

Energie de surface L’énergie de surface d’un solide représente le coût énergétique de sa 
création. Il s’agit d’une énergie par unité de surface, exprimée en J/m2. Considérons un cube 
de 1 m d’arête qui est coupé en deux pour former deux nouvelles surfaces, comme sur la 
figure 8.10. Il faut pour cela fournir une énergie égale à l’énergie de cohésion associée aux 
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Figure 4.6 Carte module de Young–densité.
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Chapitre 5 – Les polymères 

IV – la température de transition vitreuse Tg et le 
comportement mécanique des polymères à T >  Tg

57



Chapitre 5 – Les polymères 

Un point clé pour comprendre le comportement mécanique des 
polymères est de se rendre compte que, contrairement aux céramiques 
et aux métaux, leur cohésion est assurée par une combinaison de 
liaisons atomiques fortes, généralement covalentes (ou ionocovalentes), 
et de liaisons atomiques faibles (liaisons secondaires de van der Waals 
ou hydrogène). Or les liaisons secondaires «fondent» à une température 
Tg qui se situe près de la température ambiante (exemples du pain 
sortant du grille-pain, de la glace, ou d’un ruban élastique sortant du 
congélateur). 

Ceci fait que (i) le comportement des polymères dépend, autour de 
l’ambiante, fortement de la température et aussi du temps, et (ii) que 
cette dépendance dépend fortement de la répartition dans l’espace de 
ces deux types de liaisons, forte et faible.  
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Chapitre 5 – Les polymères 

La température de transition vitreuse (glass transition temperature) Tg
est la température au-dessus de laquelle les liaisons secondaires (van 
der Waals, hydrogène) qui lient les chaînes de liaisons covalentes entre 
elles, «fondent», faisant que les chaînes moléculaires peuvent 
localement  glisser une par rapport à l’autre.  

Tg est visible par une discontinuité de la pente des courbes donnant 
diverses quantités physiques (densité, enthalpie, module… ) en fonction 
de la température. 

Cette quantité n’est pas une quantité physique fondamentale et n’est ni 
dictée entièrement par la structure du polymère; elle dépend par 
exemple de la vitesse de refroidissement du polymère lors de son 
élaboration. 

59



Chapitre 5 – Les polymères 

Pour les polymères thermoplastiques (faits de longues chaînes 
moléculaires liées entre elles uniquement par des liaisons secondaires). 

A T >Tg les liaisons secondaires 
étant «fondues», ces solides se 
déforment facilement et 
deviennent «plastiques».  
(≈ bol de spaghettis, cuits 
drainés, avec à T >Tg , ou sans à 
T <Tg ,  lubrifiant tel que beurre 
ou huile). Leur module chute 
donc rapidement autour de Tg.

When Mn is high and PDI is low there are more chance for entanglements
which in turn increases strength and rigidity because the strain is lower for a

given stress. When Mw or PDI is high, chains are likely longer and the
temperature resistance is increased. Molecular weight is an important indicator
of mechanical properties. For example the variation of tensile strength of a
lightly crosslinked rubber is shown in Fig. 4.41 and the variation of the elastic
modulus above the glass transition temperature is shown in Fig. 4.42. As may be
observed, above the Tg the modulus becomes very small when the molecular
weight is low but increases to a plateau when the molecular weight is very high.
This plateau extends to relatively high temperatures until sufficient energy is
input to begin to degrade cross-links and the backbone chain. This is often
indicated by a change in color of the polymer due to charring. The reason for
the different behavior as a function of molecular weight is due to increased
entanglements for higher molecular weights (Clegg and Collyer 1993).

Table 4.7 Typical ranges of Mw=Mn in synthetic polymers
(Data from Billmeyer 1984, p. 18)

Polymer Range

Hypothetical monodisperse polymer 1.0

Actual monodisperse living polymers 1.01–1.05

Addition polymer, termination by coupling 1.5

Addition polymer termination by disproportionation 2.0

High conversion vinyl polymers 2–5

Polymers made with autoacceleration 5–10

Addition polymers made by coordination polymerization 8–30

Branched polymers 20–50

Tg

Increasing
molecular

mass
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la

st
ic

 M
od

ul
us

Temp.

Fig. 4.41 The effect of molecular weight on the elastic modulus of an amorphous
thermoplastic polymer above the Tg

140 Polymer Engineering Science and Viscoelasticity: An Introduction

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 201560



Au-dessus de Tg, ces solides se déforment avec un module faible, qui dépend de la 
facilité des chaînes à glisser l’une au-dessus de l’autre, facilité qui est fonction de:

When Mn is high and PDI is low there are more chance for entanglements
which in turn increases strength and rigidity because the strain is lower for a

given stress. When Mw or PDI is high, chains are likely longer and the
temperature resistance is increased. Molecular weight is an important indicator
of mechanical properties. For example the variation of tensile strength of a
lightly crosslinked rubber is shown in Fig. 4.41 and the variation of the elastic
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- Leur longueur

Chapitre 5 – Les polymères 61
Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015



Au-dessus de Tg, ces solides se déforment avec un module faible, qui dépend de la 
facilité des chaînes à glisser l’une au-dessus de l’autre, facilité qui est fonction de:

- Leur longueur,

- Leur structure: présence ou non de groupes moléculaires complexes ou 
aromatiques, de branches secondaires et donc d’une capacité à former des
points d’ancrage ou 
enchevêtrements géométriques
(«entanglements»),

Chapitre 5 – Les polymères 62
Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015

216 DDFoRMATToN IN poLyMI4RS: vrscoot,AsTrcllfy 6.2

The term 'lB_g,kel!te,-'l for example, at one time denoted a phenol formaldehyde
resin of the original producer, but now denotes their entire line of products.

The chemical terms alone are not always accurate either,.for a particular product
may be importantly modified by the addition of other polymers or plasticizing
agents which make its behavior different and more useful than that of the pure
form. We shall use the chemical name as giving the basic substance.

As a matter of general interest and background, the chemical structure and
modes of polymerization of some common polymers will be discussed, after which
we shall turn to the next larger scale of structure, namely, the arrangements of
repeat units relative to each other.

TABLE 6.1
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Au-dessus de Tg, ces solides se déforment avec un module faible, qui dépend de la 
facilité des chaînes à glisser l’une au-dessus de l’autre, facilité qui est fonction de:

- Leur longueur,

- Leur structure: présence ou non de groupes moléculaires complexes ou 
aromatiques, de branches secondaires et donc d’une capacité à former des 
points d’ancrage ou enchevêtrements géométriques («entanglements») ,

- La présence éventuelle de liaisons plus fortes que les liaisons de Van der 
Waals entre les chaînes de molécules (liaisons hydrogène; ioniques voire 
covalentes).

Chapitre 5 – Les polymères 63
Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015



Chapitre 5 – Les polymères 

Notez que les polymères thermoplastiques pouvant être partiellement 
cristallins, leurs cristaux ont aussi leur point de fusion, Tm, au-dessus 
duquel ils deviennent amorphes. 

Les structures cristallines de polymères sont en général plus denses, plus 
rigides et plus résistantes que les structures amorphes, et voient une 
transition abrupte de leurs propriétés à leur point de fusion.

Cette transition est accompagnée d’un changement de densité et bien 
évidemment des propriétés mécaniques du polymère qui contient des 
zones cristallines.
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Exemple du 
polystyrène:

Source: H.F. Brinson & L.C. 
Brinson,  Polymer Engineering 
Science and Viscoelasticity – 
An Introduction,  2nd Ed., 
Springer, 2015

(or second order transition temperature) Tg. The Tm and Tg can only be
determined approximately from isochronous modulus-temperature data similar
to that given in Fig. 3.15. Often, manufacturers specifications will define a
softening temperature which is not clearly defined as either the Tm or the Tg

but is somewhere in between the two. The Tg is also frequently determined
approximately from DMA (dynamic mechanical analysis – see Chap. 5) but the
most accurate procedure to determine both Tm and Tg is through specific or
relative volume measurements as obtained from a dilatometer. Typically the
relative or specific volume of amorphous or crystalline polymers varies with
temperature as shown in Fig. 3.17. The Tm is identified as the temperature at
which a discontinuous change in relative volume takes place while the Tg is the
temperature at which a discontinuous change in the slope of the relative volume
takes place. These concepts are discussed in more detail in Chap. 4 for crystal-
line polymers and in Chap. 7 for concepts of polymer aging.

Fig. 3.15 E(10 sec.) for a crystalline polystyrene (A), a lightly cross-linked polystyrene
(B), and amorphous polystyrene (C)
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Chapitre 5 – Les polymères 65



Chapitre 5 – Les polymères 

Les polymères thermodurcissables, par contre, ont un réseau 
interconnecté en 3D de liaisons covalentes. 

Donc à T >Tg, si les liaisons 
secondaires sont «fondues», 
les liaisons covalentes, elles, 
assurent une certaine rigidité à 
l’ensemble, laquelle chute 
quand même un peu quand T
> Tg

66
Source: S.V. Kallivokas, A. P. Sgouros and D.N. Theodorou Soft Matter, 2019,15, 
721-733, https://doi.org/10.1039/C8SM02071J 

https://doi.org/10.1039/C8SM02071J


Donc leur module 
chute aussi passé Tg, 
mais sans atteindre 
des valeurs aussi 
faibles. Aussi, à haute 
température les 
thermodurcissables 
se décomposent (en 
molécules séparées) 
au lieu de devenir un 
liquide visqueux que 
l’on peut resolidifier.

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity 
– An Introduction,  2nd Ed., Springer, 2015
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As may be seen in Fig. 7.1 the modulus of a polymer varies considerably with
temperature and a polymer of reasonably high molecular weight will be glass-
like below the glass transition temperature, Tg. Above the Tg a polymer will
have the character of leather in the transition zone, or that of a rubber in the
rubbery region, etc. While one polymer may be glass-like at room temperature
and another may be rubbery at room temperature their basic behavior relative to
the Tg is the same. To illustrate this point glassy (25! C) and rubbery (130! C)
moduli values for the epoxy shown in Fig. 7.2with a Tg ~ 120

! C (Brinson 1965)
are included in Fig. 7.1. Also included in Fig. 7.1 are the glassy (~ "60! C) and
rubbery (~25! C) moduli values for a polyurethane with a Tg ~"30! C
(Williams and Arentz 1964). Note that the mechanical property response vs.
temperature of each are very similar providing the two materials are compared at
the same point relative to their respective glass-transition temperatures.

Fig. 7.1 Five regions of viscoelastic behavior of a polymer. Curves are generic in form,
but glassy and rubbery data given are for epoxy and urethane (Brinson 1965,
1968, 1976)2. For urethane also see Williams and Arentz (1964)

2 The exact point of the beginning of the rubbery region may be somewhat less than the 25! C
indicated in Fig. 7.1. See Williams and Arentz for details.
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Situés entre les polymères 
thermodurcissables et les polymères 
thermoplastiques, on trouve les 
élastomères, constitués de 
macromolécules essentiellement 
linéaires pontées (cross-linked) par des 
liaisons covalentes les liant toutes les 
quelques centaines de liaisons C-C le 
long des chaînes macromoléculaires 
linéaires. 
Il en résulte un comportement très 
particulier. Illustrons la chose avec le 
polyléthylène.

Source: https://www.britannica.com/science/elastomer/Chemical-interlinking-from-
elastomers-to-rubbery-solids
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En 2D sur papier ceci.........................................................................donne cela:

4.2. Polymerization

The polymerization process can be illustrated by the conversion of ethylene into
polyethylene which is one of the most widely produced polymers in the world.
The unsaturated ethylene molecule or monomer is shown in Fig. 4.2 below.
(In general, the term unsaturated refers to molecules with double or triple bonds
while those with only single bonds are termed saturated.)

Under appropriate conditions of heat and pressure in the presence of a
catalyst, the double bond between the two carbon atoms can be “opened” or
broken and replaced by a single saturated bond with other similarly opened
monomeric units on either side to form a long replicated strand of mer units as
illustrated in Fig. 4.3.

In an actual polymer each individual chain may contain from several thou-
sand to hundreds of thousand repeating mers or units.

The resulting solid polyethylene will contain a great many chains but each
chain will vary in length. This leads to the need to have special methods to
quantify the molecular weight of polymers and these will be discussed in a
subsequent section. In the case of polyethylene, the molecular bonds between
carbon atoms along the length of the chain are all primary or covalent. However,
the bonds between individual chains are secondary. For this reason, under a

Fig. 4.2 The ethylene molecule

Fig. 4.3 Repeating mer units of polyethylene
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015

Mais en réalité la structure est 
tridimensionelle:

sufficient increase in temperature, the secondary bonds become ineffective or
broken and the various long chains can move or flow past each other with
relative ease. Therefore, polyethylene is called a thermoplastic polymer as it
can be melted and molded or reformed. Polyethylene and other polymers with
similar characteristics are also called linear polymers because the backbone
chain as shown in Fig. 4.3 appears to be one-dimensional or like a long string.

