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Mécanique des composites

Micro et macromécanique

Tests mécaniques

Endommagement et rupture

CADFEM
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Les stratifiés



De la fibre a la structure
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Exemples

Orientation des fibres

Et si jaugmente le nombre de plis
tout en gardant la méme épaisseur ?

Pourquoi des plis a 45 ?

Les hybrides
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Contraintes et Rupture
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Mécanique des matériaux
Contraintes principales
Criteres de rupture
Rupture du premier pli
Rupture du composite

Endommagement



Efforts,contraintes et contraintes principales
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Contraintes dans les stratifiés anisotropes




Contraintes dans les stratifiés anisotropes

X

g g g S R g G S




Résistances ultimes

Laminate FPF analysis

Laminate : C 045905
Modified : Sun Mow 11 17:28:27 2012

Lay-up : (Dai+45af-45a/90a)SE h =1.84 mm

Phy t E_1 E_2 G_12 nu_12 G_3 G_23
mm GPa GPa GPa GPa GPa
a E;Epoxy;UD- 230025550 0.23 38 5 36 0.3 36 346154
¥t X e YW_t Y. c 5 R 0 X epst X epsc Y_epst Y_epsc 5
MPa MPa MPa MPa MPa MPa MPa %o o o %o
a 530 570 33 10 70 7O 41.5385 244737 1.5 0.358887 1.22222 1584

Load : SkN10cm Mx125sur25cm
Modified : Sun Mov 11 21:02:20 2012
Type : Forces and moments (Var E)

M_x = 50000 N/m M_x = 500 Nm'm
N_y = 0 N/m M_yv = 0 Nm'm
MN_xy = 0 MN/m M_xv = 0 Nm‘m
ax = 0 MN/m
Oy = 0 N/m
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Failure criterion : Tsai-Wu; Max strain; Von Mises, Out-of-plane shear, Out-of-plane s
(U, non-UD; homogeneous; honeyc. core, foamlother core; adhe
Failure crit. param. : Tsai-Wu F_12*=-0.5

Factor of safety : FoSw =1

Stressistrain recovery : layer top/bottom

Laminate reserve factors

FPF Mode FPF-only Mode Crit layers

RF = 0.28 2t 0.28 2t

T(457%)
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Layer reserve factors - FPF

Ply theta RF

a 0t 20 034 1o/t
b 0.45

a 43t 6. 088 =
b 1.05

a -45 7. 108 =
b 2.33

a 90 ot 8 188 2c
b 260

a 90t 3. 280 2t
b 0.40

a 45t 4, 0.88 2=
b 0.47

a 45t 1. 040 2t
b 0.28

a ot 5 025 1t
b 0.67




Résistances ultimes

A= _.
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carbone / époxy
(AS/3501)

Kevlar 49 /époxy

verre-E / époxy
(scotch ply 1002)
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Les normes
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Table 2 Typical mechanicol propertics veported on duta sheets

Poisson’s ratio. .

stress carried by the test specimen during
the compressive test.

Property Test method Test deseription
. Teasile streagth ........... . ASTM D638 - Pmpmympoustbemsn:wd éd, some

specimen at the specified poiat oa the portion dﬂ:cimsd:.stru;gtbmybe aused

stress-stain curve, Value reported could asa dagn&mss Adimit. Tdiisds:valid for

be vield or ultimate. ! loading at room 1 ature.
For ghsweuiorwd materials, anisotropic
propertics render this propenty uscless for
design.

Elongation . ....._............... ASTM D 638 Property reports percent of elongation during Property is meaningful for clongations from ¢
the tensile test. to 15%. Data may be used to set

interference limits or strain limits on a
design. Strain rate, environmental
temperature, and molding flaws such as
knit lincs must be considered in an actual
part. For cascs in which clongation
exceeds 8%, the material typically has
started 1o yield, and necking occurs. This
is well beyond the point useful for desigr.

Tensile modulus ................. ASTM D 638 Property reports the stiflness of the material. Tensile modulus may be useful in calculating
Value is the slope of the line tangent to the deflection. Vatue is good only for small
the stress-strain curve at the origin. strains of 19 and.at room temperature.

Glass-reinforced materials behave
anisotropically. Loads applied over
extended time need to include creep.

Shear strength ... cueveeeniatnnnn ASTM D 732 Property reports the shear stress calculated The shear stncnsﬂl may have limited vaiue in
by dividing the load required to blank out design engincering. Stress concentrations
the specimen by the area, as cakulated by and shear rates that vary between the test ~

* the perimeter of the punch times the and an application will affect the accuracy
specimen thickness. of the value.

5 impact strength ............. ASTM D 256 Property reports the energy absorbed whena lzod :mpaﬂ does not pmvtdc muc dcsngn

' notched specimen s subjected to a shock It can indi
flexural loading. in a material, which would sueges! certain

approaches to design for impact loads.

