
Chapitre 1 – Les essais mécaniques

Que lire ?

Ashby & Jones (4e édition), vol. 1, Chapitres 8, 11, 17 et 20 

Chapitre 1 du poly du cours MSE 310

(nota: ces textes vont bien au-delà du contenu de ce cours; les diapos qui 
suivent font référence pour ce que vous êtes censé(e)s apprendre et 
retenir pour MSE 234)

aussi https://fr.wikipedia.org/wiki/Essai_de_traction  est bien fait.
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De la fonction à la propriété: un exemple 

(tiré de la conférence du Prof. Kevin Hemker, Johns Hopkins University, USA, à l’EPFL le 
3 mai 2021):
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I – L’essai de traction
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• des mors hydrauliques, qui serrent avec un vérin les parois latérales de la 
section d'amarrage sous une pression prédéterminée. 

@ machine de traction 
hydraulique 

cellule ..ACE----J 
de charge 

@ machine de traction à vis 

Générateur/ Condit ionneur 
de signaux : - char,Je 

-vér in 
- extensomètre 

Ernegi::.tr ern ent 
(ordinateur, table tracante) 

----~---'cellule de :;:::. 
charge ~-;:. 
mors 

mors 

Figure 1 - Description schématique de l'essai de traction selon les deux 
types principaux de machines utilisées: a) machine 
servohydraulique, b) machine à vis. 

Figure 2 Machine servohydraulique (gauche) et un échantillon (non-
conventionnel car destiné à un essai de fatigue) avec un 
extensomètre commercial (droite). 

Bien que simple en principe, l'amarrage, qui gouverne l'alignement de 
l'échantillon par rapport à la direction de traction, est un paramètre de 
qualité important de l'essai. En effet, le mode de fixation du barreau de 
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Various shoulder styles for tensile specimens. Keys A through C are for
round specimens, whereas keys D and E are for flat specimens. Key:

A. A Threaded shoulder for use with a thread
B. A round shoulder for use with serrated grips
C. A butt end shoulder for use with a split collar
D. A flat shoulder for used with serrated grips

E. A flat shoulder with a through hole for a pinned grip

Test specimen nomenclature

The repeatability of a testing machine can be found by using special test specimens meticulously
made to be as similar as possible.[6]

A standard specimen is prepared in a round or a square section along the gauge length, depending
on the standard used. Both ends of the specimens should have sufficient length and a surface
condition  such  that  they  are  firmly  gripped  during  testing.  The  initial  gauge  length  Lo  is
standardized (in several countries) and varies with the diameter (Do) or the cross-sectional area
(Ao) of the specimen as listed

Type specimen United States(ASTM) Britain Germany

Sheet ( Lo / √Ao) 4.5 5.65 11.3

Rod ( Lo / Do) 4.0 5.00 10.0

The following tables  gives  examples  of  test  specimen dimensions  and tolerances  per  standard
ASTM E8.
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Le barreau de traction (tensile test bar/sample)

Barreau typiquement 
cylindrique ou plat
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Section réduite     (gauge section)         
Zones d’amarrage (grip section)



d'amarrage est purement uniaxial. Le tenseur des contraintes o (stress 
tensor) dans la « section réduite » centrale (US : gage section; UK : gauge 
section) de l'échantillon prend donc la forme: 

[

axx O 0 
O= Ü Ü Ü 

0 0 0 
(1-1) 

si l'échantillon est sollicité selon l'axe des x. De ce fait découle la grande 
simplicité de principe de cet essai. 

L'essai de traction est, comme tout essai courant de l'ingénieur, fortement 
normalisé (standardized) selon des normes (standards) spécifiques. 
L'échantillon peut être de section ronde ou rectangulaire (circular or 
rectangular cross-section) et, comme dit, comporte une section centrale 
réduite et droite, située entre deux sections d'amarrage (gripping areas) plus 
épaisses, dont la section peut aussi être circulaire, rectangulaire ou autre. 
Pour que la contrainte soit strictement uniaxiale, il est important que la 
longueur dite «utile» de la section réduite centrale (gauge/ gage length) 
excède nettement la plus grande des dimensions transverses, afin que toutes 
contraintes latérales ou inhomogénéités dans la distribution de la contrainte 
Oxx émanant des jonctions avec les sections d'amarrage (ou têtes) soient 
effacées. 

Les machines d'essai de traction ( tensile test machines) consistent 
principalement en un cadre (frame) capable de soutenir les contraintes mises 
en jeu, dont un des éléments est mobile par rapport aux autres. Le mécanisme 
engendrant le mouvement de la partie mobile est en général basé : 
- soit sur l'utilisation de deux colonnes à vis rotatives, Fig. lb (screw-driven 
tensile testing machine). L'élément mobile est alors la traverse (the cross-head 
beam), 
- soit sur l'utilisation d'un vérin hydraulique, Figs. la et 2 (servohydraulic 
tensile testing machine). La traverse est ici fixe etc' est le vérin qui est mobile. 

L'amarrage (gripping) de l'échantillon peut être assuré par plusieurs 
dispositifs mécaniques; des exemples courants sont: 
• un pas de vis, Fig. 1, 
• des mors autoserrants, qui se rapprochent par un dispositif mécanique 
lorsqu'une force de traction est exercée sur l'échantillon, 
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L’irrésistible attrait de l’essai de traction:
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Une seule contrainte, sxx, 
rien de plus, constante dans toute la 
section réduite (gauge section) du 
barreau 

x

y

z
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L’irrésistible attrait de l’essai de traction:
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La déformation y est donc aussi 
uniforme ... mais n’a pas qu’une seule composante 
(car le solide rétrécit latéralement au fur et à mesure qu’il s’allonge). 
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L’irrésistible attrait de l’essai de traction:

En déformation élastique linéaire, pour un solide isotrope, on a:
𝜀!! =

"!!
#

 ,       et       𝜀$$ = 𝜀%% = − 𝜈 "!!
#

avec 
E = Module d’Young (Young modulus)
n = coefficient de Poisson (Poisson ratio).

Si le volume V est constant (ce qui est grosso
modo le cas en déformation plastique), et si le solide est isotrope on a
    𝜀$$ = 𝜀%% = − &!!

'
       

 car
!"
"

 = 𝑑𝜀!! + 𝑑𝜀$$ + 𝑑𝜀%%        et donc
∆"
"

 ≈ 𝜀!! + 𝜀$$ + 𝜀%%
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• des mors hydrauliques, qui serrent avec un vérin les parois latérales de la 
section d'amarrage sous une pression prédéterminée. 

@ machine de traction 
hydraulique 

cellule ..ACE----J 
de charge 

@ machine de traction à vis 

Générateur/ Condit ionneur 
de signaux : - char,Je 

-vér in 
- extensomètre 

Ernegi::.tr ern ent 
(ordinateur, table tracante) 

----~---'cellule de :;:::. 
charge ~-;:. 
mors 

mors 

Figure 1 - Description schématique de l'essai de traction selon les deux 
types principaux de machines utilisées: a) machine 
servohydraulique, b) machine à vis. 

Figure 2 Machine servohydraulique (gauche) et un échantillon (non-
conventionnel car destiné à un essai de fatigue) avec un 
extensomètre commercial (droite). 

Bien que simple en principe, l'amarrage, qui gouverne l'alignement de 
l'échantillon par rapport à la direction de traction, est un paramètre de 
qualité important de l'essai. En effet, le mode de fixation du barreau de 
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traction doit être conçu de façon à éliminer, ou à défaut minimiser, les 
contraintes de flexion (bending stresses) dans l'éprouvette. De telles 
contraintes créent des déviations du tenseur des contraintes de la forme 
simple et uniforme en Eq. (1) et peuvent fortement affecter les résultats, 
surtout aux faibles déformations. 

Les données fournies par l'essai sont (i) la charge à laquelle est soumis le 
barreau de traction, et (ii) son allongement, tous deux enregistrés en fonction 
du temps. 

La charge est d'habitude directement mesurée par une cellule de charge 
placée en série avec un des mors, Fig. 1. 

L U/I = p-
S 

support à coller 
sur l'échantillon"-

E=Ü 

,. .... .. 

11 
......__,,.,;,, 
contacts 

t~L 

Il 

Figure 3 - Jauge résistive, avant et après déformation. La bande de métal 
résistive s'allonge et voit sa section diminuer progressivement lors de la 
déformation; par conséquent, la résistance augmente. Ceci permet, par un 
calcul simple (déformation homogène de la bande résistive + loi de Joule) 
de mesurer continûment la déformation. 

L'allongement du matériau selon la direction x peut être mesuré de 
plusieurs façons. 
• A l'aide de jauges résistives (resistive strain gages), Fig. 3. Ces jauges sont 

des petites bandes de matériau mince et de résistance électrique connue que 
l'on colle à la surface de la section réduite de l'échantillon. Vu sa faible 
épaisseur et donc sa faible contrainte de déformation, la jauge s'allonge 
solidairement avec l'échantillon sans influer ni la distribution des contraintes 
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La charge ou force P 
est donnée par la 
cellule de charge 
(load cell)

L’allongement ∆L est donné par le mouvement de la traverse (crosshead 
displacement) (peu précis), ou d’autres méthodes plus précises: 
un extensomètre (extensometer), une jauge résistive (strain gage) ou par             

analyse du mouvement de points
 le long de la surface de l’éprouvette

10

En pratique
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(i) L’allongement relatif, dite aussi  déformation nominale (engineering strain) e
est défini(e) par référence à la longueur initiale Lo de la section réduite: 

𝑒 = ()("
("

(ii) e diffère de la déformation vraie (true strain) e au sein de la section réduite, 
laquelle est définie par:         

𝑑𝜀 = *(
(

, 
ce qui donne après intégration 

    𝜀 = ∫("
( *(

(
= ln (

("
= ln 1 + 𝑒

La courbe de traction: l’abscisse (axe horizontal) est la déformation
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La cellule de charge (load cell) mesure la charge appliquée P (en Newtons).  De 
celle-ci on définit:
(i) la charge unitaire ou contrainte nominale (engineering stress) R:

R  = P/So
où So est la surface transverse de la section réduite du barreau de traction avant 
l'essai, et
(ii) la contrainte vraie (true stress) s :

s = P/S
où S est l’aire transverse instantanée de la section réduite de l’éprouvette.

Aux grandes déformations (plastiques) on peut prendre le volume de la section 
réduite comme étant constant:  Vo = SoLo ≈ SL

d’où:        s = P/S ≈ P/So L/Lo = R(1+e)

La courbe de traction: l’ordonnée (axe vertical) est la contrainte

12



Chapitre 1 – Les essais mécaniques 13

R-e vs. s-e

s = R(1+e)𝜀 = ln 1 + 𝑒

𝜀 = ln 1 + 𝑒

s = R(1+e)

𝑒, 𝜀

R,
s

R = f(e) 
courbe de traction conventionnelle 
(engineering stress-strain curve)

s = f(e) 
courbe de traction rationelle
(true stress-true strain curve)
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La courbe de traction conventionelle: grandeurs typiquement recueillies
E = Module d’Young

Re = limite d’élasticité «microscopique» (microyield 
stress), première déviation de la linéarité
(définition difficile en pratique)

R0.2 = limite d’élasticité conventionelle à x% 
(typiquement 0.2%) (x% offset yield stress)

Rm = résistance en traction (tensile strength, 
ultimate tensile strength, UTS)

eh = allongement réparti (homogeneous strain, strain 
at necking)
eF = allongement après rupture (strain after failure)

14
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R vs. e
Exemples typiques: 

(a) matériaux fragiles (verre, 
céramiques), 

(b) matériaux métalliques ductiles, 

(c) certains alliages (les aciers doux 
au carbone en particulier) montrant 
un crochet en début de 
déformation (yield point), ainsi que 
nombre de polymères, 

(d) les alliages pseudoélastiques et 
les élastomères (presque toute la 
déformation est réversible).

15

La courbe de traction conventionelle (engineering stress-strain curve):
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Question:
1 – Quelle est la trajectoire de 
la courbe si on réduit à zéro la 
charge appliquée à partir de 
chacun des trois points 
marqués d’une croix rouge ?
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Question:
1 – Quelle est la trajectoire de 
la courbe si on réduit à zéro la 
charge appliquée à partir de 
chacun des trois points 
marqués d’une croix rouge ?

Réponse:
les courbes en rouge ci-contre
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Question:
2 - Quelle est la densité 
(volumique) d’énergie 
mécanique emmagasinée au 
sein du matériau à chaque 
point le long de la courbe de 
traction ?
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Question:
2 - Quelle est la densité 
(volumique) d’énergie 
mécanique emmagasinée au 
sein du matériau à chaque 
point le long de la courbe de 
traction ?