It is important to note here that the use of the term linear to describe a type of
polymer refers only to the geometry of the chain and/or the bonding state
between chains and should not be confused with the term linear used to describe
the relation between stress and strain in earlier sections.

The term linear is also somewhat misleading with respect to chain geometry
as even a fully extended PE chain has more of a “zig-zag” shape as shown in
Fig. 4.4 because the equilibrium angle between alternate carbon atoms is 109!

280. And in reality, the chains are neither linear or of a zig-zag shape as,
depending on the temperature, carbon atoms can rotate relatively easily about
adjacent carbon atoms as shown in Fig. 4.5. As a result, an individual chain
within a polymer will form in a random manner during polymerization and the
final shape of a chain will appear as given in Fig. 4.6. Each long chain molecule
will exist together with many, many other chains in a tangled mass which has
often been said to resemble a tangled ball of many pieces of individual strings of
different length. A more precise description of a tangle ball of very long worms
has been used as each atom is in a state of constant motion or vibration. Indeed,
this analogy has been used to develop a reptation model to explain the manner in
which one long molecule can move through a seemingly continuous mass of
other chains (Aklonis and McKnight 1983). The method of displaying the atoms
as bar-mass linkages in Figs. 4.3 and 4.4 is traditional. It is often used to
visualize bonding arrangements and many types of computations associated
with molecular geometry and motion.

Fig. 4.4 Zigzag shape of polyethylene molecule
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The mer units of a number of frequently used thermoplastic polymers are
given in Fig. 4.7. Thermosetting or “cross-linked” polymers are also formed
under catalytic conditions of heat and pressure (often pressure is not needed).
However, in this case covalent bonds do exist between individual chains. This
“cross-linking” may vary considerably from polymer to polymer but generally
leads to a solid material which cannot be melted. Examples of several chemical
units that lead to cross-linked polymers are shown Fig. 4.8.

Fig. 4.5 Random nature due to rotation of carbon molecules

Fig. 4.6 Shape of a 1,000 link polyethylene chain (Treolar (1975), reprinted by permis-
sion of Oxford University Press)

4 Polymerization and Classification 107Et les liaisons C-C peuvent tourner:
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Ceci fait qu’entre deux points 
séparés par une distance inférieure à 
la longueur de la macromolécule, 
celle-ci peut prendre un grand 
nombre de géométries (= de 
conformations). 

Sources: H.F. Brinson & L.C. Brinson,  Polymer 
Engineering Science and Viscoelasticity – An 
Introduction,  2nd Ed., Springer, 2015; 
https://en.wikipedia.org/wiki/Polymer

R ¼ r nð Þ1=2 ð4:4bÞ

Thus, the end-to-end distance of the idealized molecule, using the rather restric-
tive assumptions, is proportional to the number of mer units. For example, the
end-to-end distance for a chain with 10,000 units would be 100 bond lengths.
This procedure is the method used by Treloar to obtain the estimated convolu-
tion of a polyethylene chain shown in Fig. 4.6 which is reproduced again in
Fig. 4.25 for emphasis.

Equation 4.4, while not exact for a real chain in a solid polymer, is of the
correct form as the end-to-end distance found using more sophisticated pro-
cedures which is also proportional to the number of links or mer units (Painter
and Coleman 1994).

Fig. 4.25 A 1,000 link polyethylene chain created by fully random walk method using
LAMMPS molecular dynamics simulator (Image courtesy of Dr. Zhiwei Cui)
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Or cela augmente l’entropie de la macromolécule: 
l’entropie d’une telle chaîne est égale à S = k ln W,
où k est la constante de Boltzmann et W est le nombre de 
configurations (conformations) que peut prendre la chaîne pour 
une séparation donnée de ses deux bouts. On peut calculer ce 
nombre, ainsi que sa dépendance en fonction de la distance entre 
les deux bouts de la chaîne. 

Pour maximiser son entropie, à température finie, la 
macromolécule prendra donc un aspect aléatoire, qui de plus  
changera dans le temps à T > 0.
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Le nombre de conformations diminue si les deux bouts de la chaîne sont 
éloignés (pour chuter à 1 si elle est totalement allongée).

On trouve après calcul que si on a un ensemble de molécules et qu’on 
dilate cet ensemble de molécules par les facteurs l1, l2,l3
respectivement selon x1, x2, x3 , l’entropie du système aura changé de 

∆S = - ½ r R
Mc

{(l12 + l22+ l32 - 3}  

avec r = la densité du matériau; R = la constante de gaz, Mc = la masse 
moléculaire moyenne des chaînes entre points de déformation affine 
(qui suivent la déformation globale du solide). 
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Le changement d’énergie interne et de volume sont, pour une chaîne se déformant 
sans contraintes externes, négligeables par comparaison; donc peut écrire: 

∆F = ∆U -T ∆S =  -T ∆S  = ½ T r R
Mc

{(l12 + l22+ l32 - 3} 
avec l1 l2 l3= 1 (volume constant)

Pour une déformation uniaxiale incrémentale d’un mètre cube de matériau où l est 
l’allongement selon la direction de déformation uniaxiale,

s =   ∂F
∂l =  T ∂∆S

∂l où      ∆S = ½ r R
Mc

{(l2 + 2 l−1 - 3}

ce qui donne :

s = r R T
Mc

l − !
l2

Source: A.H. Windle, Chapter 32 – A metallurgist’s guide to polymers, in R-W- Cahn and P. Haasen, Eds., Physical 
Metallurgy, Fourth revised and enhanced edition, Elsevier Science B.V., 1996, I.M. Ward & J. Sweeney, Mechanical 
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Cette relation montre un accord remarquable avec l’expérience

Source: F.A. McClintock & A.S. Argon, Mechanical Behavior of Materials, Addison-Wesley, 
Reading Mass., 1966

6.5

6.15)

rer of
i.tions

.6.r6)

16.17)

unrng
place-
orked
lngle,

(6.18)

ng line

6.6 REPRESENTATION OF SMAI,L-STRAINVISCOEI,ASTICITY 243

,r' I

u
Ao

I

I

:4.0(x - 1/r2)
I

0 0.5 1.0 1.5

Stretch ratio, tr

2.0

Fre. 6.17. Comparison of theoretical and experimental stress-stretch curves for uni-
axial stressing of rubber. (Treloar, 1958. Courtesy of Oxford University Press.)

In other words, lhe stress:gtrqin relatign is liriqar for si_grplq_qheargt:ubLer:, It is
also interesting to note that the productio.n of $imple shpar requires glL the same.
time a cglLpressilre stress,(Prob.6.13). Under torsion in the absence of this com-
pressive stress, a round bar will lengthen and become thinner, as noted for silicone
putty in Section 6.4 (Prob. 6.14). As shown in
lorjtralLs in whicl] the leneth changgq bv a fagtor of two. flt large-r straing. su-cb
fagtors as crvstallization and the approaqh-of chains tg their fully strgbghed con-.
fiEuration Lesin to cajuse deviatioqg|

_6j -6 R E P-BE_!E l!-IALI_o- N o F sMA t t-gr RAf N v_l sc o E tA sr I cf TY -

A.,-Ule -of lp.ring-Dgthpg! Models.. The tansled-chain structure of a polymer is
indicated schematically in FiE. 6.18, The transitions from glassy to rubbery to
viscous behavior, discussed in Section 6.3 and developed more quantitatively in
Sections 6.4 and 6.5, suggest that to obtain the simples@
behavipr, we con$idgr a sJsterEof sprines of stiffngsses correspoqdilgje lhs slassy
or to the rubberv modes of behavior. da,shnots EoverninE the transition be-
tween modes.

Before developing such a model, we should consider some of the simplest kinds
of behavior expected from a spring and dashpot model. We define the spring in
terms of a modulus of elasticity, E 

= 
sbgnd the dashpot in terms of a normal

component of viscosity, q 
=a/(de/dt). 

The two basic spring and dashpot ele-
ments consist of a spring-?nd dashpot first in series, called a Matwell element, or
second in parallel, called a VoiQt elempnt, as shown in Table 6.3. The Malwell
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Aux faibles déformations, l = 1+ e, avec e << 1 et on a    

s = 3 r R T
Mc

e.

Donc E = 3 r R T
Mc

et la déformation ayant lieu à volume constant, 
auquel cas on peut montrer que E = 3 G, 

on a G = r R T
Mc
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Mais ne rend pas compte de tout: 

Une courbe de traction d’un élastomère a typiquement cette forme: 

JWST214-c04 JWST214-Ward September 13, 2012 7:40 Printer Name: Yet to Come Trim: 244mm × 168mm
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Figure 4.1 The force developed in uniaxial extension of a typical lightly cross-linked rubber.

as a good approximation because the bulk modulus (K) is some 104 times greater than the
shear modulus (G): typical values are 1010 Pa and 106 Pa. As a consequence, at low strains,
Poisson’s ratio, given by

ν = 3K − 2G
2(3K + 2G)

is effectively 1/2 and deformation occurs essentially at constant volume.
A schematic force–extension curve for a typical rubber is shown in Figure 4.1, with the

maximum extensibility varying between 500 and 1000 per cent, depending on the extent
of cross-linking. The behaviour is Hookean, with a linear relationship between stress and
strain only at strains of the order of 1 per cent of so. At larger strains the force–extension
relation is non-linear, and we will show that its form is determined essentially by changes
in configurational entropy rather than internal energy.

High extension results in a greatly reduced entropy, so that retraction is a consequence of
the necessity for entropy to be maximised. A fully extended chain is a state of zero entropy
because there is only one possible conformation of bonds through which it can occur. In
contrast, there are a very large number of ways of obtaining a given end-to-end distance for
a contracted configuration of the chain. As all configurations have approximately the same
internal energy, in the absence of external stress an extended chain will return to a more
probable state. For this reason, rubber is sometimes referred to as a ‘probability spring’
or ‘entropy spring’, in contrast to the ‘energy spring’ characteristics of the elasticity of
materials of low molecular mass, where extension causes an increase in internal energy.
For a fuller discussion, see Treloar [1].

4.2 The Thermodynamics of Deformation

The change in internal energy during deformation dU is given by

dU = dQ + dW, (4.1)

Source: I.M. Ward & J. Sweeney, Mechanical Properties of Polymers, 3rd Ed., Wiley, 2013Chapitre 5 – Les polymères 76



La formule ne prédit pas la 
montée de la force aux plus 
grandes déformations.

Cette croissance de la force est 
due au fait qu’à grande 
déformation, les molécules voient 
aussi une altération de leurs 
longueurs et angles de liaison, 
faisant qu’on a une contributions 
tangible de l’énergie interne: 
∆U devient significatif.

Source: I.M. Ward & J. Sweeney, 
Mechanical Properties of 
Polymers, 3rd Ed., Wiley, 2013
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For the inverse Langevin approximation, we have from Equation (4.36)

S = k ln p(r ) = c − kn
(

r
nℓ

β + ln
β

sinh β

)
, (4.38)

and the tension in the chain

f = T
∂S
∂r

= kT
ℓ

L −1
( r

nℓ

)
, (4.39)

which, following an expansion similar to Equation (4.37), gives

f = kT
l

{
3

( r
nℓ

)
+ 9

5

( r
nℓ

)3
+ 297

175

( r
nℓ

)5
+ 1539

875

( r
nℓ

)7
+ · · ·

}
. (4.40)

The final part of the exercise is to reconsider the stress–strain relations using the inverse
Langevin distribution function. This was done by James and Guth using an analogous
development to that for the Gaussian distribution function.

The tensile force per unit unstrained area is

f = NkT
3

n1/2
{

L −1
(

λ

n1/2

)
− λ−3/2L −1

(
1

λ1/2n1/2

)}
. (4.41)

Figure 4.12 shows Treloar’s fit to the experimental data for natural rubber, using this
relationship and a suitable choice of the parameters N and n. The maximum extension of
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Figure 4.12 Theoretical non-Gaussian force–extension curve obtained by fitting experimental
data to the James and Guth theory, with NkT = 0.273 MPa, n = 75. (Reproduced from Treloar,
L.R.G. (1975) The Physics of Rubber Elasticity, 3rd edn, Oxford University Press, Oxford.
Copyright (1975) Oxford University Press.)Chapitre 5 – Les polymères 77



Il est important de noter certaines implications fortes de l’origine entropique de la 

contrainte de déformation des élastomères. Comme s = r R T
Mc

l − !
l2 : 

• La rigidité est proportionelle à la température T : quand T augmente, le matériau 
de vient PLUS rigide, ce qui est totalement contraire à ce que l’on observe 
d’habitude. Un élastique chauffé tendu à déformation contante va tirer plus fort, 
et à charge constante va se contracter. 

(N.B.: en pratique ceci n’est pas toujours observé, 
car l’effet est souvent masqué par 
d’autres contributions qui font que le module
décroit néanmoins quand T augmente).

