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Introduction générale

/ID UHFKHUFKH GY{XQH VpFXULWp DFFUXH GDQV OHV YpKLFXOHV
préoccupation sociétale et scientifigue a la fois pour les fabricants et pour les utilisateurs. Dans la
SUDWLTXH SRXU PLHX[ SURWpJHU OHV RFFXSDQWYV GIXQH DXWRPRELOH
GRLYHQW r'WUH HIIHFWXpV HQ ODERUDWRLUH DILQ GYpWXGLHH. OH FRPSI
Par ailleurs, on peut noter que les égquipements automobiles ne sont pas toujours en bon état. En fait,
dans de nombreuses applications et tout particulierement dans ce secteur, les véhicules et les matériaux
constitutifs sont soumis a des vibrations mécaniques induisant une dégradation progressive des
performances nominales (dégradation principalement liées a des vibrations dues au revétement des
URXWHV SOXV UDUHPHQW j GHV G)RUA €33k @HatigDd [@RuiGalorsEReXd0risidBrEV F
coPPH XQH © VLPSOH 2 DSSOLFDWLRQ GTXQ FKDUJHPHQW F\FOLTXH VXU X
corréler les informations recueillies en laboratoire a celles obtenues dans des conditions similaires lors
GIXQH XWLOLVDWLRQ U pH ®igaison)dptinal® enBddsfywtureXed tdatieiR Passociée a une
connaissance du comportement couplé en fatigue- G\QDPLTXH UDSLGH VIDYqUH QpFHVVDLUH

'DQV OH FDGUH GH FH WUDYDLO OfpWXGH GX FRPSRUWHPHQW HVW
caractérisation mécanique du matériau sur une gamme de vitesse allant du régime quasi-statique
MXVTXIDX UpJLPH G\QDPLTXH PR\HQ 1RXV FRQVLGQUHURQV GDQV FH TX
vitesses intermédiaires, les vitesses comprises entre celles relativement lentes, dites quasi-statiques et
DSSOLTXpHV j OfpFKHOOH GH OD PLQXWH HW FHOOHV UDSLGHV DSSO
phénoméne de dynamique rapide se situe typiquement dans cette catégorie.

Egalement, en raison de leur forte capacité d'absorptLRQ HQ pQHUJLH OHV 60& VRQW G
LQWpUHVVDQW SRXU OHV VWUXFWXUHYVY DXWRPRELOHYV VXUWRXW ORUVTX
accidents de type collision. Les matériaux utilisés pour cette étude sont des composites & renforts
discontinus GH W\SH 6 KHHW OROGLQJ &RPSRXQGV 60& HW GRQW OD PLFURVW
matériaux désignés comme : Advanced Sheet Molding Compounds (A-SMC) et Low Density SMC (LD-

60& &HV GHX[ PDWpULDX[ VRQW PLV HQ °XY UareHndustriRIXRLASTN. SDU QRW

OMNIUM Auto Extérieur Services (PO). Les Sheet Molding Compounds (SMC) sont des pré-imprégnés



(semi-SURGXLWYV WKHUPRGXUFLVVDEOHY UHQIRUFpV SDU GHV (EUHV RX
GLVFRQWLQXHV PLV HQ °XY therm®{adinpkedsi@dUREEemB pntGuid nouveau composite

TXDOLILp GI$GYDGG&HGD6PW p$GpYHORSSp SDU 30DVWLF 2PQLXP ,0 V{DJL
pour certaines composantes automobiles telles que les nouvelles générations de hayon ou le nouveau

mod XOH GH SODQFKHU DYDQW GIDXWRPRELOH /HV UpVLQHV-SMCRQ\OHVWHLU
présentent de nombreuses caractéristiques intéressantes a la fois désirées et attendues : des propriétés

mécaniques comparables a celles de I'époxy, une excellente résistance chimique, une bonne résistance a

la traction ainsi que des colts trés compétitifs.

Actuellement, la tendance est de réduire le poids des composants utilisés dans les véhicules
TXHVWLRQV GIpFRQRPLH GfpQHU SR EOW BSIHWE R ® B XGMIDFO®D p EHPWMEO W HVW
OfHPSORL GHV FRPSRVLWHV GDQV OLQGXVWULH DXWRPRELOH (OOH V
UpGXLUH OHV FREWYV HW PDLQWHQLU GHV SHUIRUPDQFHYVY FRQIRUPHYV D>

billes de verre creuses (en plus des fibres), non seulement réduit le poids des SMC, mais fournit un
moulage plus précis, une plus grande stabilité dimensionnelle et améliore la résistance aux déformations
GIRULJLQH WKHUPLTXH

Le présent travail de thése est une cRQWULEXWLRQ j OfDQDO\WH H[SpULPHQWDC(
comportement dynamique rapide et du couplage fatigue/dynamique rapide des composites SMC. Dans le
cas de la tenue en fatigue, il est important de tenir compte de divers paramétres influents comme
O1RHOYWDWLRQ GHV ILEUHVY OD WHPSpUDWXUH GTHVVDL OD IUpTXHQFH
SKPQRPJQHVpEKDXWRPHQW OLpV DX FDUDFWQqUH YLVFRpPODVWLTXH GH O
PDWULFH $ QRWUH FRQQDLVVDQFElt &Ri® s& Heffé! cQuplé\dd La fTEYUEX® ide W
chargement et de son amplitude n'a jamais été abordée pour les SMC et encore moins pour les A-SMC.

Le comportement mécanique des composites SMC est sensible & la vitesse a laquelle ils sont
sollicités. Par conséquent, pour une utilisation efficace de ces composites, leur réponse sous différentes
vitesses de déformation doit étre clairement connue et maitrisée. Au cours des essais a grande vitesse, le
composite est généralement soumis initialement & des accélérations importantes. En effet, avant
GIDWWHLQGUH XQ UpJLPH VWDELOLVp YLWHVVH FRQVWDQWH GHV SKfy

SURSDJDWLRQ GIfRQGHV VH SURGXLVHQW DX VHLQ GHV PDWpULDX[ HW Gt



caractérisés par des variations spatio-temporelles des champs de contrainte et de déformation non
KRPRJgQHV UHQGHQW O DQDO\VH SOXV GLIILFLOH ,0 VHUD GRQF QpFHV'
de durée cette phase transitoire.

En accord avec les industriels et pour étre représentatif des différents types de collisions
URXWLgqQUHV HQ WHUPHVY GH VROOLFLWDWLRQ WUDFWLRQ FRPSUHVVLRC
YpKLFXOH QRXV QH UHWLHQGURQV SRXU OHV HYV§eésiddhiQa Ote€&sEER UDW R L U |
de sollicitation est comprise dans la gamme 10° - 80 s™. Ainsi, pour une meilleure prédiction du
FRPSRUWHPHQW GX FRPSRVLWH 60& ORUV GfXQ DFFLGHQW GHV pWXG
endommagée par fatigue, puis soumise a des chargements a différentes vitesses sont nécessaires.

Contrairement aux matériaux métalliques pour lesquels I'absorption d'énergie est assurée par
déformation plastique ; les structures en composites SMC font appel a plusieurs mécanismes
G H Q G R P P D dliffi® ltQorogressifs qui se produisent a I'échelle locale, comme des microfissures
dans la matrice, des ruptures de fibre, des décohésions a l'interface fibre-matrice et du délaminage ou du
pseudo-délaminage. De plus, plusieurs études antérieures ont montré que la capacité d'absorption de
I'énergie des polyméres et des matériaux composites est fortement dépendante des paramétres de la
microstructure comme la teneur en fibres, leur orientation et leur longueur ainsi que du type de matrice.

Malgré tout, le PDWpULDX GRLW SRVVpGHU XQH FHUWDLQH UpVLVWDQFH DX[ F
stationnement par exemple) pour ne pas faire apparaitre des Iésions locales irréversibles. Dans le cas
GIXQH FROOLVLRQ SOXV YLROHQWH HW $RRXRCRPNRIUIHLFHQWX QG LEIPMWH ORES
FRQQDLVVDQFH HW XQH FRPSUpPKHQVLRQ GHV PpFDQLVPHV GYHQGRPPDJ
ORUV GYXQ FKDUJHPHQW LPSRUWDQW j YLWHVVH GH GplIRIs®BWLRQ pOH
compte de cette influence de la vitesse de chargement élevée sur les mécanismes d'endommagement
locaux pourrait conduire a une conception incompléte et non optimale de la structure. Elle négligerait un
DVSHFW LPSRUWDQW GH OYDEVRUSWLRQ GH OfpQHpEfuticighld aHK RF HW SI
VPFXULWp GHV SDVVDJHUV GX YpKLFXOH TXQIR W GRXEFNIRIGE @EIAHY FREW YV
effet de serre. Le choix des lois de comportement des matériaux utilisées dans les calculs par éléments
finis lors de la conception, l'influence des parameétres de la microstructure et de la vitesse de déformation

sur le seuil et la cinétiqgue des endommagements sont d'une importance primordiale.
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1. Matériaux SMC  (Sheet Molding Compound) :  procédé -
microstructure -propriétés mécaniques

/HV FRPSRVLWHY 60& IRQW O &tkde.Mdisaht Gtiisé® pouk divierses @iplidations
GDQV OfLQGXVWULH DXWRPRELOH QRWDPPHQW SRXU GHV SLqgqFHV GH \
arriere, les pare-FKRFV OHV ERXFOLHUV PDLV DXVVL FRPPH GHV SLqFHV GH VW
les bandeaux latéraux, capots moteur, hayons, custodes, plancher et calandres [1 #6].

Ce chapitre est consacré a une description du matériau composite SMC : son procédé
G p O D ER U Diliffiérier@es fdrHilés et ses relations procédé-microstructure-propriétés mécaniques.

(QVXLWH OHV PpFDQLVPHV GIfHQGRPPDJIJHPHQW j GLIIpUHQWYVY W\SHV GH V

1.1. Composition du composites SMC  : Matrice, Renforts et Charges

Les composites SMC sont constitués de trois phases : la résine, les charges minérales et les

UHQIRUWYV ILEUHX[ 4XHOTXHV DGGLWLIV VRQW UDMRXWpV DILQ GH IDFLO

1.1.1. La matrice

Les résines thermodurcissables ont des propriétés mécaniques élevées. Les matrices utilisées
pour les composite SMC sont essentiellement des résines polyester ou vinylester. A ce composant
HYVHQWLHO RQ UDMRXWH GHV FKDUJHV HW GHYV DGGLWLIV GDQV OH EX'

et physico-chimiques de la matrice [4].

1.1.2. Le renfort

Les renforts utilisés pour les SMC étudiés sont des fibres de verre assemblées sous forme de
PgFKH FRQWHQDQW GH OfRUGUH GH ILEUHV D\DQW XQ GLDPgqWUH GH
moyenne [7]. Il existe par ailleurs, des composites SMC a renforts de carbone récemment développés par

notre partenaire (PO) pour des applications fatigue.



1.1.3. Les charges, adjuvants et additifs

De IRUWY WDX[ GH FKDUJHYVY PLQpUDOHY VRQW LQWURGXLWY DILQ GTY
charges ont aussi pour objectif de réduire les codts tout en gardant une tenue mécanique optimale. Les
particules de carbonate de calcium (craie) ou de silicate de magnésium (talc) sont en général utilisées.
Des billes de verre creuses sont parfois ajoutées a la pate de SMC pour diminuer le poids volumique [8-
10]. Des adjuvants et additifs facilitent également le fagconnage du composite ainsi que son moulage. lls
SHUPHWWHQW DXVVL GYDPpOLRUHU VRQ DVSHRaWs Hd W pHdtb-dxy¢datianL QVL TXH
2Q SHXW UDMRXWHU pJDOHPHQW GYDXWUHYV pOpPHQWY GID&GEGELWLRQ FRI

stabilisants, agents anti-retrait, pigments et colorants [4,6,11].

1.2. 3URFpGp GIpODERUDWLRQ GHV 60&

/IH SURFpGp GIpODERUDWLRQ GHV 60& Fprdguits sousHorme DeEfelilldsx HU GHV
FROQWLQXHV FRP & Rée Hpaissie] EtOnon polymérisée dans laquelle sont dispersées et

imprégnées des fibres ou des meches de fibres [4,11,12].

1.2.1. Mélang e de la matrice (pate meére) et élaboration des feuilles pré  -mix

Généralement, la matrice est mélangée dans au moins deux malaxeurs distincts alimentés de
facon continue (figure 1) par les matiéres premiéres : la résine, les charges minérales (généralement
constituées de particules de CaCO; HW OHV DGGLWLIV /RUVTXH OYKRPRJpQpLWp GH

GDQV FKDFXQ GHV GHX[ PDOD[HXUV OfHQVHPEOH HV\WM.FRPELQpP HQ OLJQ

Figure 1 6 FKpPD VLPSOLILp GIXQH OLJQHIidga¢d SURGXFWLRQ 60& FC



1.2.2. Elaboration du pré-imprégné

La pate est appliquée sur des films de protection (en polyéthylene), imperméables et déroulés en
continu au-dessus et en dessous du mélange matrice, décrit plus haut. Les fibres ou les méches de fibres
tombent ensuite sur la pate qui avance sur un tapis roulant de facon a former un mat sec de fibres. Cette
pWDSH FRQWU{OH OY{DJHQFHPHQW GHV ILEUHVY VXU OD SKkWH (OOH HVW S
FDU HOOH GpWHUPLQH HQ JUDQGH SDUWLH O 9D UiKds\SMG avaxteétr GX UHQIR

mise en forme.

1.3. Mise en forme par compression des SMC

La seconde étape de la fabrication du composite consiste a le mouler sur une presse a chaud
ILIJXUH &HWWH RSpUDWLRQ VH GpURXOH VRXV XQpifedaidthm8yehhB W XUH GH
de100a120bars &HV FRQGLWLRQV SHUPHWWHQW GH IOXLGLILHU OD PDWULFH

place (orientation) des renforts. Cette étape dure de 2 & 3 minutes [13-25].

Figure 2 Moulage et mise en forme du SMC composite.

1.4. Les différentes familles de composites SMC

1.4.1. SMC standard

/D PDWULFH XWLOLVpH SRXU OH FRPSRVLWH 60& VWD@&RUG HVW J
polyester chargée de particules de carbonate de calcium (CaCQOs). Il est constitué 50% en masse de la

SKkWH PgUH /H 60& VWDQGDUG HVW UHQIRUFp SDU GHV PgFKHV GH ¢(EUHYV



GH OfRUGUH GH PP FR@ SFOMWHHG XD PDVVH YROXPLTXH GX FRPSRVL\

1,88 g/cm®[4,11]

1.4.2. SMC haut performance (A-SMC)

Le A-SMC, ou Advanced SMC, est un SMC a base de résine vinylester SHUPHWWDQW OfLPSUpJ(
Qi taux élevé en fibres de verre (> 50% de lamasse) FH TXL SHUPHWh&ER pevibkmances G H

mécaniques [26,27].

1.4.3. SMC basse densité (LD-SMC)

Cette classe de SMC a été développée pour répondre a un besoin croissant en termes de
réduction de poids sur les véhicules. Les SMC basse densité (LD-SMC : Low Density SMC) ont été
développés en y introduisant des billes de verre creuses afin de réduire la masse des pieces de structure
[28]. 2Q SHXW DORUVY DWWHLQGUH GHV PDVVHYV Y 0I030% inféXatids G eell©® TRUGUH (

GTXQ 60& VWDQGDUG

1.4.4. SMC étudiés

Pour cette étude, deux types de classe de composites SMC ont été étudiés : A-SMC et LD-SMC.
Les deux SMC ont été fournis par PLASTIC OMNIUM Auto Extérieur Services. Deux configurations de
renfort ont été investiguées : Orientation Aléatoire (Randomly Oriented - RO) et a forte Orientation (Highly
Oriented - HO). Les plagues de SMC HO ont été obtenues en disposant une charge de pré-imprégné
composite dans la partie gauche d'un moule rectangulaire (30 x 40 cm?) ce qui permet un fort fluage lors
de la phase de thermo-compression. Cette phase conduit a une forte orientation des renforts.

Les plagues RO ont été obtenues sans orientation particuliere des fibres en remplissant

complétement le moule avant thermo-compression de fagon globalement uniforme.

1.5. Relations procédé -microstructure -propriétés mécaniques

/IH FRPSRUWHPHQW PpFDQLTXH HW O9YHQGRPPD 3H BitdsleWienGHV FRP S

GpSHQGDQW HW JRXYHUQp SDU OD PLFURVWUXFWXUH TXL SRXU FHWW|



formulation et de paramétres procédé [4,11,12,24,25]. ,O0 HVW GRQF LPSRUWDQW VL OfRQ °
dimensionnement des struct X UHV GH FRPSUHQGUH OHV UHODWLRQV H[LVWDQW HQYV

microstructures et le comportement mécanique des matériaux SMC.

1.5.1. Microstructures des SMC

/HV REVHUYDWLRQV PLFURVFRSLTXHV HW O DQDO\WWHOMOLBBHJAIRQW
PLFURVFRSH pOHFWURQLTXH j EDOD\DJH +,7$&+, -tomog(dphiciWwaydrDXWUH ST
X (EasyTom nano setup). La premiere méthode donne accés a des images 2D alors que la seconde
SHUPHW GH YLVXDOLVHU O b QDVReUAilldutd,) uiz i éhade\uladoher#oxigindlet été
développée et permet de déterminer rapidement une éventuelle anisotropie [28] en mettant en évidence
OHV RULHQWDWLRQV SULYLOpJLpHVY GHV UHQIRUWY DX VHLQN4X PDWpULD

La figure 3 montre des résultats typiques de ces trois méthodes de caractérisations de la

microstructure pour les deux des composites SMC (A-SMC et LD-SMC) de notre étude.

Analyse de la microstructure

Ultrasonore
Plaque RO Plaque HO

Le composite A-SMC

MEB Micro-tomographie

Le composite LD-SMC

Figure 3 Résultats des analyses de la microstructure [26-28].



Les renforts de fibres de verre de longueur constante et égale & 25 mm apparaissent clairement
VRXV IRUPH G{XQH VWUDWLILFDWLRQ ORFDOH GH PgFKHV XQLGLUHFW
GITHHOWHY FRQWLHQW HQYLURQ j ILEUHV GH YeHB Ykl MimeQW XQ GL
certaine échelle, on peut donc définir les composites SMC comme des pseudo-stratifiés. Cet aspect de
pseudo-HPSLOHPHQW SRXUUD H[SOLTXHU XQ GHV PRGHV GYHQGRPPDJHPH
délaminage) ; cet aspect sera discuté ultérieurement. Par ailleurs, les diagrammes polaires de vitesses
GHV RQGHV XOWUDVRQRUHVY HQ IRQFWLRQ GH OYDQJOH GYRULHQWDWL
anisotropie du matériau dans le cas des plaques ayant subi un fluage lors de la mise en forme (HO).

LYD[H SULQFLSDO GH OD FRXUEH SRODLUH LQGLTXH OD GLUHFWLRQ
PRLQVY DOORQJpH LQGLTXH XQH RULHQWDWLRQ GHVY UHQIRUWY SOXV RX
caractérisée par un coefficient dit de «biréfringence acoustique» [28]. Dans le cas de la plaque RO, le
diagramme polaire presque circulaire indique que les fibres sont orientées de maniere quasi-aléatoire
GDQV OfpFKDQWLOORQ 2Q SHXW QRWHU SDU DLOOHXUV TXH OHV GLIIpUI
sont réparties de facon macroscopiquement homogeéne, méme si localement, on peut trouver des zones
appauvries en renforts par endroits, surtout pour les SMC de type standard ou a faible densité (Article

N°4).

1.5.2. Propriétés physico -chimiques et mécaniques

$ILQ GTpYDOXHU @ehpér&ldsQéE trahfitons, \es tests thermomécaniques (DMTA)
RQW pWp UpDOLVpPVY XQLTXHPHQW VXU GHV pFKDQWLOORQV 52 HQ XWLO|
TA. Les tests ont été réalisés dans les conditions suivantes: fréquence de 1 Hz, variation de température
de -100°C a 250°C avec une vitesse de montée en température de 2°C/min [26-28]. Par ailleurs, des
essais de traction a basse vitesse (quasi-statique) ont été réalisés sur une machine hydraulique MTS 830
VXU OHV GHX[ 60& GH OTpWXGH PHWWDQW HQ pYLGHQFH XQ FRPSRUWHPL
SMC [11]. Un tableau récapitulatif regroupe les principales caractéristiques des deux SMC de notre étude
ainsi que celles de composite standard issu de la littérature. On peut déja conclure de fagon évidente que
OD GLVWUL E X hldesQeGditRibfluéhcWoidevient les propriétés mécaniques des matériaux SMC

(tableau 1).
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Comportement mécanique en traction uni  -axiale

. ui i ime e TA T

Composite | (aby | qua) | 09 | oaPa | o0 | €9 | co)
SMC standard [11] 11.3 22 ~0,24 67 1.20 - -
HO-0° | ~18.5 - - - - - -

A-SMC RO ~14.5 - - - - 130°C 45°C
HO-90° | ~12 - - - - - -
HO-0° ~12 - - - - - -

LD-SMC RO ~10 - - - - 60°C | Inexistante

HO-90° ~9 - - - - - -

Tableau 1 Propriétés mécaniques des A-SMC et LD-SMC en traction uni-axiale [26 £28].

1.5.3. Influence de la température

Les résultats de traction quasi-statique a différentes températures (20°C, 80°C et 135°C) pour

A-SMC composite sont présentés a la figure 4.

(@) (b)
Figure 4 1,ime des échantillons HO-0°, RO et HO-90° a 20°C, 80°C et 135°C (a), et

évolutions du E relatif & différentes températures (b), Jnormaiscey 1+ droya 20°c)-

L'analyse des résultats conduit aux remarques suivantes :

x Pour les échantillons HO-0°, l'effet de la température sur le module de Young est
relativement faible en raison de la présence des fibres orientées parallélement a la
direction de chargement. Le module de Young diminue de 18,7 GPa a 15 GPa lorsque la
température augmente de 20°C & 135°C (figure 4-a). En ce qui concerne la contrainte a la
rupture, cet effet n'a pas été clairement établi en raison du glissement de I'échantillon lors

des essais de traction effectués au 135°C.
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X Pour les échantillons HO-90°, I'effet de la température sur le module de Young, ainsi que
sur la contrainte et la déformation a la rupture est significative. Pour ce matériau,
évolutions du E relatif est étroitement lié a I'effet de la température (figure 4-b).
Une variation de la température de 20°C a 135°C, conduit a une diminution brutale du
module de Young de 12,5 GPa a 3,33 GPa alors que la contrainte a la rupture diminue de
40% et que la déformation a la rupture augmente de 60%. Il est important de noter que,
lorsque I'échantillon esW FKDUJp j XQH WHPSpUDWXUH GH f& OD P
caoutchouteux. Cette variation indique également que le réle de la matrice vinylester dans
les échantillons HO- f HVW WUqV LPSRUWDQW /TREVHUYDWLRQ PDFU
(figure 5) montre TX X Q S-débxBdye entre les faisceaux de fibres semble étre

IDYRULVp 2Q SHXW YRLU TXH GDQW. OH FDV GfpFKDQWLOORQ +

Figure 5 Aspects macroscopiques de la rupture pour HO-90° chargé a 20°C (a), et 135°C (b).

x Comme prévu pour les échantillons RO, l'influence de la température sur la rigidité et les
propriétés en rupture est a mi-chemin entre les deux autres orientations (HO-0° et
HO-90°). Le module de Young diminue de 14,5 GPa a 9,5 GPa lorsque la température

passe de 20°C a 135°C.