Réponse: 
C’est l’intégrale de la courbe:

𝐸 = -
+

ℇ
𝜎𝑑𝜖

en J/m3.
(= l’intégrale de F dL sur 1 m3)

21
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Notez que cette énergie est 
la somme d’une énergie
(i) réversible: cette partie, 
dite énergie élastique, est 
l’intégrale de la courbe tracée 
lors de la décharge (courbes 
rouges) 
(ii) irréversible (= l’intégrale 
de la courbe de charge moins 
la courbe de décharge); elle 
est soit dégagée sous forme 
de chaleur, soit stockée au 
sein du matériau, notamment 
dans les métaux sous forme 
de dislocations.
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Autres grandeurs 

La contrainte d’écoulement 
(« flow stress ») 
s(e)

Le taux d’écrouissage 
(« work hardening rate ») 
q(e) = ds/de

q(e)s(e)

23
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Ruptures en traction

Echantillons de traction rompus :
a) matériau métallique fragile, 
b) matériau métallique ductile (acier inoxydable),
c) matériau métallique très ductile (Al pur).

On mesure la ductilité par l’allongement (relatif) à 
rupture (∆L/Lo); 
≤ 1% = « matériau fragile »; 
>10 % = « matériau ductile ». 
On utilise parfois aussi le rapport de l’aire finale 
sur la surface de rupture/aire initiale du barreau: 
Af/Ao

24
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Notion de base: l’instabilité de Considère  et 
la striction

Notez dans les matériaux ductiles (b & c) la 
concentration de la déformation en une section 
limitée du barreau: c’est le phénomène de 
striction (« necking »).

La striction est due à une instabilité mécanique 
(autre instabilité mécanique: le flambage)

25
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R-e vs. s-e

Comparaison des courbes de traction 
conventionnelles R = f(e) et rationelle s = 
f(e) (engineering stress-strain curve; true
stress-true strain curve)

Notez que le maximum de la courbe 
conventionnelle  résulte des définitions 
de R et e : quand commence la striction, 
la contrainte vraie s dans l’échantillon là 
où il se déforme continue d’augmenter 
avec la déformation. 

Pourquoi la striction ?

26
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Considérons un cylindre qui s’allonge selon la loi de déformation 
uniaxiale s = f(e), ductile, donc capable de subir un allongement 
conséquent (généralement par déformation plastique).

La déformation plastique a généralement lieu à volume V
constant: dès lors, tout incrément dL de la longueur L d’une 
tranche transverse le long de la section réduite est tel que 
localement: 
dV = d(SL) = SdL + LdS = 0, 
où S est l’aire de la section transverse de cet élément. 

Donc si on a un incrément d’allongement local dL= L de le long de 
la section réduite, on a aussi un rétrécissement de l’aire de la 
section transverse à cet endroit, donné par: 

Notion de base: l’instabilité de Considère (la striction)

e, S

dS = -S de

27Chapitre 1 – Les essais mécaniques

dS = - (S/L) dL

L



Supposons maintenant que localement, pour une raison quelconque, l’élongation diffère 
en un endroit de la valeur moyenne, e, par de.  
Il faut dès lors que:

• la section ait changé là un peu plus qu’ailleurs, par la quantité 
dS = - S de.

• Or la charge P est la même partout le long du barreau: 

dP = d(sS) = sdS + Sds = 0 ,

Donc la contrainte locale, s+ ds, y diffère de s par la quantité ds = - s dS/S = s de .

Notion de base: l’instabilité de Considère (la striction)

e, s

e+de,
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Localement, là où le matériau s’est allongé un tout petit 
peu plus, déformation et contrainte doivent donc être: 

(e + de, s + s de)

car cet endroit est allongé un peu plus qu’ailleurs, au lieu 
de 

(e, s) partout ailleurs le long de la section réduite. 

Deux cas de figure peuvent alors se présenter.

Notion de base: l’instabilité de Considère (la striction)

e, s

e+de, s+sde
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• soit la loi de comportement du matériau s = f(e) est telle qu’à la 
déformation e correspond un taux d’écrouissage q(e) = ds/de tel que

q(e) = ds/de > (ds/de = s de/de = ) s.  

Dans ce cas, la contrainte d’écoulement du matériau a été davantage 
augmentée localement suite à l’excédent de déformation que n’a 
augmenté la contrainte locale. La contrainte locale ne peut alors plus 
déformer le matériau là où a eu lieu cet excédent de déformation.

La déformation plastique s’y arrête donc momentanément, pendant 
que la déformation continue ailleurs. 
Le reste du barreau s’allonge et rattrape en termes de déformation 
l’endroit qui s’était localement un peu trop déformé. 
La déformation est alors stable : les sections moins déformées ont 
tendance à se déformer préférentiellement, et les inhomogénéités de 
déformation sont effacées.

Notion de base: l’instabilité de Considère (la striction)
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• soit c’est l’inverse: 

q(e) = ds/de < (ds/de = s de/de = ) s.  

Dans ce cas la déformation, localement plus accentuée à l’endroit 
ayant vu une déformation augmentée de de, va s’y poursuivre. 
Pour cela la charge requise est plus faible que la charge P qui était 
appliquée au barreau au moment où un segment du barreau a 
commencé à se déformer davantage que le reste.
La charge P, dès lors devenue trop grande pour correspondre à la 
contrainte d’écoulement de la partie amincie, décroît donc 
légèrement. De ce fait, partout ailleurs le long du barreau la contrainte 
décroit et passe en dessous de la contrainte d’écoulement, faisant que 
la déformation s’y arrête, pour ne se poursuivre, selon la loi de 
comportement du matériau s = f(e) (adaptée au fait que la 
déformation n’est plus uniaxiale), que dans la petite section ayant subi 
un allongement accéléré.  C’est ainsi et alors que la striction apparaît.

Notion de base: l’instabilité de Considère (la striction)
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En somme, la striction apparaît quand: 

𝜎 =
𝑑𝜎
𝑑𝜀

On peut montrer (c’est un bon exercice) que 
ceci correspond à 

0 =
𝑑𝑅
𝑑𝑒

Le maximum de la courbe de traction conventionnelle 
correspond donc à l’amorçage de la striction.

Notion de base: l’instabilité de Considère (la striction)
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La construction de Considère 

La « construction de Considère » 
permet de trouver sur la courbe 
s= f(e) le moment où commence la 
striction – et donc  le point où la 
courbe R(e) atteint son maximum: 
c’est l’endroit où la pente de la 
courbe égale sa valeur.

q(e) = ds/de

ds/de
=
s(e)

33

e = 1 = 100 %



Chapitre 1 – Les essais mécaniques

42 Mechanical Behavior of Materials

the true stress and true strain can be calculated from the engineering quantities.
With constant volume, LA = LoAo,

Ao/A = L/Lo, (3.6)

so Ao/A = 1 + e. Rewriting equation (3.4) as σ = (F/Ao)(Ao/A) and substituting
Ao/A =1 + e and s = F/Ao,

σ = s(1 + e). (3.7)

Substitution of L/Lo = 1 + e into equation (3.5) gives

ε = ln(1 + e). (3.8)

These expressions are valid only if the deformation is uniformly distributed along
the gauge section. After necking starts, equation (3.4) is still valid for true stress, but
the cross-sectional area at the base of the neck must be measured independently.
Equation (3.5) could still be used if L and Lo were known for a gauge section cen-
tered on the middle of the neck and so short that the variations of area along its
length are negligible. Then equation (3.6) would be valid over such a gauge section,
so the true strain can be calculated as

ε = ln(Ao/A), (3.9)

where A is the area at the base of the neck. Figure 3.9 shows the comparison of
engineering and true stress–strain curve for the same material.

EXAMPLE PROBLEM 3.1: In a tensile test, a material fractured before necking.
The true stress and strain at fracture were 630 MPa and 0.18, respectively. What
is the tensile strength of the material?

Solution: The engineering strain at fracture was e = exp(0.18) – 1 = 0.197.
Because s = σ/(1 + e), the tensile strength = 630/1.197 = 526 MPa.
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Figure 3.9. Comparison of engineering and true stress–strain curves. Before necking, a point
on the true stress–strain curve (σ–ε) can be constructed from a point on the engineering
stress–strain curve (s–e) with equations (3.7) and (3.8). After necking, the cross-sectional
area at the neck must be measured to find the true stress and strain.

Source: W.F. Hosford, Mechanical Behavior of Materials, 2nd Edition, Cambridge University Press, 201034
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L’essai de traction ne mesure donc qu’une partie limitée de la vraie 
capacité de déformation des matériaux ductiles; voici une belle illustration
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Fig. 3.11 Stress–strain curves for Fe–0.003% C alloy wire, deformed to increasing
strains by drawing; each curve is started at the strain corresponding to the prior
wire-drawing reduction. (Courtesy of H. J. Rack.)

wire consists of pulling it through a conical die; at each pass, there is
a reduction in cross section. Tensile tests were conducted after differ-
ent degrees of straining (0 to 7.4) by wire drawing; it can be seen that
the wire work-hardens at each step. However, the individual tensile
tests are interrupted by necking and fracture. In wire-drawing, neck-
ing and fracture are inhibited by the state of stress in the deformation
zone (compressive). The individual true-stress--true-strain curves were
corrected for necking by Bridgman’s technique; in each case, the indi-
vidual curve fits fairly well into the overall work-hardening curve. It
may be concluded that the individual tensile test gives only a very

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., 
Cambridge University Press, 200935Chapitre 1 – Les essais mécaniques
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En voici une autre: exemple du polycarbonate

in the strain gage can cause local heating of the material under the gage and
thereby appreciably soften the material giving rise to erroneous measures of strain.
Further, as the strain gage (a metal) is much stiffer than the polymer, appreciable
reinforcement can occur for thin polymers. These effects can be minimized using
sufficiently thick specimens and by pulsing the current to minimize local heating.
Errors due to these sources were negligible for the data shown.

(a) (b)

(d)

(c)

Fig. 3.7 Example of stress-strain response of polycarbonate
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in the strain gage can cause local heating of the material under the gage and
thereby appreciably soften the material giving rise to erroneous measures of strain.
Further, as the strain gage (a metal) is much stiffer than the polymer, appreciable
reinforcement can occur for thin polymers. These effects can be minimized using
sufficiently thick specimens and by pulsing the current to minimize local heating.
Errors due to these sources were negligible for the data shown.

(a) (b)

(d)

(c)

Fig. 3.7 Example of stress-strain response of polycarbonate

3 Characteristics, Applications and Properties of Polymers 73

Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An 
Introduction,  2nd Ed., Springer, 201536



L’essai de traction en pratique

Ces sites d’entreprises offrant des machines d’essai mécanique 
caractérisant les matériaux, vous donneront une idée de la (vaste) 
gamme d’essais existants ainsi que des normes qui les régissent: 

https://www.walterbai.com/

https://www.zwickroell.com/

https://www.mts.com/en
(ce dernier site vous donne deux films explicatifs et clairs montrant –
pour leurs machines bien sûr - l’essai de traction: 
https://www.mts.com/en/applications/materials/test-type/tension )

Chapitre 1 – Les essais mécaniques 37
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II – L’essai de compression
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…présente deux 
désavantages par 
comparaison avec 
l’essai de traction:

L’essai de compression

39
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L’essai de compression

40

1 - Le flambage, autre instabilité mécanique. 
Pour l’éviter il faut des barreaux trapus; l’équation pour la contrainte de 
flambage de solides élastiques linéaires isotropes dépend de l’amarrage 
des extrémités du barreau:
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2 - Le frottement,qui
dissipe de l’énergie et 
cause la mise en 
tonneau. Là, on préfère 
des barreaux longs.

Le compromis est 
souvent fait avec un 
rapport 
hauteur/diamètre ≈ 
3 ou 4.

L’essai de compression

41
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En pratique, on utilise l’essai de compression 
(i) si produire ou amarrer des barreaux de traction est difficile, ou 
(ii) si on veut mesurer spécifiquement le comportement en compression de certains 
matériaux (le béton ou les composites, dans ce second cas avec des amarrages complexes).

La courbe conventionelle mesurée en compression plus élevée que la courbe conventionelle
de traction, puisque (i) la section transverse s’agrandit au lieu de se rétrécir, et (ii) la striction 
est absente. De plus les déformations maximales sont généralement plus élevées.