The schematic behavior of an epoxy as shown schematically in Fig. 7.1 is
verified by the creep data given in Fig. 7.2 for an epoxy used in photoelastic
investigations, Brinson (1965). It is to be noted that the two polymers identified
in Fig. 7.1 do not have a Tm but they each will exhibit degradation of properties
for temperatures sufficiently above the Tg as will be demonstrated later in this
chapter. Also, the transition region is very sharp in the epoxy as shown in
Fig. 7.2 with a variation of the modulus (compliance) by a factor of 10 for
each one degree centigrade change in temperature. Other polymers may display
a more moderate variation in the transition region. Indeed the polyurethane
discussed by Williams and Arentz (1964) shows a more gradual variation of
modulus with temperature. In this context, it is important to realize that the Tg is
actually a narrow temperature range as opposed to a precise single value. Indeed
the various methods to measure Tg in polymers (see Chap. 3) typically provide
similar, but different, numbers from one another. Note also that the modulus
(compliance) of the epoxy increases (decreases) slightly with temperature in the
rubbery region as shown in Fig. 7.2. The latter is evidence of rubber-like
behavior or Joule effect and will be discussed further subsequently for both
the epoxy and the urethane.
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Fig. 7.2 Reciprocal of compliance D(t¼ 30 sec.)"1 vs. temperature for an epoxy,
Tg¼ 120# C (Data from Brinson 1965, 1968)
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Source: H.F. Brinson & L.C. Brinson,  Polymer 
Engineering Science and Viscoelasticity – An 
Introduction,  2nd Ed., Springer, 2015
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• Quand la température T augmente, le matériau de vient PLUS rigide, ce qui est 
totalement contraire à ce que l’on observe d’habitude. Un élastique chauffé tendu 
à déformation contante va tirer plus fort, et à charge constante va se contracter.

• Le travail ∆W apporté pour déformer le matériau ne change pas son énergie 
interne: ∆W est donc  relâché ou absorbé sous forme de chaleur. La déformation 
entraîne donc un changement de température du matériau (qu’on peut sentir par 
exemple en déformant rapidement un ruban élastique en contact avec ses lèvres). 

• Notez la similarité avec un gaz (et dans la formule ci-dessus avec un gaz parfait).

• Plus les chaînes sont en moyenne courtes (Mc faible), plus le matériau est rigide.
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Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action 
series -  Structural Materials, Butterworths, London, 1990, p. 318.

Avec Mc suffisamment grand, ces matériaux pourront se déformer sous faible 
contrainte, alors qu’avec de faibles valeurs de cette quantité le réseau sera fortement 
lié et rigide, plus proche d’un verre inorganique.   

Un caoutchouc naturel (“natural rubber”) aura ainsi une valeur de Mc de l’ordre de 
8000 (correspondant à environ 100-120 monomères), la valeur étant déterminée par 
la densité de points d’ancrage (“crosslinks”) créés par le soufre lors du procédé de 
vulcanisation.

Avec 20 fois plus de points d’ancrage, par ajout de davantage de soufre dans le 
mélange, on obtient l’”ébonite”, polymère thermodurcissable dur et rigide, dont Mc est 
l’ordre de 400 (correspondant à environ 5-6 monomères). Avec ce polymère 
thermodurcissable, la rigidité est bien évidemment à la fois causée par les effets 
entropiques et énergétiques, puisque leur déformation requiert aussi un allongement 
et une distortion des liaisons covalentes du réseau. 
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IV – Comportement mécanique à T≤ Tg: la 
viscoélasticité
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Pour T < Tg , les liaisons secondaires (van der Waals; hydrogène) deviennent plus 
rigides –tout en restant bien moins rigides que des liaisons covalentes, ioniques ou 
métalliques. La rigidité du polymère augmente donc, mais l’activation thermique a  
néanmoins prise sur les liaisons secondaires et donc la déformation du polymère : sauf 
aux température basses extrêmes, les molécules glissent lentement entre elles et se 
déforment progressivement - mais lentement; en anglais on parle de «reptation».

Ceci fait que les lois de déformation des polymères sont aussi à T < Tg intermédiaires 
entre les lois de comportement; 
- des solides élastiques (l’application d’une contrainte entraîne une déformation 

immédiate et, sauf pour les élastomères, un stockage interne de l’énergie 
mécanique fournie);

- et celles des fluides visqueux (l’application d’une contrainte entraîne une 
déformation graduelle et continue, ainsi qu’une dissipation d’une partie de l’énergie 
mécanique fournie pour déformer le matériau).  
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3.3. Mechanical Properties of Polymers

The mechanical properties of polymers are most often obtained using a uniaxial
tensile test at a constant rate of strain or head motion similar to those used for
metals and other materials. Schematic stress-strain diagrams characteristic of
those found for the indicated types of solid polymers is shown in Fig. 3.4. Curve
1 represents a linear elastic and brittle material like an epoxy, polystyrene, etc.
Curve 2 is similar to that of a semi-ductile material like PMMA. Curve 3 is
similar to that of a ductile material like PET or polycarbonate. Curve 4 is similar
to that of a typical elastomer such as a flexible urethane. Elastic modulus,
Poisson’s ratio, failure stress and strain are defined as given in Chap. 2 but the
0.2 % offset method to determine yield stress cannot be used as strains in
polymers are quite large compared to structural metals such as steel and alumi-
num. The yield stress of a ductile material is often assumed to be equal to the
proportional limit stress or the first peak in the stress strain diagram (termed the
intrinsic yield point) as indicated in Fig. 3.5. It is to be noted that many
approaches to determining the yield point are used, although the intrinsic yield
point is the most common. One method due to Considere is shown in Fig. 3.5
(see Ward and Hadley (1993) for reference). With this method, the extrinsic
yield point is the point of tangency of a line drawn from a point on the strain
axis of !1.0 to the stress-strain diagram. Both true stress and true strain
are normally used but in Fig. 3.5 true stress and nominal or average strain is
used. A comparison of tensile modulus, strength and strain at break (yield), and
impact strength of a number of polymers developed using elementary test pro-
cedures is given in Table 3.6.

Fig. 3.4 Typical stress-strain (load-elongation) diagrams of various polymer types
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015

Les lois de déformation des polymères 
(i) montrent une grande variété de comportements
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Sources: W.D. Callister Jr., Science et genie des matériaux, 5e edition, Dunod, 2000; 
, H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An 
Introduction,  2nd Ed., Springer, 2015.

Fig. 3.10 Temperature dependent stress-strain response of a typical brittle epoxy (Data
from Hiel et al. 1983)

e

ε1 = 6.68 x 10−1 s−1

ε2 = 6.55 x 10−2 s−1

ε3 = 6.83 x 10−3 s−1

ε4 = 6.81 x 10−4 s−1

Fig. 3.11 Rate dependent stress-strain response of a rubber toughened epoxy, room
temperature (Data from Brinson et al. 1975)
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Les lois de déformation des polymères 
(ii) dépendent de la température (le plus souvent fortement)

FIGURE 16.3 lncidence
de la temp6rature sur les
caractdristiques de
contrainte-d6formation du
polym6thacrylate de m6th\/le.

Ti16 de T.S. CnnswriL et H.K. N,qson,
( Effect of Environmental
Conditions on the Mechanical
Properiies of 0rganic Plastics D,

dans Symposium on Plastics,
Philadelphie, American SocietY
for Testing and Materials,
1 944. O ASTM, Philadelphie
(Penn.). Reproduction autoris6e.

42O Chapitre 16 - caract6ristiques, applications et traitement des polymdres

0,1 0,2 0,3
Ddformation

temp6rature ambiante. La figure 16.3 illustre le comportement contrainte-d6formation du

polym6thacrylate de m6thyle (Plexiglas) d diff6rentes temp6ratures comprises entre 4'C
et 60 "C. Cette figure rdvdle qu'une augmentation de la temp6rature entraine 1) une di-
minution du module d'6lasticit6, 2) une baisse de la r6sistance e la ffaction, et 3) une hausse

de la ductilit6, et que, si le mat6riau est entidrement fragile d4"C, une importante ddforma-
tion plastique se produit toutefois e 50 'C et h 60 "C.

La vitesse de d6formation peut 6galement exercer une influence imporlante sur le com-
poftement m6canique. En g6n6ral, toute r6duction de la vitesse de ddformation a la m6me
influence qurune augmentation de temp6rature sur les caract6ristiques de contrainte-
d6formation, c'est-)r-dire que le mat6riau devient plus mou et plus ductile.

Il importe de bien comprendre les m6canismes de d6formation des polymdres afin
d'Otre en mesure d'en modifier les caract6ristiques m6caniques. A cet 6gard, il convient
d'examiner des moddles de d6formation concernant deux types de polymdres: les poly-
mdres semi-cristallins et les 6lastomdres. La rigidit6 et la r6sistance des mat6riaux semi-
cristallins constituent souvent des facteurs importants: les m6canismes de d6formation
plastique et de d6formation 6lastique de ces mat6riaux seront examin6s d la section sui-
vante, alors que les proc6d6s servant ) en accroitre la rigiditd et la r6sistance seront d6crits
d la section 16.4. Quant aux 6lastomdres, utilis6s pour leurs propri6t6s 6lastiques exception-
nelles, leur m6canisme de d6formation sera analys6 i la section 16'8'

16.3 I O6formation des polymdres semi-
cristallins

De nombreux polym|res semi-cristallins d 1'6tat brut possddent la structure sph6rolitique
d6crite ir la section 15.11. Rappelons bridvement que chaque sph6rolite se compose d'une
multitude de rubans ou de lamelles de chaines pli6es qui rayonnent )r partir du centre et

entre lesquelles se trouvent des r6gions de matdriau amorphe (figure 15.14). Des mol6cules
de liaison pr6sentes dans ces r6gions relient les lamelles adjacentes.

M6canisme de la d6formation 6lastique
Le m6canisme de la d6formation dlastique des polymdres semi-cristallins soumis d une
contrainte de traction consiste en un allongement, dans la direction de cette contrainte,
des chaines de mol6cules en conformation stable, lequel d6coule de la flexion et de l'6ti-
rement des liaisons covalentes fortes des chaines. Il peut 6galement se produire un l6ger
d6placement des mol6cules adjacentes, auquel s'opposent des liaisons secondaires ou de

Van der Waals relativement faibles. De plus, les polymdres semi-cristallins peuvent 6tre
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ε

Fig. 3.8 Constant strain-rate behavior of a thermoplastic polymer (polycarbonate)
(Data from Brinson 1973)

Fig. 3.9 Stress-strain behavior of polypropylene (Data from Rybicky and Kanninen
1973)
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Source: H.F. Brinson & L.C. Brinson,  
Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd 
Ed., Springer, 2015

Les lois de déformation des polymères
 
(iii) dépendent du temps 

(et donc de la vitesse de déformation)
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C’est pourquoi on les caractérise, en 
traction uniaxiale, avec des essais 
complémentaires à l’essai de traction 
habituel (mené à vitesse de 
déformation fixe):

• L’essai de relaxation («relaxation 
test»): déformation imposée, on 
enregistre la contrainte en 
fonction du temps

• L’essai de fluage («creep test»): 
contrainte imposée, on enregistre 
l’élongation en fonction du temps

A further concern for creep and relaxation occurs due to the stiffness of the
polymer tested. If a very soft material is tested in creep, the cross-sectional
dimensions or area may change as the material creeps and, therefore, the test
may not be a true creep test. For this case, the load must be changed with time
such that the amount of load divided by the changing area remains a constant.
Before the advent of modern testing machines a number of ingenious methods
were developed by which the load would vary in proportion to the area such that
the input stress would remain constant. Using a closed loop servo-hydraulic
testing system similar to the one shown in Fig. 5.6, it is easy to monitor the
change in area and use the new area in the computer load control so that the
stress remains a constant.

In relaxation testing, the stiffness of the specimenmust be small compared to the
stiffness of the load cell and testing machine. Of necessity the specimen is in series
with both the load cell and testing machine and, therefore, the deformation in the
specimen, the load cell and the testing machine are additive. As the load in the
specimen decreases or relaxes, even in a fixed grip circumstance, the load also
decreases in the load cell and/or the testmachine. The deformationwill then actually
increase in the specimen to allow adecrease in the deformation (and load) in the load

Fig. 5.6 Closed-loop servo-controlled hydraulic testing system
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(a) Ideal creep test

(b) Realistic creep test

(c) Ideal relaxation test

(d) Realistic relaxation test

Fig. 5.5 Comparison of ideal and realistic creep and relaxation tests
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Les quantités que l’on retire le plus souvent de ces essais sont:

• De l’essai de relaxation le module de relaxation («relaxation modulus»):

𝐸 𝑡 = "($)
&!

avec en d’autres termes  𝜎 𝑡 = 𝐸 𝑡 𝜀'

• De l’essai de fluage la complaisance au fluage («creep compliance»):

𝐷 𝑡 = &($)
"!

avec en d’autres termes  𝜀 𝑡 = 𝐷 𝑡 𝜎'

(on parle ainsi du module de relaxation ou de la complaisance au fluage à 10s, 10mn, 
etc, ainsi que du module initial ou de la complaisance initiale (à t=0), ou du module de 
relaxation d’équilibre (à 𝑡 «infini» ou très long), ou, pour un thermoplastique, de la 
vitesse de fluage (≈constante) à 𝑡 très long (avant endommagement et rupture).