1.5.4. Variabilitt GHV PLFURVWUXFWXUHY DX VHLQ GY{XQH SLqFH SODTXH

Lors du fluage de la matiére au moment de la mise en forme par compression a chaud (Sheet
molding OHVY UHQIRUWY VIRULHQWHQW DYHF SOXV RX PRLQV GTLQWHQVLW
de remplir le moule), des paramétres du procédé (schémas de pression et de température) et de la
géométrie de la piece. Cela conduit systématiquement a une dispersion des microstructures au sein de la

SLgFH GT1XQ HQGURLW j OfDXWUH &HWWH YDULDWLRQ VSDWLDOH GHV PL
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par notre méthode ultrasonore. On en donne une illustration, a la figure 6 OH FDV GTXQ KEB\RQ GpYH

par PO pour un constructeur automobile.

Figure 6 OLVH HQ pYLGHQFH GH OD GLVSHUVLRQ GHV Bévélappe\psly BXFW XUHV D>

Hayon réalisé en SMC standard.

Le méme type de cartographie des microstructures peut étre défini dans le cas de plaques «

laboratoire » fournies par PO pour les besoins de cette étude (figures 7 et 8).

(a) (b)
Figure 7 OLVH HQ pYLGHQFH GH OD GLVSHUVLRQ GHV PLFURVWUXFWXU

Plaques fournies par PO : (a) HO-A-SMC et (b) RO-A-SMC
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(a) (b)
Figure 8 OLVH HQ pYLGHQFH GH OD GLVSHUVLRQ GHV PLFURVWUXFWXU

Plaques fournies par PO : (a) HO-LD-SMC et (b) RO-LD-SMC

Ces résultats mettent clairement en évidence le phénomeéene de dispersion des microstructures a

OfRULJLQH GHV GLVSHUVLRQV FRQQXHYV GHM,2ZBURSULpWpV PpFDQLTXHV G

1.5.5. Anisotropie induite par la variabilité de microstructure

Dans cette étude, un intérét particulier est porté aux aspects liés a la variabilité des
microstructures du composite SMC induite par le procédé de fabrication. En effet, ces aspects (variabilité
GH IUDFWLRQ YROXPLTXH HW GH GLVWY) linfueh¢enR Orte®Em (s prapBIWLRQ GHYV
mécaniques du matériau dans la phase élastique mais aussi dans la phase non linéaire liée au
GpPYHORSSHPHQW GH SKpQRPgQHV GTHQGRPPDJHPHQW (Q HIIHW OYfRUL}
renforts conditionne la répartition des contraintes locales entre les renforts et la matrice. Le degré
GIDQLVRWURSLH TXL HQ GpFRXOH FRQGLWLRQQHUD j VRQ WRXU OHV SU|
OHV PpFDQLVPHY GH GpJUDGDWLRQ G1DXWU HoSiedSMC &stgér@tdlemBP SRUWHP H
de type élastique-HQGRPPDJHDEOH 'fRe OD QpFHVVLWp GIXQH FDUDFWpULVDWL
PLFURVWUXFWXUH DILQ GH PLHX[ PDvWULVHU OH FRPSRUWHPHQW PpFDC

des SMC [4,11].
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16. OpFDQLVPHV GTHQGRPPDJHPHQW GHV FRPSRVLWHYV j UHQ

Soumis a une sollicitation mécanique, les matériaux composites a renforts discontinus se
GpJUDGHQW HW SOXVLHXUV PpFDQLVPHV GIYHQGRPPDJHPHQW VRQW PLYV
endommagement intervient assez tét. Dans le cas des matériaux composites SMC, ils peuvent apparaitre
dqV i GH OD FKDUJH j UXSWXUH j OfpFKHOOH PLFURVFRSLTXH ORUV
OD OLPLWH GH UXSWXUH @@-350 Gaddandenin@géments/ debiénéM rapidement le
PRWHXU GH OD GpIRUPDWLRQ DQpODVWLTXH GpYHORSSpH MXVTXYfj OD U
/TILQLWLDW LSO HWMWLRQ SHROTHQGRPPDJHP HQ VB0\3E]. PDUr Ws GipostesRiQ GLIIXVH
ILEUHV FRXUWHV HW SRXU OHV FRPSRVLWHYV 60& HQ SDUWLFXOLHU TXI
susceptibles de se développer [31,32,35-44] :

X La fissuration matricielle : O L Q W H U | Briatdcd-d el gatosités présentes dans la
PDWULFH VRQW OH VLqJH GTLQLWLBEWdeRdgvelBpenP etF&RILVV XUH
SURSDJHQW VHORQ OD GLUHFWLRQ SHUSHQGLFXODLUH |j OD
sollicitation en traction).

X 'PFRKPVLRQ | OYLQWidtticeD:F FD IUKSW XUH GH OJLQWHUIDFH ILEUF
PpFDQLVPH GYHQGRPPDJHPHQW OH SOXV VRXYHQW UHQFRQWUp
i OD TXDOLWp GIDGKpVLRQ HQWUH OHV VXUIDFHV

X Rupture de fi bre: /RUVTXH OfLQWHUIDFH HVW UpVLVWDQWH HW TXH
selon la direction principale du chargement, on peut voir des ruptures voire des
fragmentations des fibres. Cependant, dans le cas des SMC, ce type de phénoméne
Q 1L QW H laYalfinl du\shafgeifient juste avant la rupture finale.

X Mécanisme de rupture par pseudo -délaminage : en raison de la microstructure
pseudo-stratifiée, un délaminage local entre les faisceaux de fibres peut avoir lieu avant la
séparation totale en deux (ou plus) parties distinctes. Ce phénoméne peut grandement
FRQWULEXHU j O DEVRUSWLRQ G pQHUJLH ORUV GT1XQ DFFLGHQ\

,O HVW j QRWHU TXH GDQV OH FDV GH FRPSRVLWHYV j PDWULFH WKI
couplé a la déformation viscoplastique de la matrice [35]. Dans le cas de composite a matrice

WKHUPRGXUFLVVDEOH RQ ®Dpdo@heht Gastin@ehdDromay§abie [45-49].
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1.6.1. Endommagement des SMC standards

- Endommagement des SMC en traction unidirectionnelle monotone

'‘DQV OH FDV GY1XQ FRPSRVLWH 60& VW@WDWHADNWKP HRQV SHHX W HPAHDANWAL R 1D
macroscopique du comportement mécanique du composite SMC standard et les mécanismes indiqués
précédemment. On constate sur la courbe de la figure 9 trois phases distinctes [32].

La premiere phase est linéaire et correspond au comportement élastique réversible du matériau
FRPSRVLWH /D SKDVH VXLYDQWH pWDQW QRQ OLQpDLUH HOOH HVW |
GITHQGRPPDJHPHQW ¢ fnziitsimed duH niGau des interfaces fibre/matrice suivi de leurs
FRDOHVFHQFHY UHVWH OH SKpQRPgQH SUpSRQGpUDQW DX FRXUV GH Ft
alors une baisse des raideurs du composite. La troisieme phase est anélastique et plus ou moins linéaire.

Elle décrit la multiplication des microfissures, puis leur propagation en macrofissures. Cette dégradation
progressive provoque un phénoméne de pseudo-délaminage juste avant la ruine du matériau. Il est a
QRWHU TXH GIDXWUHYV ppWL GG QW P I6\WW RQRDBQVPHY GIHQGRPPDJHPHQW G

ILVVXUDWLRQ PDWULFLHOOH SUpVHQWpPH FRPPH pWDQ2¥.OH PRWHXU GH O

Figure 9 Courbe typique de traction du composite SMC standard [32].

- Endommagement des SMC en fatigue

La grande majorité des phénomeénes de rupture des pieéces composites de structure en service
HVYW HQ JpQpUDO DWWULEXp j OTDFFXPXODWLRQ GH OfHQGRPPDJHPHQW

phénoménes mis en jeu et le grand nombre de paramétres affectant OD PLFURVWUXFWXUH OfHQGRI
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HQ IDWLJXH GHV FRPSRVLWHYV j UHQIRUWYV GLVFR @WI0G5.\Ceperidant,O fREMHW
LO H[LVWH SHX GYpWXGHV H[SpULPHQW D 6itelsVSNECXsofi et &R tatigue 550 W GHV F|
1RXV UDSSRUWRQV LFL OfpWXGH [5p|DC ltrsv@iHpredente drDifddr patibulier\Wu D O

fat TX{LO PHW HQ UHODWLRQ GH IDoRQ TXDQWLWDWLYH OfpNaRi&EXWLRQ GF
HW OHV SURSULpWpV PDFURVFRSLTXHY UpVLGXHOO H-¥hatdce dppaRaB RVLWH /]
comme le point faible du composite a partiU GXTXHO OYHQGRPPDJHPHQW VH GpYHORSSH

suivant toutes les directions des renforts (figure 10).

Figure 10 Etude expérimentale multi-pFKHOOH GH OYfHQGRPPDJHPHQW

GIXQ 60& VWDQGDUG VB®OLFLWp HQ IDWLJIXH

Fatigue thermomécanique et endommagement

/H SKpQRPgQ HécknlifiziXamtRest bien connu dans les polyméres et composites
thermoplastiques. Le couplage thermomécanique complexe qui en découle rend difficile la maitrise du
dimensionnement des structures. On parle alors de compétition entre fatigue thermique et fatigue

mécanique [30,56,57] /D SUHPLQqUH FRQFHUQH O H¥chaufpraeRtRyQIddonGIEst Xied R
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aux phénoménes GTHQGRP P D J30B6HIIW/ H SKpPQRPqQHp BHDXMWHRPHQW HVW OLp GIXQ
la nature viscoélastique du polymére relative au frottement des chaines PDFURPROpPpFXODLUHY HW G1{D
a des échauffements locaux par friction induits par des endommagements sous forme de création de
micro-GLVFRQWLQXLWpV PLFURILVVXUHV . Qef RémperdsROnt GofdliggesHAI IDFHV  «
O 1L QW H Umbtkdd, mhik aulssi entre les levres des microfissures lors des cycles ouverture-fermeture
lors de leur propagation et aussi lorsducLVDLOOHPHQW /I{DXJPHQWDWLRQ GH WHPSpUD)
OfpWDW GHV FRQWUDLQWHYV ORFDOHV FH TXL LQIOXHQFH OD FLQPWLT:
DLOOHXUV OfpFKDXIIHPHQW -@aiEcDpeut Rite|ndredasHehpbrattrds dé Edddition, ce
qui peut conduire a des déformations locales extrémement ductiles et ainsi engendrer une sorte de
transition fragile-GXFWLOH ORFDOLVpH j Gd).LUD WohplagGekdt\ehtre butd-¥dhalffement et
endommagement peut alors se déveloSSHU /RUVTXH OYHQGRPPDJHPHQW GpEXWH R

YDULDWLRQV GH FLQpWLTXH ORUV GH OYDABBPHQWDWLRQ GH OD WHPSpUD

(@) (b)

Figure 11 Etude expérimentale multi-pFKHOOH GH OYfHQGRPPDJHPHQW

GIXQ 60& VWDQGD U BQ.OLFLWpP HQ

(QILQ OITDPSOLWXGH GHréqubnce Re3 \dollidiationg/donditidhnent également les
SKPQRPgQHV PRWHXU GH GplRUP DW LIRG6,6AYVOB6 fheh@eBaral prariairchiaQitte
que sous FHUWDLQHY FRQGLWLRQV G1DPI& @éneé Xaiplagd \WherGdinécbnieX etQ F H
endommagement peut étre observé dans le cas de composites a matrice thermodurcissable de type SMC

(Article N°3).
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- Endommagement des SMC sous sollicitation rapide

,O H[LVWH SHX GY{pWXGHV H[SpULP HQMénOen \dyraRiQue HapideDdesV OH FRP
composites SMC [11,27,32-34,37,59,60] &HFL WLHQW WRXW GYDERUG j OD GLIILFXOW
SKpQRPgQHY LQHUWLHOV HW GH SURSDJDWLRQ GITRQGHY YHQDQW SHUW
de mise en charge peuvent étre envisagés [11,27,32-34,37,59,60]. Cependant, dans le domaine des
YLWHVVHYV LQWHUPpGLstLUGMV MPOOVFKATQHY GH WUDFWLRQ G\QDPLTXHV UH
HITHW OHV V\VWqQPHV VWDQGDUGVYV GH BDVHGEW GDVRSNLPYRWYHQHGBHWUW
déformation constantes. Malgré tout XQH RSWLPLVDWLRQ GH OfHVVDL HVW DORUYV QpFl|
effets perturbateurs cités plus haut. Ceci est rendu possible grace a une méthodologie détaillée dans
[11,27,32-34,37,59,60] et est utilisées dans cette étude (Article N°1, 2, 4 et 5).

Dans le cas des composites SMC standards, on peut noter une forte influence de la vitesse de

déformation sur les propriétés mécaniques macroscopiques (figure 12).

Figure 12 Influence de la vitesse de déformation sur les propriétés mécaniques macroscopiques [11].

Des essais interrompus ont permis de mettre en évidence la nature visqueuse de

OfHQGRPPDJHPHQW | -&§ttide.VEN effleD kimé dlugbrithtion de la vitesse de déformation
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FROQGXLW Gl XQHGPBPD@WDJIJH GX VHXLO GfHQGRPPDJHPHQW HW GIDXWUH S|
GIfHQGRPPDJHPHQW &HV HIITHWYV VRQW GLUHFWHP B@YHRWRPPBD YHP XYV O

i OTLQW H Lnhaufesl[11.E U H

1.6.2. ,QGLFDWHXUYV GH OTHQGRPPDJHPHQW

ITPYROXWLRQ GX FRPSRUWHPHQW PpFDQLTXH GTXQ PDWpULDX |j SDL
est décrite SDU OD WKpRULH GH OYHQGRPPDJHPHQW &HWWH WKpRULH FR
PDFURVFRSLTXH GH OTHQGRPPDJHPHQW VR XN0,4R46B%H64].F A @0Buctioil RX WHQ
GH OD ULJLGLWpP HQ WUDFWLRQ HVW géert Q& toScOpidus $divehE Dild®portH G THQ G R
OHV PDWpULDX[ FRPSRVLWHY ,0 HVW IDFLOHPHQW pYdéhamega®ERFFDVLRC
augmentation progressive de la charge. Une mesure de la pente résiduelle permet de définir une variable
d'endommagement macroscopique [27,67-69] comme suit :

o) L L'JF%(EJ Equation 1
Eo et Ep sont respectivement, les modules de matiere vierge et endommagé.

/[TXQ GHV REMHFWLIV GH QRWUH pWXGH pWDQWchalés, FRRSUHQGUH
LQWpPUHVVDQW GH GplILQLU j O pFKHOOH PLFURVFRSLTXH XQ LQGLFDW
I'évolution de la densité des microfissures [11,32 34]. Les mécanismes d'endommagement a I'échelle
PLFURVFRSLTXH SHXYHQW rWUH LGHQWLILpY DX PR\HQ GaiR&¥HUYDWLRC
d'échantillons polies [11,32484]. 2Q SHXW QRWDPPHQW GplLQLU XQH GHQVLWpPp UHOD

O 1 Laga&Nibrédmatrice au travers de la variable locale suivante [27,34] :
L— Equation 2
Oufg HVW OD IUDFWLRQ YROXPLTXH GHYV |LEstHavtezpreR @oDipélde fibréesf LQWHU I D
dans le Volume Elémentaire Représentatif (VER). Dans le cas des SMC, dnico peut étre directement
mesuré sur les micrographies MEB en dénombrant le nombre de fibres présentant une défaillance de
O LQWHUIDFH j O LQWpULHXU GHV PgFKHV (Q RXWUH RQ SHXW pWXGL

renforts par rapport a la direction principale du chargement, T en définissant un paramétre intermédiaire
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local d(T FH GHUQLHU GpFULYDQW OHV VHXLOV HW FLQpPpWLTXHV GI{HQGF

comme suit [27,34] :

y L= Equation 3
}

ou Ag et f g sont respectivement, la fraction volumique (ou nombre) de renforts HQGRPPDJpV VXU OTLQWH!
au sein des meches orientés a P et la fraction volumique des meéches orientées a P (ou nombre total des
fibres contenues dans les meches orientées a T).

/HV pYROXWLRQV GH FHV GHX[ LQGLFDWHXUV Gl§tHeDddMErRIBEBIHPHQW S
LQGLFDWLRQV SUpFLVHV VXU OHV VHXLOV HW OHV FLQpPpWLTXHV GTHQGR
en fatigue [11,32 #34]. Une illustration présentée a la figure 13 montre bien que pour les composites SMC
VWDQGDUGYV F{fHVW OD QDWXUH YLVTXHXVH GHDONHEERPEADBHNRMHQWIR O
YDULDWLRQV GH SURSULpWpPV PpFDQLTXHYV j OfpFKHOOH PDFURVFRSLTXFE
duseXLO GYHQGRPPDJIHP HQ W-natfct lcahiviH &laDrfeée ldvautidh du seuil de premiéere
non-OLQpDULWP 2Q SHXW SDUOHU GH OD QDW Y11132 BHU\eT Artith Wt2] &uH O THQGR

de la notion de « visco-endommagement » introduite en 2005 [11,34].

/7

Figure 13 (YROXWLRQ GH O THQ G R P R&) ] HPTHE® Wia@Qove dtl p

(b) j OTpFKHOOH PLUEIBRVFRSLTXH

1.7. Conclusion

/IILQWpUrwW UHFKHUFKp SDU OHV LQGXVWULHOV GH Q@bXWRPREL

essentiellement en leurs bons rapports qualités/poids et qualités/colt [4]. /HXU IDFLOLWp GH PLVH HQ
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leur bonne résistance thermique, leur stabilité dimensionnelle, ainsi que leur aptitude a élaborer des
piéces minces voire de géométrie complexe et en moyenne série sont aussi des atouts maje XUV '{DXWUH
SbDUW FH W\SH GH FRPSRVLWH RIITUH XQH ERQQH UpVLVWDQFH PpFDQL"
adaptabilité de ses propriétés mécaniques a des sollicitations spécifiques telles que les chargements
dynamiques rapides et la fatigue. Tout particulierement, On apprécie également ces matériaux pour leur
FDSDFLWp pOHYpH j OTDEVRUSWLRQ GTpQHUJLH ORUV GYpYpPpQHPHQW GH
soumis lors de leur usage (conduite routiére entre autre) a des chargements de type fatigue. On doit donc
VILOQOWpUHVVHU DX[ SURSUUPWAIM)>XGHQRPHVWHXQIREWY ILQDOLWpPYV GH QRW!
dimensionnement des structures réalisées en composite SMC soumis a ce type de chargement
dynamique (grande vitesse et fatigue) pose un certain nombre de difficultés spécifiques. Ces difficultés
SHXYHQW PHWWUH HQ GpIDXW OfLOQWURGXFWLRQ GH FHV PDWLqUHV DX \
PDXYDLVH FRPSUpKHQVLRQ GHV SKpQRPgQHV j OfRULJLQH GHV UpSRQ
structures SMC conduisent souvent a de mauvais choix de modélisation et trés souvent a des
modélisations des structures peu ou pas prédictives.
Une exploration dans la littérature et dans ce domaine permet de lister les différentes sources de
difficultés rencontrées lors du dimensionnement des structures en SMC :
X $QLVRWURSLH OLpH j OTRULHQWDWLRQ SOXV RX PRLQV PDUTXpH GH
lors de la mise en forme [4,12] ;
X VariarELOLWpPp GHV PLFURVWUXFWXUHY GTXQ HQGURLW j OfDXWUH GH O
matiere lors du procédé [4,12] ;
x Difficulté a prévoir les distributions de microstructure au sein de OD SLgFH ,0 QYH[LVWH
DXMRXUGYTKXL GTRXWLOV ILDEOHV $#RXYJJ PRGpOLVHU OH SURFpGp 60¢
X 'LIILFXOWp H[SpULPHQWDOH j GpFULUH OD SUpVHQFH GIXQH PXOWL
piéce. Microstructures caractérisées par des variations spatiales de la fraction volumique et de la
GLVWULEXWLRQ GTRULHQWDWLRQ GHV UHQIRUWYV (Q GYDXWUHV W
microstructurale de la piéce [4,12,26,27] ;
x 3UpVHQFH GH SKpQRPgQHV GTHQGRPPDJHPHQW PXOWLSOHV TXL

microstructure et qui conditionnent le comportement macroscopique du composite. Notamment,
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RQ SHXW FLWHU OD UXS\Wnatit¢e dceriim©rfidcqnishireldémeratémdnEpedominant
; mais aussi la microfissuration de la matrice qui peut parfois devenir moteur [4,11,12,30,56] ;
x 9DULDELOLWpPp GHV SKpQRPgQQHV GfHQGRPPDJIJHPHQW HQ IRQFWLRQ (
chargement [4,12,55] ;
X Sensibilité a la vitesse de chargement. A titre indicatif, les propriétés mécaniques GTXQ FRPSRVLWH
GH FH W\SH SHXYHQW GRXEOHU ORUV GHAQLBEABIYUIHPHQW j JUDQGH Y
x Influence du type de chargement : différence entre traction et compression, comportement en
fatigue [11,40,41,68] ;
X Neécessité de développer une loi de comportement par microstructure ou par type de
microstructure [11] et par type de chargement, (décrire le comportement et les critéeres limites
sous sollicitations complexes tridimensionnelles) [11,32 134,55].
Le point essentiel ressortant des études bibliographiques est le fait que la compréhension et la
prise en compte des modes de dégradation intervenant lors de sollicitations complexes telles que les
grandes vitesses de SROOLFLWDWLRQ RX OHV FKDUJHPHQWY UpSpWpV IDWLJXH
de lois de comportement. Cependant, ces derniéres varient fortement en fonction de la microstructure et
du type de chargement. La description faite précédemment concerne uniquement un SMC standard a
RULHQWDWLRQ DOpDWRLUH &HSHQGDQW XQH YDULDWLRQ GX W\SH GYD
GLVWULEXWLRQ GJRULHQWDWLRQ SUpVHQFH RX QRQ GH ELOOHV GH YH
sensiblement dfXQH SDUW OHV PpFDQLVPHV GJHQGRPPDJHPHQW PLV HQ MHX
leurs cinétiques. Il en est de méme pour une variation du type de sollicitation et de son orientation relative
par rapport a la microstructure (traction, compression, cisaLOOHPHQW 3DU DLOOHXUV OfKL
GpJUDGDWLRQ j OfpFKHOOH ORFDOH SRXUUD rWUH IRUWHPHQW PRGLIL
sollicitations répétées (fatigue).
[TpWXGH GHV UHODW L-RrQpviétds Lrrdddariqu'sl sOisWcKddgdment dynamique et
fatigue est donc au centre des préoccupations de cette étude. Afin de compléter la connaissance du
FRPSRUWHPHQW GHV 60& RQ VILQWpUHYVYVH WBDgSG ldsiatétiettt W-SMEC PDW pULD
et LD-SMC. Une analyse mult-pFKHOOHY GHV SKpQRPgQHY GYHQGRPPDJHPHQW HW

sur les réponses mécaniques macroscopiques sera systématiquement réalisée afin de mettre en relation
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les phénomeénes se produisant jf OfpFKHOOH PLFURVFRSLTXH DYHF OHV UpSRQVHV Pp
GH FHV FRPSRVLWHV 2Q VILQWpUHVVHUD DX FKDUJHPHQW GH W\SH IDW
Enfin, une étude des propriétés dynamiques post-fatigue permettra de mettre en é&vLGHQFH OfHIIHW GF
sollicitations répétées sur le comportement mécanique dynamique résiduel dans le cas du composite A-

SMC.
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2. Etude du comportement des composites SMC en fatigue

La fatigue est une action de contraintes ou déformations variables dans le temps qui peut modifier
OHV SURSULpWpV ORFDOHV GTXQ PDWpULDX /D IDWLJXH SHXW HQWUDV(
UXSWXUH GH OD SLgFH /D SURJUHVVLRQ GH OYfHQGRPPDJHPHQW HQ II
[30,51,55,72 #5] :
x La création de sites de nucléations
X La formation de microfissures
X La croissance et la coalescence de fissures microscopiques dominantes
X La propagation et la percolation de macros fissures dominantes
X La rupture
Les principales FDUDFWpULVWLTXHV HW SURSULpWpV UpJLVVDQW OH F
composite & matrice polymeére, sont les suivantes :
1) /D QDWXUH GH OD PDWULFH VD FRPSRVLWLRQ FKLPLTXH VD PRUSK
2) Les additifs etles charges: blOHV GH YHUUH «
3) La nature des renforts : architecture et dimensions
4) /fpWDW GH OfLQWHUIDFH OYHQVLPDJH OYDGKpVLRQ FKLPLTXH S
fibres
5) Le type et la condition de sollicitation (température, amplitude des contraintes ou des
GpIRUPDWLRQV IUpTXHQFH UDSSRUW GH FKDUJH «
Dans le cadre de ce travail, des essais de fatigue en traction-traction ont été réalisés sur une
machine hydraulique MTS (ODVWRPgqUH 7THVW 6\VWHP DYHF DSSOLFDWLRQ GT1XQ
réalisés a différentes fréquences, a savoir 10, 30, 50 et 100 Hz. Afin de mesurer la réduction de la rigidité
due a la premiére étape de chargement (endommagement initial éventuel « contrblé »), chaque test de
fatigue est précédé d'une étape de chargement en traction quasi-statique puis de déchargement-

rechargement.
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2.1. Influence des parameétres du chargement cyclique

2.1.1. Amplitude de sollicitation

/ITDPSOLWXGH G lffacie diredidmieitt/IB thilé® @@ vie du matériau de fagon conséquente
[54,56]. On peut constater dans certains cas un auto-pFKDXIITHPHQW OLp DX FKDQJHRHQW GH O
Cependant, cet effet est peu étudié pour les SMC ce qui conduit a une littérature assez pauvre. La figure
14 montre les courbes de Wohler obtenues a la fréquence de 10 Hz pour les échantillons RO, HO-0° et

HO-90° de A-SMC [73].