Un des sites (de constructeur d’appareil d’essai mécanique) cités plus haut donne des 
exemples d’essais de compression sur plusieurs matériaux:
https://www.zwickroell.com/industries/materials-testing/compression-test/#c73609 (anglais)

L’essai de compression

42

https://www.zwickroell.com/industries/materials-testing/compression-test/
https://www.zwickroell.com/industries/materials-testing/compression-test/
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III – L’essai de dureté
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L’essai de dureté: essai de Brinell

44

F 

l 

t 

d 
Figure 17 - Géométrie de l'essai de Brinell, et définition des paramètres 

associés. 

HB (Hardness Brinell}= ( p J ) = p (1-17a) 
( l / 2 · n · D) D - D2 - d2 n · D · t 

où D et d sont les diamètres de la sphère et de l'impression, respectivement, 
et t la profondeur de l'indentation. 

Cette division par la surface totale de l'impression est malheureuse car 
la dureté varie alors avec P pour un même matériau et un même indentateur. 
Pour comparer deux matériaux il faut dès lors s'assurer que la géométrie de 
l'indentation n'est pas trop différente d'un matériau à un autre: on spécifie 
de ce fait d/D 0.375, en pratique 0.25 < d/D < 0.5, et si besoin on varie la 
charge. Pour les matériaux mous, il faut ainsi diminuer la charge en dessous 
des 3000 kg habituels. L'essai de dureté Meyer résoud ce problème en 
définissant la dureté par division de P par la surface projetée del' empreinte, 
rrd2 / 4; cependant pour des raisons d'habitude celui-ci n'a pu supplanter 
l'essai Brinell et est rarement utilisé. 

On notera que dans l'équation 1-17a, la charge Pest en [kgf], D et t sont en 
[mm]. Pour le chiffre résultant, on n'utilise ainsi pas l'unité SI appropriée 
(qui devrait être le MPa); cela n'est pas jugé important car cet essai de dureté 
ne mesure de toutes façons pas une contrainte ayant une grande signification 
physique. La notation standard est ainsi « 80 HB » ou encore « 80 HB 
10/3000/30 », ce qui signifie la dureté Brinell est 80 par un essai avec une 
bille de D = 10 mm, charge appliquée 3000 kg pendant 30 s. 

1-24 

P
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L’essai de dureté: essais Vickers, Knoop et instrumenté

45

Essais instrumenté (où on mesure 
la courbe charge-déplacement de 
l’indentateur), typique de la 
nanoindentation.
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L’essai de dureté: essai Rockwell (basé sur la profondeur d’indentation, 
les valeurs de dureté étant données de là par un tableau)

46
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L’essai de dureté: au niveau le plus simple...

47

... la dureté est généralement définie 
comme étant la force divisée par l’aire de 
l’empreinte: 

𝐻 = )
*

;
Elle est dès lors une contrainte (MAIS il 
existe d’autres définitions conventionnelles 
liées à tel ou tel essai spécifique; de plus les 
unités peuvent être spécifiées, comme pour 
l’essai Vickers).
Pour le cas le plus simple (pas d’écrouissage  
& déformation 2D) on montre que:

𝐻 = 3𝜎( ou     𝜎( = 𝐻/3

... qu’il est bon de garder à l’esprit.



IV – L’essai de flexion
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L’essai de flexion

49

Essais de flexion trois points (gauche) et quatre points (droite), 
ainsi que les distributions du moment M pour ces configurations. 



L’essai de flexion – élements d’analyse simple

50

Théorie des poutres simplifiée (Euler-Bernoulli): 
y = distance de l’axe neutre; 
R = courbure locale de la poutre

€ 

εxx =
y
R

... prévoit qu’il y a une courbe s vs. y identique, au facteur 1/R découlant de e = 
y/R près, à la courbe de traction/compression uniaxiale s-e.  Par contre, 
déduire la courbe de traction des données (charge P vs. déflection d) d’un 

essai de flexion n’est pas simple... Chapitre 1 – Les essais mécaniques



V – Quand la déformation 
dépend du temps

(= quand la température 
est “élevée”)

Chapitre 1 – Les essais mécaniques 51



Chapitre 1 – Les essais mécaniques

Influence de la vitesse de déformation

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

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)

76 Polymer Engineering Science and Viscoelasticity: An Introduction

Cuivre pur (OFHC) à température ambiante sur cinq ordres de grandeur de 
la vitesse de déformation de/dt. Nota : les variations sur la courbe à de/dt 
= 10 s-1 sont dues à l’incertitude de mesure à cette vitesse élevée. 

Courbe produite par Laurent Felberbaum, LMM, EPFL. 

52
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Utilisation de l’essai de traction:

L’essai de saute de vitesse de 
déformation 
(”strain-rate jump tests”)
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Fig. 3.12 (a) Effect of strain rate
on the stress–strain curves for
AISI 1040 steel. (b) Strain-rate
changes during tensile test. Four
strain rates are shown: 10−1,
10−2, 10−3, and 10−4 s−1.

Figure 3.12(b). Applying Equation 3.22 to two strain rates and elimin-
ating K, we have

m = ln (σ2/σ1)
ln (ε̇2/ε̇1)

(3.23)

The reader can easily obtain m from the strain-rate changes in the
figure.

Some alloys show a peculiar plastic behavior and are called super-
plastic. When necking starts, the deformation concentrates itself at
the neck. Since the velocity of deformation is constant, and the effec-
tive length of the specimen is reduced during necking, the strain
rate increases (ε̇ = ν/L). If a material exhibits a positive strain-rate
sensitivity, the flow stress in the neck region will increase due to the
increased strain rate; hence, necking is inhibited. This topic is treated

Source: M.A. Meyers and K.K. Chawla, Mechanical 
Behavior of Materials 2nd Ed., Cambridge University 
Press, 2009
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limited picture of the overall work-hardening response of a metal; for
the wire in Figure 3.11 the total strain exceeded 7.4.

3.2.3 Strain Rate Effects
For many materials, the stress--strain curves are sensitive to the strain
rate ε̇. The lowest range of strain rates corresponds to creep and stress-
relaxation tests. The tensile tests are usually conducted in the range
10−4 s−1 < ε̇ < 10−2 s−1. At strain rates on the order of 102 s−1,
inertial and wave-propagation effects start to become important. The
highest range of strain rates corresponds to the passage of a shock
wave through the material.

More often than not, the flow stress increases with strain rate;
the work-hardening rate is also affected by it. A parameter defined to
describe these effects

m = ∂ ln σ

∂ ln ε̇

∣∣∣∣
ε,T

, (3.21)

is known as the strain rate sensitivity. Equation 3.21 can also be
expressed as

σ = K ε̇m. (3.22)

where K is a constant. Note that this K is different from the Ludwik--
Hollomon parameter.

Materials can be tested over a wide range of strain rates; however,
standardized tensile tests require well-characterized strain rates that
do not exceed a critical value. High-strain-rate tests are often used to
obtain information on the performance of materials under dynamic
impact conditions. The cam plastometer is one of the instruments
used. In certain industrial applications, metals are also deformed at
high strain rates. Rolling mills generate bar velocities of 180 km/h;
the attendant strain rates are extremely high. In wire-drawing, the
situation is similar.

Figure 3.12(a) shows the effect of different strain rates on the ten-
sile response of AISI 1040 steel. The yield stress and flow stresses at dif-
ferent values of strain increase with strain rate. The work-hardening
rate, on the other hand, is not as sensitive to strain rate. This illus-
trates the importance of correctly specifying the strain rate when
giving the yield stress of a metal. Not all metals exhibit a high strain
rate sensitivity: Aluminum and some of its alloys have either zero
or negative m. In general, m varies between 0.02 and 0.2 for homolo-
gous temperatures between 0 and 0.9 (90% of the melting point in K).
Hence, one would have, at the most, an increase of 15% in the yield
stress by doubling the strain rate. It is possible to determine m from
tensile tests by changing the strain rate suddenly and by measuring
the instantaneous change in stress. This technique is illustrated in
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on the stress–strain curves for
AISI 1040 steel. (b) Strain-rate
changes during tensile test. Four
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Figure 3.12(b). Applying Equation 3.22 to two strain rates and elimin-
ating K, we have

m = ln (σ2/σ1)
ln (ε̇2/ε̇1)

(3.23)

The reader can easily obtain m from the strain-rate changes in the
figure.

Some alloys show a peculiar plastic behavior and are called super-
plastic. When necking starts, the deformation concentrates itself at
the neck. Since the velocity of deformation is constant, and the effec-
tive length of the specimen is reduced during necking, the strain
rate increases (ε̇ = ν/L). If a material exhibits a positive strain-rate
sensitivity, the flow stress in the neck region will increase due to the
increased strain rate; hence, necking is inhibited. This topic is treated
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Utilisation de l’essai de traction: 
L’essai de relaxation (“relaxation testing”) 
(i) déformation instantanée

Obviously, if the stress is a function of time and the strain is constant, the
modulus will also vary with time. The modulus so obtained is defined as the
relaxation modulus of the polymer and is given by,

E tð Þ ¼ σ tð Þ
ε0

¼ Relaxation Modulus ð3:1Þ

or

σ tð Þ ¼ ε0E tð Þ ð3:2Þ

The latter equation is the uniaxial stress-strain relation for a polymer analogous
to Hooke’s law for a material that is time independent but is valid only for the
case of a constant input of strain. The relaxation test provides the defining
equation for the material property identified as the relaxation modulus. More
general differential and integral stress-strain relations for an arbitrary loading
will be developed in later Chapters.

The limiting moduli at t¼ 0 and at t¼1 for a crosslinked material are
defined as,

E t ¼ 0ð Þ ¼ σ t ¼ 0ð Þ
ε0

¼ E0 ¼ Initial Modulus ð3:3Þ

E t ¼ 1ð Þ ¼ σ t ¼ 1ð Þ
ε0

¼ E1 ¼ Equilibrium Modulus ð3:4Þ

In addition to the relaxation test, another fundamental characterization test
for viscoelastic materials is the creep test in which a uniaxial tensile
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Fig. 3.12 Relaxation test: strain input (left) and qualitative stress output (right)
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Source: H.F. Brinson & L.C. Brinson,  Polymer Engineering Science and Viscoelasticity – An Introduction,  2nd Ed., 
Springer, 201554
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Utilisation de l’essai de traction: 
L’essai de relaxation (“relaxation testing”) 
(ii) pendant l’essai de traction

Source: 

not to differ fundamentally at room temperature from
those of pure Al, other than a tendency towards greater
dislocation densities at given strain [45].

Compression stress–strain curves for the four foam
materials of this investigation are reported in Fig. 3. Note
that the curves are, for a given foam cell size and porosity,
quite reproducible. Their shape is typical of replicated

microcellular metal, namely gradual yielding with a contin-
uously decreasing finite rate of strain-hardening up an
inflexion point roughly situated around 10% strain. Note
that the densities of the different materials are not the same,
i.e. Vfoam = 0.2 and 0.157 for the 400 lm pore size foam of
99.99% pure Al and Al–5 wt.% Mg respectively and
Vfoam = 0.26 for the 75 lm pore size foam of aluminium
or Al–5 wt.% Mg; given the strong dependence of the foam
flow stress on Vfoam, the curves therefore cannot be com-
pared directly from one material to another. Compression
curves of the 75 lm pore size Al–5 wt.% Mg foams are
somewhat serrated, as is characteristic of the Portevin–Le
Chatelier (PLC) effect in bulk Al–5 wt.% Mg [46].

Fig. 4 gives a typical relaxation curve measured on a
75 lm Al–5 wt.% Mg foam sample; as seen it is correctly
fitted with Eq. (4). The same was found to hold for all other
samples of this work.

Fig. 3. (a) Engineering stress–strain compression curves of the 99.99%
aluminium and Al–5 wt.% Mg foam of pore size 400 and 75 lm. Major
marks along the curves correspond to the points where repeated relaxation
tests were carried out.

Fig. 1. Scanning electron micrographs (in secondary electron mode) of the
microstructure of aluminium foam produced by the replication technique.
(a) 400 lm pore size, (b) 75 lm pore size.