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity 
– An Introduction,  2nd Ed., Springer, 2015Chapitre 5 – Les polymères 88



Le temps étant un paramètre important, on n’a plus simplement une relation 
fonctionnelle entre les seules grandeurs s et e (comme c’est le cas en élasticité par 
exemple). 

On s’attend donc à ce que les dérivées dans le temps de ces quantités interviennent, et 
donc, à température fixe, à une relation régissant la déformation du solide du type:  

F(s, ds/dt, d2s/dt2,d3s/dt3,…e, de/dt, d2e/dt2,d3e/dt3,…) = 0.

La plus simple telle relation est la relation linéaire: 

pos + p1ds/dt+ p2d2s/dt2+ p3d3s/dt3+…+qoe+ q1de/dt+ q2d2e/dt2+ q3d3e/dt3+ … = 0

Un tel solide est dit viscoélastique linéaire. Cette supposition est couramment faite et est 
souvent raisonnable aux faibles déformations (de quelques pourcents). 

Source: I.M. Ward & J. Sweeney, Mechanical Properties of Polymers, 3rd Ed., Wiley, 2013 Chapitre 5 – Les polymères 89



and

D t ¼ t3ð Þ ¼ εa t ¼ t3ð Þ
σ0 aj

¼ εb t ¼ t3ð Þ
σ0 bj

¼ εc t ¼ t3ð Þ
σ0 cj

ð3:13Þ

Note that the conditions above can be deduced from the requirement that the
creep compliance is only a function of time (D(t)), and not a function of stress
level (D(t,σ)), for a linear material:

Fig. 3.18 Linearity as indicated by isochronous stress-strain data at constant times from
independent creep tests
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015

En viscoélasticité linéaire, si [s(t), e(t) ] 
décrivent l’historique 
contrainte/déformation dans le temps 
pour une certaine sollicitation, [as(t),
ae(t) ] sera aussi une solution de la loi 
de déformation. 
Donc pour des chargements ou 
déformations imposés analogues mais 
d’intensité proportionnelles, s et e à 
temps fixe seront proportionnelles 
l’une à l’autre – ce qui (i) permet de 
tester l’hypothèse de linéarité et (ii) 
permet de résoudre les problèmes de 
conception statique à t fixe dans le 
cadre de l’élasticité linéaire.
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En viscoélasticité linéaire, on sait aussi que la somme de diverses descriptions [s(t),
e(t)] de l’historique contrainte/déformation dans le temps pour diverses sollicitations 
sera la somme des historiques mesurés pour chacune des sollicitations de la somme. 

De là découle le principe de superposition de Boltzmann («Boltzmann superposition 
principle»), qui permet de prédire, à partir de sollicitations simples, dans le temps la 
réponse à des sollicitations plus complexes
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Si par exemple on considère le cas d’une déformation uniaxiale conduite en imposant 
la déformation et en commenceant avec 𝜀' à t = 0 on arrive (par superposition) à

𝜎 𝑡 = 𝜀!E(t) +

Pour l’essai de traction: 𝜀 = Rt avec 𝜀 =0  à t = 0  ceci donne

Notez que (par différentiation): 

: on peut avec l’essai de traction
mesurer E(t) directement 
par différentiation de la 
courbe de traction après division
par la vitesse de déformation R.

Due to the sifting property of the Dirac Delta function, δ(t), (see Appendix),
Eq. 6.11 reduces to Eq. 6.7.

Using this approach, the output for a more complicated variable stress input
as given in Fig. 6.2 (with σ(t) specified) can be found by integration. Note that
one must take care in the expression of σ(t) and its differentiation in Eq. 6.7 so
that the jump discontinuities at t¼ t1 and t¼ t2 are explicitly included as is the
jump discontinuity at t¼ 0. Examples with simple fi(t) functions are provided in
homework problems 6.4–6.6.

An analogous derivation of the stress output for a variable strain input yields
the equation,

σ tð Þ ¼
ðt

0

E t$ τð Þ dε τð Þ
dτ

dτ (6:12)

Because all events over the history of a viscoelastic material contribute to the
current state of stress and strain, the lower limit of the hereditary integral is most
often taken to be $1 and Eqs. 6.8 and 6.12 therefore become,

ε tð Þ ¼
ðt

$1

D t$ τð Þ dσ τð Þ
dτ

dτ σ tð Þ ¼
ðt

$1

E t$ τð Þ dε τð Þ
dτ

dτ (6:13)

Some might suggest that no need exists for a lower limit of negative infinity as
the instant of first loading is known for most structures. However, in the case of

Fig. 6.2 Example of a variable stress input
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Because the strain is given as, ε(t)¼Rt, the strain rate is constant, dεdt ¼ R, and

Eq. 6.12 gives,

σ tð Þ ¼ R

ðt

0

E t$ τð Þdτ (6:20)

Differentiating and rearranging will give,

E tð Þ ¼ 1

R

dσ
dt

(6:21)

From this result it is apparent that the relaxation modulus can be found from
a constant strain-rate test by dividing the slope of the stress output by the
strain-rate. Similarly, the creep compliance can be found from a constant
stress-rate test by dividing the strain output by the stress-rate,

D tð Þ ¼ 1

R

dε
dt

(6:22)

To obtain the output for a Maxwell fluid in a constant strain rate test, the

relaxation modulus, E tð Þ ¼ Ee$t=τ must be inserted as E t$ ψð Þ ¼ Ee% t$ψð Þ=τ

and Eq. 6.20 becomes after changing the dummy variable to ψ,

σ tð Þ ¼ RE

ðt

0

e$ t$ψð Þ=τdψ (6:23)

Fig. 6.5 (a) Constant strain-rate input for a Maxwell fluid
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Pour les déformations uniaxiales (une seule contrainte et une seule déformation; 
seul cas considéré par la présente discussion), nombre de tels modèles linéaires 
peuvent être représentés par des assemblages de pistons et de ressorts. Le modèle 
dit à trois éléments, ou modèle standard linéaire (standard linear model), ou encore 
modèle de Voigt-Kelvin, est composé d’un ressort en série avec un assemblage d’un 
autre ressort et d’un piston à frottement visqueux en parallèle (dit de Kelvin):

for the given model. In this section, we provide by way of example a general
method to obtain the governing differential equation for any mechanical model.

As a first example, consider the three-parameter model (sometimes known as
the Voigt-Kelvin model) shown in Fig. 5.1. This model is best approached as a
combination of a spring and a Kelvin model acting in series. The three sets of
equations then become, where the subscripts 0 or s indicate the value of
quantities in the free spring, the subscripts 1 or k indicate the value of quantities
in the Kelvin element, and unsubscripted σ and ε are the remote values of stress
and strain (the total stress and strain carried by the three-parameter solid).

Spring Kelvin model
Three-parameter
model

Equilibrium equations σ0¼σS σ1¼ σs1 + σd1¼ σk σ¼ σs¼ σk
Kinematic equations ε0¼ εs ε1¼ εs1¼ εd1¼ εk ε¼ εs¼ εk
Constitutive equations σs¼E0εs σk ¼ E1εkþμ1 _εk To be determined

The objective is to find the constitutive equation (governing differential
equation) for the three-parameter model. The kinematic equation for the three-
parameter solid is,

ε ¼ εs þ εk (5:5)

From equilibrium, the stress in the free spring, σs, and the stress in the Kelvin
element, σk, are the same as the remote stress, σ. To find the differential equation
it is convenient to write the Kelvin constitutive equation as,

σk ¼ E1εk þ μ1
dεk
dt

¼ E1εk þ μ1Dεk (5:6)

where D ¼ d
dt is a differential operator. Note that D

2, D3, . . . indicate the second,
third, . . ., derivatives with respect to time. Since differential operators obey the

Fig. 5.1 Three-parameter (or Voigt-Kelvin) solid
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Si l’indice s dénote le premier ressort, et l’indice k l’élément de Kelvin, et si on 
assimile force et contrainte, on a:    e = etotal = es + ek et       s = stotal = ss = sk avec 

ss = Eo es ,   sk = E1 ek + µ1 dek/dt.   

De là on peut exprimer la loi de déformation de l’ensemble

que l’on peut résoudre par intégration
pour le problème de déformation
(uniaxiale) auquel on est confronté.
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fundamental rules of algebra, they may be manipulated as algebraic terms in
polynomial expressions by factorization, multiplication, etc. Eq. 5.6 can now be
solved for the Kelvin strain,

εk ¼
σk

E1 þ μ1D
(5:7)

Recognizing that σk¼ σs¼ σ, and substituting Eq. 5.7 and the constitutive law
for the spring into Eq. 5.5, after simplification one obtains,

σþ p1 _σ ¼ q0εþ q1 _ε (5:8)

where,

p0 ¼ 1 p1 ¼
μ1

E0 þ E1
q0 ¼

E0E1

E0 þ E1
q1 ¼

μ1E0

E0 þ E1

Differential equations for viscoelastic polymers are often given in the standard
form as shown in Eq. 5.8. The first stress term is not differentiated and the
coefficient is taken as one.

The differential equation governing the relationship between stress and strain
for a given mechanical model is quite valuable, but needs to be solved in order to
determine the model response to specific loading conditions. Fundamental
viscoelastic properties such as the creep compliance or relaxation modulus can
be found by solution of the differential equation to the appropriate loading. For
example, the creep compliance can be determined using the conditions for a
creep test of constant stress, as shown in Fig. 5.2.

The determination of the initial conditions is best accomplished by inspection
of the physical model. Since the input stress is constant for the creep test, the

Fig. 5.2 Creep test
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L’influence de la température est, comme on le sait, importante. Celle-ci est souvent 
traitée d’une façon semi-empirique via l’utilisation de courbes TTSP («Time  Temperature
Superposition Principle»).

Supposons qu’il n’y ait pas de changement avec la température du mécanisme de 
déformation (chose plus souvent obéie par les polymères que par les métaux ou les 
céramiques) et que la vitesse de déformation, ou la vitesse d’évolution du module, du 
polymère à contrainte donnée soit une simple et unique fonction de la température: V(T) 
quelle que soit la contrainte ou la déformation. 
Dans ce cas, si à To la déformation ou la réduction de module met to secondes pour avoir 
lieu, à T la même évolution mettra t secondes pour avoir lieu avec  t V(T) = to V(To) ou:

log (t) = log (to) + log [V(To)/V(T)] = log (to) + log (aT)
où aT est une fonction de T, par laquelle on décale la courbe donnant la déformation, le 
module ou autre quantité en fonction du (logarithme du) temps à température T
connaissant son évolution à To.

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015Chapitre 5 – Les polymères 95



Par exemple, si on a affaire un phénomène thermiquement activé ayant une énergie 
d’activation constante Q, la vitesse du phénomène variera avec la température comme 
l’exponentielle de (-Q/RT), avec Q est l’énergie d’activation, R la constante de gaz et T la 
température (en K), et on aura

t exp (-Q/RT) = to exp (-Q/RTo) 

et donc

log (t) = log (to) + (Q/R) (1/T – 1/To) 

= log (to) + log (aT)
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En pratique, l’approche est assez bien obéie. Son utilité vient du fait que la mesure des 
vitesses de déformation se font, pour des raisons pratiques, dans une plage de temps qui 
généralement couvre tout au plus 3 ordres de grandeur. 

Si l’approche est obéie, la même courbe, translatée horizontalement dans le log(temps) 
d’une quantité qui varie selon la température, décrit toutes les données recueillies: 

cela permet alors d’extrapoler, à chaque température, la courbe (par translation d’une 
quantité qui dépend de la température) pour décrire le comportement mécanique du 
polymère sur une plage très large de vitesses de déformation à température donnée, 
permettant d’extrapoler vers des temps bien plus longs que ne le permet d’habitude la 
mesure en laboratoire.
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Another example of the application of the TSSP is given in Fig. 7.4 for a
modified (rubber toughened) epoxy adhesive (Renieri 1976; Cartner and Brinson
1978; Brinson 1999). Here short time relaxation tests of about 10 minutes
duration were used for temperatures from 70! C to 120! C to produce a
relaxation modulus master curve for 90! C spanning 12 decades of log time
from 10"6 minutes to 2 years. The resulting curve, if TTSP is valid, can be
shifted to the right by one decade to become the master curve for 87! and the
resulting master curve would provide data over 20 years. An additional decade
of shifting to be roughly equivalent to a master curve for 78! would provide data
over approximately 200 years. Clearly with this method a prediction of behavior
over a design lifetime of 40 or 50 years is possible though no experimental data
has ever been collected for such an extended period providing proof that the
approach is valid.
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Fig. 7.4 Master curve for a modified epoxy (Data from Cartner 1978)
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Plotting the reciprocal of creep compliance for a time of 0.5 minutes from
each of the curves in Fig. 7.3 with temperature results in the data previously
discussed and given in Fig. 7.2. This curve verifies the various stages for a
polymer as described by Fig. 3.15 in Chap. 3 and Fig. 7.1 in this chapter. Here,
however, as mentioned earlier no rubbery flow or liquid flow region is observed
as the polymer is of the thermosetting type. Further, the “so called” rubbery
region in Fig. 7.2 is not a horizontal rubbery plateau as in Fig. 7.1 and as often
seen in the literature. This is due to the nature of rubber elasticity whose
explanation evolved from the kinetic theory of polymers discussed in the next
section (Treloar 1975).