Gardrer impa=t. . ocoieiennnns - Property reports the snergy required for a Gardner impact has very kmited design
projectile to fracture a sample plaque of value. The speed, shape, and wught of the
the matcrial. The projectile weight, shape, projectile are likely to vary from actual use
and support configuration are specified. conditions. Also, the manaer of support

- for a molded part differs from that used for
the test plaque.

Tensile impact streagth........... ASTM D 1822 Property reports the energy required to Tensiie impact has littke design value. It may
fracture a molded specimen subjected 10 a2 indicate a brittle material that couid affect
shock tensile load. the design approach emploved.

Fracture toughness. .. ... ........ - Property reports resistance to crack Facilitates material selection
propagation.

Flexural strength ...o.....ocoiuas ASTM D 790 Property reports the maximum fiber stress in Flexural strength has little design value, The

- a simply supporied bar loaded in flexure value is based on classical clastic
until either 5% strain is reached or the bar equations, which are inaccurate for large
fractures. deflections, and are based on the
assumption that the material obeys
Hookes™ Law in tension and compression.
In actuality, the moduli are different. As
with other strength propemes strain rate.

. and pic properties
hmll the nscfulms of this propenty in an
application.

Flexural modulus ... tiiiaaraes. ASTM B 790 Property reports the stiffness in flexure. Flexural modulus is useful as an
Value is obtained by taking the slope of approximation for the elastic modulus in
the tangent to the flexural stress-strain deflection equations. or 1o convert strain
curve at ofigin. into stress. However, it can be applied

only to applications at room lemperature
and 10 small deflections. 1t is widely used
in finite element analysis (FEA).
Deflection is often the biggest problem in
plastic part design.

Compression strength .. .......... ASTM D 695 Property reports the maximum compressive gth cannot be idered

sngmﬁcam for design when the application
of the loads is widely different from the
gradual test application. Fatigue and
yielding are not considered and mav need
to be accounted for in an application.

Poisson's ratio is needed for stress analyses.
for both general deflection and FEA.




Criteres de rupture

> Contraintes maximales

> Déformations maximales

> Criteres d'interaction : Hill, Tsai-Hill
> Critére de Tsai-Wu

> Critéres de Hashin
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Critere de la contrainte maximale
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Critere de la déeformation maximale
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Critere de Tsai-Hill
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Critere de Tsai-Wu

2 2 2 —
Fo +F,0,+F 0 +F,0,+F,+2F,00,=1

1 1 1
b =——— by =———= 1
Ou1 Ouyi 04,101 F o= Iy
66— 2 Ez_
T, 2
1 1 1
Fy=—=—= Fy=———=
O-u,Z Gu,Z 0u,20u,2
A
O T
3
Gu,Z
C
_Gul
s
T 1
Gu,l
O.
2
(@) C
1 _
Ty, Ou.2

E - L
I I pierre-etienne.bourban@epfl.ch



Critere de Tsai-Wu

2500
Graphite/Epoxy, [0]4
) o = Valeurs mesurées
2000 — = Ciritére de Tsai-Wu

] —O- 1 1 Q@
O 10 20 30 40 50 60 70 80 90
Angle (0), deg
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Facteur de réserve

Reserve Factor

Mathématiquement, la valeur de R est calculée pour n’importe quel état de contraintes
appliquées (o,, 0,, T,,) par substitution de (R, Ro,, Rt,,) dans la théorie de la rupture
adéquate et en résolvant pour R.
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Critéres de rupture

--------
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Maximum Strain Test data (typical)
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Rupture du premier pli puis rupture finale

. First Ply Failure
Contraintes dans les strates .
Contrainte Rup'rur‘e
o =[ ] ({50}+z K ) . i composite
1 lel=lo e Nouvel état de P
/ wairﬂ'es
s ' e 2¢éme plj
Critere de rupture N HpTur P
_Nx All AIZ AIG 82 Bll B B16 KX RupTur‘e ler‘ pli
0'12 -0,0, 4 62 4 @ _1 N'VHAlz A, A%Hsg HBIZ B B%HKy]
(6;:1 )Z (0;2 ) 'Z-u :ny AIG A26 A66 Y:()]' B16 B B66 ny
Mx BII BIZ Bl(\ SX D]] D DI() KX
M, HB, B, Byl|le #D, D, Dyl K,
\ _Mxy By B, B Yiy Dy, D Dy ny
Rupture d'un pli e
—_ AJ Q_J 2 2 1 . ]
(Q..) =0 — = 1( ko= Deformation
1 /pli rompu 1S
125;( J)k
I (o 3 3
ij :3;((2})1( Zy _Zi(-l)

Re-calcul des constantes
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Dimensionnement

Efforts connus N, 4, A4, Ay 53
Ny =14, 4, Ay 5;)
ny A Ay Ag VSy

h = épaisseur du stratifié

. propriétés effectives

Contraintes globales moyennes ( fictives)

O, N, A,
o, |=1/h| N, |=1/h| A4,
e N, Ay
€y Ay Ay, A !
g, |=hi A4, 4, Ay
|V sy A Ay A
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Modules effectifs