Fig. 2. Transmission electron micrographs of the dislocation substructures in struts of aluminium foams produced by the replication technique. (a) 400 lm
pore size showing a dislocation cell size ranging between 3 and 5 lm, (b) 75 lm pore size showing an average cell size of 2 lm.
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4. Discussion

4.1. In situ flow stress of the metal within the foam

The macroscopic deformation behaviour of replicated
open-cell aluminium foam observed here is similar to that
already reported in Refs. [5,47]. It also resembles what is
found with another open-pore metal foam, namely
annealed Duocel! foam [48], in that the stress increases
steadily with strain and does so uniformly across the entire
compression specimen. Such behaviour differs from what is
found with closed-cell aluminium foam [49–52,10,53,54] or
in T6 heat-treated Duocel! foam [48], where one observes
instead the formation of narrow bands of intense localized
compaction. The more regular behaviour of foams of this
work is attributed to (i) their roughly monosized fine-scale
pores, and (ii) the fact that the 99.99% pure Al or Al–
5 wt.% Mg from which these are made have a compara-
tively high rate of strain hardening, this being an important
factor driving stability of foam deformation [55]. It is inter-
esting to note that this feature is maintained here despite
the relatively small size of the present samples (there are
fewer than 20 cells across the sample diameter with the
400 lm cell diameter foam).

Interpretation of the relaxation data is more complex
with foams than with a sample of dense material because,
to link the data with dislocation-scale processes, stress
and strain measured on the foam must be converted to
meaningful values of stress and strain within the metal
making the foam. We use to this end the simplified
approach described in Refs. [56,57], itself based on varia-
tional results of Ponte Castañeda and Suquet [58,59], sim-
plified by assuming in particular that the metal within the
foam deforms without changing volume. Note that,
although this approximation has value in describing foam
deformation along monotonic radial loading paths,
because the variational estimate was derived on the

assumption that the metal making the foam deforms
according to a deformation theory of plasticity, it does
not strictly speaking apply to reversed deformation charac-
teristic of relaxation experiments (this point, and possible
extensions of the variational estimate to cyclic loading,
are discussed by the authors of the variational estimate in
pp. 275–80 of Ref. [59]). We thus view the approach chiefly
as one that gives access to a description of the mechanical
state of the metal at the inception of each relaxation cycle.

For uniaxial deformation of a foam made of incom-
pressible material, the calculation leads to the conclusion
that, if the Young’s modulus of the foam, Ef, is a fraction
F of that of the bulk material of which the foam is made,
Em, then Ef ¼ F ðV mÞEm, where Vm is the metal volume frac-
tion within the foam, or equivalently the foam relative den-
sity), the average second-order moment of the equivalent
stress field in the metal making the foam, reff, is related
to the uniaxial stress measured on the foam, r*, by:

reff ¼
r$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F ðV mÞV m

p ð10Þ

The corresponding average equivalent strain in the metal
making the foam, eeff, is correspondingly related to the
foam uniaxial strain e* by:

eeff ¼ e$
ffiffiffiffiffiffiffiffiffiffiffi
F ðV mÞ

V m

r
ð11Þ

These two equivalent stress and strain values, derived
from the variational scheme expressed as a “modified”
secant modulus approximation, can be used to derive the
foam flow law knowing that of its constituent material
together with the foam modulus (which describes the foam
mesostructure) [58,59]. Inversing the calculation, it hence
makes sense, within the framework of the variational esti-
mate, to use these two quantities as average descriptors,
respectively, of the (complex and inhomogeneous) states
of stress and strain within the metal in the (monotonically)
deforming foam. Being, in the framework of the model,
equivalent stresses and strains in the sense of von Mises,
the relation between eeff and reff is thus simply an effective,
“average”, in situ uniaxial flow law for the metal within the
deforming foam. Values for Ef are taken from the data in
Ref. [47] and reported in Table 1.

Metal in situ uniaxial stress–strain curves thus back-cal-
culated from those of the foams are plotted in Fig. 5 for
foam strain values below 20% (note the difference in strain
range compared with Fig. 3: the metal in the foam deforms
on average less than the foam itself; note also that we have
neglected in the derivation the influence of the decrease,
with compressive strain, of the foam Young’s modulus
[42,43]). As seen, the in situ flow curve of the metal in
the struts of the 75 lm pore size foam lies well above that
of the same metal when present in the 400 lm pore size
foams, the difference being stronger with pure aluminium.
A clear plasticity size effect is thus manifest in replicated
metal foams of this work; this finding is consistent with

Fig. 4. A representative relaxation curve extracted from a series of
repeated relaxation of 75 lm aluminium foam, correctly fitted with Eq. (4)
(dotted line).
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Abstract

Open-pore 99.99% pure Al and Al–5 wt.% Mg foam produced by replication, with pores either 400 or 75 lm in average diameter, are
tested in compression with repeated relaxation cycles, at room temperature. Similar data are collected on pure aluminium. Estimating the
average in situ flow stress of the metal within the foam using the variational estimate, a plasticity size effect is evidenced in 75 lm pore
foams. Activation areas are, in the 400 lm foam, similar to those of the dense constituent metal for both 99.99% pure Al and Al–5 wt.%
Mg. Plotting the inverse of the activation area vs. the estimated average in situ flow stress of the metal within the foam shows that, in the
finer, 75 lm pore, foam, for both 99.99% pure Al or Al–5 wt.% Mg, the work done by the applied stress in the thermally activated cross-
ing of barriers to slip is halved. A simple scenario explaining the effect is that, along the surface of metals, image forces effectively halve
the actual size of obstacles opposed to slip by forest hardening.
! 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Aluminium; Metal foam; Size effect; Relaxation; Cottrell–Stokes behaviour

1. Introduction

Microcellular metals, generally called metallic foams,
are emerging engineering materials having a wide range
of possible applications [1–4]. Most current microcellular
metals are produced by bubbling a melt containing mem-
brane-stabilizing additives, generally of small ceramic par-
ticles; this process, the only one to truly produce a “foam”,
results in a highly porous metal containing large (>1 mm)
irregular closed cells. Infiltration-based replication pro-
cesses are different: these produce open-cell metal foam,
meaning microcellular metal in which pores are not sepa-
rated by a metal membrane but rather open and intercon-

nected [5,6]. Replication offers several advantages over
other methods of metal foam production: (i) considerable
latitude in selection of the metal making the foam, (ii) reg-
ularity in the pore size, (iii) some latitude in design of the
pore shape and (iv) the fact that if pressure infiltration is
used, fine-scale structures can be produced.

Over the past decade, many studies have been carried
out in order to understand the compressive behaviour of
microcellular metals, as this is important for structural
applications. Most of these studies have focussed on defor-
mation mechanisms at the macroscopic scale (e.g. [7–11])
or at the scale of individual struts (e.g. [12–16]); fewer have
dealt with the elementary deformation mechanisms taking
place within the metal making the foam [17]. These mech-
anisms become particularly interesting when the micro-
structural scale of individual elements making the
metallic foam approaches the range of a few micrometres.

Replicated foams of high-purity aluminium or of binary
aluminium alloys, featuring pores well below 100 lm in
diameter, can be produced by replication [18–20]. At this

1359-6454/$36.00 ! 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Chapitre 1 – Les essais mécaniques

L’essai de fluage 
(”creep  test”); 
où la charge, ou parfois 
la contrainte (au lieu de 
la vitesse de 
déformation), est 
constante.

Illustré ici pour les 
polymères:

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

(or compression or torsion) bar is loaded with a constant stress at zero time as
shown in Fig. 3.13. Again, the load is applied quasi-statically or in such a
manner as to avoid inertia effects and the material is assumed to have no prior
history. In this case, the strain under the constant load increases with time and
the test defines a new quantity called the creep compliance,

D tð Þ ¼ ε tð Þ
σ0

¼ Creep Compliance ð3:5Þ

In this case,

ε tð Þ ¼ σ0D tð Þ ð3:6Þ

In a creep test, the strain will tend to a constant value after a long time for a
thermoset while the strain will increase without bound for a thermoplastic. Initial
and equilibrium compliances similar to initial and equilibrium modulus can also
be defined for thermosetting materials.

Creep test Creep and creep recovery test
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Fig. 3.13 Creep and creep recovery tests: stress input (above) and qualitative material
strain response (below)
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Le fluage (creep): 
déformation des métaux et des céramiques à  T > ½ Tm  (K)



Chapitre 1 – Les essais mécaniques

univers al 
coupling-

furnace-

specimen 

universal 
coupling 

loading lever 

.,.fulcrum 

! 
top plate 

base plate 

knife edges 

loading 
yweights 

Figure 2.2 Schematic illustration of the loading system for a ' 
single top-lever machine. 

Figure 8 

.- - - - - - time to fracture, t - - - -+ 

Primary : Secondary : Tertiary 

Time 

1 
1 
1 

Fracture 
+ 
1 
CU 
L. ::, -u 
lt) 
L. -0 -C ïu 

l= 
V') 

1 

1 

l 
Figure 1.1 Schematie representation of the strain/time eurves 
reeorded when Zogarithmic behaviour is observed at low 
temperatures and when normal ereep curves are displayed at 
temperatures above ~ 0.4Tm-

Figure 9 

10-13 

univers al 
coupling-

furnace-

specimen 

universal 
coupling 

loading lever 

.,.fulcrum 

! 
top plate 

base plate 

knife edges 

loading 
yweights 

Figure 2.2 Schematic illustration of the loading system for a ' 
single top-lever machine. 

Figure 8 

.- - - - - - time to fracture, t - - - -+ 

Primary : Secondary : Tertiary 

Time 

1 
1 
1 

Fracture 
+ 
1 
CU 
L. ::, -u 
lt) 
L. -0 -C ïu 

l= 
V') 

1 

1 

l 
Figure 1.1 Schematie representation of the strain/time eurves 
reeorded when Zogarithmic behaviour is observed at low 
temperatures and when normal ereep curves are displayed at 
temperatures above ~ 0.4Tm-

Figure 9 

10-13 

L’essai de fluage (”creep  test”)

Source: R.W. Evans & B. Wilshire, Creep of Metals and Alloys, The Institute of Metals, London, 1985, 
Chapitre 258



Chapitre 1 – Les essais mécaniques

univers al 
coupling-

furnace-

specimen 

universal 
coupling 

loading lever 

.,.fulcrum 

! 
top plate 

base plate 

knife edges 

loading 
yweights 

Figure 2.2 Schematic illustration of the loading system for a ' 
single top-lever machine. 

Figure 8 

.- - - - - - time to fracture, t - - - -+ 

Primary : Secondary : Tertiary 

Time 

1 
1 
1 

Fracture 
+ 
1 
CU 
L. ::, -u 
lt) 
L. -0 -C ïu 

l= 
V') 

1 

1 

l 
Figure 1.1 Schematie representation of the strain/time eurves 
reeorded when Zogarithmic behaviour is observed at low 
temperatures and when normal ereep curves are displayed at 
temperatures above ~ 0.4Tm-

Figure 9 

10-13 

L’essai de fluage (”creep  test”)

Source: R.W. Evans & B. Wilshire, Creep of Metals and 
Alloys, The Institute of Metals, London, 1985, Chapitre 2

59

En régime stationaire on a souvent la loi: 

̇𝜖 = )*
)+

 = A 𝜎,𝑒
!"
#$ ; 

N est généralement entre 1 et 10, et est 
souvent égal à 5 s’il s’agit de fluage lié au 
mouvement de dislocations;

Q donné par la loi d’Arrhenius correspond 
souvent à l’énergie d’activation de l’auto-
diffusion, d’ordre de grandeur 105 J mol-1

̇𝜖
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L’essai de fluage (”creep  test”)

60 Source: M.F. Ashby and D.R.H. Jones, Engineering Materials Vol. 1, 4th edition, Butterworth-Heinemann, 2012.

at any temperature and stress by using the last equation. They vary from mate-
rial to material, and have to be found experimentally.

20.3 CREEP RELAXATION

At constant displacement, creep causes stresses to relax with time. Bolts in hot
turbine casings must be regularly tightened. Plastic paper clips are not, in the
long-term, as good as steel ones because, even at room temperature, they slowly
lose their grip.

The relaxation time (arbitrarily defined as the time taken for the stress to relax to
half its original value) can be calculated from the power-law creep data as fol-
lows. Consider a bolt that is tightened onto a rigid component so that the initial
stress in its shank is si. In this geometry (refer to Figure 20.4(c)) the length of
the shank must remain constant—that is, the total strain in the shank etot must
remain constant. But creep strain ecr can replace elastic strain eel, causing the
stress to relax. At any time t

etot ¼ eel þ ecr ð20:4Þ

But

eel ¼ s=E ð20:5Þ

and (at constant temperature)
_ecr ¼ Bsn

In
 e!

ss

e! ss

Slope
–Q/R

–
T

1/T

FIGURE 20.7
Variation of creep rate with temperature.