Fig. 7.3 Creep compliance master curve for an epoxy at 120! C (Data from
Brinson 1965)
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De là on peut chercher quelle est la loi régissant la quantité («shift factor»)
par laquelle il faut translater la courbe maîtresse («master curve») selon la température:

log (aT) = log 
$(#)
$(#!)

Empiriquement on trouve que la relation suivante est  obéie par un grand nombre de 
polymères, vers et au-dessus de la température de transition vitreuse Tg (pas en-
dessous):

log10 (aT) = ()% *(*!
)& + *(*!

avec, si To=Tg, C1 = 17.44 et C2 = 51.6

(«WLF equation»). 

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
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V – Déformation et Rupture des polymères
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Aux déformations allant au-delà du domaine de la viscoélasticité, le polymère casse s’il 
est fragile, ou subit une déformation plastique avant de rompre s’il est ductile. Le 
comportement est fonction de la structure (par exemple les thermodurcissables 
fortement réticulés seront bien plus fragiles que les thermoplastiques, au sein desquels 
les chaines moléculaires peuvent coulisser une par rapport à l’autre), ou en fonction de la 
température (mobilité des macromolécules plus grande et donc capacité de déformation 
plus élevée à haute température)

JWST214-c02 JWST214-Ward September 13, 2012 7:13 Printer Name: Yet to Come Trim: 244mm × 168mm

20 Mechanical Properties of Solid Polymers

of 1–10 GPa and will break or flow at strains greater than 5%. At high temperatures or
low frequencies, the same polymer may be rubber-like with a modulus of 1–10 MPa,
withstanding large extensions (∼100%) without permanent deformation. At still higher
temperatures, permanent deformation occurs under load, and the polymer behaves like a
highly viscous liquid.

In an intermediate temperature or frequency range, commonly called the glass transition
range, the polymer is neither glassy nor rubber-like. It shows an intermediate modulus,
is viscoelastic and may dissipate a considerable amount of energy on being strained. The
glass transition manifests itself in several ways, for example by a change in the volume
coefficient of expansion, which can be used to define a glass transition temperature Tg.
The glass transition is central to a great deal of the mechanical behaviour of polymers
for two reasons. First there are the attempts to link the time–temperature equivalence of
viscoelastic behaviour with the glass transition temperature Tg. Secondly, glass transitions
can be studied at a molecular level by such techniques as nuclear magnetic resonance and
dielectric relaxation. In this way, it is possible to gain an understanding of the molecular
origins of the viscoelasticity.

The different features of polymer behaviour such as creep and recovery, brittle fracture,
necking and cold drawing are usually considered separately, by comparative studies of
different polymers. It is customary, for example, to compare the brittle fracture of poly-
methyl methacrylate, polystyrene and other polymers, which show similar behaviour at
room temperature. Similarly comparative studies have been made of the creep and recovery
of polyethylene, polypropylene and other polyolefins. Such comparisons often obscure the
very important point that the whole range of phenomena can be displayed by a single poly-
mer as the temperature is changed. Figure 2.1 shows load–elongation curves for a polymer
at four different temperatures. At temperatures well below the glass transition (curve A),
where brittle fracture occurs, the load rises to the breaking point linearly with increasing
elongation, and rupture occurs at low strains (−10%). At high temperatures (curve D), the
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Elongation (%)
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ad

A

Figure 2.1 Load–elongation curves for a polymer at different temperatures. Curve A, brittle
fracture; curve B, ductile failure; curve C, cold drawing; curve D, rubber-like behaviour.

3.3. Mechanical Properties of Polymers

The mechanical properties of polymers are most often obtained using a uniaxial
tensile test at a constant rate of strain or head motion similar to those used for
metals and other materials. Schematic stress-strain diagrams characteristic of
those found for the indicated types of solid polymers is shown in Fig. 3.4. Curve
1 represents a linear elastic and brittle material like an epoxy, polystyrene, etc.
Curve 2 is similar to that of a semi-ductile material like PMMA. Curve 3 is
similar to that of a ductile material like PET or polycarbonate. Curve 4 is similar
to that of a typical elastomer such as a flexible urethane. Elastic modulus,
Poisson’s ratio, failure stress and strain are defined as given in Chap. 2 but the
0.2 % offset method to determine yield stress cannot be used as strains in
polymers are quite large compared to structural metals such as steel and alumi-
num. The yield stress of a ductile material is often assumed to be equal to the
proportional limit stress or the first peak in the stress strain diagram (termed the
intrinsic yield point) as indicated in Fig. 3.5. It is to be noted that many
approaches to determining the yield point are used, although the intrinsic yield
point is the most common. One method due to Considere is shown in Fig. 3.5
(see Ward and Hadley (1993) for reference). With this method, the extrinsic
yield point is the point of tangency of a line drawn from a point on the strain
axis of !1.0 to the stress-strain diagram. Both true stress and true strain
are normally used but in Fig. 3.5 true stress and nominal or average strain is
used. A comparison of tensile modulus, strength and strain at break (yield), and
impact strength of a number of polymers developed using elementary test pro-
cedures is given in Table 3.6.

Fig. 3.4 Typical stress-strain (load-elongation) diagrams of various polymer types
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Le seuil de plasticité (yield stress/strain) prend souvent la forme d’une inflexion notable 
voire d’un maximum sur la courbe; on peut le définir de plusieurs façons

If tests are performed at different constant strain rates or temperatures, stress-
strain response similar to that shown in Fig. 3.6 is obtained for many polymers.
Notice that modulus and intrinsic yield point vary with both rate and tempera-
ture. Also, the stress-strain response appears to be nonlinear even at low stress
levels. However, caution on the interpretation of the information obtained from
such elementary tests is suggested, as it will be shown in a later section that
linearity as well as other essential mechanical properties should be deduced from
isochronous stress-strain diagrams.

Fig. 3.5 Considere’s definition of yielding for polymers (After Kinloch and Young 1983,
p. 108)

Fig. 3.6 Typical temperature and rate dependent stress-strain response. Intrinsic yield
points indicated by circles
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The plasric resistance to shear (in terms of the shear modulus) for a polycarbonate as a function of
temperature for shear (solid line), compression, and tension testing. That the shear resistance
depends on stress state indicates that yielding is a function of pressure as well as resolved shear
stress. The high value of z relative to G is an indication of the intrinsically high strengths of many
polymeric materials. (From A. S. Argon. Phil. Mag.,?f,,839' 1973.)

to
S+app>ry (8.1s)

where p is the mean pressure acting to increase or decrease volume' This
pressuE-is equal to (or-lor+%)13, where o7, 62, and 03 are the principal
stress components. Agreement between the yield condition Eq. (8.15) and
experiment has been obtained for a number of glassy polymers subjected to
biaxial stress states (Fig. 8.21). The materials whose behavior is illustrated did
not deform by an alternative heterogeneous mode of permanent deformation
called crazing. Crazing may occur in preference to shear yielding at certain
temperatures, and whether a material crazes or yields also depends on the
state of applied stress.
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iii. CRAZING. Craziqq is an alternative mechanism for permanent deforma-

Sources: T.H. Courtney, Mechanical Behavior of Materials, Mc Graw-Hill, 1990, N.E. Dowling, Mechanical 
Behavior of Materials, 2nd Ed. Prentice-Hall, 1999., H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 2015

Le seuil de plasticité (= la limite d’élasticité) des polymères diffère généralement entre 
traction et compression, étant plus élevée pour cette dernière (intuitivement cela fait 
sens: les chaînes moléculaires pressées l’une contre l’autre auront plus de mal à glisser 
l’une par rapport à l’autre):

ε

Fig. 3.8 Constant strain-rate behavior of a thermoplastic polymer (polycarbonate)
(Data from Brinson 1973)

Fig. 3.9 Stress-strain behavior of polypropylene (Data from Rybicky and Kanninen
1973)
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Des valeurs typiques pour les propriétés en traction sont ci-dessous; notez que les 
déformations sont toujours de quelques % au moins car le module est faible. 

3.3.1. Examples of Stress-Strain Behavior of Various Polymers

From an engineering design standpoint, a fundamental question to ask about the
stress-strain diagrams found in the literature and from industry specification is:
how was the strain measured? Was it measured by,

• Machine head motion divided by the length of the specimen
• An extensometer
• An electrical strain gage
• Non-contacting optical techniques

Table 3.6 Comparison of mechanical properties of selected polymers (Except as noted,
data are average values taken form Billmeyer (1984, pp. 470–480))

Polymera

Tensile
modulus

Tensile
strength Elongation Impact strength

GPa (ksi) MPa (ksi) %
J/m (ft-lb/in)
(notched)

Cellulose acetate 1.59 (230) 37.6 (5.45) 38 150 (2.8)

Nylon 66 2.07 (300) 72.4 (10.5) 180 80 (1.5)

Polycarbonate 2.41 (350) 60.7 (8.8) 115 790 (14.8)

Polyethylene (LD) 0.39 (57) 20.1 (3.0) 570 260 (5.0)

Poly(ethylene
terephthalate)

3.55 (500) 65.5 (9.5) 175 24 (0.45)

Poly
(methylmethacrylate)

3.10 (450) 62.1 (9.0) 6.0 320 (0.4)

Polypropylene 1.38 (200) 33.8 (4.9) 450 70 (1.3)

Polysulfone 2.48 (360) 70.3 (10.2) 75 64 (1.2b)

Polyimide 3.10 (450) 72.4 (10.5) 6.0 59 (1.1)

Poly(vinylchloride)
(rigid)

3.31 (480) 48.2 (7.0) 21 545 (10.2)

Polyurethane (rigid) 3.55 (500c) 72.4 (10.5) 4.5 320 (0.4)

Epoxy (cast) 2.41 (350) 58.6 (8.5) 4.5 32 (0.6)

aNote: Property values such as those listed in this table vary widely and should not be used for
design purposes without validating by testing the exact polymer to be used. ASTM testing pro-
cedures offer reliable experimental protocols for such experiments. Mechanical properties of
polymers can also be found in reference handbooks such as The Polymer Handbook (2006) and
other textbooks such as Rodriguez, 1996 (pp. 696–710) as well as various online databases such as
plasticsusa.com or PolyInfo run by NIMS in Japan (polymer.nims.go.jp/en/). The ongoing advent
of large database efforts for materials science in the US should increase the ready availability of
polymer property data. Variability of polymer properties can be seen for example in Fig. 3.7, where
the true stress and strain at rupture for polycarbonate differ from the values tabulated here
bFrom Rodriguez (1996, p. 701)
cFrom plasticssusa.com
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Un point important: contrairement aux 
métaux et céramiques, un polymère 
donné n’est pas le même selon le 
fabriquant: en concevant une pièce il 
faut donc toujours se référer aux 
données mécaniques fournies par le 
fabriquant du polymère utilisé. 
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Source: G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  Structural 
Materials, Butterworths, London, 1990, p. 318.

pl4lllgs 4ng_9._rg!lo!qe:l-s _- wnrcn snare a very
different property profile. They are baSqdpf_r Ia4g:qhallr_pofyq1ql.
pqalqgUlqq gnd it is these long chains that are responsible for their
characteristic mechanical and thermal properties, which distinguish them
from other materials. However, similar concepts to those used for
metallic and inorganic materials can be applied to obtain general
relationships between the structure and properties of polymers. The
properties of some representatives of different classes of polymer are
shown in Table 5. L
We shall be exploring their peculiarities by looking at some common
polymers and examples of design and failure. Their failures, from a
plastic carrier rupturing at the handle, to plastic knobs coming away in
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The tensile response of elastomers bears some resemblance to Type v behavior,

though differences are to be noted. Elastomers do not exhibit i toaa drop at
intermediate strains (the slope of the stress-strain curve is always positive for these
materials). In addition, most strains in elastomers are fully reversible, though
nonlinear. Hence, no permanent deformation would remain after the load wis
removed (Fig' 1.17b). Overall, elastomer or rubber elasticity is distinguished by
two basic characteristics: very large nonlinear elastic strains (often in excess of
100Vo) and elastic moduli that increase with increasing temperature. The latter
response is opposite that found in other materials (including rigid polymers). Rub-
ber elasticity is related primarily to the straightening of amorphoui poty*ei chains
from their curled positions into partially extended conformafions. As a result, the
extent of elastic deformation is great, while the elastic moduli are very low because
of the small contribution of actual polymer chain stretching. That is, a curled chain
of length / is extended so that its end-to-end length approaches / with little additional
chain lengthening attributed to the more difficult covalent bond extension mode.
The straightening of the chains is responsible for the rapidly increasing apparent
hardening of the material at large strains (Fig. 1.17). when the appfieJ loads are