Figure 14 Courbes de Wdhler pour les eprouvettes RO, HO-0° et HO-90° 2 10 HZ  Jormaisee 1 1Rby))-

On peut remarquer que pour les échantillons RO, quand la contrainte appliquée est égale a 0.44
}ro). la durée de vie est d'environ 50 000 cycles, tandis que la durée de vie est d'environ 10° cycles pour
une contrainte appliquée de 0.39 ko). Ainsi, une diminution de 12% de la contrainte appliquée conduit &
une durée de vie environ 20 fois plus élevée. Cependant, dans le cas des échantillons RO-A-SMC, pour

OTHVVDL GH |DWI34XfHoU PXFXYHjUXSWXUH QTD pWp REMKEY pH HQ GHVVRX'

2.1.2. Distribution  Gdfientation des fibres

On note que pour une contrainte appliquée correspondant a la valeur limite « d'endurance
conventionnelle » de HO-0° (soit 0.55 1ro)), les éprouvettes en RO et/ou HO-90° peuvent rompre entre
500 et 1000 cycles. Ce constat démontre clairement que la durée de vie est fortement influencée par
l'orientation des fibres. Toutefois, la figure 14 montre également que RO et HO-90° présentent

pratiquement le méme comportement en fatigue. Les courbes de Wohler des échantillons RO et HO a
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10 Hz montrent une forme bilinéaire définissant deux zones différentes liées au comportement en fatigue
en charge d'amplitude faible et élevée [30]. Pour le RO et le HO-90°, la zone de forte amplitude (> 0.47
Lro)) correspond & un nombre de cycles a la rupture inférieur a 10* cycles. Tandis que pour les
échantillons HO-0°, la durée de vie est au moins de 30 000 cycles pour une valeur de contrainte allant
jusqu'a 0.75 ZLro). Compte tenu de ces valeurs, les courbes commencent a dévier et tendent & une
évolution TXH O TR Q SR XU adprhptotique Debriisshmt ai$i XQH OLPLWH GEaptmxheld Q FH

SRXU ODTXHOOH DXFXQH UXSWXUEycRIHVW REVHUYpH MXVTX |

2.1.3. Fréquence de sollicitation

La fréquence de sollicitation est un parameétre important en fatigue, particulierement pour
OfpWDEOLVVHPHQW GITXQ DOT X lfrequénted élavKds UeRdeldXdit généralement un
SKPQRPqQH- (3 KDWWIRHPHQW TXL UpVXOWH GH56M 2L MAhtSd W [7RQntG TpQHUJL
comparé deux fréquences, 5 et 50 Hz, et ils ont observé qufDYEBEDXJPHQWDWLRQ GH OD IUpTXHC
de vie diminue 'fDSUqV 'HQWVRUDV H&Y leR propbéies ihEchriqies des matériaux
viscoélastiques dépendent de la fréquence de sollicitation. La fréquence élHY pH H W-eédhdubexnahikR
JpQpUp ORUV GIXQ lan WieffetGut |d Blite 2Xddr la vitesse de propagation des fissures en
fatigue. Les courbes de Wohler normalisées obtenues a partir des essais de fatigue pour des fréquences

de 10, 30, 50 et 100 Hz dans le cas d'échantillons de RO [73], sont présentées sur la figure 15.

Figure 15 Courbes de Wohler pour différentes fréquences (échantillons RO, lomaisse 1 r®by))-
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Comme on peut le constater, il y a peu de différence entre les courbes réalisées a 10, 30 et 50 Hz
avec une faible amplitude, alors que pour une amplitude de charge élevée, I'augmentation de la fréquence
conduit & des courbes de Wohler décalées. Ce phénomene est sans aucun doute lié au phénoméne
G 1 D-#chaRffement de la matrice organique induit par les effets visqueux. A des amplitudes fortes et a
GHV IUpTXHQFHYV p-ecHauferhent gefidpeXpdr Rn fort frottement intermoléculaire du polyester
insaturé est la cause de cette baisse de la rigidité et de cette diminution de la durée de vie en fatigue du
matériau. &H SKpQRPgQH HVW HQFRUH S &@chsufféindr fait b&sbulir au VaisidafOde W R
la température de transition vitreuse (transition fragile-ductile), le polymere depuis un état rigide vers un

état caoutchoutique.

2.2. Mécanismed THQGRPPDJH&EKEEMC en fatigue

/IRUV GTXQ HVVDL GH |IDWL Jeohlesse Rl de/farmg xnQéte dé fibveXuhélzone ou il
\ D XQH YDULDWLRQ GH OD GHQVLWp HW GH OfRULHQWDWLRQ GHV ILEU
impligue de nombreux phénomenes tels que la rupture des fibres, la déformation plastique et la rupture de
la matrice, la nucléation et la coalescence de cavités, la bifurcation des fissures, le pseudo-délaminage et
le déchaussement des fibres [53,72,77]. /fTHQGRP P D Jdébuke@M U OYDPRU0ODJH GHV ILVVXUHV
FDV GHV FRPSRVLWHV 60& FHW DPRUODJH VjHO%D® WH UHIF Bip QELHO P G5W D
son évolution, ce phénoméne se transforme en formation des microfissures a la décohésion fibre/matrice.
Les premiéres apparitions de cette décohésion (figures 16-17) concernent plus particulierement les fibres
perpendiculaires a la direction de sollicitation.

En effet, les fibres orientées a 90° sont sollicitées, sur leurs interfaces, en contrainte normale pure
tandis que la contrainte de cisaillement est quasi nulle au péle (en téte de fibore) /HV ILEUHVY GTRULHQWL
différentes commencent a se déchausser tardivement GX IDLW GH OfpYROXWLRQ GHV FKDPSV
de déformations locales. Les décohésions des interfaces fibre/matrice constatées constituent des micro-
discontinuités qui évoluent brutalement le long des contours des fibres pour former des vides. Une

UHGLVWULEXWLRQ GHVY FRQWUDLQWHY ORFDOHYV -distehsmyitetappafa. D TXH IRLV
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Figure 16 Initiation de décohésions interfaciales induisant des microdiscontinuités

(microvides) entre la fibre et la matrice.

Figure 17 Microstructure de @chantillon vierge et @cthantillon aprés 1000 cycles et 2500 cycles d'essai

de fatigue a une contrainte appliquée de Iro) et une fréquence de 30 Hz.
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2.3. Fatigue Thermique Induite (ITF) et Fatigue Mécanique (MF)

/ID PHVXUH GH OD WHPSpUDWXBKDKXQIGRIHQA SDNMX @ PIWPRILDX ORUYV

fatigue est trés importante pour déterminer la part de la fatigue thermique dans la durée de vie totale.

A basse fréquence et a faible amplitude de sollicitation, O Y D&NsURement est pratiguement
négligeable et la durée de vie est gouvernée essentiellement par La fatigue mécanique. Une haute
IUpTXHQFH FRPELQpH j XQH FRQWUDLQWH DSSOLTXpH pOHYpH
échauffement [77-79]. Ce phénomeéne qui provoque une diminution de la durée de vie est généralement

connu sous la désignation « Fatigue Thermique Induite » (ITF en anglais). La durée de vie totale est le

FRQGXLYV

UpVXOWDW GH OfHIIHW FRPELQp HOWUH OD IDWLIJXH WKHUPLTXH HW OD |

Dans les deux cas, I'endommagement peut se présenter sous la forme de la décohésion a
O 1L QW H Urhbtkdd, duisélLHo-délaminage entre les faisceaux de fibres et de la microfissuration de la

matrice.

(Q DEVHQFHpPpGEKDXWRPHQW OD WHPSpUDWXUH GH OfpFKDQWLOORQ

fatigue estconsidéeUp FRPPH LVRWKHUPH (Qp% U PWXHIGFPH GWD XOVWRWHPSpUDWXUH G

DXJPHQWH FH TXL HVW OD FDXVH GX FKDQJHPHQW GHV SURSULpWpV Ppf

GXFWLOLWpP « GH OfpFKDQWLOORQ 2Q SH XWeésal HeSfatiguetedt réaksél s DQV OHYV

deux matériaux de comportement mécanique différent.
Les résultats de différents essais et dans différentes conditions de sollicitation sont montrés sur la
ILIXUH ,O VIDJLW GH FRQGLWLRQV GYHVVDLY VXLYDQWHYV
x Fréquence faible (10Hz) et amplitude basse (0.40 1roy), figure 18-a
x Frégquence faible (10 Hz) et amplitude élevée  (0.55 ILro)), figure 18-b
x Fréquence élevée (100Hz) et amplitude basse (0.40 Lro)), figure 18-c
x Fréquence élevée (100Hz) et amplitude élevée (0.55 Lro)), figure 18-d
Certaines caractéristigues de ces résultats sont portées dans le tableau 2. A partir de ces

résultats, nous pouvons fournir les commentaires suivants :
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Figure 18 Evolution du module de Young (E/E,) et de la température lors des essais de fatigue sur RO-A-

SMC a différentes amplitudes et fréquences de sollicitation

D

| + ]mak1=W0.40

broy E | + hatPW.55 Loy F +1haHEV0.4D Lro) et (d) f = 100 Hz et
]-ma)( = 0.55 ].y(RO).
Figure 18 T de transition T échauffement | Nombre de cycle
’ S a la rupture (°C) a la rupture
Figure 18-a: .
' +] HW=0.40 Lo 25 27 1x10
Figure 18-b : .
I +] HW=D.55 Lo 27 29 2,2 x 10
Figure 18-c : .
f=100 +] HWy20.40 Lpo 35 > 60 1,210
Figure 18-d : .
=100 +] HWy20.55 Lo 44 > 60 2 x 10
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Tableau 2 Quelques caractéristiques relatives aux résultats présentés sur la figure 18.



i)

ii)

vi)

Pour une faible amplitude et une basse fréquence (figure 18-a), le changement de la

température est trés faible et le matériau RO-A-SMC présente un comportement en

fatigue principalement régi par la fatigue mécanique (MF). Dans cette condition la durée

de vie est relativement élevée (N, = 1 x 10°).

Pour une grande amplitude et haute fréquence (figure 18-d), la température augmente de

IDoRQ FRQVpTXHQWH GH OD WHPSpUDWXUH DPELDQWH MXVTX
62°C). Dans cette condition de sollicitation, la durée de vie en fatigue diminue. Cette
GLPLQXWLRQ GH OD GXUpH GH YLH H\ZWhatffenvedt@ied Eatigl@ HPHQW O
thermique induite (ITF).

La comparaison entre la figure 18-a et lafigure 18-E G{XQH SDUW HW H@WUH OD ILJ
figure 18-G GYDXWUH SDUW PRQWUH OYLPSRUWDQFH GH OD IUpTXFH
essais a 10 Hz, le nombre de cycles & la rupture change de 2 x 10° & 12 x 10° quand
OTDPSOLWXGH GH FRQWUDLQW.B5 Y,R,Ua GHOULRY, Sahdisileypdd? HQW GH
des essais & 100 Hz le nombre de cycles a la rupture change de 2,2 x 10* & 1 x 10°

TXDQG OYDPSOLWXGH GH FRQWUDQLEW K ¥ D40LIkol) HVSHFWLYHPHC
/IRUVTXH OYDPSOLWXGH HW OD |UpTXd,QéHet coRnd/ deo &Y pHV  1LJ
deux parametres engendre des phénomeénes d'auto-échauffement et de dégéats intensifs.

'‘DQV FH FDV OD WHPSpUDWXUH DXJPHQWH MXVTXT]j f& T7THPSpP
température de transition E(45°C). Cet auto-échauffement est la cause du changement

de comportement ; du vitreux-fragile au vitreux-ductile. La rigidité du matériau diminue

lors de ce changement du comportement.

Pour les hautes fréquences et les amplitudes élevées, le comportement en fatigue est

entrainé a la fois par la fatigue thermique induite (ITF) et la fatigue mécanique (MF).

Les courbes de baisse de raideur pour les quatre conditions de sollicitation ne montrent

SDV OH PrPH UpJLPH 4XDQG OD IUpTXHQF Higitevisa) 2P SOLWXGH
courbes présentent deux régime distincts : une diminution progressive faible et une chute

EUXWDOH UHVSHFWLYHPHQW OLpV j OfDPRUODJH HW OfDFFXP)

propagation rapide des fissures et la rupture.
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3. Etude du comportement mécanique des SMC sous sollicitation
dynamique

/H WHUPH pG\QDPLTXHY HQJOREH VRXYHQW GLYHUVHY QRWLRQV DVV
de thermodynamique ou de physique [11,80-81]. Il est alors important de situer le contexte du régime
dynamique afin de mieux appréhender les phénomenes mis en jeu. En ce qui concerne le comportement
MmpFDQLTXH TXL HVW OYREMHW GH QRWUH pWXGH RQ D OYKDELWXGH GH
moyen et rapide. Le régime dynamique lent concerne des vitesses de déformation comprises entre 107" et
10 s, il est proche du processus quasi-statique (figure 19). Dans ce régime, il est souvent question,
GTpYpQHPHEWOHY FKXWHV GY{REMHWY J[/H UpJLPH G\QEF_L(D.ZTSB%)HsePR\HQ HC
FDUDFWpPULVH SDU XQH pFKHOOH WHPSRU B Gakis & typ® JeRéhEnd gueGél OD PLOO
situe la présente étude des phénomeénes dynamiques. Le régime dynamique rapide (au-dela de 10° s™), a
OfpFKHOOH GH OD PLFURVHFRQGH HVW FDUDFWpULVp SDU OH SKpQRP(q(

HQ SDUWLFXOGAHWFKRRQOGHWIDIJLW GDQV FH FDV GYLPSDFWV EDOLVWLTXF

Figure 19 Classification des phénomenes dynamiques en fonction

GITXQ WHPSV FDUDFWpULVWLTXH|[GIH YDULDWLRQ GH FKI

/IRUVTXTRQ VYLQWpUHVVH DX FRPSRUWHPHQW GHV PDWPpPULDX[ HW
vitesse, il faut distinguer les phénomeénes de type inertiel de ceux liés a la propagation des ondes ou
encore des variations des réponses mécaniques des matériaux du fait de leur sensibilité a la vitesse de
VROOLFLWDWLRQ $X VHQV VWULFW RQ QH SHXW SDUOHU GH SKpQRPqQF
temporelle des champs de contrainte et de GpIRUPDWLRQ 6L FRPPH GDQV QRWUH pWXGFH
TXYj OD VHQVLELOLWp GHV PDWpULDX[ DX[ JUDQGHV YLWHVVHV GH VI
comportement pour le calcul des structures, on se doit de VIDIITUDQFKLU GHV Hpaghtvws OLpV DX|

GTRQGHV 'DQV OfYDEVROX Viempokikd ded thamdpy leR @ongi@td/ tdknme une
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perturbation a éviter lors de la caractérisation mécanique. Toutefois, il est courant dans la littérature
GIXWLOLVHU OH WHUPH GH e ¥ BdarSfanéiie Bdmponen@ntQdDyPahdeXvitesse de
sollicitation [11].

Nous considérerons, dans ce qui suit, comme vitesses moyennes ou vitesses intermédiaires, les
vitesses comprises entre celles relativement lentes, dites quasi-VWDWLTXHV HW DSSOLTXpHV j Of
PLQXWH RX GH OD VHFRQGH &HOOHV DSSOLTXpHV j OfpFKHOOH GH OD

rapide.

3.1. Machine de traction a grande vitesse et les mesures associées

,O H[LVWH GRQF GLIIpUHQWY UpJLPHV GH YLWHVVH CGlafiguROOLFLWD)

suivante qui inclut les moyens expérimentaux classiqguement dédiés par domaine de vitesse.

Figure 20 Classification des régimes dynamiques en fonction de la vitesse de déformation atteinte et des

moyens développés pour accéder aux chargements correspondants [11].

'DQVY OH FDGUH GH FH WUDYDLO RQ YLVH OYDQDO\WH GX FRPSRUMW
gamme de vitesse de déformation allant du régime quasi-VWDWLTXH MXVTX{IDX UpJL$il G\QDPLT
de 10*s'a2100s*. Ce GRPDLQH FRUUHVSRQG HQ HIIHW DX GRPDLQH TXH OfRQ C
GIpYPQHPHQW GH FKRF HW FUDVK GDQV OTDXWRPRELOH

Des essais de traction a grande vitesse ont été réalisés sur une machine Schenk Hydropuls VHS
5020 (figure 21). Cet équipement permet de faire varier la vitesse de déplacement du vérin dans une

plage allant de 10* m/s (quasi-VWDWLTXH j PV /fHIIRUW HVW P HédestiqueSDU XQH
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considérer que le champ de déformation est homogéne et que la vitesse de déformation est constante
GDQV OD JRQH XWLOH GgV OH GpEXW GX WHVW 3DU FRQWUH ORUV GTX
systeme tube-SLVWRQ DILQ GYDSSOLTXHU OD YLWHVVH FRQVWDQWH GH Gp.
GIDFFpOpUDWLRQ GX S-pistov Rri)in del céuKsR impiMXebLide augmentation extréme de la
vitesse de sollicitation appliquée au systeme. Des ondes mécaniques vont donc se propager et effectuer
plusieurs allerss-UHWRXUV QRWDPPHQW GDQV OfpFKDQWLOOR Qreto2QpeEtR QVL G qU H
suffire a stabiliser le champ et la vitesse de déformation. Or, la durée de la sollicitation est relativement
FRXUWH OH PDWpULDX SHXW VH URPSUH DORUV TXH OfpTXLOLEUH QYfHV
composite peut se trouver exposé | OfHIIHW GH SURSDJDWLRQ GTRQGHV GH WUDFWLR
GH OfHVVDL &HV RQGHV SURYRTXHQW GHV RVFLOODWLRQV SHUWXUED
mesure. La mécanique des milieux continus est applicable dans cette gamme de vitesses en prenant
WRXWHIRLY TXHOTXHYVY SUpFDXWLRQV 3DU FRQVpTXHQW OH FRQWU{OH (
DX FKRF ORUV GX FKDUJHPHQW GHYLHQW XQ FKDOOHQJH LPSRUWDQW
comportement mécanique des matériaux sollicités a grande vitesse [31,32,35-37].

&RPPH QRXV OYDYRQV SUpFLVp OfHQVHPEOH GHV HIIHWV FLWpV UH
gue nous devons absolument découpler des effets propres au changement de comportement mécanique
GX FRPSRVLWH VROOLFLWpP j JUDQGH YLWHVVH (Capkes) hbus tehddhe ® YHUV O L
OLPLWHU FHV HIITHWV GH VWUXFWXUH ptd atexad Oc¥ qbi ldsthoeetbbfedtiDb Y RLU T Xt

principal.

3.2.2. Géométrie optimisées

"IXQHORQ JpQpUDOH OfXWLO L ViytvaulRi@es@dse Redroklént@ idas Watihbles R
GH FRQWU{OH GH OTHVVDL G\QDPLTXH GX IDLW GHURBEDIBDUWW RIY SWHRS JYRIQGE
FKRF /IDPSOLWXGH GHVY SHUWXUEDWLRQV GH PHVXUH FRQMXJXpH DX[ H
OfpSURXYHWWH HW j OD FKDVQH FLQpPDWLTXH SHXW HQJHQGUHU DX
contraintes et de déformations non homogenes au cours du chargement rapide [31,32,35-37]. & fHVW GDQV
FH VHQV TXH OYfHVVDL GH WUDFWLRQ G\QDPLTXH B deWélorR&it& PLVp DIL

homogeénes et une vitesse de déformation élevée et constante dansla |[RQH XWLOH GH OfpSURXYHWW
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Avant contact entre le piston (sliding bar, figure 21) et le vérin hydraulique (hydraulic jack), ce
dernier peut étre accéléré enfonFWLRQ GH OD YLWHVVH GTHVVDL FKRLVLH VXU XQH C
MXVTXT]j PP PP SRXU OD YLWHVVH GH GpIRUPDWLRQ PD[LPXP 8QH
O pFKDQWLOORQ HVW HQVXLWH VRXPLV j OYH IntRdamwpirg)platélebteMaL RQ 8Q N
coulisse et le vérin hydraulique a été expérimentalement optimisé (choix du matériau, géométrie et
épaisseur) afin de minimiser les perturbations dues aux effets inertiels mécaniques causés par la vitesse
de mise en application GH OfHIIRUW HW GH OYRQGH SyiRohR ErXeffiet, B oot idddl FKRF W X
GRLW SRXYRLU DEVRUEHU OTRQGH j VRQ SUHPLHU SDVVDJH ORUV GH VI
coulisseau. 1l est alors question de minimiser les écarts entre la contrainte maximale et minimale.
TRXWHIRLY OD SKDVH GYfpFUDVHPHQW GX MRLQW DIIHFWH OD YLWHVVH G
GX WHVwW /D VWDELOLVDWLRQ GH OD YLWHVVH GH GplIRUPDWLRQ LQWH!I
matéribDX ,0 VIDJLW GRQF GYXQH SDUW GH FKRLVLU OH PDWpULDX FRQ!'
GLPHQVLRQQHU GH VRUWH TXH OD YLWHVVH GH GpIRUPDWLRQ GDQV OD
avant la fin de la phase élastiqgue du comportement. Le choix du matériau constitutif et la géométrie du
joint ont été optimisés expérimentalement [11,34] (Article N°1, 2, 4 et 5). La géométrie des échantillons
GRLW rWUH RSWLPLVpH DILQ GH UpGXLUH OHV HIIHWV LQGpVLUDEOHYV
SURSDJDWLRQ GfRQGH GH FKRF GY{DXWUH SDUW 3RXU OHV HVVDLV GH W
GDQV O fipt KesEhdhgements de section (plus ou moins brutaux) afin de piéger (ou du moins
OLPLWHU FHV GHX[ SKpPQRPGQHV j WUDYHUV XQH UXSWXUH EUXWDOH GTI
géométrie de I'éprouvette a été menée en utilisant le logiciel ABAQUS avec une résolution de type
H[SOLFLWH DILQ GH SUHQGUH HQ FRPSWH OHV HIIHWV GITLQHUWLH
Représentatif (VER) et tout en limitant leur volume, les éprouvettes sont du type haltére et présentent une
]JRQH XWLOH GH po/RXQG W HoWX @ H PP HW GIXQH ODUJHXU GH PP /H UD\R

la zone utile et les parties ou vont se faire les prises en mors est de 6 mm [26].