318 CHAPTER 20 Creep and Creep Fracture

By plotting the natural logarithm (ln) of _ess against the reciprocal of the absolute
temperature (1/T) at constant stress, as shown in Figure 20.7, we find that:

_ess ¼ Ce"ðQ=!RTÞ ð20:2Þ

Here !R is the Universal Gas Constant (8.31 J mol"1 K"1) and Q is called the
Activation Energy for Creep—it has units of J mol"1. Note that the creep rate in-
creases exponentially with temperature (Figure 20.7). An increase in tempera-
ture of 20%C can double the creep rate.

Combining these two dependences of _ess gives

_ess ¼ Asne"ðQ=!RTÞ ð20:3Þ

where A is the creep constant. The values of the three constants A, n, andQ char-
actize the creep of amaterial; if you know these, you can calculate the strain rate
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Si augmenter la vitesse de déformation durcit le matériau*, il devient 
bien plus résistant à la striction; l’effet peut être spectaculaire

(* correspondant à m élevé dans                         ) 
698 CREEP AND SUPERPLASTICITY

Fig. 13.37 Superplastic tensile
deformation in Pb–62% Sn eutectic
alloy tested at 415 K and a strain
rate of 1.33 × 10−4 s−1; total
strain of 48.5. (From M. M. I.
Ahmed and T. G. Langdon, Met.
Trans. A, 8 (1977) 1832.) aluminum alloys. High-strength nickel-based superalloys have been

found to exhibit superplastic behavior, and the process of ‘‘gatoriz-
ing” (supposedly named after an alligator living in the lake in front
of the research institute) has been developed by Pratt and Whitney.
The potential of superplastic forming is especially bright for titan-
ium alloys, which are known to be very difficult to form, because
of their HCP structure. Superplasticity has also been discovered in
ceramics.

The basic reason that some materials can deform superplastically
when others cannot is related to how they respond to changes in
strain rate. The example of hot glass (above the transition tempera-
ture) comes to mind. We are all familiar with Coke bottles stretched
to very high strains; these interesting items are sold in curio shops.
Glass shows a Newtonian viscous behavior above a certain temper-
ature. Fiberglass is formed in such a manner and can be pulled to
extremely fine fibers. In a lamellar flow, Newtonian viscosity is defined
by (see Equation 3.29)

τ = η
dv
dy

,

where dv/dy is the variation in velocity of the fluid with distance y, τ

is the shear stress necessary to create the velocity gradient dv/dy, and
η is the viscosity. The derivative dv/dy is equivalent to the shear strain
rate γ̇ . (See Section 3.6.2.) Thus, we can write

τ = ηγ̇ . (13.34)

The stress-versus-strain-rate relationship from many materials is not
linear, but of the form (see Equation 3.23)

σ = K ε̇m, (13.35)

where K and m are constants and m is called the strain-rate sensitivity.
In general, m varies between 0.02 and 0.2, for homologous tempera-
tures between 0 and 0.9 (90% of the melting point in K). Hence, one
would have, at the most, an increase of 15% in the yield stress by
doubling the strain rate. Comparing Equations 13.34 and 13.35, we
see that a value of m = 1 will give a Newtonian viscous solid. Such a
material would not undergo tensile instability and could be stretched
indefinitely. Figure 13.38(a) shows schematically how a high value of
m will inhibit tensile instability (necking) and, consequently, enhance
plasticity in tension. The specimen is being deformed, in tension, at
a velocity v. The length increases from L0 to L1 and then to L2. At L2,
necking starts. If the material has a high value of m, this instability

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., 
Cambridge University Press, 200961
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limited picture of the overall work-hardening response of a metal; for
the wire in Figure 3.11 the total strain exceeded 7.4.

3.2.3 Strain Rate Effects
For many materials, the stress--strain curves are sensitive to the strain
rate ε̇. The lowest range of strain rates corresponds to creep and stress-
relaxation tests. The tensile tests are usually conducted in the range
10−4 s−1 < ε̇ < 10−2 s−1. At strain rates on the order of 102 s−1,
inertial and wave-propagation effects start to become important. The
highest range of strain rates corresponds to the passage of a shock
wave through the material.

More often than not, the flow stress increases with strain rate;
the work-hardening rate is also affected by it. A parameter defined to
describe these effects

m = ∂ ln σ

∂ ln ε̇

∣∣∣∣
ε,T

, (3.21)

is known as the strain rate sensitivity. Equation 3.21 can also be
expressed as

σ = K ε̇m. (3.22)

where K is a constant. Note that this K is different from the Ludwik--
Hollomon parameter.

Materials can be tested over a wide range of strain rates; however,
standardized tensile tests require well-characterized strain rates that
do not exceed a critical value. High-strain-rate tests are often used to
obtain information on the performance of materials under dynamic
impact conditions. The cam plastometer is one of the instruments
used. In certain industrial applications, metals are also deformed at
high strain rates. Rolling mills generate bar velocities of 180 km/h;
the attendant strain rates are extremely high. In wire-drawing, the
situation is similar.

Figure 3.12(a) shows the effect of different strain rates on the ten-
sile response of AISI 1040 steel. The yield stress and flow stresses at dif-
ferent values of strain increase with strain rate. The work-hardening
rate, on the other hand, is not as sensitive to strain rate. This illus-
trates the importance of correctly specifying the strain rate when
giving the yield stress of a metal. Not all metals exhibit a high strain
rate sensitivity: Aluminum and some of its alloys have either zero
or negative m. In general, m varies between 0.02 and 0.2 for homolo-
gous temperatures between 0 and 0.9 (90% of the melting point in K).
Hence, one would have, at the most, an increase of 15% in the yield
stress by doubling the strain rate. It is possible to determine m from
tensile tests by changing the strain rate suddenly and by measuring
the instantaneous change in stress. This technique is illustrated in
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conventional deformation, in which the strain undergone by the indi-
vidual grains is equal to the overall strain, and the grains assume
an elongated shape. Grain-boundary sliding accounts for 50--70% of
the overall strain. Superplastic materials may be likened to sand: the
granules retain their shape with plastic deformation. In contrast to
sand, however, superplastic materials do not have interstices between
the grains. Thus, some plastic accommodation must occur as the
grains slide past each other. The contribution of grain-boundary slid-
ing to plastic deformation is more substantial the greater the grain-
boundary surface per unit volume. Since the grain-boundary surface
is inversely proportional to the grain size, this explains why the
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Fig. 13.37 Superplastic tensile
deformation in Pb–62% Sn eutectic
alloy tested at 415 K and a strain
rate of 1.33 × 10−4 s−1; total
strain of 48.5. (From M. M. I.
Ahmed and T. G. Langdon, Met.
Trans. A, 8 (1977) 1832.) aluminum alloys. High-strength nickel-based superalloys have been

found to exhibit superplastic behavior, and the process of ‘‘gatoriz-
ing” (supposedly named after an alligator living in the lake in front
of the research institute) has been developed by Pratt and Whitney.
The potential of superplastic forming is especially bright for titan-
ium alloys, which are known to be very difficult to form, because
of their HCP structure. Superplasticity has also been discovered in
ceramics.

The basic reason that some materials can deform superplastically
when others cannot is related to how they respond to changes in
strain rate. The example of hot glass (above the transition tempera-
ture) comes to mind. We are all familiar with Coke bottles stretched
to very high strains; these interesting items are sold in curio shops.
Glass shows a Newtonian viscous behavior above a certain temper-
ature. Fiberglass is formed in such a manner and can be pulled to
extremely fine fibers. In a lamellar flow, Newtonian viscosity is defined
by (see Equation 3.29)

τ = η
dv
dy

,

where dv/dy is the variation in velocity of the fluid with distance y, τ

is the shear stress necessary to create the velocity gradient dv/dy, and
η is the viscosity. The derivative dv/dy is equivalent to the shear strain
rate γ̇ . (See Section 3.6.2.) Thus, we can write

τ = ηγ̇ . (13.34)

The stress-versus-strain-rate relationship from many materials is not
linear, but of the form (see Equation 3.23)

σ = K ε̇m, (13.35)

where K and m are constants and m is called the strain-rate sensitivity.
In general, m varies between 0.02 and 0.2, for homologous tempera-
tures between 0 and 0.9 (90% of the melting point in K). Hence, one
would have, at the most, an increase of 15% in the yield stress by
doubling the strain rate. Comparing Equations 13.34 and 13.35, we
see that a value of m = 1 will give a Newtonian viscous solid. Such a
material would not undergo tensile instability and could be stretched
indefinitely. Figure 13.38(a) shows schematically how a high value of
m will inhibit tensile instability (necking) and, consequently, enhance
plasticity in tension. The specimen is being deformed, in tension, at
a velocity v. The length increases from L0 to L1 and then to L2. At L2,
necking starts. If the material has a high value of m, this instability

où m est l’exposant lié à la vitesse de 
déformation “strain rate exponent”.

(notez que m = 1/N avec N = exposant de 
la vitesse de fluage; voir diapo 59)

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of 
Materials 2nd Ed., Cambridge University Press, 200962Chapitre 1 – Les essais mécaniques
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le fluide visqueux Newtonien
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Fig. 13.37 Superplastic tensile
deformation in Pb–62% Sn eutectic
alloy tested at 415 K and a strain
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strain of 48.5. (From M. M. I.
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found to exhibit superplastic behavior, and the process of ‘‘gatoriz-
ing” (supposedly named after an alligator living in the lake in front
of the research institute) has been developed by Pratt and Whitney.
The potential of superplastic forming is especially bright for titan-
ium alloys, which are known to be very difficult to form, because
of their HCP structure. Superplasticity has also been discovered in
ceramics.

The basic reason that some materials can deform superplastically
when others cannot is related to how they respond to changes in
strain rate. The example of hot glass (above the transition tempera-
ture) comes to mind. We are all familiar with Coke bottles stretched
to very high strains; these interesting items are sold in curio shops.
Glass shows a Newtonian viscous behavior above a certain temper-
ature. Fiberglass is formed in such a manner and can be pulled to
extremely fine fibers. In a lamellar flow, Newtonian viscosity is defined
by (see Equation 3.29)

τ = η
dv
dy

,

where dv/dy is the variation in velocity of the fluid with distance y, τ

is the shear stress necessary to create the velocity gradient dv/dy, and
η is the viscosity. The derivative dv/dy is equivalent to the shear strain
rate γ̇ . (See Section 3.6.2.) Thus, we can write

τ = ηγ̇ . (13.34)

The stress-versus-strain-rate relationship from many materials is not
linear, but of the form (see Equation 3.23)

σ = K ε̇m, (13.35)

where K and m are constants and m is called the strain-rate sensitivity.
In general, m varies between 0.02 and 0.2, for homologous tempera-
tures between 0 and 0.9 (90% of the melting point in K). Hence, one
would have, at the most, an increase of 15% in the yield stress by
doubling the strain rate. Comparing Equations 13.34 and 13.35, we
see that a value of m = 1 will give a Newtonian viscous solid. Such a
material would not undergo tensile instability and could be stretched
indefinitely. Figure 13.38(a) shows schematically how a high value of
m will inhibit tensile instability (necking) and, consequently, enhance
plasticity in tension. The specimen is being deformed, in tension, at
a velocity v. The length increases from L0 to L1 and then to L2. At L2,
necking starts. If the material has a high value of m, this instability

Si m = 1, 

et on a (par définition) un 
fluide visqueux 
newtonien. 

On n’observe alors tout 
simplement pas la 
striction - exemples: 
verre, caramel, .. 

Source: https://www.semanticscholar.org/paper/Experimental-and-numerical-Investigation-of-the-
Chouffart/24396d77e395c1450999c66f8729d78435922322/figure/3 (thèse Quentin Chouffart, U. Liège, 2018)

6 Introduction

Additionally, this material can be electrically heated to precisely regulate the global glass

temperature. Electrical power is provided through clamps at the bushing ears (i.e., the

small curved plates at the end of the busing in Fig. 1.5). The target bushing temperature,

about 1350◦C for the glass considered here, is controlled through a thermocouple on the

side at mid-height of the bushing.

Glass melt

Finshields

Water spray

Winder

Fibers

Bushing

Applicator

Figure 1.4: Overall schematic view of a bushing position (left) and detailed view of four
tips and the corresponding forming fibers (right).