For a reversible process, the second li

dl

where Z: temperature
dS:change in entropy
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the expression for dW gives
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FIGURE 1.18 cold drawing in polypropylene, which produces greater optical transpar-
ency in gage section as a result of enhanced molecular alignment. *See end of chapter for selected references.
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Sources: T.H. Courtney, Mechanical Behavior of Materials, Mc Graw-Hill, 1990, R.W. Hertzberg, Deformation 
and Fracture Mechanics of Engineering Materials, 3rd Ed., J. Wiley & Sons, 1989

Passé le seuil de plasticité, un polymère ductile va continuer, dans un essai de traction, à 
s’allonger. La contrainte d’écoulement n’augmentant pas fortement, voire diminuant, la 
déformation va avoir tendance à devenir inhomogène (pensez au critère de Considère). 
De ce fait, les polymères ductiles peuvent voir l’apparition d’une zone de déformation 
forte (neck region), qui traverse ensuite la section réduite de l’éprouvette.
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(b)

(a) Schematic of shear bands in an amorphous polymer. The bands are regions of localized,
heterogeneous deformation. In a tension test they form on planes that are very close to those on
which ihe maximum shear stress operates. (b) Shear bands in plastically extended poly(ethylene
terephtalate). (From A. S. Argon, Polymeric Materials. American Society for Metals, Metals Park,
Ohio, 1975, p. all.)

heterogeneous shear flow in glassy polymers is morphological in nature. On a
molecular level, the deformation processes in both kinds of flow are undoub-
tedlv of the same. or similar, tYPe.

(a)

FIGURE 8.1E

ll I nnl

Sources: I.M. Ward & J. Sweeney, Mechanical 
Properties of Polymers, 3rd Ed., Wiley, 2013, T.H. 
Courtney, Mechanical Behavior of Materials, Mc 
Graw-Hill, 1990

Alternativement, la déformation peut se concentrer dans des bandes de cisaillement 
(shear bands) micrométriques ou millimétriques, orientées à environ 45° de l’axe de 
traction, qui grandissent en nombre puis finissent par définir une bande traversante  
(orientée à tan-1(√2)= 54.7° de l’axe de traction de l’éprouvette), laquelle se propage à 
travers la section réduite de l’éprouvette de traction. 
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12.6.7 Crystalline Polymers

The plastic deformation of crystalline polymers, in particular polyethylene has been studied
intensively from the viewpoint of changes in morphology. Notable contributions to this area
have been made by Keller and co-workers and Peterlin, Geil and others [104–106]. It is now
evident that very drastic reorganisation occurs at the morphological level, with the structure
changing from a spherulitic to a fibrillar type as the degree of plastic deformation increases.
The molecular reorientation processes are very far from being affine or pseudo-affine and
can also involve mechanical twinning in the crystallites. It is surprising that some of the
continuum ideas for mechanical anisotropy are nevertheless still relevant, although they
must be appropriately modified.

In a few highly crystalline polymers, notably high-density polyethylene, extremely large
draw ratios, ∼30 or more, have been achieved by optimising the chemical composition
of the polymers and the drawing conditions [107, 108]. These high draw ratios lead to
oriented polymers with very high Young’s moduli as discussed in Section 9.6. In spite
of the much more complex deformation processes in a crystalline polymer, it has been
concluded [109] that the molecular topology and the deformation of a molecular network
are still the overriding considerations in determining the strain-hardening behaviour and
the ultimate draw ratio achievable. For high-molecular-weight, high-density polyethylene,
the key network junction points are physical entanglements, as in amorphous polymers.
For low-molecular-weight, high-density polyethylene, both physical entanglements and
crystallites where more than one molecular chain is incorporated, can provide the network
junction points. Junction points associated with the crystallites will be of a temporary
nature. Very high draw ratios involve the breakdown of the crystalline structure and the
unfolding of molecules, so that the simple ideas of a molecular network suggested for
amorphous polymers have to be extended and modified.

12.7 Shear Bands

As we have seen above in Section 12.1, sometimes the tensile stretching of a polymer results
in strain localisation. So far it has been assumed that the localisation takes the form of a
neck, but an alternative geometric form is possible – the shear band. In uniaxial straining,
localisation of strain occurs in a narrow band at an oblique angle to the straining direction,
as illustrated in Figure 12.38. Shear bands have been observed in many ductile materials.
Nadai [2], for instance, gives an account of their occurrence in mild steel. Bowden [110]
has described the phenomenon for polymers.

Given that a shear band has formed in isotropic material under uniaxial conditions, a
simple analysis is available to predict the angle at which it occurs with respect to the

θ

Shear band

Figure 12.38 Schematic diagram of shear band in tensile specimen.
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Sources: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An Introduction,  2nd Ed., 
Springer, 2015; M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 
2009 

Une troisième possibilité est la formation de 
craquelures («crazes»)

510 FRACTURE : MICROSCOPIC ASPECTS

1 cm

Fig. 8.43 A series of crazes
produced in a tensile specimen of
polycarbonate. (Used with
permission from R. P. Kambour,
Polymer, 4 (1963) 143.)

material that arises using the theory of linear elastic fracture mechanics. The
distortion of the circular shape is due to the angle at which the specimen was
photographed. Linear elastic fracture mechanics forms the basis for the analysis
of cracks in ductile materials via the Dugdale model. (See Brinson 1969).

Several mechanisms have been suggested to explain the formation of crazes
in polymers. One approach suggests that crazes initiate either on the surface of a
polymer at imperfections such as small flaws or scratches, or at internal defects
such as air bubbles dust particles, etc. The mechanism for the crazes shown in
Fig. 11.5 is likely the inclusion of rubber particles as discussed in Chap. 3 (see
Fig. 3.2). The crazes shown in Fig. 11.6 may be both due to small surface or
internal cracks occurring in the intense stress region at the crack or plastic zone
tip. While a craze may start at an imperfection such as a dust particle or small
void, a mechanism for craze growth is needed to account for the multiplicity of
crazes at the plastic zone tip in polycarbonate seen in Fig. 11.6 which, of
necessity, must be different than that due to the inclusion of rubber toughened
particles as in shown in Fig. 11.5. One explanation is that the triaxial stress field
in the region ahead of the tip of a micro-crack must be sufficient to cause a new
crack to nucleate immediately ahead of the old crack while leaving a small
ligament in between. The nucleation process is repeated until a number of the
micro-cracks coalesce to form a larger visible crack. Numerous such visible
cracks are formed and eventually one will dominate and lead to eventual failure.
This mechanism of craze growth and others are described in detail by Kinloch
and Young (1983) and Courtney (1990).

Fig. 11.5 Crazes (whitened regions) in a modified epoxy Metalbond 1113-2 (Renieri
et al. 1976). (a) Failed tensile specimen. (b) Enlargement of a central
crazed area
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Sources: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge 
University Press, 2009, G. Weidmann, P. Lewis & N. Reid Eds., Materials in Action series -  
Structural Materials, Butterworths, London, 1990. 

Les craquelures («crazes») ne sont pas vraiment des fissures mais plutôt des zones 
comprenant 
(i) des vacuoles, pores allongés (proches d’une microfissure) d’épaisseur micrométrique 

et représentant environ la moitié par volume de la craquelure;
(ii) des microfibrilles («microfibrils»), bandes de macromolécules orientées et allongées 

traversant les bandes et leur conférant donc une résistance à la traction.  
Elles sont orientées perpendiculairement à la contrainte de traction maximale au sein du 
polymère. 
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Locally oriented chains

Randomly oriented chains

s Fig. 8.44 Schematic of craze
formation at a crack tip.

Fig. 8.45 An incipient craze in
polymer; note extended polymer
chains in craze; Atomic force
microscope (AFM) picture.
(Courtesy of J. E. Kramer.)

mechanical properties of macromolecules, such as proteins. The tip
of the AFM can be used as an indenter. The force is given through
the stiffness of the cantilever beam. Figure 8.45 shows an AFM of a
polymer containing a craze. The individual polymer molecules are
imaged. They are random; thus, the polymer is glassy. An incipient
craze runs diagonally through the micrograph. The polymer chains
inside the craze are aligned.

The competition between shear yielding and crazing and the
importance of the microstructure are shown in Figure 8.46.
Polystyrene and polyphenylene oxide (PPO) are completely mis-
cible at all concentrations. Atactic polystyrene (APS) shows the phe-
nomenon of crazing preceding brittle fracture. By mixing the APS
and PPO, we can suppress this embrittling tendency. In fact, near
50--50 concentration, crazing in APS is completely suppressed. Instead,
extensive shear yielding occurs. The figure shows this phenomenon
of transition between shear yielding and crazing in 300-nm films
made of blends of APS and PPO and deformed 10% at room tem-
perature. The lower left-hand corners show the weight percentages
of APS in the mixture. The letters C, D, and S indicate crazing,

ll
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i-l,,-
Figure 5,32 A transmission-electron rnicrograph of a thin section through a craze in
polystylene showing bridging fibres

Crazing occurs at a relatively early stage in loading. It starts in
polystyrene at less than 20 MN m 2, compared to its breaking strength
of 50 MN m t. A craze grows in size with further loading until a crack..
suddenly initiates and propagates within it and failure occurs. ,

Owing to the energy required to form crazes, a material can be..
toughened if the number nucleated can be increased and their growth_
inhibited. That is why acrylonitrile-butadiene styrene js so much tougher
than polystyrene.itself (Table 5.1), crazes forming at an early stage when
it is strained. The crazes nucleate at the rubber-styrene acrylonitrile
boundary.in the two-phase structure due to the stiess concentrating "

effect of the spherical elastomer particles (Figure 5.9). whose high
extensibility inhibits craze growth. The smaller the particles, the more
uniform their size, and the more evenly they are distributed in the rigid
matrix, the tougher the ABS. A very high density of crazes is detected
early in the stress-strain curve of polycarbonate, but the origin of the
nucleation sites is still unknown. Because of the viscoelastic nature of
polymers, cr,aze formation depends on time. At very high testing rates
they may be unable to form fast enough to relieve stresses at notch tips,
so a tough material may crack in a brittle fashion. This is one reason
for the brittle-ductile transition in impact behaviour.

EXERCISE 5,16 Describe what is seen when a thin strip of
acrylonitrile-butadiene styrene is bent.
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Dans un même polymère, les deux mécanismes, de déformation par cisaillement localisé 
ou par formation de craquelures, peuvent apparaître simultanément (leur formation est 
parallèle). Celui qui domine est le premier à apparaître.  

Sources: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge 
University Press, 2009
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Fig. 8.46 A transition between
shear yielding and crazing in film
blends of polypropylene oxide
(PPO) and atactic polystyrene
(APS) deformed 10% at room
temperature (Used with
permission from E. Baer, A.
Hiltner, and H. D. Keith, Science,
235 (1987) 1015.). The APS weight
percentages are shown in the
lower left-hand corners. C, D, and
S indicate crazing, diffuse shear,
and sharp shear banding,
respectively. The arrows indicate
the direction of deformation.

diffuse shear banding, and sharp shear banding, respectively. The
upper left-hand corners indicate the direction of deformation. Note
that, as the amount of PPO increases, more and more crazes are
blunted by shear bands. At 70% APS (or 30% PPO), only diffuse shear
bands appear.

8.4.3 Fracture in Semicrystalline and Crystalline Polymers
The crystalline regions in a semicrystalline polymer have a folded
chain structure; that is, the molecular chains fold back upon them-
selves to form thin platelets called lamellae. (See Chapter 1.) Amor-
phous material, containing chain ends, tie molecules, and other
material that is difficult to crystallize, separates the different lamel-
lae. The properties of such semicrystalline polymers can be highly
anisotropic -- very strong and stiff in the main chain direction and
weak in the transverse direction. Parameters such as the degree
of crystallinity, molecular weight, orientation of the crystals, etc.,
affect the mechanical behavior in general and the fracture behav-
ior in particular. Because the polymers show a significant amount
of viscoelastic behavior at their service temperature, the strain rate
has a profound effect on their fracture behavior. Figure 8.47 shows
schematically the effect of strain rate on the fracture path through a
spherulitic polypropylene. At low strain rates the fracture follows an
interspherulitic path, while at high strain rates the fracture becomes
transspherulitic.