3.2.3. Validation de la méthod ologie des essais a grand vitesse

Aprés avoirtestt SOXVLHXUV PDWpULDX[ HW SOXVLHXUV JpRPpWULHV GHYV

mm ont été choisis pour remplir le réle de joint amortisseur. Dans la figure 22-a [26], OTpYROXWLRQ GH ¢
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vitesse de déformation dans la zone utile obtenue SDU OTpWXGH QXPpULTXH HVW VXSHUSRVr
par des essais de traction réalisés a la méme vitesse de chargement pour un composite A-SMC. Ce

UpVXOWDW HVW REWHQX DSUqV DYRLU RSWLPLVp OHV GLPHQVLRQV GH O

Figure 22 EvolutiondeladéfoUPDWLRQ DX VHLQ (&Htévhipt®HosR XY HWWH

du champ de déformation a différents temps (b).

'TXQ SRLQW GH YXH H[SpULPHQWDO LO HVW SULPRUGLDO TXH OHYV
représentatives du comportement du composite étudié. La simulation numérique du chargement de
OfpSURXYHWWH UHWUDFH GRQF XQH FDUDFWpPULVDWLRQ H[SPULPHQWD
sollicitation quasi-statique. En effet, la vitesse de déformation VH VWDELOLVH j SDUWLU GTXQH YD
de 1,3 x 10 s correspondant au temps de montée (t,). Sachant que le temps de montée se limite au tout
début de la partie élastique du comportement mécanique, il est alors possible de déterminer correctement
eW DYHF FHUWLWXGH OHV SURSULpWpPV pODVW LfigXel 22-16 Xe6Pq&VipULDX 2Q
stabilité est atteinte dées4 03D DSSOLTXp j OTpFKDQWLOORQ GDQV OD JRQH XWLOH ¢
JpRPpWULH S HéhP Hapide@dhR Bn champ homogéne de déformation et une vitesse de

déformation constante dans la zone utile.

3.3. Effet de la vitesse de déformation

Le comportement mécanique des composites SMC est sensible a la vitesse de déformation
[11,34]. Par conséquent, pour l'utilisation efficace de ces composites, leur réponse sous différentes

vitesses de déformation devrait étre clairement comprise. Une premiere étude sur un composite SMC
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[31,32,35-37] standard renforcé par 30% de fibres de verre a montré que le module d'élasticité reste

insensible a la vitesse de déformation pour la gamme de vitesse explorée (de quasi-statique a un

maximum de 200 s™). Malgré quelques variations due & la dispersion des microstructures [11,34], le

PRGXOH GT<RXQJ UHVWH VWDEOH DXWRXU GYXQH. Pfusi€uts ¥tudeBRMHQQH GH

montré que le mécanisme d'endommagement prédominant pour les composites SMC standards est la

dpFRKpPVLRQ j OJLPWMWDFH IDEWHOH FDV G 1 XQ6, il RiR&RI¥momid \que 0 &

ORUVTXH OD YLWHVVH GH GpIRUPDWLRQ DXJPHQWH OHV SKpQRPgQHV G

une cinétique d'endommagement de plus en plus réduite avec OfDXJPHQWDWLRQ GH OD YLWHVVH
$ WLWUH GYH[HPSOH OHYV-BRXIEMHDME RVGUIFWH Y ISRWH GLIIpUHQWHYV |

déformation pour les composites A-SMC et LD-SMC [26,28] sont montrées dans la figure 23-a et 23-b,

respectivement dans le cas de microstructure a orientation aléatoire. Ces évolutions sont a comparer

avec celle de la figure obtenue pour un SMC standard (figure 12). On peut clairement noter que les

comportements globaux de ces courbes de traction sont trés dépendants de la vitesse de déformation. En

d'autres termes, les vitesses de déformation élevées jouent un réle important en termes de propriétés

mécaniques. De méme que pour les SMC standards, on observe un module élastique similaire quelle que

soit la vitesse de déformation.

(b)

Figure 23 Courbe de traction aux vitesses de déformation différentes : RO-A-SMC (a) et

RO-LD-SMC (b)l ;lormalisée 1 r(Rl) en QS)) H \Nwormgsée 0 r(RQen QS)))-

/IHV FDUDFWpPULVWLTXHYVY GX PDWpULDX j VDYRLU VHXLOV GYHQGRPP

non-OLQpD WdsW¥p ednos DLQVL TXH OD FRQWUDLQWH HWhate® BimGp sGB(UPDWLR Q
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représentées sur les figures 24 et 25. Ces évolutions ont été tracées pour les trois configurations : RO,

HO-0° et HO-90°. On peut noter TXH OH VHXLO GTHQGRPPRJIHDHSG-Wet PE-b)X &H

termes de contrainte et de déformation, augmente avec la vitesse de déformation. Par exemple dans le

cas du HO-0°-A-60& RQ QRWH XQH DXJPHQWDWLRQ GH GX VHXLO GTHQGF
contrainte lorsque la vitesse de déformation passe du quasi-statique & 60 s™. D'autre part, la contrainte &

la rupture augmente de 34% par rapport au cas quasi-statique. Il est intéressant de remarquer que les

valeurs au seuil obtenues pour les plus grandes vitesses sont du méme ordre de grandeur que les
caractéristiques ultimes obtenues dans le cas de sollicitation quasi-statique. On peut aussi noter que

TXHOOH TXH VRLW OYfRULHQWDWLRQ GH OD PLFURVWUXFWXUddn OD GplIRI

significative avec la vitesse.

Figure 24 Influence de la vitesse de déformation : la déformation de seuil (a), la contrainte seuil (b),

déformation ultime (c) et la contrainte ultime (d) (pour A-SMC composite).
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Figure 25 Influence de la vitesse de déformation : la déformation de seuil (a), la contrainte seuil (b),

déformation ultime (c) et la contrainte ultime (d) (pour A-SMC composite).

DanslecasdulLD-60& OD YDOHXU GX VgeKerderGtra€de RdadfPdinte augmente
de plus de 120%, 130% et 114% pour les configurations HO-0°, RO et HO-90° respectivement quand la
vitesse varie du quasi-statique & 80 s*. De méme que pourle A-60& HW OH 60& VWDQGDUG OYDXJ
des contraintes ultimes est moins marquée (33%, 58% and 55% respectivement). Ci-aprés un tableau
montre toutes les évolutions relatives des seuils et des valeurs a rupture pour les trois types de SMC.

Ces résultats mettent en évidence une forte influence de la vitesse de déformation sur les
SURSULpWpV PpFDQLTXHV GHV GLIIpUHQWY 60& (Q HIIHW GH PrPH TXH S
j OTLQLWLDWLRQ GH OYfYHQGRPPDJHS8MEMe HM-BMOR EV éffel,YdansSIR ad dOHV $
SMC standard, il a été misen éviGHQFH OD QDWXUH YLVTXHXVH GH OfHQGRPPDJHPH(
OfLOQLWLDWLRQ SDU XQ UHWDUG HW ORUV GH OD SURSDJDWLRQ SDU XQ

2Q SHXW DORUV SDUOHU G ffehQommraBealitdl WotibR Hi€puIitey pavmtBussi et al [35].
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Type de SMC Augmgntatign relative dL_J seuil de Augmen_tation relative de la
non-linéarité en contrainte (%) contrainte a rupture (%)
SMC standard (RO) [11,34] 100 70
HO-0° 45 40
A-SMC [26] RO 70 45
HO-90° 50 41
HO-0° 120 33
LD-SMC [28] RO 130 58
HO-90° 114 55

Tableau 3 Valeurdes VHXLOV G {HQ G RePdeHchhtRIHLEE Wtimes pour les trois types de SMC.

/I M REMHW GX SDUDJUDSKH VXLYDQW HVW GH PHWWUH HQ pYLGHQFH

dans le cas du A-SMC qui devrait étre utilisé pour des applications de type crash automobile.

3.4. Analyse expérimentale multi -pFKHOOHY GH OYHQGRPPDJHPHQW HW GH

différentes vitesses de déformation

'‘DQVY OH FDV GHV 60& VWDQGDUGY OD PLVH HQec’xuwUd#e GIHVVDL
OfHQGRPPDJHPHQW j OfpFKHOOH PLFURVFRSLTXH HW PDFURVFRSLTXH D
la vitesse de déformation [31,32,35-37] 4XHOOH TXH VRLW OD YLWHVVH €H RIHRWPDWL
WRXMRXUV OD UXSWX{PDWOUERWNUIBVWW IQHURHRWH X[B1,82353.HUGeGRPPDJHP
DXJPHQWDWLRQ GH OD YLWHVVH SURGXLW GTXQH SDUW XQ UHWDUG j O
XQH GLPLQXWLRQ GH OD FLQp\813236-3Q.10h Q&I &d?<Ddé éhtp@tevnent visco-
endommageable caractéristique du comportement dynamique du composite SMC standard. Par ailleurs,

RQ PRQWUH TXH OYHIIHW GH YLWHVVH V XfibreonfpHi@R an@rdpeH3sQes GH OTLQV
UpVXOWDWY pWDEOLV H[SpPULPHQWDOHPHQW GDQV OH FDV GX 60& VWDQ
une modélisation micromécanique prédictive du comportement mécanique du composite [34].

I1RXV SURSRVRQV GIXWLOLVHU OD WHFKQLTXH GHV H&ASMO/ LQWHUU
DILQ GIXQH SDUW GH GpWHUPLQHU OHV PpFDQLVPHVY GTHQGRPPDJHPHC
part de les corréler avec la réponse macroscopique a différentes vitesses de déformation. Une

FRPSDUDLVRQ GHVY PpFDQLVPHYV G 1H féreneskRypesidé FMT \Ast Hu@inptbposeed V- G
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3.4.1. Technique des essais interrompus

La technique des essais interrompus permet, pour une vitesse de sollicitation élevée, de
GpWHUPLQHU OHV pWDWV GTHQGRPPDJHPHQW VXFFHVVLIMra@fiiKQH pSUR.
G\QDPLTXH 8Q VXLYL GH OfpYROXWLRQ GHV PpFDQLVPHYVY GTHQGRPPDJHF
raideur résiduelle est rendu possible pour différents niveaux de contraintes. Pour cela, il est nécessaire
GILOWHUURPSUH OTHVVDLPjL YHDHY®G N pYULVAHZYXHQ IXVLEOH DYHF OfpFKDQW!
j OD GpFKDUJH GH OMpFKDQWLOORQ j XQH IRUFH GH WUDFWLRQ GRQQpH
réalisée sur le fusible (figure 26). Afin de définir des niveaux croissants de forces maximales, le ligament
est optimisé pour se rompre a une vitesse donnée et a un niveau de force donné. Ces fusibles sont
UpDOLVpVY GDQV GHV WLJHV ILOHWpHVY HQ DFLHU $LQVL j OD UXSWXUH
alors possible dfDQDO\WHU DX PLFURVFRSH OHV PpFDQLVPHVY GTHQGRPPDJH
FURLVVDQW GTHIIRUW /H PrPH pFKDQWLOORQ HVW DORUV VROOLFLWpP DY
ObUJH HW SHUPHW DLQVL OD UHFKDUJH G Hh@dempluk inQovtahtol@ medud X VT X Tj X
GI<RXQJ HVW DORUV GpWHUPLQp ORUV GH OD UHFKDUJH &H SURFHVVX
MXVTXYj OD UXSWXUH GH OfpSURXYHWWH 2Q SHXW DORUV FRUUpOHU G

macroscopiquesaYHF FHOOH GHYV PpFDQLVPHY GIfHQGRPPDJHPHQW

Figure 26 Dispositif échantillon-fusible pour essai interrompus en traction dynamique.

Des éprouvettes rectangulaires droites de RO-A-60& DYHF WDORQ RQW pWp SROLHV V
afin GH SHUPHWWUH OTREVHUYDWLRQ DX PLFURVFRSH pOHFWURQLTXH 0(%

une méme éprouvette sera examinée a différents niveaux de contraintes.
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3.4.2. Comparaison GHV PpFDQLVPHYV GfHQGRPPDJHPHQW HQ-sGti®PLTXH HW

- SMC standard et LD-60& L OLWLDWLRO HW GpYHORSSHPHOW GH OfHC

GpFRKpPpVLRO GILQWHUIDFHV

'DQV OH FDV GHV 60& VWDQGDUGYV FTHVW HQ Jp@apiteR@e@ @ UXSWXUFE
cause premiere de la dégradation progressive du composite. Dans le cas des LD-SMC, il a été montré
(Article N f TXH OTHQGRPPDJHPHQW- EHWWQ LIFIWHMWDHF®! FIRPBBHWW LWLRQ DYHF O
GH OYLQWHUIDFH ELORdatric& HigureHA7)U Bank UeHc4s/ bli les fibres sont globalement
orientées dansladLUHFWLRQ GH WUDFWLRQPDAWHVRAH OIMXLQ WHUQBRHWADEHHPDMRU
'‘DQV OH FDV GYXQH RULHQWDWLRQ SHUSHQGLFXODLUH-m&EtElgquwwv SO XW{W
GHYLHQW OH PRWHXU GH OTHQGRPPDJH®HE WWoté 4X DifftrencBsVente HBHQW L O
facies de rupture des échantillons testés en quasi-VWDWLTXH HW FHX[ WHVWpV j JUDQGH YLW
SDV UpDOLVp GIfHVVDLY LQWHUURPSXYV j JEMQ.JbutefdisMes\selils SRXU OH FDV

cinétiques G{HQGRPPDJHPHQW GHYUDLHQW YDULHU DYHF OD YLWHVVH

Figure 27 OpFDQLVPHY GIHQGRPPDJHPHQW REMRAWMWEBé@iREMr BTHVVDLYV LQ

composite LD-SMC (HO-90° et HO-0°).

- A-60& L OLWLDWLRQOV SDU GpFRKANVYRQRGHHPWOW BEHH HMHQGRPPDJ

par propagation de fissures

'DQV OH EXW GYDQDO\WHU OHV PpFDQLVPHV GTHQGRBWDAHPHQW O
différentes vitesses, des essais de charge-décharge sous sollicitation quasi-statique et de traction

interrompue sous sollicitation rapide ont été menés sur des échantillons de matériaux A-SMC. Dans le
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cas du RO-A-60& XQH DQDO\VH GH OD FKURQRORJLH GHV pYpQHPHQWYV GTHQ
la quasi-statique a 40 s’ 4XHOOH TXH VRLW OD YLWHVVH OH SUHPLHU SKpQRPQgQ
correspond a la décohésion de l'interface fibre-matrice. Ce phénoméne est le mécanisme prédominant
GILQLWLDWLRQ GHV PLFURILVVXUHYV -i@éaé& £B pHanoniend qémadr® toBtUHPLqUH
GYDERUG VXU OHV LQWHUIDFHY GHV UHQIRUWYV O H%enea 3 WfavesVeRULHQW p\
volume global de la matiere sur les fibres plus orientées. En effet, les fibres les plus désorientées par

rapport a la direction de traction sont soumises a une contrainte normale locale élevée a l'interface. A

I'intérieur de chaque faisceau de fibres, une défaillance de l'interface fibre-matrice se propage d'une fibre

j VD YRLVLQH HW WHQG UDSLGHPHQW j VH SURSDJHU GTXQH PqFKH j Of
fissure rencontre une autre méche, elle est déviée ou traverse lamécKH VHORQ OYRULHQWDWLRQ GH
la meche rencontrée. Ainsi, un réseau de fissures globalement perpendiculaires a la direction de traction

se développe. Les fissures déviées font apparaitre des fissures globalement orientées dans la direction
detacWLRQ &H SKpQRPqQH GILQLWPDWIRGH ONLQWBYXIAHH SURSBIJDWLRQ

fissure apparait progressivement plusieurs fois sur chague faisceau (figure 28).

Figure 28 Chronologie des PpFDQLVPHYV GfHQGRPPDJHP HGtatigitQuW-BNDOEFWLRQ TXDVL

Enfin, & I'approche de la contrainte ultime, la coalescence des fissures situées entre les faisceaux
induit du pseudo-délaminage des méches justes avant rupture finale. Malgré des seuils et des cinétiques
différents (voir paragraphe suivant), les mémes phénomeénes sont observés de la quasi-statique aux plus
grandes vitesses (figure 29). Toutefois, on peut observer que lorsque l'on augmente la vitesse de

déformation, les dégats d'interface semblent étre moins diffus. De plus, on peut observer que
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l'augmentation de la vitesse de déformation favorise la propagation des microfissures transversales dans

la matrice et le pseudo-délaminage [27] (voir paragraphe 3.4.4).

Figure 29 Observations de la microstructure aprés essai de traction pour RO-A-SMC:

chargement quasi-statique (a), et chargement dynamique (b) [27].

On peut donc conclure pour les A-SMC que quelle que soit la vitesse de déformation imposée ;
X LH PpFDQLVPH LQLWLDWHXU GH OTHQGRPPDJHP HQf\tte-bhdtric® H OD Gp

GTDERUG VXU OHV ILEUHV j f SXLV VXU OHV ILEUHV SOXV RULHQW|
X LYHQGRPPDJHPHQW VH GpYHORSSH VLPXOWDQpPHQW SDU GH QRXY
propagation de ces microfissures dans la matrice,

X Le pseudo-délaminage conduit a la rupture finale. Cependant, il semble bien plus développé a

grande vitesse.

3.4.3. Analyse quantitative multi -pFKHOOHV GH OfHQGRPPDJHPHQW

A) Echelle macroscopique

-(ITHW GH OTRULHQWDWLRQ GHV ILEUHYV
La figure 30 montre, pour le A-SMC, O pYROXWLRQ GX SDUDPgWUH PDFURVFRSLTX
D, O R Ue¥sais fle traction charge-décharge quasi-statique, en fonction de la contrainte appliquée. On
SHXW QRWHU TXH GDQV OH #Dl¥s @ldud fgde hameire darRs@opidle restent trés
faibles. Cette défaillance limitée de l'interface conduit & un comportement plus linéaire (comme on le voit

sur la figure 29-b) tandis que le pseudo-délaminage est favorisé pour une valeur de D critique trés faible.
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De part une forte contrainte nRUPDOH | O 1L Qiiatdde Idarisie daskEle) HO-90°, la cinétique
GIHQGRPPDJHPHQW HVW VXSpULHXUH j FHOOH GX FRPSRVLWH 52 ' DXWU
les échantillons RO une inclinaison de la courbe (a partir de D = 0,18), indiquant une saturation de la
défaillance de l'interface fibre-matrice. Enfin, la valeur critique de D a la rupture de ces deux
microstructures semble étre du méme ordre de grandeur; FH TXL LQGLTXH XQ pWDW GTHQGR

similaire.

Figure 30 (YROXWLRQ PDFURVFRSLTXH GH OTHQGCRREWIABMAOQW SRXU 52 +

- Effet de la vitesse de sollicitation
Les résultats expérimentaux des essais de traction interrompue réalisés a trois différentes
vitesses de déformation (figure 31) variant de quasi-statique & 40 s™ confirment que I'augmentation de la

vitesse de déformation conduit a une initiation Gefidommagement macroscopique retardé pour le A-SMC.

Figure 31 (YROXWLRQ GH OfHQGRP P DJH Hifé€ehtes?/DeEdd R BdRohatiohH |

47



En effet, en quasi-statique la perte macroscopique de la rigidité commence a un niveau de 0.30
Lro), alors que pour une vitesse de 40 s?, la premiére réduction de rigidité apparait autour d'une
contrainte d'environ 0.58 Lroy TXL FRUUHVSRQG j XQH DXJPHQWDWLRQ GH GX VH>
(Q RXWUH LO FRQYLHQW G LQGLTXHU TXH OHV FLQpWLTXHV GYHQGRPP

lorsque la vitesse de déformation augmente de quasi-statique & 40 s™ [27].
B) Echelle microscopique

- Effet de la vitesse de sollicitation
/TDQDO\WH GH da fgpriMieRastiuttliteR@s des essais interrompus permet de comprendre
O RULJLQH SK\WWVLTXH GHVY HQGRPPDJHPHQWYV UHWDUGDPV, lebWeusket TXDQW L IL
FLQpPpWLTXHV GTHQGRPPD 2isted@évolution du patdondire denGRPPDJHPHQW GYLQWHUI

(dmicro) €n fonction de la contrainte appliquée a différentes vitesses de déformation [27].

Figure 32 Evolution microscopique globale des endommagements en fonction de la vitesse.

&RQIRUPpPPHQW 1 nafirpstépigueWdsRndicateurs comme le seuil d'endommagement
analysé a l'échelle microscopique est décalé vers des valeurs plus élevées et la cinétique des
endommagements est réduite lorsque I'on augmente la vitesse de déformation. Ces aspects représentent
OfHIIHW -endonvnhageéntent déja mis en évidence pour les SMC standards. Cependant, on doit
UHPDUTXHU TXH FRPSDUp j FHV GHUQLHUVY OYfYHQGRPPDJHPHQW PLFURVF
dans le cas des A-60& (Q HIIHW OHV YDOHXUV GX SDUDPgWUH OR&&D GITHQGR

DXWRXU GH DORUV TXY{HOOHV DWWXMTBEQ¥ @aVia Glpege non linéaire
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GIHQGRPPDJHPHQW SRXU OHV 60& VWDQGDUGY 'HV YDOHXUV GH OfRUG!

FDV GIXQH VRO OVMDWDIW XRIQGTXRQ\Vliguée 3BWDQGDUG

Figure 33 (YROXWLRQ GX SDUDPqWUH ORFDO GfHQGRPPDJHPHQW GYfLQWHUID

GIXQH VROOLFLWDWLRQ GH WBBIFWLRQ VXU XQ 60& VW

2Q SHXW GRQF FRQFOXUH TXH OYDXJPHQWDWLRQ GX WDX[ GH UH
OTHQGRPPDJH P Hfged fijren§tkice Uil teste toutefois le mécanisme initiateur mais qui est

rapidement relayé par la fissuration matricielle transverse.