After exiting the tip the molten glass is quickly cooled to reach the glass transition and

drawn at high velocity by the winder. The rapid acceleration of the melt induces strong

radius attenuation, as illustrated by the cone shape of the glass just below the tip (see right

part of Fig. 1.4). The cooling of the glass is initially mostly achieved by radiation, before

convection takes over further away from the tip. As discussed later, the cooling history

plays a key role in the process. Moreover, the tip temperature must be maintained in a

very precise range to achieve the adequate glass viscosity. In order to partially control

the radiative heat transfer, water-cooled copper blades, called finshields and shown in

Fig. 1.6, are inserted horizontally between rows of fibers a few millimeters below the

bushing plate (see Fig. 1.5). The position of the finshield blades is clearly indicated by

the space between two rows of tips in Fig. 1.7. During production the finshields can be

moved vertically to modify the radiative cooling of the fibers and the heat pattern of the

bushing plate, although the exact mechanism is still not well understood. Finshields are
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La mécanique de la rupture 
(«fracture mechanics») 
est la mécanique des corps fissurés; 

elle présuppose la présence d’une fissure dans 
un solide, et cherche à en prévoir le 
comportement en présence d’une contrainte 
(statique, dynamique, variable, interne, ….). 

On utilise deux paramètres fondamentaux, liés à 
deux approches différentes de la même 
question. Ces paramètres partent d’un point de 
vue différent – pour ensuite se rejoindre.
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Fig. 7.26 Different parameters
describing the growth of a crack.

7.7.5 Relationships among Different Fracture
Toughness Parameters

So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation

K 2 = E ′G ,
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If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
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Notion de base: la mécanique de la rupture
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Le premier paramètre mesurant la 
résistance à la fracture est 
l’énergie de fissuration: R, ou Gc,
en J/m2. C’est l’énergie qu’il faut 
fournir pour créer un mètre carré 
de fissure dans le solide. 
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Analyse énergétique de la rupture:
le solide va se fissurer si l’avancée d’une fissure 
libère plus d’énergie (élastique emmagasinée ou 
sous forme de travail des charges appliquées) 
qu’il n’en coûte pour agrandir la fissure.
On montre que cela a lieu si :

𝐺 ≡ / 0 1%2
3

= 𝑅
où F est fonction de la géométrie de la pièce 
fissurée, a est la longueur de la fissure, E le 
module d’Young, G est la force motrice d’avancée 
de la fissure. 
R, souvent aussi appelée G critique (Gc), est 
l’énergie requise pour créer la fissure en J/m2.
La fissuration a lieu quand G = Gc
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Toughness Parameters

So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation

K 2 = E ′G ,
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Le second paramètre est la valeur critique du facteur 
d’intensité de contrainte à la pointe de la fissure, Kc 
mesuré en MPa m1/2.  Celui-ci caractérise, dans un 
solide isotrope élastique linéaire, le champ de 
contraintes au voisinage d’une pointe de fissure, 
lequel a la forme:

où K est lié au champ de contrainte appliquée par

𝐾 = 𝜎𝑌 𝜋𝑎

La fissuration a lieu quand K = Kc 
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can then be represented by a triangle as shown in Figure 7.10; that
is, we have an interplay among the following three quantities:

1. The far-field stress, σ .
2. The characteristic crack length, a.
3. The inherent material resistance to cracking, KR.

Various parameters are used to represent KR. We discuss their equiv-
alence in Section 7.7.5. Here we wish to clarify one common point
of confusion. The symbol K is used to designate the stress intensity
factor at the crack tip corresponding to a given applied stress and
crack length. The symbol KR (or one of its equivalents) represents
fracture toughness. In this regard, the following analogy is helpful.
The stress intensity factor, K, is to stress as fracture toughness, KR, is
to strength. Stress and stress intensity factor vary with the external
loading conditions; strength and toughness are material parameters,
independent of loading and specimen size considerations.

We now seek an answer to the question: Given a certain applied
stress, what is the largest size defect (crack) that can be tolerated
without the failure of the member? Once we know the answer to this
question, it remains only to use appropriate inspection techniques to
select/repair/replace a material so that defects larger than the critical
size for the given design stress are not present.

7.6.2 Hypotheses of LEFM
The basic hypotheses of LEFM are as follows:

1. Cracks are inherently present in a material, because there is a limit
to the sensibility or resolution of any crack-detecting equipment.

2. A crack is a free, internal, plane surface in a linear elastic stress
field. With this hypothesis, linear elasticity furnishes us stresses
near the crack tip as

σrθ = K√
2πr

f (θ ), (7.20)

where r and θ are polar coordinates and K is a constant called the
stress intensity factor (SIF).

3. The growth of the crack leading to the failure of the structural
member is then predicted in terms of the tensile stress acting at
the crack tip. In other words, the stress situation at the crack tip
is characterized by the value of K. It can be shown by elasticity
theory that K = Y σ

√
πa, where σ is the applied stress, a is half

the crack length, and Y is a constant that depends on the crack
opening mode and the geometry of the specimen.

Fig. 7.11 The three modes of
fracture. (a) Mode I: opening
mode. (b) Mode II: sliding mode.
(c) Mode III: tearing mode (see
also Figure 7.1).

7.6.3 Crack-Tip Separation Modes
The three modes of fracture are shown in Figure 7.11. Mode I
(Figure 7.11(a)), called the opening mode, has tensile stress normal
to the crack faces. Mode II (Figure 7.10(b)) is called the sliding mode
or the forward shear mode. In this mode, the shear stress is normal
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tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
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Y = 1 pour une fissure 
interne de demi-
longueur a 
dont le plan est normal 
à la contrainte 
appliquée 
𝜎 au sein d’une plaque 
infinie (w infini)

Y = 1.12 pour une fissure 
émergente au bord d’une 
plaque semi-infinie (w
infini), avec le plan de 
fissure normal à une 
contrainte appliquée 𝜎
uniforme et parallèle au 
bord de la plaque. 

La propension à la rupture est ainsi mesurée par ce facteur d’intensité de contraintes (en 
pointe de fissure):
𝐾 = 𝜎𝑌 𝜋𝑎

où Y est fonction de la géométrie et donc en général aussi fonction aussi de a (à moins 
que les corps soient infinis). 
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Figure 16.3 shows that Y¼ 1.92 for our crack. The critical stress for fast fracture
is given by

s ¼ Kc

Y
ffiffiffiffiffi
pa

p ¼ 39

1:92
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p" 0:0025

p ¼ 229MN m#2

The critical stress is 64% greater than the longitudinal stress. However, the
change in section from a cylinder to a sphere produces something akin to a
stress concentration; when this is taken into account the failure is accurately
predicted.

Conclusions
This case study provides a good example of the consequences of having an in-
adequate fracture toughness. However, even if the heat-affected zone had a high
toughness, the crack would have continued to grow through the wall of the tank
by stress-corrosion cracking until fast fracture occurred. The critical crack size
would have been greater, but failure would have occurred eventually. The only
way of avoiding failures of this type is to prevent stress corrosion cracking in the
first place.
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FIGURE 16.3
Y value for the crack (dimensions in mm).

232 CHAPTER 16 Case Studies in Fracture

Exemples: Y(a) pour ces deux cas quand w est fini.

Source: H.L. Ewalds & R.J.H. Wanhill, Fracture Mechanics, Edward 
Arnold, 1985
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Les deux critères se rejoignent, avec : 

𝐺4 = 𝐴
𝐾45

𝐸
où A est un facteur dépendant de la géométrie de la 
pièce.
En général, bien que G ait un sens physique clair (c’est 
ce qui «pousse» la fissure en avant), en mécanique de 
la rupture on raisonne d’habitude en terme du 
facteur d’intensité de contrainte

𝐾 = 𝜎𝑌 𝜋𝑎

car K est propportionel à la contrainte appliquée s.
La ténacité est donc le plus souvent rapportée en 
terme de Kc plutôt que Gc.
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7.7.5 Relationships among Different Fracture
Toughness Parameters

So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation

K 2 = E ′G ,
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among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
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the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
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Notion de base: la mécanique de la rupture
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Un point important qu’il faudra garder à l’esprit est 
celui-ci:

comme 𝐾 = 𝜎𝑌 𝜋𝑎 , plus la fissure est longue (= 
plus a est grand), plus elle satisfera le critère de 
rupture. Donc sauf circonstances spéciales (par 
exemple une diminution de la contrainte avec 
l’avancée de la fissure), une fois la propagation d’une 
fissure amorcée, celle-ci ne va pas cesser: la pièce va 
dès lors être subitement coupée en deux.  

En général, donc, K = Kc signe la rupture 
catastrophique de la pièce.
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So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation

K 2 = E ′G ,
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the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation
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So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
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relative displacement of two points on opposite sides of the crack
plane. This displacement can be calibrated and related to the real
crack front extension.

The typical test samples used in fracture toughness tests carried
out in accordance with the ASTM standard are shown in Figure 9.8.
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Fig. 9.8 Typical ASTM standard
plane-strain fracture toughness
test specimens. (a) Compact
tension. (b) Bending. (c)
Photograph of specimens of
various sizes. Charpy and tensile
specimens are also shown, for
comparison purposes. (Courtesy
of MPA, Stuttgart.)

Figure 9.8(c) shows the size of the specimens. (Tensile and Charpy
specimens are also shown for comparison.) The relation between
the applied load and the crack opening displacement depends
on the size of the crack and the thickness of the sample in relation
to the extent of the plastic zones. When the crack length and the
sample thickness are very large in relation to the quantity (KIc/σ y)2,
the load--displacement curve is of the type shown in Figure 9.9(a).
The load at the brittle fracture that corresponds to KIc is then well
defined. When the specimen is of reduced thickness, a step called
‘‘pop-in” occurs in the curve, indicating an increase in the crack open-
ing displacement without an increase in the load (Figure 9.9(b)). This
phenomenon is attributed to the fact that the crack front advances
only in the center of the plate thickness, where the material is con-
strained under plane-strain condition. However, near the free surface,
plastic deformation is much more pronounced than at the center,
and it approaches the conditions of plane stress. Consequently, the
plane-strain crack advances much more in the central portion of
the plate thickness, and in regions of material near the surfaces of
the specimen, the failure eventually is by shear.

When the test piece becomes even thinner, the plane-stress con-
dition prevails, and the load--displacement curve becomes as shown
in Figure 9.9(c). To make valid fracture toughness measurements in
plane strain, the influence of the free surface, which relaxes the con-
straint, must be maintained small. This enables the plastic zone to
be constrained completely by elastic material. The crack length must
also be maintained greater than a certain lower limit.

Figure 9.10 shows the plastic zone at the crack front in a plate
of finite thickness. At the edges of the plate (x3 → ± B/2), the stress
state approaches that of plane stress. At the center of a sufficiently
thick plate, the stress state approaches that of plane strain. This is so
because the ε33 component of strain is equal to zero at the center, as
the material there in that direction is constrained, whereas near the
edges the material can yield in the x3 direction, so ε33 is different
from zero.

Up to this point, the sample size and the crack length have been
discussed in a qualitative way. The lower limits on width, thickness,
and crack length all depend on the extent of plastic deformation
through the (KIc/σ y)2 factor. In view of the lack of knowledge about
the exact size of the plastic zone for the crack in mode I (the crack
opening mode), it is very difficult to determine the lower limits of
dimension of the test piece theoretically. These lower limits above
which KIc remains constant are determined by means of trial tests.
Samples of dimensions smaller than those limits tend to overestimate
the KIc limit.

L’essai de fracture (“fracture toughness test”)
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procedure used in the analysis of load--displacement records of this
type can be explained by means of the figure. Let us designate the
linear-slope part as OA. A secant line, OP5, is drawn at a slope 5% less
than that of line OA. The point of intersection of the secant with
the load--displacement record is called P5. We define the load PQ, for
computing a conditional value of KIc, called KQ, as follows: If the load
on every point of curve before P5 is less than P5, then P5 = PQ (case I
in the figure). If there is a load more than P5 and before P5, this load
is considered to be PQ (cases II and III in the figure). In these cases,
if Pmax/PQ > 1.1, the test is not valid; KQ does not represent the KIc

value, and a new test needs to be done. After determining the point
PQ, we calculate the value of KQ according to the known equation for
the geometry of the test piece used. A checklist of points is given
in Table 9.1 and Figure 9.13 shows schematically the variation of
Kc, with the flaw size, specimen thickness, and specimen width. The
stress intensity factor is calculated by using the equation

K 1 = f
( a

W

) P

B
√

W
. (9.4)
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Fig. 9.8 Typical ASTM standard
plane-strain fracture toughness
test specimens. (a) Compact
tension. (b) Bending. (c)
Photograph of specimens of
various sizes. Charpy and tensile
specimens are also shown, for
comparison purposes. (Courtesy
of MPA, Stuttgart.)