As described in Chapter 1, polymers are generally amorphous or
semicrystalline; it is almost impossible to get a 100% crystalline poly-
mer. Invariably, there is some amorphous material in between crys-
talline regions, because defects such as chain ends, loops, chain folds,
and entanglement are almost impossible to eliminate completely. Sin-
gle crystals of monomeric polymers are prepared from dilute solutions
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gle crystals of monomeric polymers are prepared from dilute solutions
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Sources: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An 
Introduction,  2nd Ed., Springer, 2015;  I.M. Ward & J. Sweeney, Mechanical Properties of 
Polymers, 3rd Ed., Wiley, 2013

Les mêmes craquelures traversées par de fibriles se forment en tête de fissure, et servent 
à augmenter la ténacité des polymères car l’étirement des microfibrilles augmente
nettement l’énergie requise pour séparer les deux flancs de la fissure.

11.2. Rate Dependent Yielding

First it is important to place in perspective the concept of yield behavior. For
most metals yielding is defined as the point on the tensile stress strain diagram
found in a constant strain-rate test after which a permanent deformation will
exist on unloading. As it is experimentally difficult to determine this point, often
a 0.2 % offset method is used as described in Chap. 2. However, in the case of
mild steel it is customary to define yielding as having occurred when the load in a
constant strain rate test decreases while the strain continues to increase as shown
in Fig. 2.8. In this manner, both upper and lower yield points are identified.
Typically the lower yield point associated with the plateau region is defined as
the correct one to use in analysis. In Chap. 3, Fig. 3.7 shows that polycarbonate
has a stress strain behavior similar to that of mild steel and again it is appropriate
to define yielding at the lower yield point. However, for polycarbonate, if true
stress and strain are used no stress decrease occurs and yielding may be consid-
ered as the beginning of the plateau region. Such a description agrees with the
use of Considere’s definition of yielding given in Fig. 3.5. It should be noted that
many different yield criteria have been used for polymers and no single defin-
itive definition is available which is suitable for all polymers.

For mild steel the tensile stress strain behavior in a constant strain-rate test is
often approximated by two straight lines as shown earlier in Fig. 2.9b and here in

Fig. 11.6 Craze region at tip of plastic yield zone ahead of an edge crack in thin sheet of
polycarbonate. (The white region along the crack and the long plastic zone is
reflected light due to the oblique angle of exposure (out of the plane of the page)
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Figure 13.27 Schematic diagram showing model for craze growth and processes involved.
(Reproduced from O’Connell, P.A., Bonner, M.J., Duckett, R.A. et al. (1995) The relationship
between slow crack-propagation and tensile creep – behavior in polyethylene. Polymer, 36,
2355. Copyright (1995) Elsevier Ltd.)

Ward and co-workers [78] showed that slow crack growth data obtained from measure-
ments of COD can be related to creep of the fibrils in the craze. The COD rate and hence
the fracture time are dominated by creep to failure of the fibrils. This result gives support
to the previous observations by Capaccio and co-workers [79] who showed that there was a
good correlation between the creep rate of oriented polyethylene samples and bottle stress
crack resistance. Because slow crack growth is a very slow process, it is customary to
use an accelerated test where notched compression moulded samples are immersed in a
non-ionic surfactant environment at an elevated temperature (typically 75◦C). Capaccio
and co-workers devised a novel test, by determining the creep behaviour of a dumbbell cut
from compression-moulded sheet, which was drawn to its natural draw ratio. Following
the ideas discussed in Section 11.3.2, Sherby–Dorn plots were produced for creep rate
versus total strain (or draw ratio). Typically, the log creep rate versus draw ratio plots were
linear (Figure 13.28) and the gradient of the plots was called the creep rate deceleration
factor (CRDF). Good correlations were obtained between CRDF values and notched pipe
test failure times Tp [80] (Figure 13.29). The larger the value of CRDF, that is the greater
the reduction in creep rate with strain, the more resistance a polymer has to stress crack
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Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge 
University Press, 2009

Ceci fait que les polymères thermoplastiques peuvent avoir des énergies à rupture G 
(J/m2) et, de là, des ténacités raisonnables - bien qu’inférieures à celles des métaux...514 FRACTURE : MICROSCOPIC ASPECTS

Table 8.6 Plane-Strain Fracture Toughness (KIc) of Some
Polymers in Air at 20 ◦C

Polymer KIc (MPa m1/2)

Epoxy, unsaturated polyester 0.6
Polycarbonate 2.2
Polystyrene 1.0
Polymethylmethacrylate (PMMA) 1.7
Polyethylene

High-density 2.1
Medium-density 5.0

Nylon 2.8
Polyvinyl chloride (PVC) 2.5

Metals

7075-T6 Aluminum

Polysulfone thermoplastics
Elastomer, modified epoxies

Polymethyl methacrylate

Unmodified epoxies, polyester
and polyimide resins

Inorganic glasses
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Fig. 8.48 Fracture energy (GIc)
of some common materials. (After
R. Y. Ting, in The Role of Polymeric
Matrix in the Processing and
Structural Properties of Composites
(New York: Plenum Press, 1983),
p. 171.)

Many approaches have been used to improve the toughness of
polymers. Alloying or blending a given polymer with a polymer of
higher toughness improves the toughness of the polymer. Among
the well-known modified thermoplastics are acrylonitrile--butadiene--
styrene (ABS) copolymer, high-impact polystyrene (HIPS), and nylon
containing a polyolefin. Copolymerization can also lead to improved
toughness levels. Generally, thermoplastics are tougher than thermo-
sets, but there are ways to raise the toughness level of thermo-
sets to that of thermoplastics or even higher. One such approach
involves the addition of rubbery, soft particles to a brittle thermoset.
For example, a class of thermosetting resins that comes close to
polysulfones, insofar as toughness is concerned, is the elastomer-
modified epoxies. Elastomer- or rubber-modified thermosetting epox-
ies make multiphase systems, i.e., a kind of composite. Small (a
few micrometers or less), soft, rubbery inclusions distributed in a
hard, brittle epoxy enhance its toughness by several orders of mag-
nitude. The methods of incorporation of elastomeric particles can be
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Source: N.E. Dowling, Mechanical Behavior of Materials, 2nd Ed. Prentice-Hall, 1999.

2g2 Fracture of Cracked Members Chap' 8

TABLE 8.2 FRACTURE TOUGHNESS OF SOME POLYMERS AND CERAMICS AT ROOM
TEMPERATURE

Kt, Kt"
Material

Polymersl MPa./m (ksiln)
Material

Ceramics2

Soda-lime glass
Magnesia, MgO
Alumina, Al:Oa
AlzOt, l57o ZrOz
Silicon carbide

SiC
Silicon nitride

si3N4
Dolomitic limestone
Westerly granite
Concrete

MPa./m (ksi\ain)

ABS
Acrylic
Epoxy
PC
PET
Polyester
PS
PVC
PVC

rubber mod.

3.0
1.8
0.6
2.2
5.0
0.6
1.15
2.4
3.35

(2.1)
(1.6)
(0.5s)
(2.0)
(4.6)
(0.5s)
(1.05)
(2.2)
(3.0s)

0.76
2.9
4.0

10
3.7

L30
0.89
t.19

(0.6e)
(2.6)
(3.6)
(e.1)
(3.4)

(1.18)
(0.81)
(1.08)

s.6 (5.1)

Notes: 1,2 See Tables 4.3 and 3.10, respectively, for additional properties of similar materials

Sources: Data in [ASM 88] p. 739, [Karfakis 90], [Ketiy 86] p. 376' [Shah 95] p 176, and

[Williams 87] p.243.

For example, consider a crack in the center of a wide plate of stressed material as

illustrated in Fig. 8.5. In this case, K depends on the remotely applied stress ,S and the
crack length a, measured from the centerline as shown.

K: SJna (a 1<.b) (8.3)

where this equation is accurate only if a is small compared to the half-width b of the

member. For a given crack length and a material with fracture toughness K,, the critical
value of remote stress necessary to cause fracture is thus

^K,t,: fu (8.4)

Hence, longer cracks have a more severe effect on strength than do shorter ones, as

might be expected.
Some test data illustrating the effect of different crack lengths on strength are

shown in Fig. 8.5. The curve given by Eq. 8.4 is shown, where the particular value
of K^ used colresDonds to the case at hand, namely 2014-T6 aluminum (1.5 mm thick)

Sec. 8.2 Preliminary Discussion
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Figure 8.5 Failure data for cr
(Data from [Orange 67].)

8.2.4 Effects of Cracks on Brittl

Consider the crack length where the
strength, identified as a, in Fig. 8.5.

On an approximate basis, cracks lc
the strength to be limited by brittle
of length around or greater than tht
fracture mechanics should be emplol
a1, yielding dominated behavior is e

reduction due to the crack.
Note that Eq. 8.5 is based on

and that n. w'i'll differ for other oeon
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... et aussi pas nettement meilleures que celles des céramiques en terme de Kc, du fait 
de la bien plus faible valeur du module d’Young des polymères (pour rappel K a (E . G)1/2)
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Il faut aussi noter que le caractère dépendant du temps (viscoélastique) du 
comportement mécanique des polymères (thermoplastiques en particulier) fait 
qu’on peut avoir une variation sensible de la ténacité avec la vitesse de 
propagation de la fissure
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Fig. 8.51 (a) Variation of stress
intensity (ln K) as a function of
crack velocity (ln ȧ) for an elastic
and viscoelastic material. (b) Stress
intensity (K) vs. crack velocity (ln
ȧ) for PMMA. KIc corresponds to a
crack velocity of several hundred
m s−1. (After G. P. Marshall, L. H.
Coutts, and J. G. Williams, J. Mater.
Sci., 9 (1974) 1409.)
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Fig. 8.52 Variation of stress
intensity factor with crack velocity
in PMMA. (After W. Döll, Advances
in Polymer Science (Berlin:
Springer-Verlag, 1983), p. 119.)

Example 8.2

Describe how the phenomenon of crazing can be exploited to improve
the toughness of a polymer.

Answer: Craze formation requires energy. Thus, if we increase the
number of crazes nucleated, but do not allow them to grow to frac-
ture, we can improve the toughness of a polymer. Such a mechanism
is made use of in acrylonitrile butadiene styrene (ABS), which has a
much higher toughness than polystyrene (PS). The acrylonitrile and
styrene form a single-phase copolymer. Butadiene is dispersed in this
copolymer matrix as elastomeric particles. These particles have a layer
of styrene--acrylonitric grafted onto them. Thus, ABS has a two-phase
structure. When ABS is stressed, crazes nucleate at rather low strains
at the elastomer--styrene interface. However, the high extensibility of

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009Chapitre 5 – Les polymères 114



Un facteur important est le degré de cristallinité: en général la formation de cristaux 
durcit et raidit les polymères pouvant cristalliser

Source: T.H. Courtney, Mechanical Behavior of Materials, Mc Graw-Hill, 1990
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Relaxation modulus as a function of time at 25'C for crystalline and noncrystalline forms of
polypropylene (f : - 18'C; T^ = 176"C). Relaxation modulus is particularly sensitive to time for
amorphous polymers at temperatures between Tr and T^. The above data show, for example, that
noncrystalline polypropylene will have a glasslike response to a rapidly applied load and a rubbery
response to a slowly applied one. (From I. A. Faucher, Trans. Soc' Rheol., 3, 81, 1959')

Relaxation modulus vs. temperature for structurally different polystyrenes. Noncrvstalline
polystyrene manifests five regions of behavior. (a) glassy; (b) leathery (near Q : 100"C); (c)
rubbery; (d) transition to llquid behavior; (e) liquid (viscous) flow. Lightly cross-linked
noncrystalline polystyrene also demonstrates regions (a) and (b) but is an elastomer over an
extended temperature range above 130'C. The (semi)crystalline polymer shows a much less
marked decrease in E, and remains fairly stiff until I is reached. (After A. V. Tobolsky,
Properties and Structure of Polymers, Wiley, New York, 19ffi.)
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is also affected by superposition ofa
While both the shear- and craze-yielding

stress, the crazing criterion is more
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over o1 ^\rLo,

than zero, the craze-yield surface moves
surface and yielding becomes more
stress component on the yielding

62

Craze
yielding

Oq

molecular orientation ffi;"#: ##;ffiffi#J'i;;ion or these
happenings may be distributed either homogenously or heterogeneously
throughout the material. The latter, more common at lower temperatures, may
take place through the formation of shear bands or by craze formation.

C. Deformation of Crystalline Polymers

*i'ff iiil'll":llljiJ#:":l":fl ,,i'il,X*:.,-ll'",t:".11x1:J.'if."'l;
reasonable, since, in manv respects. the mechanisms and nhenomenolosv of
clystalline pqlJ-mer deformation more those of amorphous
polylqgrs than they do those of crystalline metals or ceramics.