C) Effets anisotropes de la vitesse de déformation sur la décohésion a l'interface fibre -
matrice

La figure 34 PRQWUH O pYROXWLRQ GH O YL Q iaterfabiaVIbcalUpoBridia@@R PP D JHP +
famille [27].

2Q SHXW QRWHU TXH LQGPSHQGDPPHQW GH OD YLWHVVH GH GplIR!
I'orientation des fibres conduit a une diminution du seuil d'endommagement tandis que les cinétiques
d'endommagement augmentent. En effet, la décohésion & O L Q W H UrBtfdd pelutsstl ptoduire quand
OD FRPELQDLVRQ G XQH FRQWUDLQWH QRUPDOH HW GYXQ FLVDLOOHPH
l'interface fiore-PDWULFH GHV ILEUHVY RULHQWPHYV j f VH URPSW Si@aeXV IDFLOH

normale pure.
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Figure 34 Evolution du dg en fonction de la contrainte appliquée ; quasi-statique (a), 4 s™* (b), et 40 s™ (c).

3.4.4. (lI'HW GH OD YLWHVVH HW GH OTRULHQWDWLRQ VXU OH PpFDQ

délaminage

Dans cette section, l'influence de la vitesse et de l'orientation des fibres sur le phénoméne de
pseudo-délaminage sont étudiées pour le A-SMC composite [26]. La figure 35-a montre une évolution
typique de la déformation de traction jusqu'a la séparation totale en deux parties par délaminage local
entre différents faisceaux de fibres. On note une augmentation brutale de la vitesse de déformation
typique des phénomenes de localisation et traduisant ici le pseudo-délaminage.
Pour les essais de traction a grande vitesse, la durée de la phase de pseudo-délaminage semble
étre trés courte (environ 10* V. SDU UDSSRUW DX[ SKDVHV GfHQGRPPDJHPHQW HW pC
s). La vitesse de déformation pendant la phase de délaminage est plus de 15 fois supérieure aux autres
phases. Les courbes de contrainte-déformation en traction peuvent également étre représentées comme

sur la figure 35-b. La surface sous la courbe contrainte-déformation correspond & I'énergie de déformation
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totale par unité de volume absorbée par le composite jusqu'a une séparation compléte en deux. On
FRQVWDWH TXH OYfpQHUJLH GLVVLSpH ORUV GH OD SKDVH GH GpODPLQD
OfpAHHUGLVVLSpH ORUV GH OTHQGRPPDJHPHQW &H SKpQRPgQH HVW ODU
renforts dans la directiondela WUDFWLRQ HW SDU OYDXJPHQWDWLRQ GNM2)CHh YLWHVVH
HITHW QRXV DYRQV PRQWUp SU prigticnHde Rd$ @alix Paxarhe®e$ DoxidrRaton des
UHQIRUWY HW YLWHVVHYVY SDUWLFLSH j OfLQKLE knvsittid® (seGlHet&rdegHQ GRPP D JH

FLQPpWLTXH DPRLQGULH /IH PDWpULDX GpYHORSSH GRQF XQdds ILVVXUDYV

PgFKHV TXL UDSLGHPHQW VIHQGRPPDJHQW VXU OHXU LQWHUIDFH

méche.

FH T

Figure 35 Déformation en fonction du temps (a), et courbe de traction pour HO-0°-A-SMC obtenue pour

l'essai effectué a la vitesse de déformation de 52 s™ (b).

Par conséquent, le pseudo-délaminage peut participer fortement a la dissipation d'énergie lors

GI1XQ FUDVK DAUB¢iIRde Ré&chrisie ne peut étre négligé.
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4. Etude du comportement dynamique résiduel post -fatigue

/ID TXHVWLRQ SRVpH GDQV FH FKDSLWUH SHXW rWUH IRUPXOpH GH O
sollicitation de type fatigue sur le comportement dynamique résiduel du matériau A-SMC ?
5pSRQGUH j FHWWH TXHVWLRQ QOFH GHLOHDGB AP H QXH @MEIRFX KOG XW
HITHW RQ SHXW VI{LQWpUHVVHU j FH FRXSODJH j GLIIpUHQWHYV pFKHOO
QDQRPPWULTXH 'X SRLQW GH YXH PDFURVFRSLTXH RQ GRLW VILQWpUHYV
post-fatigue, ce qui permettrait de se doter de lois de comportement plus représentatif pour le
dimensionnement au crash des structures automobiles réelles. En effet, les structures automobiles sont
MXVTXYDORUV WRXMRXUV GLPHQVLRQQ pH¥ mécatiquéesDréaideas HsurGdés FDUDFW p
PDWpULDX[ QMD\DQW VXEL DXFXQH VROOLFLWDWLRQ 2U GPa8&®XSDUW Gt
sollicitations de type fatigue avant de subir un crash. En effet, les composants automobiles mis en service
depuis plusieurs mois, voire quelques années ont généralement subi des sollicitations cycliques (fatigue
ou vibratoire) post-LPSDFW RX FUDVK 2Q SRXUUD FLWHU j WLWUH GTH[HPSOH Ot
hayon, la vibration transmise au plancher lors du roulage, etc. Ainsi, le dimensionnement au crash des
VWUXFWXUHYVY HW GHV FRPSRVDQWY DXWRPRELOHV DX FUDVK GHYUD L
OYHQGRPPDJHPHQW DVVRFLp ,0 HVW j QRWHU TXH OD SULVH-HQ FRPS
I DW L JXHs é&x§ Daiteddans la littérature ouverte et encore moins sur les composites de type SMC.
$LQVL LO DSSDUDVW GRQF QpFHVVDLUH GfpYDOXHU OHV SURSULpPWpV
matériaux ayant subi des sollicitations partielles de type fatigue.
A une échelle plus fine les SKPpQRPqQHY ORFDX[ GH GpIRUPDWLRQ HW GYHQG
OTRULJLQH GHV UpSRQVN¥-ilRetd RANEIR 8ds pHaddmenes spécifiques développés
lors de la fatigue qui viendraient modifier la réponse attendue sous sollicitation rapide post-fatigue. Par
exemple, dans le cas des matériaux composites a matrice thermoplastique, il a été montré [30,56,81] que
les sollicitations répétées peuvent produire une accumulation progressive de la déformation plastique
voire viscoplastique HW RX GHV SKpQRPqQHVY GYfHQGRPPDJHPHQWY VSpFLILTXHV
interphases fibre-matrice. Enfin, a une échelle encore plus fine, on peut aussi se poser la question de

OfHIIHW GHV mictbtiuciiMEIdR G@lYmere en fatigue.
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4XHO HVW OYLPSDFW GH FHV GLIIpUHQWY W\SHV GIpYROXWLRQ VXU
rapide. llest FODLU TXH FHWWH WKpPDWLTXH SRXUUDLW IDLUH OYfREMHW GH !
Dans le cadre de ce travail, nous jetons les bases de cette thématique a travers une comparaison des
propriétés dynamiques post-fatigue avec celle du méme matériau vierge. Comme il a été mentionné plus
haut, cette comparaison est XQH SUHPLqUH pWDSH GDQV OYREMHFWLI GTLQWpJUH

cyclique sur le comportement dynamique DILQ G{DVVXUHU XQ GLPKEHQVLRQQHPHQW UpDOL\

41. 3URSRVLWLRQ GIfXQH PpWKRGRORJLH

$ILQ GH PHWWUH HQ pYLGHQFH OfMHIIHW VSpFLILTXH GHnouw IDWLJXH
faut définir un état de référence auquel nous comparerons le comportement dynamique post-fatigue.
(WDQW GRQQp TXJLO D ODUJHPHQW pWant Eple mGatrp coxpdrtentit @S RPP DJHP
FRPSRVLWHY 60& RQ SHXW IL[HU OfpYROXWLRQ GH OD ULJLGLWp FRPPH
de vue phénoménologique, la rigidité relative, (E/Ey), évolue au cours de la sollicitation pour les deux
types de chargement : fatigue et traction (monotone croissante quasi-statique ou dynamique).
Considérons un essai de charge-GpFKDUJH UpDOLVp VXU XQ FRPSRVLWH 60& MXVTXTj .
L, 6L OfRQ GpSDVVH Omnaritdd X, OGBW PIRRURILVVXUHY VH GpYHORSSHQW |
GpILQLVVDQW XQ pWDW HQGRPPDJp FDUDRWiPpUBYpPOSRQ XE FKPDWXNE H Q@RIR
une nouvelle valeur du seuil de non-linéarité sera observée proche de 1; et une rupture pour une valeur
équivalente a celle du matériau vierge (voir figure 36). Ainsi, quelle que soit la vitesse de déformation, le
seuil de non-linéarité correspondra toujours a une valeur proche de la contrainte maximale précédemment
atteinte. Par ailleurs, la rupture devrait toujours se produire pour une valeur proche de la contrainte a
rupture du matériau vierge (figure 36).

&RQVLGPURQV PDLQWHQDQW GHV FRXUEHV GH WUDFWLRQ | GLII
endommagé donné du matériau caractérisé par un module E inférieur au module du matériau non
endommagé E,. Si on considére cet pWDW GfHQGRPPDJHPHQW GH UplpUHQFH PRGXOH
REWHQX HQ WUDFWLRQ PRQRWRQH OfpYROXWLRQ GX VHXLO GfHQGRPPL

tracée par construction comme dans la figure 37 &HWWH FRXUEH GYpYROXWLRQ GX VHXLO C
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fonction de la vitesse de déformation peut étre tracée pour différents états G TH Q G R P P D (hbButeEW

différent).

Figure 36 6 FKpP DWL VD Wl GGHVAHMLO GIHQGRPPDIJHPHQW DSSDUHQW DX FR)

de charge-décharge.

Figure 37 eYROXWLRQ GX VHXLO GTHQGRPPDJHPHQW DSSDUHQW HQ IRQFWLHF

XQ pWDW G{HQGRP P [isb-RddransigenR)Q p

2Q SHXW GRQF GpILQLU XQH FRXUEH UpIpUHQFH GIpYROXWLRQ GX \
GYHQGRPPDJHPHQWDKRQMPFHHQW GLW XQH FRXUEH GIfpYROXWLRQ GHV VH

iso-endommagement.

7TRXWHIRLVY FHW pWDW GTHQGRPPDJHPHQW PDFURVFRSLTXH PRGXO
sollicitation partielle de type fatigue (figure 38 et 39). La méthodologie proposée dans cette étude consiste
j FRPSDUHU OHV FRXUEH \er@dhmagedetWL RBRRGX®R ( REWHQXHV j OfLVVX

dynamiques post-| DWLJXH j FHOOHV TXYfRQ SHXW REWHQLU (¢com&damisFaWLRQ G\Q
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figure 37) /D FRPSDUDLVRQ VHUD IDLWH VXU GHV pWDWYVsu&§dioGRPPDJH]
correspondants a différentes valeurs de la fraction de durée de vie, N/N,. On compare alors, a différentes
YLWHVVHV GH VROOLFLWDWLRQ OH SRWtEQ\BELIHEE-ehtbmVaDEewWtr&fok Q p FK D QW
monotone. Les écarts observés entre les évolutions post-fatigue et celles de référence obtenues en
traction monotone seront attribuées aux phénomenes spécifiques développés en fatigue. Par exemple,
OfpFDUW REVHUYp VXU OH VHXLO GTHQGRPPDJHPHQW SRXUUD rWUH FDC

N/N;, |) S D Wxp@e§dibn suivante :

¢h[JTr(\¢bh[d>,(&_f;3kii7b\Wi_]k[

” | : .

2. Ei[k_bl- ¢_h[i\ibh[dv[ Equation 4
_ hl:

&HWWH PpWKRGRORJLH SHUPHW GRQF GH PHWWUH HQ pYLGHQFH
PDFURVFRSLTXHV ( pTXLYDOHQWY GHV GLIIpUHQFHY GYpWDW VWUXFWX
WHUPHYV FHWWH pWXGH VIDWWDFKH j Up B8 Ré&tommagénientTriaHsé WL RQ V XL Y I
traction monotone produit-il, du point de vue des propriétés macroscopiques sous sollicitation rapide, les
mémes effets que le méme niveau de pré-endommagement qui serait obtenu en fatigue ? Ou énoncé
sous une autre forme, quHO V H U D ld&Via @efidgiel $ile potentiel restant a différentes vitesses de
sollicitation.

Les paramétres de variabilité choisis VHURQW G{XQH SDUW OD IUDFWLRQ, GH GXUpl
directement liée | OTpWDW G THQ QReRlerbidrieft En€atterisé en fatigue par la baisse de raideur
relative E/E, (figure 38 et 39)) et dfDXWUHO $DRSWOLWXGH GH OD FRQWUDLQWH DSSOL
valeurs ont été définies : 0.38 ILro), 0.45 Lro) et 0.55 Lro). Dans ce chapitre, les essais de fatigue ont
été réalisés sur le matériau RO-A-SMC, a la température ambiante (20°C) et a une fréquence de 30 Hz.

Les essais de fatigue ont été interrompus a différentes valeurs de fraction de durée de vie N/N,,
soit autour de 3%, 15%, 35% et 50% selon le tableau suivant.

On peut aisément vérifier sur les courbes de baisse de raideur relative la bonne répétabilité des

essais de fatigue interrompus a différents niveaux de fraction de vie (figure 38).
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Figure 38 Evolutions du module de Young relatif pour différentes contraintes appliquées et certains
cycles définis pour le matériau RO-A-SMC ; 0.38 1ro) (8), 0.45 Loy (b), €t 0.55 Lro) (C).
Les courbes représentative E/Eq = f(N/N;) sont regroupées sur la figure 39 pour les trois

amplitudes de travail.

Figure 39 Evolution de la raideur relative en fonction de la fraction de durée de vie.
$ OD VXLWH GH O9YLQWHU U XgineLIV)Qde3 XssaldHdé \vacBad nmdhutbihdsxsidnt

réalisés a trois vitesses de déformation : 10° s (quasi-statique), 1 s™ et 60 s™. Le détail des conditions
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expérimentales de cette procédure est donné dans le tableau4 3 RXU FKDFXQH GHV FRQGLWLRQV
cette procédure (Amplitude, N/N,, |), les essais ont été réalisés quatre fois. La totalité des essais a été
réalisee VXU OD JpRPpWULH GTpFKDQWLOORQ RSWLPLVpH DX FKDSLWUH SUp

des essais rapides.

Essai de fatigue (f=30 Hz, T° ambiante) Essai de traction
Contrainte appliquée | Nombres de cycles définis N/N; (%) Vitesse de déformation

100 000 3

038 Lo 500 000 15 quasi-statique  1s' 60s*
1 000 000 35
15 000 15

045 lro) 40 000 35 quasi-statique  1s' 60s*
60 000 50

0.55 Lo ; 288 ég quasi-statique  1s* 60s™

Tableau 4 3aDUDPqQWUHV GH FKDUJHPHQW ORUV GTHVYVDiyvaSigux thpld p W XGH GX

pour le matériau RO-A-SMC.

4.2. Effets thermiqueset HIIHW eGddm@dgement

Comme il a été indiqué ci-dessus et dans un souci de correspondance avec les conditions
GIXWLOLVDWLRQ GHY VWUXFWXUHY DXWRPRELOHV OHV HVVDBEV GH IDWI
Dans la figure 40 RQ D UHSRUWpP OHV pYROXWLR @unp&atur®© ficsxdds W WLRQ GH
essais de fatigue & 0.38 lro), 0.45 Lro) €t 0.55 Lro). On note une température qui peut dépasser 50°C.

Or, une analyse en DMA (figure 41) met en évidence pour ces matériaux des variations non négligeables
dans cette gamme de température. Par conséquent, une part de la baisse de raideur mesurée et
présentée sur les figures 38 et 39 est liée DX SKpQRP qQ-Echauffemekt. Motre démarche étant
IRQGpPpH VXU OTEQDOYWYN GHVUDLGHXU OLpH W {lod SHR@GE RHP[RADLI BI PUHHD W 1 giRY R O X
module relatif dans la gamme de température allant de 25°C & 75°C qui correspond a la zone de la
transition  connue dans les polyméres amorphes comme étant la transition ductile-fragile. Celle-ci
FRUUHVSRQG j Ccfigfek MHaeonbléatbifes a une agitation thermique suffisante pour activer le
mouvement des radicaux a la périphérie de la chaine carbonée. On peut alors considérer que cette zone

soit centrée autour de 45°C. |l est a rappeler que les amplitudes de contraintes appliquées en DMA sont
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HIWUrPHPHQW IDLEOHVY HW QH VRQW SDYV -4chBuffetdenG dliel® WyReGssit lAH GH OfLC

fréquence.

Figure 40 ([HP SOHYV -échaueméntlors GTHVVDLV GH I-BMORBREH VXU $

Figure 41 DMA réalisée sur un échantillon RO-A-SMC.

I1RWUH PpWKRGRORJLH VIDSSX\DQW VXU Oed jVRIWMOQ GRPRPPEDHNMABW Gl
IDXW V{DIIUDQFKLU GH OD SDUW GH OD EDLVVH GH UDLGHXU UHODWLYH
par auto-échauffement (adoucissement di a la température). Il faut donc extraire cette contribution des
courbes de lafigure 39 $ILQ GYpYDOXHU FHWWH GHUQLqUH QRXV BOdRQV XWLOLV

en discriminant la part thermique induite par @ufo-échauffement, (E/Ey)r en considérant que :

— LsF—;xF—;4 Equation 4
Ou :I—';Hcorrespondélabaissede raideur induite par OTHQGRPPDJHPHQW XQLTXHPHQW &H W

illustré dans le cas des amplitudes de 0.38 lrg), 0.45 lro)et Iro) sur les courbes de la figure 42.
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2Q QRWH TXH SRXU FHWWH IUpTXHQFH OD SDUW WKHUPLTXH UHVWH UH

0.55 ko).

Figure 42 Décomposition de la baisse de raideur en une la part thermique et une la part induite par

OTHQGRP P DDB® BQ\W4), 0.45 Lro) (b), €1 0.55 Lro) (C).

4.3. Effet de la vitesse de déformation sur les caractéristiques d u matériau pré -

sollicité en fatigue

Les essais de traction & différentes vitesses (du QS & 60 s™) ont été réalisés sur les échantillons
RO-A-SMC SUpDODEOHPHQW IDWLJXpV j WURLV QLY BLEBX]rG PP S@ L& XGHV GH
0.55 L o), selon le protocole présenté dans le tableau 4. $ WLWUH GY{H[HPSOH OHV -FRXUEHV
GplRUPDWILRWUDFpHY SRXU GLIIpUHQW H V etydiffdféhéy/ vaurs e f@apticR d® DW L R Q
durée de vie (N/N,) sont montrées dans la figure 43 dans le cas Gafnplitude de 0.38 ILrq). Il convient de

noter que pour O THQVHP E®@ubeS podr le matériau en configurations pré-endommagées, les
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courbes des essais de traction monotone sont établies pour chaque vitesse de déformation. On voit bien
clairement, aprés les essais couplage fatigue-dynamique, les échantillons préalablement fatigués
présentent un module d'élasticité, une contrainte et une déformation a la rupture plus faible que les

échantillons vierges.

Figure 43 Courbe de traction post-fatigue réalisée a 0.38 Iro). La traction est réalisée a des vitesses de
déformation différentes quasi-statique (a), 1 s™* (b), et 60 s™ (c) sur des éprouvettes ayant subi une fatigue

interrompue trois niveau de fraction de durée de vie (N/N;) : 3, 15 et 35 %.

4.3.1. Effets de la sollicitation rapide (dynamique) post  -fatigue sur la rigidité résiduelle

Pour les essais de traction a différentes vitesses (du QS a 60 s™) réalisés sur les échantillons
ayant subi un chargement de fatigue dans les différentescoQGLWLRQV GI{DPSOLWXGH HW GH QR
QRXV DYRQV WUDFp OHV FRXUEHV GH O prvfenctisdu Rodbr@ Xe ByRISr¥I@iH UHODW L

(N/N,), sur la figure 44.

60



Figure 44 Evolution du module G T < R ¥e3 dchantillons fatigués dans les différentes conditions.

(Les essais de traction sont réalisés & la vitesse de 60 s™).

Les résultats montrent que I TDPSOLWXGH GH GplIRUPDWLRQ MRXH XQ U{OH LPES
PRGXOH G fPolt Xigg Xontrainte appliquée de 0.55 L ro) et & une fraction de durée de vie (N/N;)
égale a 15%, la valeur du module d'élasticité diminue Gefiviron 43% ; alors que cette valeur est similaire a
FHOOH GTXQ pFKDQWLOORQ IDWLJIXp @45 HiRoN@MHINE Ra@ivh D dugée/de viieS SOL T X p H
(N/N,) de 35%. 6 XU OD ILJXUH RQ FRQVW D W-Fatiguda@BP BQet N/XEXIBH SUp
génere le méme niveau de perte de module (E/E; | GH TXIXQ FKDUJHPHQWS5 Gk IDWLIXH
mené a N/N, = 50%.

Les courbes montrent également que la diminution du module de <RXQJ GH OfpFKDQWLC
préalablement fatigué avec une amplitude de 0.38 ILro est moins importante par rapport a une
éprouvette fatiguée a une amplitude de 0.55 ILro). Ceci est vrai pour tous les échantillons fatigués par le
QRPEUH GH F\FOHV GLIIpUHQWYV $XWUHPHQW GLW OD FRXUEH GTpYROXW
une amplitude de contrainte de 0.38 Iro) reste au-dessus de deux autres courbes obtenues avec des

amplitudes de contrainte de 0.45 1oy €t 0.55 Lroy).
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4.3.2. Evolution des caractéristiques mécaniques dynamiques post -fatigue au seuil

GIfHQGRPPDJHPHGQMuUrelW j OD

Pour chaque amplitude de pré-fatigue (0.38 Iro), 0.45 1oy €t 0.55 Lro)), la déformation et la
FROWUDLQWH DX VHXLO GTHQGRPPDJHPHQW HW j OD UXSWXUH HQ IRQ

reportées en figures 45, 46 et 47.

Figure 45 Influence de la vitesse de déformation sur ; la déformation de seuil (a), la contrainte

de seuil (b), la déformation ultime (c) et la contrainte ultime (d). 1pp = 0.38 Lro))-
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Figure 46 Influence de la vitesse de déformation sur ; la déformation de seuil (a), la contrainte

de seuil (b), la déformation ultime (c) et la contrainte ultime (d). 1y, = 0.45 ILro))-
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Figure 47 Influence de la vitesse de déformation sur ; la déformation de seuil (a), la contrainte

de seuil (b), la déformation ultime (c) et la contrainte ultime (d). %y, = 0.55 LRro)).

/TDQDO\VH GH Fddnduk & pludieuirs\Yemarques :

- Evolution des propriétés a la rupture

Sur la base des courbes de la figure 43, on constate que les échantillons préalablement fatigués
présentent un potentiel mécanique restant, plus faible que les échantillons vierges.