Figure 9.8(c) shows the size of the specimens. (Tensile and Charpy
specimens are also shown for comparison.) The relation between
the applied load and the crack opening displacement depends
on the size of the crack and the thickness of the sample in relation
to the extent of the plastic zones. When the crack length and the
sample thickness are very large in relation to the quantity (KIc/σ y)2,
the load--displacement curve is of the type shown in Figure 9.9(a).
The load at the brittle fracture that corresponds to KIc is then well
defined. When the specimen is of reduced thickness, a step called
‘‘pop-in” occurs in the curve, indicating an increase in the crack open-
ing displacement without an increase in the load (Figure 9.9(b)). This
phenomenon is attributed to the fact that the crack front advances
only in the center of the plate thickness, where the material is con-
strained under plane-strain condition. However, near the free surface,
plastic deformation is much more pronounced than at the center,
and it approaches the conditions of plane stress. Consequently, the
plane-strain crack advances much more in the central portion of
the plate thickness, and in regions of material near the surfaces of
the specimen, the failure eventually is by shear.

When the test piece becomes even thinner, the plane-stress con-
dition prevails, and the load--displacement curve becomes as shown
in Figure 9.9(c). To make valid fracture toughness measurements in
plane strain, the influence of the free surface, which relaxes the con-
straint, must be maintained small. This enables the plastic zone to
be constrained completely by elastic material. The crack length must
also be maintained greater than a certain lower limit.

Figure 9.10 shows the plastic zone at the crack front in a plate
of finite thickness. At the edges of the plate (x3 → ± B/2), the stress
state approaches that of plane stress. At the center of a sufficiently
thick plate, the stress state approaches that of plane strain. This is so
because the ε33 component of strain is equal to zero at the center, as
the material there in that direction is constrained, whereas near the
edges the material can yield in the x3 direction, so ε33 is different
from zero.

Up to this point, the sample size and the crack length have been
discussed in a qualitative way. The lower limits on width, thickness,
and crack length all depend on the extent of plastic deformation
through the (KIc/σ y)2 factor. In view of the lack of knowledge about
the exact size of the plastic zone for the crack in mode I (the crack
opening mode), it is very difficult to determine the lower limits of
dimension of the test piece theoretically. These lower limits above
which KIc remains constant are determined by means of trial tests.
Samples of dimensions smaller than those limits tend to overestimate
the KIc limit.
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procedure used in the analysis of load--displacement records of this
type can be explained by means of the figure. Let us designate the
linear-slope part as OA. A secant line, OP5, is drawn at a slope 5% less
than that of line OA. The point of intersection of the secant with
the load--displacement record is called P5. We define the load PQ, for
computing a conditional value of KIc, called KQ, as follows: If the load
on every point of curve before P5 is less than P5, then P5 = PQ (case I
in the figure). If there is a load more than P5 and before P5, this load
is considered to be PQ (cases II and III in the figure). In these cases,
if Pmax/PQ > 1.1, the test is not valid; KQ does not represent the KIc

value, and a new test needs to be done. After determining the point
PQ, we calculate the value of KQ according to the known equation for
the geometry of the test piece used. A checklist of points is given
in Table 9.1 and Figure 9.13 shows schematically the variation of
Kc, with the flaw size, specimen thickness, and specimen width. The
stress intensity factor is calculated by using the equation

K 1 = f
( a

W

) P

B
√

W
. (9.4)
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9.2.1 Charpy Impact Test
The Charpy V-notch impact test is an ASTM standard. The notch is
located in the center of the test specimen, which is supported hori-
zontally at two points. The specimen receives an impact from a pen-
dulum of a specific weight on the side opposite that of the notch
(Figure 9.1). The specimen fails in flexure under impact.

The energy absorbed by the specimen when it receives the impact
from the hammer is equal to the difference between the potential
energies of the hammer before and after impact. If the hammer has
mass m, then

Ef = mg (h0 − h1) ,

where Ef is the sum of the energy of plastic deformation, the energy of
the new surfaces generated, and the vibrational energy of the entire
system; h0 is the initial height of the hammer; h1 is the hammer’s
final height; and g is the acceleration due to gravity. Of these, the
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The energy absorbed by the specimen when it receives the impact
from the hammer is equal to the difference between the potential
energies of the hammer before and after impact. If the hammer has
mass m, then

Ef = mg (h0 − h1) ,

where Ef is the sum of the energy of plastic deformation, the energy of
the new surfaces generated, and the vibrational energy of the entire
system; h0 is the initial height of the hammer; h1 is the hammer’s
final height; and g is the acceleration due to gravity. Of these, the

L’essai d’impact Charpy (et apparentés: Izod, …)

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

Une vidéo illustrative
https://www.youtube.com/watch?v=tpGhqQvftAo74
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first is the most significant term, and it may be assumed that the
Charpy energy is

CV ≈ mg (h0 − h1) . (9.1)

At impact with the specimen, the hammer has a velocity (the student
should consult his or her physics textbook)

v = (2gh0)1/2 .

For a difference in height of 1 m,

v = 4.5 m/s.

If we assume that the average length over which plastic deformation
takes place is 5 mm, we have

ε̇ = v
L

≈ 103s−1.

We see, then, that the strain rate in a Charpy test is very high.
In the region around the notch in the test piece, there exists

a triaxial stress state due to a plastic yielding constraint there. This
triaxial stress state and the high strain rates enhance the tendency
toward brittle failure. Generally, we present the results of a Charpy
test as the energy absorbed in fracturing the test piece. An indication
of the tenacity of the material can be obtained by an examination of
the fracture surface. Ductile materials show a fibrous aspect, whereas
brittle materials show a flat fracture.

A Charpy test at only one temperature is not sufficient, however,
because the energy absorbed in fracture drops with decreasing test
temperature. Figure 9.2 shows this variation in the energy absorbed
as a function of temperature for a steel in the annealed and in the
quenched and tempered states. The temperature at which a change
occurs from a high-energy fracture to a low-energy one is called the
ductile--brittle transition temperature (DBTT). However, since, in practice,
there occurs not a sharp change in energy, but instead, a transi-
tion zone, it becomes difficult to obtain this DBTT with precision.
Figure 9.3 shows how the morphology of the fracture surface changes

Illustration vidéo :
https://www.youtube.com/watch?v=tpGhqQvftAo

L’essai d’impact Charpy (et apparentés: Izod, …)

75 Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge 
University Press, 2009
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(“formability tests”)
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Fig. 3.44 Simple formability tests
for sheets. (a) Simple bending test.
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to a value of R larger than 1: the strength in the thickness direction is
greater than the strength in the plane of the sheet. The three param-
eters n, m, and R are readily obtained in a tensile test. (See Sections
2.2 and 3.2).

Additional important information on the workability of sheets is
provided by the yield and flow loci. Section 3.7.8 gives a description of
yield criteria and how they are graphically presented in a plane-stress
situation. The experimental determination of the yield locus and its
expansion as plastic deformation takes place is conducted in biaxial
tests. (See Section 3.7.4, Figure 3.28.)

Figure 3.44 shows the most simple formability tests applied to
metals. In the simple bending test, the specimen is attached to a die,
and one end is clamped in a vise. The other end is bent to a specific
radius. Specimens are bent to 180◦ using bending dies with smaller
and smaller bending radii. Observations are made to see whether
cracks are formed. In the free-bending test, the specimen is first bent
between two rollers until an angle between 30◦ and 45◦ is achieved.
It is then further bent between two grips, such as a vise.

The Olsen and Erichsen tests are typical stretch tests. A hardened
steel sphere (diameter of 22.2 mm for the Olsen test, 20 mm for the
Erichsen test) is pushed into the clamped metal, forming a bulge.
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to a value of R larger than 1: the strength in the thickness direction is
greater than the strength in the plane of the sheet. The three param-
eters n, m, and R are readily obtained in a tensile test. (See Sections
2.2 and 3.2).

Additional important information on the workability of sheets is
provided by the yield and flow loci. Section 3.7.8 gives a description of
yield criteria and how they are graphically presented in a plane-stress
situation. The experimental determination of the yield locus and its
expansion as plastic deformation takes place is conducted in biaxial
tests. (See Section 3.7.4, Figure 3.28.)

Figure 3.44 shows the most simple formability tests applied to
metals. In the simple bending test, the specimen is attached to a die,
and one end is clamped in a vise. The other end is bent to a specific
radius. Specimens are bent to 180◦ using bending dies with smaller
and smaller bending radii. Observations are made to see whether
cracks are formed. In the free-bending test, the specimen is first bent
between two rollers until an angle between 30◦ and 45◦ is achieved.
It is then further bent between two grips, such as a vise.

The Olsen and Erichsen tests are typical stretch tests. A hardened
steel sphere (diameter of 22.2 mm for the Olsen test, 20 mm for the
Erichsen test) is pushed into the clamped metal, forming a bulge.
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Fig. 3.47 Sheet specimen
subjected to punch–stretch test
until necking; necking can be seen
by the clear line. (Courtesy of
S. S. Hecker.)

nitrogen atoms with dislocations. After a process called temper
rolling, the susceptibility is eliminated; however, it can return fol-
lowing aging. This problem is easily solved by flexing the sheet by
effective roller leveling just prior to forming.24

The poor correlation between the common ‘‘cupping” test and
the actual performance of the metal led investigators to look at
some more fundamental parameters. The first breakthrough came in
1963, when Keeler and Backofen25 found that the localized necking
required a critical combination of major and minor strains (along
two perpendicular directions in the sheet plane). This concept was
extended by Goodwin to the negative strain region, and the resulting
diagram is known as the Keeler--Goodwin,26 or forming-limit, curve
(FLC). The FLC is an important addition to the arsenal of techniques for
testing formability and is described after the description of Hecker’s
testing technique, presented next.27

Hecker developed a punch--stretch apparatus and technique well
suited for the determination of FLC. The device consists of a punch
with a hemispherical head with a 101.6-mm (4-in.) diameter. The die
plates are mounted in a servohydraulic testing machine with the
punch mounted on the actuator. The hold-down pressure on the die
plates (rings) is provided by three hydraulic jacks. (The hold-down load
is 133 kN.) The bead-and-groove arrangement in the rings eliminates
any possible drawing in. The specimens are all gridded with 2.54-mm
circles by a photoprinting technique. The load versus displacement
is measured and recorded during the test, and the maximum load
is essentially coincident with localized instability and the onset of
fracture. A gridded specimen after failure is shown in Figure 3.47. The

24 H. E. McGannon (ed.), The Making, Shaping, and Treating of Steel, 9th ed. (Pittsburgh, PA:
US Steel, 1971), pp. 1126, 1260.

25 S. P. Keeler and W. A. Backofen, Trans. ASM, 56 (1963) 25.
26 G. M. Goodwin, ‘‘Application of Strain Analysis to Sheet Metal Forming Problems in

the Press Shop,” SAE Automotive Eng. Congr., Detroit, Jan. 1968, SAE Paper No. 680093.
27 S. S. Hecker, Metals Eng. Quart., 14 (1974) 30.
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Fig. 3.45 “Ears” formed in
deep-drawn cups due to in-plane
anisotropy. (Courtesy of Alcoa,
Inc.)

Figure 3.45 shows the effect of texture on a deep-drawn cup. This
effect is known as ‘‘earing.” Prior to drawing, the sheet exhibited
different yield stresses along different directions. The orientation in
which the sheet is softer is drawn in faster than the harder direc-
tion, resulting in ‘‘ears.” The number of ears (four) actually shows the
type of texture. Figure 3.46 on the other hand, illustrates the effect
of inclusions on the formability of an alloy. Fracture is much more
probable if the sheet is bent along the second-phase strings than if it
is bent perpendicular to them.

Section 3.7.8 shows the yield locus for anisotropic materials; this
equation is an ellipse essentially identical to that described by the von
Mises yield criterion in plane stress. (See Section 3.7.4.) The ellipse is
distorted, however.

3.9.2 Punch–Stretch Tests and Forming-Limit Curves (or
Keeler–Goodwin Diagrams)

An ideal test is the one that predicts exactly the performance of a
material. The m, n, and R values are insufficient to predict the form-
ability, and tests more closely resembling the actual plastic-forming
operations have been used for a long time. The main parameter
that they can provide is the strain to fracture. These tests are called
punch--stretch tests, or simply, ‘‘cupping” tests.