As mentioned previously, crystalline Dolvmers alwavs contain some
lemn4nt qoncrystgltjqg-lq4lglt4LSince the crystalline regions possess a greater
resistancetoelasticandpermanentdeformation,theS@
crvstalline polvmer mixtures increases as the crystallinity increases. This is
illustrated in Table 84 for such mixtures of polyethylene. When the volume
fraction of crystalline material is low, the deformation response may be likened
tA that of 4 qom which a relatively weak matrix (in this case
the noncrystalline material) is stiffened by the presence of a harder phase (the
crystalline material). When the polymer is primarily crystalline, plastic
deformation can only be effected by deformation of the stronger crystalline
material. Additionally, the amolphous malerial wilhin such qpolymel S$pleys

TABLE 8.4 Tensile strength of polyethylene as afrected
by percentage crystallinity

Percentage
crystallinity

Density
(ldkg/m3)

T.S.
(Mx/m2)

65
75
85
87
95

0.920
0.935
0.950
0.960
0.965

13.8
17.2
27.6
31.0
37.9

Source: From H. V. Boening, Polyol$rc: Structure and
Propeilies, Elsevier Press, Lausanne, 1966, p. 57.
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than zero, the craze-yield surface moves
surface and yielding becomes more
stress component on the yielding
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Craze
yielding

Oq

molecular orientation ffi;"#: ##;ffiffi#J'i;;ion or these
happenings may be distributed either homogenously or heterogeneously
throughout the material. The latter, more common at lower temperatures, may
take place through the formation of shear bands or by craze formation.

C. Deformation of Crystalline Polymers

*i'ff iiil'll":llljiJ#:":l":fl ,,i'il,X*:.,-ll'",t:".11x1:J.'if."'l;
reasonable, since, in manv respects. the mechanisms and nhenomenolosv of
clystalline pqlJ-mer deformation more those of amorphous
polylqgrs than they do those of crystalline metals or ceramics.

As mentioned previously, crystalline Dolvmers alwavs contain some
lemn4nt qoncrystgltjqg-lq4lglt4LSince the crystalline regions possess a greater
resistancetoelasticandpermanentdeformation,theS@
crvstalline polvmer mixtures increases as the crystallinity increases. This is
illustrated in Table 84 for such mixtures of polyethylene. When the volume
fraction of crystalline material is low, the deformation response may be likened
tA that of 4 qom which a relatively weak matrix (in this case
the noncrystalline material) is stiffened by the presence of a harder phase (the
crystalline material). When the polymer is primarily crystalline, plastic
deformation can only be effected by deformation of the stronger crystalline
material. Additionally, the amolphous malerial wilhin such qpolymel S$pleys

TABLE 8.4 Tensile strength of polyethylene as afrected
by percentage crystallinity

Percentage
crystallinity

Density
(ldkg/m3)

T.S.
(Mx/m2)

65
75
85
87
95

0.920
0.935
0.950
0.960
0.965

13.8
17.2
27.6
31.0
37.9

Source: From H. V. Boening, Polyol$rc: Structure and
Propeilies, Elsevier Press, Lausanne, 1966, p. 57.

r yielding

lsllldllltttt tuat tlle

occurs
remaining in

it with strengths
As a result, drawn

possessing
metallics. Our

a description of
of how polymer

can be determined
stress. The

E,0) is implicitly
increases. In

constant, specified
is measured; o(r)

time-dependent, is
relaxation

is shown in
comparable; this is

response, and
the two forms of
polypropylene, the

a reflection, first,
flow. (The
test is such

stress levels, is not
much less time-

not only that
of strain

is illustrated for
50 100 200 250

ooo
o

5
-15 -10 -5 0 +5

Relaxation modulus vs. temperature for structurally difierent polystyrenes. Noncrystalline
polystyrene manifests five regions ofbehavior. (a) glassy; (b) leathery (near 7":100"C); (c)
rubbery; (d) transition to liquid behavior; (e) liquid (viscous) flow. Lightly cross-linked
noncrystalline polystyrene also demonstrates regions (a) and (b) but is an elastomer over an

extended temperature range above 130'C. The (semi)crystalline polymer shows a much less
marked decrease in E, and remains fairly stiff until I is reached. (Afier A. V. Tobolsky'
Properties and Structure of Polymers, Wiley, New York' 1960.)

10

9
Crystalline polystyrene

150

"cc)

FIGURE E.33

FIGURE E.34

logt(hours) -->
Relaxation modulus as a furtction of time at 25"C for crystalline and noncrystalline forms of
polypropylene (e: -18'C; T^--176"C). Relaxation modulus is particularly sensitive to time for
u,noipftou. polyriers at temperatures between T, arrd T^. The above data show, for example, that
noncrystalline polypropylene will have a glasslike response to a rapidly applied load and a rubbery

,"rpon." to a slowly applied one. (From J. A. Faucher, Trarc. soc. Rheol., 3' 81, 1959.)
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Un autre facteur est la déformation préalable: puisqu’elle tend à aligner les 
macromolécules – et donc les liaisons covalentes au sein du matériau – la déformation 
peut mener à des améliorations notables de leurs propriétés - dans certaines directions

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

I
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SMUCTURAL MATERIALS

improve the stiffness of the wall, its yield strength and toughness.
Spherulite growth must be prevented because transparent walls are good
for marketing the product and large spherulites embrittle the material.
The molecular mass must be carefully controlled and AV, : 24000,
represents the optimum between the conflicting demands of strength,
control of crystallization and processability.

The higher degree of orientation crystallization in the hoop direction is
shown by the stress-strain curveq of bottle material tested in the hoop
direction and longitudinally (Figure 5.47). These curves may be
compared with that for noncrystalline unorientated PET, the lowest
curve. The yield stress increases from 40MNm-2 to 80MNm 2 in the
longitudinal direction and to 165MNm 2 in the hoop direction, more
than sufficient to resist the stresses of 33.3MNm 2 and 67 MNm-2
produced by pressurizalion. The relatively low level of creep (1o/o on.
diameter) mainly occurs within two to three days of pressurization.
Although pef li expensive (f2000tonne i;, the impiovement in
properties allows a ver)a thin wall of 0.25-0.30mm, so the total mass of
material in a two-litre bottle, 0.05 kg, is only about 2.5o/o of the total
mass of the full bottle. PET now has a major share of the carbonated
soft-drink market and a growing proportion of the beer and cider
market. In the latter, a yely thin PVDC coating is applied to the outer.
surface to inhibit oxygen diffusing inwards. This is needed to prevent
oxidation of the alcoholic contents.

SAO 5.8 (Objectives 5.1 and 5.5)
A three-litre bottle, made of poly(ethylene terephthalate) and with a
diameter of l20mm, is required to withstand a pressure of four
atmospheres. Assuming that is must withstand the same hoop stress
as a two-litre bottle, calculate the thickness of the wali needed.

The ratio of the surlace area to the volume, SlV, of a cylinder with
hemispherical ends of length L and of diameter D is given by the
formula

s l2L
v D(3L - D\

i' 200
Eza r5o
I

Itx)
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Figure 5.47 Stress-stlain curves at 293 K
for samples cut from the two principal
directions in the poly(ethylene
terephthalate) wall ol the bottle compared
with the stress-stlain curve lor the glassy
prelorm
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sensitivity to water., so what
ted to increase the strength of the

the walls considerablY, but that
cost of polymer used. Biaxial
lving no increase in the mass.

probably not very obvious and
to the diffusion of carbon

of their low densities, polymers are
there is considerable variation

5.5). Biaxial orientation lowers the
values is shown for polY(ethYlene
carbon dioxide is proPortional to

area to volume of the bottle, so
ve a smaller ratio of surface area

to the thickness of the wall. As a
ith a wall of normal thickness to
rilities down to that given for UPVC
,rlonitrile is ruled out. because there

'rylonitrile monomer in the bottle

:i The first is an expensive speciality
, the final choice as PET or UPVC.
lline, orientation crystallization is
4nd so it is the strongest candidate.

bottle
i, the hoop stress created by
;lgitudinal cracks in the wall of a
I should therefore be more highly.
iong its length, This is what is
ulding because the noncrystalline
i times in length, but 3| times in
tPe. This occurs at about 373K,
lrerulite growth is suppressed (Figure
.(15-20% crystallinity) occurs to

Figure 5.46 A complete 1.5-litre
poly(ethylene terephthalate) bottle, with
polyolefin base and cap; injection moulded
prelorm; stretched preform; and blown
bottle
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.. y compris pour les 
structures cristallines, car les 
cristaux aussi s’alignent 
selon le sens de la 
déformation, créant une 
anisotropie des propriétés 
puisque leur orientation 
n’est plus aléatoire

\ VCTS I,JU
60'c

0,1 0,3
D6formation

'e 16.3 illustre le comportement contrainte-d6formation du
Plexiglas) d diff6rentes temp6ratures comprises entre 4 "C
u'une augmentation de la temp6rature entraine 1) une di-
'>,2) une baisse de la r6sistance d la traction, et 3) une hausse
riau est entidrement fragile d.4"C, une importante d6forma-
ois d 50 'C et d 60 'C.
reut 6galement exercer une influence importante sur le com-
iral, toute r6duction de la vitesse de d6formation a la m6me
n de temp6rature sur les caract6ristiques de contrainte-
e mat6riau devient plus mou et plus ductile.
:ndre les m6canismes de d6formation des polymdres afin
'les caract6ristiques m6caniques. A cet 6gard, il convient
formation concernant deux types de polymdres: les poly-
astomdres. La rigiditd et la r6sistance des mat6riaux semi-
des facteurs importants: les m6canismes de d6formation
mtique de ces mat6riaux seront examin6s d la section sui-
:n'uant d en accroitre la rigidit6 et la r6sistance seront d6crits
itomCres, utilis6s pour leurs propri6t6s 6lastiques exception-
rrmation sera analys6 h la section i6.8.

:ion des polymires semi-
t
-cristallins ) l'6tat brut possddent la structure sph6rolitique
rclons bridvement que chaque sph6rolite se compose d'une
Lelles de chaines pli6es qui rayonnent d partir du centre et
r6gions de mat6riau amorphe (figure 15.14). Des mol6cules
6gions relient les lamelles adjacentes.

6formation 6lastique
on 6lastique des polymdres semi-cristallins soumis iL une
en un allongement, dans la direction de cette contrainte,

lnformation stable, lequel d6coule de la flexion et de l'6ti-
fortes des chaines. Il peut 6galement se produire un l6ger

jacentes, auquel s'opposent des liaisons secondaires ou de
ibles. De plus, les polymdres semi-cristallins peuvent €tre

lamellalre amorpne avanl la qelormallon. Au cours oe ra pr€rrrr€rc crap€ us ra u€lulllla-
tion (figure 16.4b),les chaines pr6sentes dans les r6gions amorphes glissent I'une par rap-
port h I'autre et s'alignent dans la direction de la contrainte. Il s'ensuit que les rubans
lamellaires glissent simplement I'un sur I'autre d mesure que s'6tirent les mol6cules de liaison
pr6sentes dans les r6gions amorphes. La deuxidme 6tape se caract6rise par une torsion des
lamelles qui amdne les chaines pli6es d s'aligner sur I'axe de traction (figure 16.4c). Puis,
des segments cristallins en bloc se d6tachent des lamelles tout en demeurant li6s les uns
aux autres par des chaines de liaison (figure 16.4d).A 1'6tape finale (figure 16.4e),les blocs
et les chaines de liaison s'orientent sur I'axe de traction. Il s'avdre ainsi qu'une ddforma-
tion de traction notable de polymdres semi-cristallins engendre une structure fortement

a)

n)

e)

d)

c)

FIGURE 16.4 Etapes de la d6formation d'un polymdre semi-cristallin. a) Deux lamelles adjacentes d chaines pli6es et le matdriau amorphe

interlamellaire, avant la d6formation. b) Allongement des chaines de liaison amorphes au cours de la premidre 6tape de la d6formation.
c) Torsion des plis des chaines lamellaires au cours de la deuxidme 6tape. d) S6paration de segments cristallins en blocs au cours de la troisidme
6tape. e) Alignement des segments en bloc et des chaines de liaison sur I'axe de traction durant la dernidre 6tape de la d6formation.

lird de Jerold l\,4. ScruLrz, Polymer Materials Science, @ 1 974, p. 500-501. Beproducti0n autorisde par Prentice-Hall, Inc., Englewood Cliffs (N.J.).

Sources: W.D. Callister Jr., Science et genie des 
matériaux, 5e edition, Dunod, 2000; , H.F. Brinson 
& L.C. Brinson,  Polymer Engineering Science and 
Viscoelasticity – An Introduction,  2nd Ed., Springer, 
2015.
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Pour de très fortes déformations, les cristaux peuvent se réaligner voire se désagréger, 
pour former des structures très résistantes selon certaines directions – mais anisotropes

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

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

.9 14
Eirz€
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Figure 5.40 The variation in the draw
ratio ol high-density polyethylene with ltV*
at 293K
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Figure 5.41 The tensile modulus of drawn
monofilaments of high-density
polyethylene plotted against draw ratio
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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 5 – Les polymères 119