21



Dimensionnement :
déformation et épaisseur minimale

Choisir des pourcentages initiaux
1

N o,
Calculer EAU = ; (Qij )kpourcentagek

Inverser pour obtenir modules effectifs E,, E, ... et les déformations

Critére de rupture pour le pli k en entrant dans le critere
de rupture ho, qui est connu car = N

lx
(ho'1 )2 —hoho, N (hO'Z)2 (hr12 )2

T PEACEL :hk2
(O-u,l)2 (GM,Z) T
h pour éviter la rupture du pli k est donc connu

idem pour autres plis

Choisir le h = sup(hy)
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Pourcentages initiaux technologiques

»Proportion minimum de 5 a 10% dans chaque direction 0, 90, +45, -45

»Epaisseur minimale du stratifié de l'ordre du mm ( 8 couches UD ou 3 a 4 couches de tissu équilibré)
»Considérer les directions des efforts principaux

»Plis a 90 placés en surface, puis plis a 45, puis a O lorsque les efforts prépondérants sont a O

>Pas plus de 4 plis consécutifs dans une méme direction

=P
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Guides de conception

|
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Composition optimum d’un stratifié carbone/époxyde
Vv = 0,6 ; caractéristiques du pli : ¢f. annexe 1 ou paragraphe 3.3.3.

10 % minimum de plis dans chaque direction 0°, 90°, + 45°, — 45°
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'63 Endommagement

(b) Rupture de la matrice

(c) Arrachage/rupture des fibres

E I : pierre-etienne.bourban@epfl.ch

25



Fatigue des composites

60 [~

Amplitude de contrainte (MPQ)

Décohesion des fibres
|

Fissuration de
L la résine

~Rupture

CMS/Polyester
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log N
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Propagation de fissures

eor=1°1I=1oIcTe 7 SYAYA
MMMMMMMA
harnié
Charniére
- er:ﬂ
@
'
J“q | 1
' =Y
'V
-
N
Mecanique
= de la rupture
UU U UVUUUUU

DLL-MAT-Mécanique-rupture - Quelle énergie propage
une fissure ?

cPrL

Energie de rupture typique d 'une matrice thermodurcie: ~100 J/m?
des fibres de verre: ~10 J/m?
d 'un composite: ~ 10000 J/m?

E L
I I pierre-etienne.bourban@epfl.ch

27


https://mediaspace.epfl.ch/media/DLL-MAT-M%C3%A9canique-rupture+-+Quelle+%C3%A9nergie+propage+une+fissure+F/0_ftatg5g5/29020
https://mediaspace.epfl.ch/media/DLL-MAT-M%C3%A9canique-rupture+-+Quelle+%C3%A9nergie+propage+une+fissure+F/0_ftatg5g5/29020
https://mediaspace.epfl.ch/media/DLL-MAT-M%C3%A9canique-rupture+-+Quelle+%C3%A9nergie+propage+une+fissure+F/0_ftatg5g5/29020
https://mediaspace.epfl.ch/media/DLL-MAT-M%C3%A9canique-rupture+-+Quelle+%C3%A9nergie+propage+une+fissure+F/0_ftatg5g5/29020

Le délaminage o /

1

NOTCH - - rLY BOND BOLTED
{HoLE) DROP JOINT JOINT

%
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Délaminage [ T : ¢
N L, ) TN e o) 1
1\ ) ) 74

Etat de contraintes
locales complexe
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Mécanique des composites

Micro et macromécanique

Tests mécaniques

Endommagement et rupture

CADFEM
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Les stratifiés
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https://www.altair.com/composites/  ——
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Mécanique
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FEM
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Courtesy of RUAG Space
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Les composites textiles
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Les composites textiles

omposite

Integrated Design Tool: textile composites Eﬁ%ﬁ;“‘“

Internal architecture of the reinforcement

Production
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geometry

Deformation resistance and change of
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ability

Bending

Performance

<

Mechanical properties

and damage

Structural analysis
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https://www.mtm.kuleuven.be/onderzoek/scalint/Composites/sof tware/wisetex
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Structures: sandwich

Seconcore
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Révision et examen
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https://docs.google.com/spreadsheets/d/1AdceYzxcfnBBv2dMmMsSmPywlx7BwzG7KMQ8y7OKWUA/edit?gid=0#gid=0
https://docs.google.com/spreadsheets/d/1AdceYzxcfnBBv2dMmMsSmPywlx7BwzG7KMQ8y7OKWUA/edit?gid=0#gid=0
https://docs.google.com/spreadsheets/d/1AdceYzxcfnBBv2dMmMsSmPywlx7BwzG7KMQ8y7OKWUA/edit?gid=0#gid=0
https://docs.google.com/spreadsheets/d/1AdceYzxcfnBBv2dMmMsSmPywlx7BwzG7KMQ8y7OKWUA/edit?gid=0#gid=0
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