2Q SHXW FRQVWDWHU pJDOHPHQW TXH O H ¥ffgt BB Qtégse@eRIQV IDWLJIX
méme intensité indépendamment du degré de fraction de durée de vie imposée. En effet, les courbes
GIpYROXWLRQ GH OD FRQWUDLQWH j UXSWasirbatal@lesRi@RaNueRsQit BH OD Y LW

IUDFWLRQ GH GXUpH GH YLH FRQVLGpUpH &HFL HVW PLV HQ pYLGHQFH

h.,
relativei—h'e(figure48 TXL WUDFHQW XQH FRXUEH XQLTXH HQ IRQFWLRQ GH OD Y
MO

et la fraction de durée de vie imposées. &HOD QRXV SHUPHW GH FRQFOXUH TXTLO Qf\ D S

la fatigue sur la sensibilité a la vitesse au niveau des phénoménes locaux qui conduisent a la rupture.
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Figure 48 Evolution de la valeur relative de la contrainte a rupture pour différentes valeurs de la

contrainte imposée et pour différentes valeurs de la fraction de durée de vie.

- EVOOXWLRO GX VHXLO GIHQGRPPDJHPHQW

/9 H | dellvitesse de sollicitation sur les propriétés au seuil des échantillons pré-fatigués est par

contre bien plus important. Il est de plus en plus marqué quand la fraction de durée de vie augmente. En

i[k_b,
reportant OTpYROXWLR é;—,ﬁﬁ? pub &8xRvdIRurs de la fraction de durée de vie (15% et 35%)
o

(figure 49), on constate TXH TXHO TXH VRLW OH GHJUp GfHQGRPPDJHPHQW DWWHL(
vitesse diminue lorsque la contrainte appliquée lors de la pré-fatigue augmente. En effet, lorsque la
contrainte appliguée en pré-fatigue est importante, des modifications structurales liées aux
microdéformations locales accumulées plus importantes peuvent contribuer a réduire OTHIIHW UHWDUG (
visco-endommagement mis en évidence au chapitre 3. Par contre, pour des amplitudes plus faibles, les
modifications structurales de la matrice et des zones proches des interfaces fibre-matrice sont plus
limitées.

3DU DLOOHXUV RQ SHXW QRWHU TXH SOXV OH GHJUp GS§HE@ GRPPDJHI
plus la sensibilité a la vitesse de déformation augmente (figure 50 & HFL QRXV LQGLTXH TXH OfHIIFE
GH OfTHQGRPPDJHPHQW HVW IRUWHPHQW OLp DX[ SKpQRPgQHV GH SURSI
par fatigue. Rappelons que nous avons démontré au chapitre 3 que le phénoméne de propagation de
fissures initiées aux interfaces fibre-matrice est le mécanisme de dégradation prédominant pour les A-
SMC. Notons également TXH OfHIIHW UHWDUG REVHUYp VXU O Q RLQWL B WIIDRF®! GLHE g

matrice peut aussi participer a une plus grande sensibilité a la vitesse.
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Figure 49 Evolution du seuil relatif post-fatigue en fonction de la vitesse de déformation pour différentes

valeurs de la fraction de durée de vie ; 15% (a) et 35% (b).

Figure 50 6HQVLELOLWpP j OD YLWHVVH GX VHXLO G ffatiQuedR B BifBeHt® HQW G pSL

GHJUpV GTHQGR PRI IS QRAMS5 Lro) (b) et 0.55 Lgo) (C).
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- Etudede OYpFDUW O-kqgilicitafidD d8 thigue

Conformément a la méthodologie expérimentale présentée au paragraphe 4.1, une autre fagon de
TXDQWLILHU OfHIIHW -sdlipifation de Xype fatfgeshr IS tbmportement dynamique résiduel
HVW GH WUDFHU OfpYROXWLRQ GH OfftigfeDriesiréesQatydelies @eHdfé@ER SULpW pV
correspondant a un pré-endommagement équivalent effectué sous chargement de traction monotone (voir

figure 51).

Figure 51 Evolution GH OfpFDUW HQW U H -f@atigué rmsasuresd ket gelép de 1sfierenae ;

0.38 Jr(RO) (a), 0.45 Jf(Ro) (b) et 0.55 ];(Ro) (C)

Il a été indiqué que OfRULJLQH GH OfpFDUW REVHUYp HQW-thathu®©étV FRXUEF
celles en traction monotone est attribué aux phénomeénes spécifiques développés en fatigue. Cet écart est
présenté sur la figure 50 en termes GH V Hehd@ann@&fiement *OREDOHPHQW RQ SHXW FRQFOXI

GTXQH VROOLFLWDWLRQ GH W\SH IDWLJXH VXU OH VHXLO HQ WUDFWLRQ
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devient important & grande vitesse. Cet effet e VW GIDXWDQW SOXV PDUTXp TXH OfDPSOI
fatigue est grande et que la fraction de durée de vie atteinte est importante. En effet, pour les plus

grandes valeurs de fraction de durée de vie, on peut noter des écarts qui atteignent des valeursde O TRUGUH

GH HW SRXU GHV YDOHXUV UHYV S Hiatigue YeHMV38GI{H) 0SB LipeGH GH SUy

055 Lro &HV pYROXWLRQV FRQILUPHQW OYDQDO\VH IDLWH SOXV KDXW

68



5. Conclusion

Une sécurité accrue de I'automobile est devenue un sujet préoccupant a la fois pour les fabricants
et les utilisateurs. In fine, pour mieux protéger les occupants des automobiles lors d'un accident, une
maitrise optimale des effets de structure et des effeWV PDWpULDX DLQVL TXIYXQH FRQQ
comportement en fatigue et sous sollicitation dynamique rapide est primordiale.

La ligne directrice de ce travail a été de procéder selon deux étapes essentielles et
FRPSOpPHQWDLUHYV /TXQH HVWpépeBtale dous da§ Ddpditionsvde dh@rgements
UDSLGHV HW GH IDWLJXH 8QH DWWHQWLRQ SDUWLFXOLqUH D pWp FRQVI
types de composites (Advanced Sheet Molding Compound (A-SMC)) et Low Density SMC (LD-SMC)) en
considérant OHV HIITHWV GTRULHQWDWLRQ GHV UHQIRUWY j WUDYHUV GHXJ[ Pl
XQH GLVWULEXWLRQ DOpDWRLUH GfRULHQWDWLRQ GHV ILEUHV 52 oD \
GHX[LqQPH pWDSH GX WUDYDLO D pxpdimeRale\cbnipdrehhent Oyfiddn@leadsitddel
du composite A-SMC pré-endommageé par fatigue (dynamique post-fatigue).

Une investigation expérimentale du comportement en fatigue du A-SMC a été réalisée grace a
I'analyse approfondie de I'effet couplé de I'amplitude et de la fréquence. Celle-ci a permis de mettre en
PYLGHQFH OfHIIHW GH OD |DW L J&hauiférdent) & lde JaHréguer@e Dansile Mamy R
temps, l'amplitude de chargement est corrélée a la vitesse de baisse de raideur en fatigue pour
OfHQVHPEOH GHV IUpTXHQFHY GH FKDUJHPHQW WHVWpHV

Par ailleurs, il a été démontré que la durée de vie est fortement influencée par la distribution
d'orientation des fibres. En outre, pour les plus hautes fréquences et/ou les fortes amplitudes, la réponse
JOREDOH HQ IDWLJXH HVW FDUDFWpULVpH SBhdufiednt @atiguy th&misie RQ DV VR
induite). Celle-ci affecte a la fois le taux de réduction de la rigidité ainsi que la durée de vie.

/ITDQDO\WH GX FRPSRUWHPHQW P pF Bhént deXiatdviaud EontpQsizeR Bovd J H
sollicitations rapides nécessite des outils théoriques et des approches expérimentales capables de cerner
OfHIIHW GH OD YLWHVVH GH GpIRUPDWLRQ HW OD GpSHQGDQFH GH Of
L'utilisation d'une machine d'essai servo-hydraulique a été adaptée pour examiner les effets de la vitesse

de déformation sur I'ensemble des comportements des A-SMC et LD-SMC (RO et HO) jusqu'a 80 s™. La
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vitesse de déformation est mesurée par une technique sans contact a l'aide d'une caméra a haute

vitesse. Une approche numérique couplée a une stratégie expérimentale a été dédiée au développement

HW j OfTRSWLPLVDWLRQ GYfHVVDLVY GH WUDFWLRQ UDSLGH &HV GHUQLHU
échelles micro et macroVFRSLTXH GX FRPSRUWHPHQW G\QDPLTXH GHV PDWpULD?
6XLWH j OD YDOLGDWLRQ GH OYDSSURFKH HQ G\QDPLTXH XQH PpWKRC
GIpWXGLHU OfpYROXWLRQ GH OTHQGRPPDJHPHQW DX #RXddais@®H OD GplF
traction rapide uni-D[LDOH j HIIRUW PD[LPDO FRQWU{Op HVVDLVY LQWHUURPS)>
expérimental réside dans le fait de produire des échantillons pré-endommagés a différents niveaux. Les

essais mécaniques ainsi effectués ont été couplés a des observations microscopiques réalisées sous

0(% SRXU SURFpGHU j XQH DQDO\VH TXDOLWDWLYH HW TXDQWLWDWLY
OfpFKHOOH PDFURVFRSLTXH '{DXWUH SDUW j WUDYHUV XQH DQDO
expérimeQWDOH FRQWULEXH j FHUQHU OHV SURFHVVXV SK\WLTXHV UplJL
GIHQGRPPDJHPHQW /I TRULHQWDWLRQ SULYLOpJLpH GHV UHQIRUWYV L
LOQpPOXFWDEOHPHQW OH VFpQDULR GIfHQGRPPDKHPHRW GHLOMWHDMWERQ P\
GpODPLQDJH HW VRQW j OTRULJLQH GYXQH GpJUDGDWLRQ SURJUHVVLYH
plus que cette dégradation évolue difféeremment lors des sollicitations rapides en termes de seuil et de

cinétique.

Iladonc pWp PRQWUp GDQV FHWWH pWXGH TXH OfHQGRPPDJHPHQW GI
SKPQRPgQH GLVVLSDWLI PDMHXU ,0 FRQVWLWXH OD SULQFLSDOH VRXU
GIXQ LPSDFW &HSHQGDQW OH GpYHORSSHPHQWdithhhéraHa $oispparRP qQH SK
OIDUFKLWHFWXUH OD PRUSKRORJLH GHV UHQIRUWY OHXU GLVWULEXW
sollicitation qui engendre, dans la plupart des cas, un état de contrainte locale complexe. Ceci fait de
OfpWXGH GMORQEAHPWHUJILH ORUV GT1XQ HVVDL G\QDPLTXH UDSLGH XQ G
ORUV GH OD FRQFHSWLRQ HW OfRSWLPLVDWLRQ GTXQH VWUXFWXUH
H[SpULPHQWDOHY SURSRVpHY GDQV FHWW Htign\WeXa@vitesBe GeHigférmatios, THV WL P H L
OfpYROXWLRQ GX FRPSRUWHPHQW PpFDQLTXH HQ WHUPHY GH PRGXOH
caractéristiques ultimes. Elle a permis également de constater que la vitesse de déformation affecte

SULQFLSDOHWH®®W BWLQDWLpWLTXH GTHQGRPP D JéhBorh@agem&f i OD QRWL
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est une caractéristique spécifigue au comportement dynamique de tous les SMC. Les conclusions

générales suivantes peuvent étre énoncées :

X

La décohésion a l'interface fibre-matrice semble étre le mécanisme prédominant au niveau de

O L QLWL D WSNEt BBMO standad ;

/MILQLWLDWLRQ GH FH PpFDQLVPH HVW UHWDUGpPpH ORUVTXH OD YL\
conduit a une phase élastique du comportement plus étendue a grande vitesse ;

$ORUV TXH SRXU OH 60& VWDQGDUG OYHQGRPPDJHPHQW LQWHUIDFL
rupture finale, il reste limité dans le cas du A-SMC pour lequel la microfissuration transverse de la

matrice devient rapidementle SKpQRPgQH GH SURSDJDWLRQ SULQFLSDO GH OfH(
Cette derniere semble étre accentué a grande vitesse ;

/ITLQWURGXFWLRQ GHV ELOOHV FUS$MCVikfluenGeHforerdantJlel scefaoy OH /'
GYHQGRPPDJHPHQW HQ IRQFWLRQ d8 k 90lZit@ienUPbErwds RadicBatidn® FL SD O H
WUDQVYHUVHV OD GpFRKpMWatiR®ejt @fitla@éd el celld-adix lintErfddes billes-

PDWULFH TXL GHYLHQW OH SKpQRPgQH SUpPSRQGpPUDQBMG,IHQGRPPD.
Un phénoméne de pseudo-délaminage entre les méches de fibres couplé a la microfissuration

dans la matrice se produit toujours avant la rupture finale. Dans le cas du A-SMC, il a été montré

TXH FH SKpQRPqQH HVW H[WUrPHPHQW GLVVLSDWLI MXVBXYTj VHSW
HVW IDYRULVpH GYXQH SDUW SDU XQH YLWHVVH GH GpIRUPDWLRQ p
des fibres dans la direction de chargement.

(QILQ XQH PpWKRGRORJLH H[SpPULPHQWDOH RULJLQDOH D pWp GpYF

pré-sollicitation en fatigue sur les propriétés résiduelles du A-SMC sollicité a grande vitesse. On montre

WRXW GYDERUG TXH OH PRGXOH G pO DVW LEIMOE-digovhinGggs iad faBgue/ p FKD QW |

reste insensible a la vitesse de déformation. Parcontre RQ PHW HQ pYLGHQFH XQH IRUWH LQIC

endommagement en fatigue sur la sensibilité a la vitesse des matériaux A-SMC en terme de seuil

GITHQGRPPDJHPHQW (Q HIITHW RQ SHXW QRWHU TXH OH VHXLO G HQGRPP

déformation augmente plus fortement avec la vitesse de déformation lorsque la fraction de durée de vie

RX OH QLYHDX GYfHQGRPPDJHPHQW HQ IDWLJXH DXJPHQWH ,0 FRQYLF

GpYHORSSHPHQW GH OfHQGRPPDJHPHQSMdmihievdd fhgad, @ub o mdihsGLWp GX
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LPSRUWDQWH HQ IRQFWLRQ GH OfDPSOLWXGH GH OD FRQWUDLQWH DSS
WHUPHVY GH FRQWUDLQWH HW GH GplIRUPDWLRQ DXJP-ehQowirHagedrizit DL O OH X U
en fatigue produit une diminution du potentiel restant en terme de contrainte a rupture et ceci quelles que
VRLHQW OYDPSOLWXGH HQ IDWLJXH HM) WIDIXHWINVY H BGWIIJH R B B D0WHODRD) FSH
pré-HQGRPPDJHPHQW HQ IDWLJIXH Q %R l&NifesSedeSdBivrnatdn e |® sohtEin® B W
rupture.

Cette étude met donc en évidence une forte influence du type de chargement et de son histoire
VXU OD VHQVLELOLWp GHVY PDWpULDX[ 60& j OD YLWHVVH GHtWOOLFLWD!
GH SDU VRQ DSSRUW GH FRPSUpKHQVLRQ GHV SKpQRPgQHV PLV HQ M
constitue une base expérimentale importante. Cette derniere est nécessaire a la construction de

nouveaux outils de dimensionnement adaptés aux structures SMC sous sollicitations cycliques et

dynamiques.
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abstract

Advanced Sheet Molding Compound (A-SMC) is a serious composite material candidate for structural
automotive parts. It has a thermoset matrix and consists of high weight content of glass bers (50% in
mass) compared to standard SMC with less than 30% weight  ber content. During crash events, structural
parts are heavily exposed to high rates of loading and straining. This work is concerned with the
development of an advanced experimental approach devoted to the micro and macroscopic character-
ization of A-SMC mechanical behavior under high-speed tension. High speed tensile tests are achieved
using servo-hydraulic test equipment in order to get required high strain rates up to 100 s 1 Local
deformation is measured through a contactless technique using a high speed camera. Numerical com-
putations have led to an optimal design of the specimen geometry and the experimental damping
systems have been optimized in terms of thickness and material properties. These simulations were
achieved using ABAQUS explicit nite element code. The developed experimental methodology is
applied for two types of A-SMC: Randomly Oriented (RO) and Highly Oriented (HO) plates. In the case of
HO samples, two tensile directions were chosen: HO-0  (parallel to the Mold Flow Direction (MFD)) and
HO-90 (perpendicular to the MFD). High speed tensile tests results show that A-SMC behavior is
strongly strain-rate dependent although the Young's modulus remains constant with increasing strain
rate. In the case of HO-0 , the stress damage threshold is shown an increase of 63%, when the strain rate
varies from quasi-static (0.001 s 1) to 100 s L The experimental methodology was coupled to micro-
scopic observations using SEM. Damage mechanisms investigation of HO and RO specimens showed a
competition between two mechanisms: ber-matrix interface debonding and pseudo-delamination
between neighboring bundles of  bers. It is shown that pseudo-delamination cannot be neglected. In
fact, this mechanism can greatly participate to energy absorption during crash. Moreover, the in uence
of ber orientation and imposed velocity is studied. It is shown that high strain rate and oriented ber in
the tensile direction favor the pseudo-delamination.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

produce a high strength molding compound [3e 5]. These materials
are usually formulated to meet performance requirements of the

Sheet Molding Compounds (SMCs) are high strength glass
reinforced thermoset moulding materials processed by thermo-
compression [1,2]. SMC composites combine glass ber and un-
saturated polyester/phenolic/Vinyl and Acrylic modi ed resins to

* Corresponding author. Tel.: p 33 144246105.

E-mail addresses: mohammadali.shirinbayan@ensam.eu (M. Shirinbayan),
joseph. toussi@ensam.eu (J. Fitoussi), fodil.meraghni@ensam.eu (F. Meraghni),
benjamin.surowiec@plasticomnium.com (B. Surowiec), michel.bocquet@ensam.eu
(M. Bocquet), abbas.tcharkhtchi@ensam.eu (A. Tcharkhtchi).

http://dx.doi.org/10.1016/j.compositesb.2015.07.010
1359-8368/ © 2015 Elsevier Ltd. All rights reserved.

part to be molded. Moreover, Vinyl-esters resins used for new
Advanced SMCs (A-SMC) exhibit many desirable features, including
mechanical properties comparable to those of epoxy, excellent
chemical resistance and tensile strength, and cost competitiveness.
Moreover, its low viscosity enables room-temperature infusion.
SMC and A-SMC are ideal for large structural automotive compo-
nents because of their high strength-to-weight ratio  [6,7]. Due to
signi cant tooling investment, overall component cost savings
resulting from part consolidation, with the same coef cient of
thermal expansion as steel and excellent corrosion resistance; A-
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SMC is an ideal alternative to metals and can be used in the same
uctuating temperature environments  [8,9].

Mechanical response of SMC composites is sensitive to the rate
at which they are loaded [10e 13]. Hence, for the effective use of
these composites, their response under different strain rates should
be clearly understood. During experimental high speed tests, the
composite is generally subjected to rapid accelerations. So, at the
beginning of the loading many complex processes occur due to
rapid straining coupled to inertial disturbances and test system
ringing [12]. Spatio-temporal variations of the strain and stress

elds during a high speed test make the analysis more dif cult
[12,14]. Due to these complicated experimental conditions, not
enough reliable material data has been determined at typical crash
speeds. In order to increase safety, reliable material properties at
typical crash speeds are essential for precise simulations of crash
processes involving composite parts [15e17]. A rst study on a
standard SMC composite reinforced with 30% glass ber [12]
showed that the elastic modulus remains insensitive to the load
rate for the explored velocity range; from quasi-static to up to
200s !, a rough average value of 13 GPa is found. However, the
microstructure variability of this class of materials can bring about
a slight discrepancy [10e 12] notably for dynamic loadings. Several
studies [8e 12] showed that the predominant damage mechanism
for standard SMC composites is the debonding at the  ber-matrix
interface. An experimental methodology [12] based on dynamic
tensile tests has contributed to emphasize the strain rate effects on
the overall behavior of SMCR26 composites. It has been demon-
strated that as the strain rate increased, a delayed damage onset is
followed by a slightly reduced damage accumulation kinetic. The
notion of visco-damaged behavior due to the time-dependent ber-
matrix interface strength has been emphasized for this SMC com-
posite. The results of this study have provided the experimental
framework to identify and validate a multi-scale model integrating
the material microstructure effects [8]. This model is currently
implemented into a FE code [18].

In the present paper, an experimental study is carried-out to
investigate the strain rate in uence on the overall mechanical
behavior of a new Advanced SMC. The organization of this work is
as follow: after a presentation of the main physical characteristics
and microstructure of A-SMC composite, an optimization of high
speed tensile test until failure is proposed through nite element
analysis using a commercial explicit code (ABAQUS explicit) in or-
der to take into account the perturbations mentioned above. Two
kinds of A-SMC microstructures are investigated: Randomly Ori-
ented bers (RO) and Highly Oriented bers (HO). In the case of HO
samples, two tensile directions were chosen in order to evaluate
the anisotropic effect due to microstructure: HO-0 (parallel to the
Mold Flow Direction (MFD)) and HO-90  (perpendicular to the
MFD). Moreover, SEM fractography analysis emphasizes the effect
of microstructure and strain rate on the main damage and failure
micro-mechanisms. At the end of the paper, a special attention is
given to the analysis of the pseudo-delamination occurring just
before failure. The effect of microstructure and strain rate on the
pseudo-delamination is studied.

2. Material description and methods
2.1. Advanced Sheet Molding Compound composite (A-SMC)

Advanced Sheet Molding Compound composite (A-SMC) con-
sists of high content of glass bers (50% in mass corresponding to
38.5% in volume) in contrast to standard SMC containing a
maximum of only 30% in mass of glass ber. Standard SMC is
classically used in automotive industry for semi-structural part like
rear oor or inner panel of a tailgate for instance. A-SMC as a

thermoset material is a serious candidate for structural parts (se-
curity parts). Raw material (not consolidated) is exible and stored
on rolls. The sheets should be cut from these rolls with adapted size
depending on the mold. Then it should be stacked several layers
into the mold and close it [1]. The material consolidation is per-
formed by thermo-compression process (~150 C and 60e 120 kg/
cmz). Under these conditions the viscosity of the materials de-
creases and allows it to ful Il the whole cavity of the mold; this is
the rststep of the process. Then the materials stay in position with
no reticulation for a short duration; this is the second step of the
process. The third step of the process consists of a reticulation time
of the thermoset material that is the consolidation phase. The
duration of whole process for one part is less than 2 min. This low
process time is mandatory in automotive industry due to the high
production rhythm.

A-SMC is a high mechanical performance SMC based on vinyl-
ester resin and reinforced with high ratio of chopped bundles of
glass bers (25 mm length). The composition of A-SMC is shown in
Table 1 For the need of this study, two types of A-SMC plates have

been provided by PLASTIC OMNIUM AUTO EXTERIOR SERVICES:

Randomly Oriented (RO) and Highly Oriented (HO) plates. HO
plates have been obtained by an initial charge put only in the left
part of a rectangular mold (30 40 cm) before compression leading
to material ow. RO plates were obtained without material ow by
completely lling the mold.

However, it would be interesting to have more comprehensive
data for the other specimen orientations in order to get a more
comprehensive analysis of the damage and induced behavior
anisotropy of SMC behavior. However, only two directions have
been tested and deeply analyzed for two reasons:

1) The present work aims at comparing the strain rate effect for
two typical microstructures (randomly and oriented bers) in
order to de ne the sensitivity range as upper and lower
bounds. In fact, damage behavior is mostly due to  ber matrix
interface debonding. The three kinds of performed tests lead
to three kinds of predominant local damage mechanisms.
These degradation modes occurred for each kind of test are as
follow:

FF-0 tests provide ber breakage and pseudo-delamination,
FF-90 tests promote mainly  ber-matrix interface debonding at
the 90 oriented bers because of the high normal stress for this
orientation,

RO damage initiate at the interface of the 90
progressively propagates in the more oriented

oriented bers and
ber interfaces.