The punch--stretch test consists of clamping a blank firmly on its
edges between two rings or dies; the next step is to force a plunger
or punch through the center area of the specimen enclosed by the
area of the ring, until the blank fractures. Several punch--stretch tests
have been developed over the years, including the Olsen, Erichsen,
Guillery, and Wazau tests. These ‘‘cupping” tests are routinely used for
inspection purposes, since they provide a quick indication of ductility;
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Vidéo illustrant le procédé d’emboutissage (deep drawing):
https://www.youtube.com/watch?v=2KZRQSI8GkQ
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Une vidéo illustrative
https://www.youtube.com/watch?v=LhUclxBUV_E
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Les essais de fatigue –  2 types: (i) à échantillon lisse: on rapporte le 
nombre de cycles à rupture. Attention: les résultats sont statistiques ! 
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failure of the material. Such an endurance limit is not encountered
in nonferrous metals or polymers. In these cases, one sets an arbitrary
number of cycles, say 107, and takes the corresponding stress to be
the fatigue life of the material.

14.14.3 Statistical Analysis of S–N Curves
It has been observed that, if a sufficiently large number of identical
specimens is fatigue tested at the same stress amplitude, a Gaussian
or normal distribution describes the logarithm of the fatigue life
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Fig. 14.34 S–N curve showing
log-normal distribution of lives at
various stress levels.

distribution. Figure 14.34 shows a schematic S--N diagram with a log-
normal distribution of lives at various stress levels. There is more of
a spread in the lives of a group of specimens tested at a stress level
greater than their fatigue limit than in the stress levels necessary
to cause failure at a given life. The data from cyclic loading tests
(whether rotating bending beam, pulsating tension, or axial tension--
compression) must be analyzed statistically. The mean value x̄ and
the standard deviation σ for a given set of data are given by

x =
∑

x
n

(14.8)

and

σ =
[∑

(x − x)2

n − 1

]1/2

, (14.9)

where x is the cyclic life of the material at a given stress (the test value)
and n is the number of test values (i.e., the number of samples tested
to failure at a given stress). With these statistical parameters, one can
obtain confidence limits for the probability of survival of the material.
The anticipated fatigue life, with a desired level of confidence (C) that
at least P of the samples will not fail, may be written as

anticipated life (C , P ) = x̄ − qσ. (14.10)

where q is a function of C, P, and the number of test samples
used to determine x̄ and σ . The selection of a particular confidence
limit depends on the importance of the component to the structural
integrity of the material. The more important the component, the
higher should be the confidence limit and the lower the stress. The
q values for a given distribution are available in tabulated form in
the literature. Table 14.1 presents the q-values, assuming a normal
distribution. With anticipated life (Equation 14.10) and the q tables,
we can develop a family of curves showing the probability of survival
or failure of a component (Figure 14.35).

14.14.4 Nonconventional Fatigue Testing
In the category of nonconventional fatigue testing, we include prac-
tically all modern fatigue testing other than that involving the
determination of S--N curves. The machines used are direct load-
ing machines. The drive system of the load train receives a time-
dependent signal from the controls, converts it into a force, or
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normal distribution of lives at various stress levels. There is more of
a spread in the lives of a group of specimens tested at a stress level
greater than their fatigue limit than in the stress levels necessary
to cause failure at a given life. The data from cyclic loading tests
(whether rotating bending beam, pulsating tension, or axial tension--
compression) must be analyzed statistically. The mean value x̄ and
the standard deviation σ for a given set of data are given by

x =
∑

x
n

(14.8)

and

σ =
[∑

(x − x)2

n − 1

]1/2

, (14.9)

where x is the cyclic life of the material at a given stress (the test value)
and n is the number of test values (i.e., the number of samples tested
to failure at a given stress). With these statistical parameters, one can
obtain confidence limits for the probability of survival of the material.
The anticipated fatigue life, with a desired level of confidence (C) that
at least P of the samples will not fail, may be written as

anticipated life (C , P ) = x̄ − qσ. (14.10)

where q is a function of C, P, and the number of test samples
used to determine x̄ and σ . The selection of a particular confidence
limit depends on the importance of the component to the structural
integrity of the material. The more important the component, the
higher should be the confidence limit and the lower the stress. The
q values for a given distribution are available in tabulated form in
the literature. Table 14.1 presents the q-values, assuming a normal
distribution. With anticipated life (Equation 14.10) and the q tables,
we can develop a family of curves showing the probability of survival
or failure of a component (Figure 14.35).

14.14.4 Nonconventional Fatigue Testing
In the category of nonconventional fatigue testing, we include prac-
tically all modern fatigue testing other than that involving the
determination of S--N curves. The machines used are direct load-
ing machines. The drive system of the load train receives a time-
dependent signal from the controls, converts it into a force, or

17.2 FATIGUE OF UNCRACKED COMPONENTS

Fatigue tests are done by subjecting specimens of the material to a cyclically
varying load or displacement (Figure 17.1). For simplicity, the time variation
of stress and strain is shown as a sine wave, but modern testing machines
are capable of applying almost any chosen load or displacement spectrum.
The specimens are subjected to increasing numbers of fatigue cycles N, until
they finally crack (when N ¼ Nf—the number of cycles to failure).

Figure 17.2 shows how the cyclic stress and cyclic strain are coupled in a linear
elastic specimen. The stress and strain are linearly related through Young’s
modulus, and the stress range Ds produces (or is produced by) an elastic strain
range Deel (equal to Ds/E).

Figure 17.3 shows how the cyclic stress and cyclic strain are coupled in a spec-
imen that is cycled outside the elastic limit. There is no longer a simple relation-
ship between stress and strain. Instead, they are related by a stress–strain loop,
which must be determined from tests on the material. In addition, the shape
of the loop changes with the number of cycles, and it can take several hundred
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FIGURE 17.1
Fatigue testing.
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Source: M.F. Ashby and D.R.H. Jones, Engineering Materials Vol. 
1, 4th edition, Butterworth-Heinemann, 2012.
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Les essais de fatigue:  courbes de Wöhler (“S-N Curves”)
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where !εe/2 is the elastic strain amplitude, σ a is the true stress ampli-
tude, σ ′

f is the fatigue strength coefficient (equal to the stress inter-
cept at 2Nf = 1), Nf is the number of cycles to failure, and b is the
fatigue strength exponent. This relationship is an empirical represen-
tation of the S--N curve above the fatigue limit in Figure 14.3. On a
log--log plot, it gives a straight line of slope b. One can see that the
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Source: R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering 
Materials, 3rd Ed., J. Wiley & Sons, 1989

Les essais de fatigue – les résultats peuvent dépendre de facteurs 
tels que la fréquence, l’environnement (fatigue-corrosion), l’état de 
surface, ...: 

Exemple: cas d’un polymère, 
qui dissipe de l’énergie 
en se déformant 
(nous verrons cela plus 
tard) et peut donc 
s’échauffer puis 
rompre prématurément
pendant la déformation 
à haute fréquence, 
largement du fait de son 
échauffement.

i _cba_rged_w{h hydroge!-ga$.and be sus-
ed premature failure (see Chapter 11).
fforded by case hardening is considerable
site from the surface to the
residual stress shifts abruptly to a tensile
the core is considerably less than that
might expect, EAse-hudqrring imparts a

nce to comoonents exoeriencing a stress
in any notched sample. Here, the applied
k link in a case hardened part-the case-
rent is anticipated when an axially loaded
failure can occur anywhere within the
o so at the case-core boundary.
improves fatigue resistance, inadvgttqtt-
reaInnEnJ can seriously degrade hardness,
3b). Logically, decarburizing results in a
ron is such a potent strengthening agent
4.6). In addition, the propensity for a

;urface region, which is restrained by the
Jce an unfavorable residual tensile stress

rent in fatigue properties may be achieved
ressive stress field and avoiding any pos-
;26 showed that when decarburization was
I rather than cut, the fatigue endurance
over 400Vo (Table 12.2).

legradC_tqligUg_bqhaytgt These include
ocal soft spots that have poorer fatigue
Lilgo resulting in reversion of the steel to
site upon quenching; and splatter from
d causes local metallurgical changes that

induced either bv scale hvsteretic
Itine. or bv fatigue crack initiation and E: rf J"(f ,T)ct2 (12-13)

CYCLIC STRESS-CONTROLLED FATIGUE / 483

Cyclrc thermal
softe n i ng

lrue fotigue

FIGURE 12.24 Typical fatigue and cyclic thermal softening failures in poly(methyl
methacrylate).2e (Reproduced by courtesy of The Institution of Mechanical Engineers
from an article by I. Constable, J. G. Williams, and D. J. Burns from JMES 12,
20 (1970).)

ptapagattan.to fi nal failure2T (!JE. 12 24), Over the the basic differences and
importance of p_-olymer fatigUCfAdU{gs UdUCgd by these tyro prgqesses haye be_come_.

researchers. Part of thrs difficulty is due to the nature
of the ASTM recommended test procedure Standard D67I-71 28

fhcrmrl feilrrre ic helierrcrl fn inrrnlrre fhe accumulation of
hyslereliq e0_ejgy_99!etdL9d_-dlutUg eashlqadug_Qvs-le.-Since this energy is dissipated
largely in the form of heat, an associated temperature rise will occur for every
loading cycle when isothermal conditions are not met. As shown in fig. 12,25, the
temperature rise can be great enough to cause the sample to melt, thereby pre-
venting it from carrying any load.30 Fcilrrre is resrrmed therefore to occur bv
vtseous--flgy-altlrcugLtie-9-eeure.qs,e- ef soqe nd brea-kagqca!trot_bq arlcllded-

From the work of Ferry,32.,the€nergy digqp=qlq4jLq_gyengy_4q Inay be described
by

'I'ha - o in" norroa ^f
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Les essais de fatigue –  2 types: (ii) à échantillon fissuré: on mesure la 
longueur de fissure a dans le temps et on rapporte la vitesse (cyclique) de 
croissance de la fissure, da/dN.
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17.4 FATIGUE MECHANISMS

Cracks grow in the way shown in Figure 17.8. In a pure metal or polymer (left
diagram), the tensile stress produces a plastic zone (Chapter 14) which makes
the crack tip stretch open by the amount d, creating new surface there. As the
stress is removed the crack closes and the new surface folds forward extending
the crack (roughly by d). On the next cycle the same thing happens again, and
the crack inches forward, roughly at da/dN! d. Note that the crack cannot grow
when the stress is compressive because the crack faces come into contact and
carry the load (crack closure).

a K = Y! "a
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FIGURE 17.6
Fatigue-crack growth in precracked components.
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Fig. 14.38 Electric potential
drop method for crack growth
measurements. (a) Bend specimen.
(b) Compact-tension specimen. Va

is the potential drop across the
crack while V0 is some reference
potential. The crack length is
obtained as function of the
normalized potential (Va/Vo). The
sample is loaded by inserting pins
in holes shown.

or stereo zoom microscopes are used in manual monitoring crack
length. Such devices typically can read up to 0.01 mm. We may have
scale markings photographically prepared on the sample or have a
scale inserted in the ocular piece of the microscope. We can also
use crack propagation gages, consisting of a series of 20 or 25 paral-
lel, equally spaced resistance wires in the form of a grid. Crack length
is measured by monitoring the overall change in resistance. In the
electric potential drop method, a constant direct current is passed
through the specimen containing a crack. The resistance of the speci-
men changes as the crack grows and is detected by measuring the
potential drop across the mouth of the starter notch. Figure 14.38
shows the setup for a bend and a compact-tension specimen. As a
crack is observed propagating, the number of cycles required for each
increment is recorded, and a crack growth rate da/dN is computed
from the curve of the crack length a versus the number of cycles N.
The cyclic stress intensity factor at the crack tip (!K) may be computed
from the crack length and the load. By plotting da/dN versus !K, we
can obtain the fatigue crack growth characteristics of the material.
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We mentioned in Chapter 14 that real engineering alloys always have little in-
clusions in them. Then (see right diagram of Figure 17.8), within the plastic
zone, holes form and link with each other, and with the crack tip. The crack
now advances a little faster than before, aided by the holes.

In precracked structures these processes determine the fatigue life. In uncracked
components subject to low-cycle fatigue, the general plasticity quickly roughens
the surface, and a crack forms there, propagating first along a slip path (“Stage
1” crack) and then, by the mechanism we have described, normal to the tensile
axis (Figure 17.9).
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FIGURE 17.8
How fatigue cracks grow.
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Fatigue crack-growth rates for precracked material.
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Fin du chapitre... suite aux travaux pratiques.

Nous passons maintenant aux matériaux, en commençant par les 
céramiques.
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