Furthermore, the rate sensitivity demonstrated in the paper is
representative of the strain rate effect on the most commonly
observed local damage mechanisms.

2) For this kind of oriented microstructure, performing off-axis
tensile tests leads to an induced shear, non-homogeneous
stress and strain elds and non-negligible edge effect.
Therefore, it will be dif cult to get optimized geometry for
dynamic tests providing homogeneous elds and constant
strain rate.

Table 1
A-SMC composition.

Product nature Composition (content in mass percent)

Glass bers 50%
Vinyl-ester resin 24%
Filler 24%
Other products 2%
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2.2. Methods

2.2.1. Characterization methods

Microscopic observations and image analysis, using Scanning
Electronic Microscope (HITACHI 4800 SEM), have been performed
in the aim to investigate qualitatively the material microstructure
and especially bers orientation. In order to measure the main
transitions temperatures, thermo-mechanical (DMTA) tests have
been performed on RO samples using DMA Q800 instrument, from
TA Company. The tests have been realized at following condition:
alternating bending con guration; temperature range 100 Cto
250 C; frequency 1 Hz; temperature rate 2 C/min.

2.2.2. High-speed tensile tests

2.2.2.1. Testing devicesHigh-speed tensile tests have been per-
formed upon a servo-hydraulic test machine. As speci ed by the
manufacturer (Schenk Hydropuls VHS 5020), the test machine can
reach a crosshead speed range from 10 “mis (quasi-static) to 20 m/
s. Moreover, the load level is measured by a piezoelectric crystal
load cell having a capacity of a 50 kN. High-strain rate tensile tests
were conducted at different strain-rates until the composite spec-
imen total failure. The test machine is equipped with a launching
system. The A-SMC specimen is positioned between the load cell
(upper extremity) and the moving device (lower extremity) as
sketched in Fig. 1

2.2.2.2. Optimization. Prior to the contact between the sliding bar
and the hydraulic jack (see Fig. 1), the latter one is accelerated over
a straight displacement of 135 mm (for maximum strain rate) in
order to reach the nominal crosshead velocity before the load be-
gins. Once the contact occurs, the specimen is then subjected to
tension. The damping joint placed between the slide and the hy-
draulic jack has been experimentally optimized (material choice
and geometry) in order to attenuate partially the perturbation due
to mechanical waves caused by the dynamic shock and also to limit
the system ringing [12] related to the hanging mass of the upper
xing system.

As pointed out above, the damping joint inserted between the
sliding bar and the tube of the hydraulic jack enables a partial ab-
sorption of the generated stress wave. Nevertheless, the damping

Fig. 1. Experimental device used for high-speed tensile tests.

joint must be able to attenuate the shock wave during its
compression. Moreover, in order to ensure the derivation of the
Young's modulus, the joint compression must be completely

nished before the end of the complete elastic deformation of the
specimen. It is obvious that it affects the loading rate. An optimal
design of the damping joint, in terms of constitutive material and
geometry, may result in a constant strain-rate and in homogeneous
strain and stress elds in the central zone of the composite spec-
imen. We have chosen a damping joint consisting of a low
impedance material: rubber nitrile (1.5 mm thickness).

2.2.2.3. Specimen geometryFurthermore, specimen geometry has
to be optimized in order to reduce the perturbation wave's effect.
The idea is to produce a reduction of the stress wave propagation
occurring for a high-speed tensile test by mean of brutal variation
of the specimen mechanical impedance. This variation of me-
chanical impedance leads to the trapping of the mechanical waves
in the lower part of the testing device far from the specimen.

Therefore, the composite specimen geometry has been opti-
mized as a result of numerical computations using ABAQUS  nite
element (FE) code. The criterion used for the optimization consists
in reaching a stabilized strain distribution and strain rate within the
specimen gauge section at the beginning of the loading stage. The
optimization procedure relies upon coupling FE numerical results
and experimental data. It falls into four stages ( Fig. 2):

i A tensile test is conducted at a xed displacement rate. The
displacement induced at specimen extremities is measured. The
damping joint, positioned between the sliding and the hydraulic
jack, may limit the shock effect until its maximal compression.
Thus, at the beginning of the loading, a part of the total imposed
displacement is consumed by the compression of the damping
joint. It should be pointed out that the damping joint would be
completely compressed before the end of the total elastic
deformation of the specimen. Consequently, the specimen
(which is placed in series with the damping joint) is submitted

to a progressive acceleration until the total compression of the

damping joint. Then, at the so called rise time (t ), the

displacement rate induced at specimen extremities becomes
constant. Beyond this time, the composite specimen is therefore
subjected to a dynamic tensile loading at constant strain rate.

The rst stage aims then at estimating experimentally the rise

time (t ) (see Fig. 2(a)). Its value lies in the range [10 “to 10 ®s]

and depends on the adopted joint thickness and the nominal
test velocity.

Once the rise time is evaluated, boundary conditions are

numerically applied on the specimen extremities in terms of

imposed velocity, in order to compute the dynamic response of
the specimen, according to Fig. 2(b): a linear increase of the
velocity until the imposed value which is reached at the rise
time.

i On the basis of the FE simulations and assuming that the
specimen behaves like an elastic anisotropic solid, a recursive
optimization procedure results in the determination of optimal
geometrical parameters: L 1, Ly, L3 and R (Fig. 3). These param-
eters are those of a dumbbell-shaped specimen as sketched in
Fig. 2(c) and are optimized in such a way of reducing the stress
wave effects in the overall response through a rapid loss of
mechanical impedance. Finally, the optimization aims at
generating homogeneous stress/strain  eld and constant strain
rate at the effective zone of the specimen. In order to keep a
minimum volume of the sample (Representative Volume
Element), width and length of the specimen have been xed to
10 20 mm. Fig. 4(a) shows, for different values of radius and
applied displacement velocity, the minimum stress at which the
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Fig. 2. Specimen optimization methodology coupling experimental tests and FE simulations. (a) Experimental data. (b) Boundary conditions. (c) FE computa tions optimizing the

dumbbell-shaped specimen geometry parameters.

A-SMC Ly (mm) L, (mm) R(mm) Lz(mm) L,;(mm)
1 20 2 5 10 20
2 22 2 6 10 20
3 25 2 7.5 10 20
4 25 2 14 10 20

Fig. 3. Used specimen dimensions for the optimization methodology.

stress eld can be considered to be homogeneous together with
a constant strain rate inside the gauge length (see an example of
evolution in Fig. 5. One can see that, even for the higher
imposed displacement velocity; optimal conditions are applied
to the specimen for tensile stress less than 5 MPa. Moreover,
Fig. 4(b) show the average value of the strain rate obtained in-
side the gauge length for different values of radius and imposed
displacement velocity. One can see that strain rate for optimized
specimens can be subjected to strain rates of more than 100 s
The latter one can also be evaluated theoretically on the basis of
the imposed velocity, such as: _¥iV=L,. It should be noticed

Fig. 4. In uence of the radius of the specimen; (a) Minimum stress for which homogeneous

1

that, because of dynamic conditions, real strain rate should be
40% less than theoretical strain rate. For example, we get 60 s
instead of 100 s * for and velocity of 2 m/s imposed on a 6 mm
radius specimen.

iv High-speed tensile tests are achieved on the composite spec-
imen in order to validate its optimized geometry.

Finally, the 6 mm radius specimen corresponds to the optimized
geometry. Fig. 5 shows the spatio e temporal pro
tudinal stress (S11) calculated along the central line of the opti-

mized A-SMC specimen. It can be observed that the shock wave

eld and constant strain rate is obtained (b) Strain rate in the central zone.

1

les of the longi-



34 M. Shirinbayan et al. / Composites Part B 82 (2015) 3@ 41

Fig. 5. Spatio-temporal pro le of S;; calculated along the central line of the A-SMC specimen. Loading conditions: imposed velocity V

vanishes very quickly. Actually, the stress distribution becomes
relatively homogeneous (see Fig 2(c)).

2.2.2.4. Strain and strain rate measurements.Local deformation is
measured through a contactless technique using a high speed
camera: two points were marked on the surface of the specimens
de ning the initial gauge length which is about 20 mm. A high
speed camera (FASTCAM-APX RS) with the capacity 250,000 frames
per second was used to record pictures during high speed defor-
mation. Image analysis is then used in order to follow the
displacement of the centroid of each marked point to compute the
evolution of the strain between the two points. After thresholding

of the pictures, the evolution of the relative positions of the two
points during deformation is computed. Then, strain measurement
can be performed as shown in Fig. 6. One can note that after the
damping stage characterized by a progressive increase of strain
rate, the later becomes constant. Thus, strain rate can be easily
determined from the slope of the linear part of the curve.

3. Experimental results and discussion
3.1. Characteristics of composite

3.1.1. Microstructure

Fig. 7 shows a comparison between a standard SMC micro-
structure and that of A-SMC. These SEM pictures obtained on pol-
ished surfaces show clearly the higher glass  bers contentin A-SMC
compared to standard SMC. Indeed, bers are initially randomly
oriented in the sheets plane before compression. The bers are
presented as bundles of constant length (L ¥ 25 mm). Each bundle

Fig. 6. Typical contactless strain measurements at various high strain rates.

Y24 m/s. (a) First steps and (b) next steps.

contains approximately 250  bers of 15 mm diameter. Glass bers
weight content is of 50%.

Fig. 8 represents the distribution of the ber content in the RO
and HO plates as a function of the cutting orientation. It can be
assumed that, due to the owing during molding process, most of
the bers remain on the plane of the plate and tend to be oriented

parallel to the Mold Flow Direction (MFD).

3.1.2. Thermo-mechanical properties

DMTA test is preferentially performed to study the different
transitions and change of physical state of polymers. It is achieved
to measure Ta,Th, Ty etc. In the tension (traction) con guration,
DMTA tests also provide a measure of the dynamic modulus.

In this work, DMTA tests have performed according to alter-
nating bending con guration, to study the time e temperature su-
perposition and to plot the relaxation spectrum. It is worth
mentioning that the value of modulus obtained by bending DMTA
is not far from that obtained by high strain rate tensile tests.

In this study, dynamic tests are performed at room temperature.

In order to measure the main transitions temperatures due to
molecular mobility as a function of temperature, DMTA tests have
been performed on RO samples. Fig. 9 shows the evolution of the
storage modulus and the loss modulus versus temperature ob-
tained by DMTA test. A-SMCs present a vitreous transition tem-
perature lying between 60 and 200 C. It can be assumed that the
glass transition temperature is about 130  C. Although the storage
modulus continues to slowly decrease until 50 C due to the in-
crease of macromolecular chain mobility, it can be assumed that at
ambient temperature A-SMCs remain rigid.

3.2. Validation of the optimization procedure

Fig. 10 shows an example of strain evolution during a 2 m/s
imposed velocity tensile test. Strain rate is stabilized after a
measured rise time of about .3 10 *s % Moreover, it can be
shown that at this time, the material still behaves elastically.
Actually, the rst non linearity is four time higher than the tensile
stress at equilibrium. Thus, it can be assumed that the equilibrium
of the specimen is reached before the end of the yield strength.
Thus, the measurement of the Young's modulus is reliable. More-
over, a comparison between experimental and numerical evolution
of the strain in the central zone of the specimen (obtained for the
optimized geometry) is also shown in  Fig. 10. A very good corre-
lation is observed.

One can note that after 10 “ s, the strain rate is also stabilized
and has a rough value of 60 s 1 However, according to the nite
elements calculations, the measured strain rate value is 40% less
than the theoretical one (100 s l). As discussed above, this differ-
ence is due to inertial effects. On the basis of the very good
agreement between the obtained experimental curves and



M. Shirinbayan et al. / Composites Part B 82 (2015) 3@ 41 35

Fig. 7. Microstructure of A-SMC (left) and standard SMC (right): Randomly oriented bundle of bers.

Fig. 8. Orientation of the

numerical results, one can claim that our optimization procedure
and the proposed geometry are validated.

3.3. High strain rate tensile curves
The stresse strain curves can be described by three stages:
(i) Linear elastic behavior,

(i) Damage initiation corresponding to a knee point (apparition
of a non-linear behavior),

(iiiy Damage propagation corresponding to a second linear stage.

Fig. 9. DMTA test performed on RO sample.

bers inside bundles in A-SMC.

In Fig. 11, stressestrain (Se ) tensile curves are plotted for
several strain rates. Tensile curves obtained for RO, HO-90 , and
HO-0 show clearly that the overall behavior is highly load-rate
dependent. Indeed, under rapid tensile load, A-SMC composites
exhibit typically a non-linear response. It should be indicated that,
in these curves, the part concerning delamination phenomena was
eliminated for favorable comparison. Delamination effect will be
discussed in section 3.4. Material mechanical characteristics have
been estimated, as a function of strain rate. Fig. 11 show that initial
slopes of the stresse strain curves are roughly identical for the
range of tested strain rate values. Therefore, it means that the
elastic modulus remains insensitive to strain rate. Young's moduli
have a rough average value of 12, 14.5 and 18.5 GPa for HO-90 -, RO
and HO-0 , A-SMCs respectively.

Fig. 10. Evolution of strain and stress in the central zone of the specimen. Comparison
between experimental and numerical results obtained for the optimized geometry for
A-SMC composites.
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Fig. 11. Experimental high strain rate tensile curves (Normalized stress (resp. strain)
HO-90 -A-SMC and (c) HO-0 -A-SMC.

3.4. Effects of strain-rate on the overall tensile response

Material characteristics, namely Young's modulus (E); damage
thresholds corresponding to the rst non-linearity ( Sthreshold ;
threshold ) @nd ultimate stress and strain ( Sytimate; ulimate ) are
shown in Figs. 12 and 13. Note that the ultimate characteristics
correspond to the maximum stress level (before delamination
when it occurs). Fig. 12 enables to emphasize that the material
elastic modulus measured in the rst stage of the stresse strain
curve remain insensitive to the strain rate. However, the non-linear
overall response of the A-SMC is drastically in uenced by strain
rate. Indeed, one can note that the damage threshold ( Fig. 13), in
terms of stress and strain, increases with strain rate. In fact, in the
case of HO-0 , when varying the stain rate from the quasi-static to
100s 1 anincrease of 63% of the stress damage threshold is shown.
On the other hand, the ultimate stress shows an increase of 34%.

Fig. 12. Evolution of the normalized Young's modulus vs. strain rate (Normalized
Young's modulus ¥ Young's modulus/average Young's modulus obtained for quasi-
static for RO-A-SMC).

Ya stress (resp. strain)/ultimate stress (resp. strain) obtained in quasi-static): (a) RO-A-SMC, (b)

In accordance to results obtained on a standard SMC [12], as the
strain rate increases, noticeable effects consist of a delayed damage
onset (delay of the knee-point) and ultimate stress. It can be
established that the strain rate brings about a viscous nature of
damage initiation and propagation. Like for standard SMC, A-SMCs
also present a visco-damageable behavior. However, it must be
noticed that, contrary to standard SMCs, the non-linear slope of the
third stage of the A-SMCs curves (corresponding to the damage
propagation stage) is also rate sensitive especially for RO A-SMC.
Moreover, one can notice that for all microstructure orientation, no
signi cant strain rate effect is noticed on the ultimate strain.

3.5. Damage mechanisms investigation

In order to understand the physical origin of the damage delay, it
is necessary to perform experimental investigations at the micro-
scopic scale in order to identify the corresponding damage
mechanisms.

The rst investigations concerns quasi-static (0.5 mm/min)
bending behavior performed on HO-A-SMC composite. In order to
identify the in  uence of the microstructure on damage mecha-
nisms occurring at the local scale, four points bending tests have
been performed inside a SEM on HO-0 and HO-90 rectangular
specimens. For both orientations, debonding at the ber-matrix
interface appears clearly to be the predominant damage mecha-
nism. Interface debonding mostly appears on the bers oriented
orthogonally to the principal stress direction (90 oriented bers)
due to high local normal stresses at the interface. Coalescence of
interface failure between adjacent  bers leads to localized trans-
verse cracks appearing on several locations in the 90  oriented
bundles. Propagation of these cracks into the matrix can also occur
but the high content of  bers leads, in general, to the bifurcation of
these cracks around surrounding more disoriented bundles of -
bers. Then, pseudo-delamination between bundles is initiated. Fi-
ber breakage can also appear at the end of the test just before
failure. Interface debonding coupled to pseudo-delamination

nally leads to failure by coalescence of the microcracks.
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Fig. 13. In uence of strain rate: (a) Normalized threshold strain, (b) Normalized threshold stress, (c) Normalized ultimate strain and (d) Normalized ultimate
value ¥ current value/average value obtained for quasi-static tests performed on RO-A-SMC).

However, the thresholds of  ber-matrix interface damage and
delamination are very dependant of the orientation of the sample.
Fig. 14 shows for each orientation a  rst picture obtained at the
initiation of the  ber-matrix interface debonding and a second one
for the ultimate stress corresponding to pseudo-delamination just
before failure. It has been shown that, for HO-0 , interface failure
remains limited while pseudo-delamination is favored. On the
other hand, when the bers are oriented perpendicularly to the
principal stress direction, pseudo-delamination is limited when

ber-matrix interface becomes predominant. Thus, it can be
conclude that two principal mechanisms are in competition: ber-
matrix interface debonding and pseudo-delamination. Moreover,
the relative participation of each mechanism strongly depends on
the orientation of the  bers.

On the other hand, SEM observations have been performed on
the fracture surfaces for tensile specimens for quasi-static and high

strain rate (around 100 s l) loadings. Note that, in all micrographs
shown after, the tensile direction corresponds to the horizontal
direction.

SEM analysis performed on tensile specimens highlight the
same damage mechanisms as shown in quasi-static bending test:
ber-matrix interface debonding and pseudo-delamination (see
Fig. 15). These two mechanisms are observed for both quasi-static
and dynamic tests regardless of the orientation of the bundles of

bers.

Fig. 16(a)e (c) shows ber-matrix interface debonding for O
45 ,and 90 oriented bers relative to the tensile direction. One can
notice that broken interfaces are always surrounded by pieces of
matrix. This indicates high strength properties of the ber-matrix
interface for both quasi-static and dynamic loading.

In Fig. 17, it is noticeable to see that during pseudo-
delamination, bundles of bers are pulled out from each other

Fig. 14. Damage mechanisms under bending loading for HO-A-SMC composites.

stress (Normalized
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1
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Fig. 15. Damage mechanisms for quasi-static and dynamic tensile tests.

Fig. 16. Fiber-matrix interface debonding for several ber orientation (a) 0

simultaneously with breakage of the surrounding matrix. See also
Fig.16(b) for higher magni cation.

In a further paper, we will show how interrupted tensile tests
[12,19] enable to quantify the strain rate effect at the local scale
through the analysis of the evolution of the ber-matrix interface
failure density.

3.6. Pseudo-delamination mechanism

In this section, the in  uence of the loading rate and orientation
of bers on pseudo-delamination is investigated. Tensile tests have
been performed until specimen total failure under variable strain
rates from quasi-static (0.001 s l) to 100s L. All the results shown
above have been analyzed only until the ultimate stress. However,
because of the pseudo-strati cated microstructure, local delami-
nation between the bundles of  bers can occur before the total
separation into two parts. This phenomenon can greatly participate
to energy absorption during crash. In this section, we focus on the
in uence of the microstructure and imposed velocity on the
magnitude of the pseudo-delamination.

Fig.18(a) shows a typical evolution of the tensile strain until total
separation into two parts including the deformation provided by

(around 100 s 1), (b) 45 (around 100 s ), (c) around 90 (quasi-static).

Fig. 17. Pseudo-delamination through surrounding matrix breakage.
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Fig. 18. (a) Normalized strain vs. time and (b) Normalized tensile strain curve for HO-0
dividing to the value corresponding to the ultimate stress and before delamination).

local delaminations between bundles of bers. For high speed
tensile tests, pseudo-delamination stage duration appears to be
very short (about 10 4 s) compared to that of the elastic and
damage stages (about 5.5 10 4 s). Tensile strain rate during
delamination is more than 15 time higher. Stress e strain curves in
tension can also be plotted as shown in Fig. 18(b). The area under
the stresse strain curve corresponds to the total strain energy per
unit volume absorbed by the composite until complete separation
into two parts: E T. The area under the curve until the ultimate stress
corresponds to the elastic and damage energy: E € and = respec-
tively. As discussed before, damage energy is mostly due to the
debonding at the ber-matrix interface inside the bundles (intra-
bundles damage). Then, from the ultimate stress until the total
separation into two parts, the area under the curve corresponds to

-A-SMC obtained for test carried out at strain rate of 52 s

1 (All values are normalized by

absorbed energy by delamination between the bundles: E P. It is
very obvious that the pseudo-delamination can highly participate

to energy dissipation during a crash test. In fact, in the case of HO-
0 tensile tests performed under high strain rates, absorbed energy
by pseudo-delamination can be 6 time higher than the absorbed
energy during elastic and damage stages.

Fig. 19 presents typical whole curves for different microstruc-
ture and different imposed velocity together with macroscopic
failure photography. Qualitatively, one can see that increasing
loading speed leads to more intensive pseudo-delamination
regardless of orientation of  bers. Relative elastic, damage and
pseudo-delamination energy values; E /E', EY/E", E°/E respectively
have been measured (area under the curves (see Fig. 18(b)). Relative
damage and pseudo-delamination evolution are plotted in  Fig. 20

Fig. 19. Typical whole curves for different microstructure and different imposed velocity together with macroscopic failure appearance.
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Fig. 20. Evolution of the relative damage and pseudo-delamination energy versus
strain rate.

as a function of strain rate. One can clearly conclude that high
loading speed favor the increase of the pseudo-delamination in-
tensity. Moreover, Fig. 21 shows the evolution of the ratio E D/EDRO
where EPgois the pseudo-delamination energy measured for RO-A-
SMC fora 10s ! applied strain rate. It is obvious to note that ori-
ented bers in the tensile direction also favor delamination.

It is important to notice that the end of experimental curves
(Fig. 19) represents the last stage of the damage mechanisms
propagation and accumulation prior to the macroscopic failure of
the specimen. Two kinds of failure mechanisms have been
observed.

The rst one appears for the lower strain rate values indepen-
dently of the microstructure: it corresponds to the coalescence
and the accumulation of the ber-matrix interface cracks
through the matrix between bundles of bers [12].

The second one appears for higher strain rate values indepen-
dently of the microstructure: in this case, the pseudo-
delamination becomes the predominant failure mechanism.
Fiber-matrix interface cracks coalescence in the matrix is
limited by the pseudo-delamination which becomes the pre-
dominant failure mechanism at high strain rate. A plateau is
observed before the failure corresponding to the propagation of
the cracks around the bundles of  ber prior to the coalescence
leading to the nal failure ( Fig. 19). This mechanism is more
intense for oriented microstructure ( Fig. 21).

Fig. 21. Evolution of the pseudo-delamination energy for various ber orientations

and strain rates.

In conclusion, pseudo-delamination strongly participates to
energy dissipation. Thus, this mechanism can't be neglected for
crash simulations.

4. Conclusion

A-SMC is a high mechanical performance SMC based on vinyl-
ester resin and reinforced with high content of glass bers (>50%
weight content) compare to standard SMC (30% weight content).
An original method for high strain rate testing optimization has
been validated for moderate rates up to 100 s LA damping joint
have been optimized in terms of thickness and material properties.
Then, the resulting experimental conditions (rise time and imposed
velocity) were input into a numerical computations using ABAQUS
FE explicit code. Iterative calculations led to determine the optimal
specimen geometry through the analysis of the stress wave prop-
agation occurring during a high-speed tensile test. It has been
demonstrated that the resulting specimen design generates uni-
form strain and stress  elds and constant strain-rate into the tested
specimen.

The developed experimental methodology based on dynamic
tensile tests has contributed to emphasize the strain rate effects on
the overall behavior of A-SMC composites. The use of a servo-
hydraulic testing machine has been suitable to examine strain-
rate effects on overall A-SMC (RO and HO) behavior for moderate
rates up to 100 s 1 The strain rate is measured through a con-
tactless technique using a high speed camera. Moreover, SEM mi-
crographs show that most of the  bers are more or less oriented
according to the disposition of the A-SMC prepreg and process
parameters. In order to represent as well the structural response
during an automotive crash, the strain rate effects on the me-
chanical behavior of two type of microstructure have been studied:
Randomly Oriented bers (RO) and Highly Oriented bers (HO).
Experimental results of high strain rate tensile tests show that the
composite behavior is strongly strain-rate dependent although the
Young's modulus remains constant for RO and HO samples when
strain rate increases. On the contrary, as the strain rate increased,
noticeable effects consist of a delayed damage onset: for example,
the stress damage threshold of HO-0 -A-SMC showed an increase
of 63% when increasing the strain rate from quasi-static (0.001 s l)
to 100s 1 In the same time, a 40% increase of the ultimate stress
can be observed when the ultimate strain does not seem to be
signi cantly affected.

Moreover, SEM analysis performed on broken tensile specimens
highlight the same damage mechanisms as shown in quasi-static
bending tests: ber-matrix interface debonding and pseudo-
delamination between bundles of  bers. Until the ultimate stress,
damage energy is mostly due to the debonding at the ber-matrix
interface inside the bundles (intra-bundles damage). However, it
has been shown that the pseudo-delamination also greatly partic-
ipates to the energy absorption. Then, the second part of the curve
appearing as a plateau from the ultimate stress until the total
separation into two parts cannot be neglected. Indeed, the area
under the curve corresponding to the absorbed energy by pseudo-
delamination between bundles can be ten times higher than the
energy absorbed through ber-matrix interface debonding (intra-
bundles damage). It is important to note that increasing loading
speed and oriented bers in the tensile direction favor a more
intensive pseudo-delamination. These two effects have been also
quanti ed. This study clearly establishes that the strain rate effect is
related to a certain viscous nature of both intra-bundles and
pseudo-delamination damage evolution. One can speak about a
time dependent visco-damage behavior leading to the increase of
the ber-matrix and inter-bundles interfaces strengths.
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Consequently, it is very obvious that intra-bundle damage and
pseudo-delamination highly participate to energy dissipation dur-
ing a crash test and that stain rate effect on these two damage
mechanisms cannot be neglected for automotive structural crash-
worthiness simulations. The optimized experimental methodology
will provide the experimental framework to develop, identify and
validate a multi-scale model integrating the material microstruc-
ture in uence. This model will be used as a simulation tool for the
optimization of A-SMC composite structure crashworthiness in
accordance with design requirements and material microstructure

distribution.
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This paper aims to present an experimental multi-scale analysis of quasi-static and high strain rate
damage behavior of a new formulation of SMC composite (Advanced SMC). In order to study its capability
to absorb energy through damage accumulation, Randomly Oriented (RO) and High oriented (HO) A-SMC
composites damage has been investigated at both microscopic and macroscopic scales. A speci ¢ device
has been developed in order to perform Interrupted Dynamic Tensile Tests (IDTT) which allows analyzing
the evolution of the microscopic damage mechanisms occurring during rapid tensile tests. Several
damage micro-mechanisms have been pointed out. The relative in  uences of these micro-damage events
and their interactions have been related to the macroscopic damage behavior through the de nition of
microscopic and macroscopic damage indicators. Damage threshold and kinetic have been quanti ed at
various strain rate for different microstructures and loading cases (RO, HO-0 and HO-90 ). It has been
shown at both scales that increasing strain rate leads to an onset of damage initiation together with a
reduction of the damage accumulation kinetic. Moreover, the in uence of the ber orientation has been
studied in order to emphasize the anisotropic strain rate effect at the ber-matrix interface scale. The
latter was related to the in  uence of the microstructure of A-SMC composites. Finally, on the basis of the
whole experimental results, the microscopic origin of the viscous nature of the damage behavior of A-
SMCs composites have been discussed and related to the in  uence of the strain rate and microstructure.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

allows composite structures to absorb signi  cant impact energy in
such a way that the progressive degradation enables to minimize

Because of their high energy absorption capacity, short ber
reinforced composite materials are often used for automotive
structures submitted to crash events. In contrast to metallic ma-
terials for which energy absorption is provided by plastic defor-
mation [1], composites material structures crashworthiness mostly
consists of several diffuse and progressive damage mechanisms
occurring at the local scale such as matrix micro-cracking [2], ber
failure [3], debonding at the ber-matrix interface [4e 6], delami-
nation or pseudo-delamination [7]. This is an extremely important
issue for automotive industry. Indeed, local damage development
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the transmitted energy to passenger and to assure his safety. On the
other hand, several earlier studies [8,9] have shown that the energy
absorption capacity of polymers and composites materials is highly
dependent on the microstructure parameters suchas  ber content,
type of ber and matrix or  ber orientation and length. Further-
more, a good crashworthiness requires avoiding damage localiza-
tion leading to a brittle failure and limited absorbed energy. So, in
order to favor a diffuse damage development, a better under-
standing of the damage mechanisms which can occur during high
strain rate loading is required.

Composite design capable of good crash resistance requires
acquiring a thorough knowledge of its capacity to develop damage
phenomenon [10,11]. However, short ber reinforced composite
structure design isin general adif cult challenge because of several
speci cities such as the variability of the microstructure  [7], the
anisotropic behavior [12], multiple coupled damage mechanisms
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which produce an evolution of the anisotropy during loading [13]
etc. A lack of unawareness regarding the in  uence of high loading
rate on the local damage mechanisms could lead to a less effective
composite structure design. In particular with regard to the choice
of damage behavior laws used in  nite element calculations for
crashworthiness design, the in uence of microstructure parame-
ters and strain rate on the threshold and kinetic of damage is of
prime importance. Indeed, when damage behavior of composite
materials is analyzed especially at different strain rate, the archi-
tecture (Orientation of reinforcements, laminate) and the matrix
behavior (Elastic, visco-elastic, visco-plastic) should be considered.
Thermoplastic [14] and thermoset materials [7] have different
damage behavior subjected to loading at different strain rate.

Several studies have proposed models to account for the damage
behavior of composite and speci ¢ implementation techniques for
numerical simulations have been developed [15e17]. One may
distinguish two kind of predictive modeling of composite material
behavior: phenomenological and micro-mechanical approach. For
both approach, damage variables are described. For the micro-
mechanical approach theses variables describe the evolution of
the micro-cracks content during loading [18e 21]. The phenome-
nological approach aims to describe the consequence of the local
damage at the macroscopic scale such as loss of stiffness. In this
approach, the macroscopic scale corresponds to the Representative
Volume Element (RVE) of composite material. However, to make
easy the micro-mechanical calculations, the damage variable is
sometimes non-local [22]. In this case, the crack data are usually
homogenized. This approach is often adopted in mixed models of
damage, combining micro-mechanical and phenomenological as-
pects [23] . Conversely, in energy approaches, the damage variable is
mostly unrelated to the physical reality [24]. Most damage models
can represent a softening deformation [25]. Mixed models are most
often associated with a fracture criterion [26] . In phenomenological
models, mechanical behavior laws are derived from thermody-
namic potentials and the representation of the mechanical degra-
dationis more nite [18]. Damage phenomenological models can be
used more easily that the micro-mechanical damage models in
numerical simulation, because energy formulations do not need the
microscopic data [18,19]. On the other hand, in micro-mechanical
models, the damage variable has a physical sense related to the
volume fraction occupied by cracks in the damaged composite, the
rate of energy dissipated by fracture or cracks parameters [20,21].

Moreover, especially with regard to the anisotropy evolution
due to damage observed in the short  ber reinforced composite
[13], the micromechanical modeling seems to be a more suitable
approach for the prediction of the behavior and damage of this class
of materials. In these models, damage can be taken into account
through several local damage criterions which are in competition
and determine the introduction of micro-cracks at the local scale
[27e 29].

One can conclude that, whatever the numerical approach used,
a thorough knowledge of the type of local damage mechanisms,
their threshold and kinetic is always needed on one hand for the
choice of a suitable damage behavior law and for the identi  cation
of its variables on the other hand [28¢e 30].

The purpose of this study concerns a new formulation of SMC
composite which have recently be developed: A-SMC. Advanced
Sheet Molding Compound (A-SMC) is a high performance SMC
composite based on vinylester resin and reinforced with 50% (in
mass) of chopped bundles of glass bers [7]. A-SMCs are provided
by Plastic Omnium Auto Exterior and are processed by thermo-
compression [7]. These composites are commonly used as a sub-
stitute for steels in structural automotive components because of
their high strength-to-weight ratio  [31,32]. A recent study [7] have
demonstrated their high stiffness and strength together with low

density compared to metals which make them suitable materials
for crashworthy small weight automotive structures. This paper
aims to the determination of the damage mechanisms and their
in uence on the macroscopic response of A-SMC composites when
they are submitted to high strain rates.

Different experimental techniques characterize the damage at
macroscopic and microscopic scales: Loading unloading at different
loading directions, acoustic emission technique [33], in-situ SEM
microscopy testing [5] and also micro-tomography X method [29],
anisotropic stiffness reduction measurement by ultrasonic tech-
nigue and etc [13]. In the case of dynamic loading, it is not possible,
because of uncontrolled inertial effect, to measure the stiffness
reduction by loading-unloading tests. Likewise, the micro-scale
monitoring of the damage phenomenon is dif  cult. In this study,
the methodology of interrupted tests already used in the case of
standard SMC and PP composite [4,5] will be illustrated in the case
of A-SMC. In these previous studies, the experimental results
showed that the predominant damage mechanism is the ber-
matrix interface debonding. However, micro-cracking of the ma-
trix can also play a signi  cantrole in particular during the last stages
before failure through the coalescence of the  ber-matrix interface
micro-cracks across the matrix. It has been shown that, for a stan-
dard SMC, when the strain rate increases, a delayed damage onset is
followed by of a reduction damage accumulation kinetic.

Several studies show that the mechanical response of A-SMC
and also SMC composites is strongly dependent on the micro-
structure variability and strain rate [4e7]. A micro-mechanical
model based on a statistical local interface failure criterion intro-
duced in the Mori and Tanaka model was earlier proposed by
Fitoussi [6], in order to predict the tensile curves and the stiffness
reduction due to damage for SMC composite. This kind of micro-
mechanical model was introduced in a  nite element analysis for
composites structure damage analysis by Derrien et al. [34] and
Meraghni et al. [35]. This approach was validated in the case of
bending-torsion test. Jendli et al. [12] have generalized this
approach to high strain rate loading. They used the multi-scale
experimental analysis of high strain rate interrupted tensile tests
[5] to identify and validate a multi-scale visco-damageable model
[27].

In the present paper, we apply the method of interrupted tensile
test to identify damage mechanisms (Damage thresholds and ki-
netic) depending on the orientation of reinforcements and strain
rate in order to make the database needed to built a predictive
model of the micro-mechanical behavior of A-SMC under crash
loading.

The organization of this paper is as follow: A-SMC composite
composition and two kind of this composite (Randomly Oriented
(RO) and Highly Oriented (HO) plates) provided by Plastic Omnium
Auto Exterior are introduced in material speci  cation section. In the
case of HO samples, two tensile directions were selected in order to
evaluate the anisotropic effect due to microstructure: HO-0 (par-
allel to the Mold Flow Direction (MFD)) and HO-90 (perpendicular
to the MFD). Quasi-static tensile tests with damage evolution at
macroscopic scales are investigated for HO samples. Subsequently,
the results of low and high strain rate tensile test until failure and
damage evolution at macroscopic and microscopic scales for RO
samples are presented. The visco-damageable behavior of A-SMC
composites is correlated to observations performed at the local
scale. The effect of high strain rate on elastic properties, damage
threshold and kinetic are analyzed at both microscopic and
macroscopic scale. A previous work [5] showed that, depending on
microstructure and strain rate, the development of a pseudo-
delamination stage between bundles of bers which can occur
before failure. At the end of this paper, SEM analysis emphasizes the
effect of strain rate on the pseudo-delamination.
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Fig. 1. Microstructure of RO-A-SMC composite.

2. Material speci cation and methods

2.1. Advanced Sheet Molding Compound (A-SMC) composite

Advanced Sheet Molding Compound (A-SMC) composite is
typically used in automotive industry. A-SMC is a high mechanical
performance SMCs consisting of a vinyl-ester resin reinforced by a
high content of chopped bundles of glass  bers (50% in mass cor-
responding to 38.5% in volume). Two types of A-SMC plates have
been provided by Plastic Omnium Auto Exterior: Randomly Ori-
ented (RO) and Highly Oriented (HO) plates. HO plates have been
obtained by placing the initial charge of SMC prepreg sheets only in
the left part of a rectangular mold (30 40 cmz). Thus, compression
molding leads to material owand ber orientation. RO plates were
obtained without material ow by completely lling the mold.
Fig. 1 shows microstructure of A-SMC observed by SEM microscope
on polished surfaces. Indeed, bers are initially randomly oriented
in the SMC prepreg sheets before compression. The bers are
presented as bundles of constant length (L %225 mm). Each bundle
contains approximately 250  bers of 15 mm diameter.

2.2. Methods

In order to study the damage behavior of A-SMC composite,
interrupted high speed tensile test at different strain rate have been
performed and deeply analyzed at both microscopic and macro-
scopic scales on Randomly Oriented (RO) plates. Moreover, in the
case of HO plates, two tensile directions; HO-O (parallel to the
Mold Flow Direction (MFD)) and HO-90  (perpendicular to the
MFD) were used to investigate the damage behavior in quasi-static
tensile test.

2.2.1. Low and high speed tensile tests

Low-speed tensile tests and also quasi-static loading-unloading
tensile tests have been performed at different de  ned maximum
stress using a MTS 830 hydraulic machine. The analysis of the
reloading slope leads to the determination of the loss of stiffness
(see equation (1) in section 3.3).

At the other hand, a servo-hydraulic machine as speci  ed by the
manufacturer (Schenk Hydropuls VHS 5020) was used to perform
tensile tests at different strain rates from quasi-static to 60 s 1 The
A-SMC sample is positioned between the load cell (upper

extremity) and the moving device (lower extremity) as shown in
Fig. 3(a). In order to get a constant strain rate from the beginning of
the high speed tensile test, a tube-piston device allows applying a
displacement of the moving device without loading during the
acceleration stage.

2.2.2. Interrupted high-velocity tensile test

In order to identify the damage mechanisms occurring during
dynamic loading, it is necessary to perform experimental in-
vestigations at both macroscopic and microscopic scale. To that
end, rectangular specimens with polished surfaces which enable
microscopic SEM observations were used as drawn in  Fig. 2.

Interrupted high-strain rate tensile test have been originally
proposed by Lataillade et al. [36] in the case of glass ber epoxy
laminates. Fitoussi et al. used it for standard SMC composites, car-
bon Epoxy laminate [5] and short glass ber reinforced poly-
propylene [4]. On one hand, this test aims to identify damage
mechanisms occurring progressively at the microscopic scale. On
the other hand it allows determining the progressive loss of stiff-
ness due to damage. The threshold and kinetic of damage are
determined and correlated at both microscopic and macroscopic
scale. In this paper, the interrupted dynamic tensile test was
developed for A-SMC composite. IDTT is a dynamic loading-
unloading test which allows producing successive damaged sam-
ples states obtained at different force levels during high-speed
loading. The same sample is used several times for increasing
levels of applied force. Moreover, before each reloading stage,
Scanning Electronic Microscope observations (HITACHI 4800 SEM)
have been performed on the polished surface in order to quantify
the strain rate effects on the microscopic damage mechanisms (see
equations (2) and (3)) in section 3.3 related to the mechanical loss
of stiffness of the composite. Thus, A-SMC composites damage was
pointed out at two scales (micro and macro).

Fig. 2. Rectangular specimen dimension.
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Fig. 3. Interrupted dynamic tensile test: (a) High-strain rate tensile device; b) Specimen-fuse device for interrupted high-speed tensile test.

The IDTT device is illustrated in Fig. 3(b). During dynamic
loading of the sample, the inertia of the hydraulic cylinder, when it
is launched, does not allow interrupted test at chosen stress level
such as in quasi-static loading-unloading tests. Therefore, the
loading of specimen will continue until macroscopic failure. To
solve this problem, the basic idea is to place an elastic brittle fuse in
series with the composite sample. In this study, a special device was
developed and adapted for cylindrical notched steel fuse. The lig-
ament length is related to the maximum value of the required force
(see Fig. 7 in section 3.2.2).

2.2.2.1. Fuse characterization.Tensile tests have been performed of
the steel fuse for different ligament lengths in order to determine
the order of magnitude of the maximum stress.  Fig. 4 shows the
ultimate force as a function of the fuse ligament length. In fact, the
de ned force during interrupted high strain rate can be achieved by
varying of ligament length. One can note that the ultimate stress
can vary for high strain rates. However, no signi  cant variation has
been observed during IDTT.

2.2.3. Strain and strain rate measurements

A contactless technique is used to measure the local deforma-
tion using a high speed camera (FASTCAM-APX RS). The strain rate
measurements procedure has been presented in a previous paper

Fig. 4. Required ultimate force as a function of fuse diameter.

[7] and consists in analyzing the images of the Imed surface

during deformation.
3. Experimental results and discussion
3.1. Low and high strain-rate tensile test until rupture

In this section, some of the results described in a previous paper
[7] are reported in order to justify the choice of the damage
experimental analysis presented in this paper.

Quasi-static tensile curves for different  ber direction (HO-90 ,
RO and HO-0 samples) and the tensile behavior of RO samples at
different strain rate of quasi-static,1s land60s lare presented in
Fig. 5(a) and (b), respectively. The material elastic moduli measured
in the rst stage of the stress-strain curve show a rough average
value of 12, 14.5 and 18.5 GPa for HO-90 , RO and HO-0 A-SMCs
respectively. However, the non-linear overall response of the A-
SMC is obviously clear. These curves are suitable to damage study of
different  ber direction.

Previous paper [7] indicated that a variation of the strain rate
from quasi-static to 60 s 1 lead to an increase of the damage
threshold starting from a strain rate of about 1 s 1 (Fig. 6). One can
note, for RO samples, an increase of 50% of the stress damage
threshold and 40% of the ultimate stress when varying the stain
rate from the quasi-static to 60 s 1. Therefore, three strain rate
ranges were selected for qualitative analysis and quantitative evo-
lution of the damage mechanism of RO samples: quasi-static, 4 s
and40s L

1

3.2. Multi-scale qualitative damage investigation

3.2.1. Quasi-static loading-unloading tensile tests

Experimental stress-strain curves for quasi-static loading-
unloading tensile test coupled to microstructure observations
performed before each reloading stage is shown in  Fig. 7.

The same representative observation zone was microscopically
analyzed at consecutive increasing value of applied stress level
(about3 5mm 2). This means that the investigation zone is large
enough to contain all the heterogeneities of the material micro-
structure. The local investigation can be assumed as statistically
representative of the damage accumulation in the studied material
composite. As mentioned, one must bear in mind that the investi-
gation zone is considered as representative of the material micro-
structure. In addition, microscopic observations have con  rmed the
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Fig. 5. (a) Normalized quasi-static tensile behavior of A-SMC composites, (b)
Normalized tensile curves at different strain rate for RO-A-SMC samples (One can
mention that normalized stress (respectively strain) Y. stress (respectively strain)/
average ultimate stress (respectively strain) obtained for quasi-static tests performed
on RO-A-SMC samples used as a reference).

fact that this zone is statistically representative for the damage
accumulation.

The rst observed damage phenomenon corresponds to the
debonding of the  ber-matrix interface. For quasi-static loading,
this phenomenon is the predominant damage mechanism. It ap-
pears very soon (for 0.35% of S;) and propagates through the overall
volume of the material as a diffuse manner from the more miss-
oriented bers (90 ) to the more oriented  bers (30 ). It should
be noted that interface debonding is largely favored on the bers
bundles oriented perpendicularly to the principal stress direction.
Indeed, these bers are submitted to a high local normal stress at
the interface. Inside each bundle of bers, ber-matrix interface
failure propagates fromone  ber to its neighbor. This phenomenon
appears several times on each bundle (from 3 to 5 times) and leads
to localized transverse cracks which can be observed in the
micrograph performed at an applied stress equal to 0.70  S,. Finally,
when approaching the ultimate stress, the localized propagate
through the matrix located between the bundles and induce
pseudo-delamination of the bundles just before nal failure. One
can conclude that for quasi-static loading, the predominant damage
mechanism brings about the diffusion of debonding at the ber-
matrix interface beginning at the more miss-oriented bers (90 )
and progressively diffusing on the less miss-oriented bers (until
30 ). Matrix micro-cracking and pseudo-delamination are sec-
ondary damage diffusion mechanisms appearing just before failure.
However, they cannot be neglected in the description of the failure
process.

Fig. 6. In uence of strain rate on: (a) Threshold and ultimate stress, (b) Threshold and
ultimate strain (Normalized value ¥ current value/average ultimate value obtained for
quasi-static tests performed on RO-A-SMC).

3.2.2. Interrupted high velocity tensile test

Fig. 8 and Fig. 9 show the experimental results of interrupted
high strain rate tensile tests performed at4s land 40s *

The Young's modulus reduction resulting of an increasing
applied stress appears clearly and indicates a progressive damage
process. At the microscopic scale, one can note debonding at the

ber-matrix interface appearing later than for the quasi-static

loading case. This onset of ber-matrix interface damage in-
creases when increasing strain rate (at 0.45 S, and 0.60 S, for strain
ratesof4s *and40s 2, respectively). On the other hand, one can
observe that when increasing the strain rate, the interface damage
appears to be less diffuse. Moreover, one can observe that
increasing the strain rate favors the propagation of the transverse
micro-cracks into the matrix and pseudo-delamination.

3.2.3. Pseudo-delamination mechanism

This phenomenon is called hereafter pseudo-delamination. A
previous study [7] showed that, prior to the nal failure, local
delamination between bundles of bers always occur indepen-
dently of the microstructure and strain rate. However, it has been
shown that increasing strain rate and orientated bers favor the
pseudo-delamination. Fig. 10 shows a comparison between SEM
micrographs performed on RO samples submitted to QS, 4s * and
40 s L Itis obvious to note that in the case of quasi-static loading,
pseudo-delamination remains limited while a wide diffuse damage
is observed. For higher strain rates, a less diffuse damage and more
localized pseudo-delamination is highlighted.

From the overall obtained results of interrupted dynamic tensile
tests performed on RO samples, the following conclusions can be
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Fig. 7. Damage mechanisms under quasi-static loading unloading tensile test for RO sample (Normalized value

static tests performed on RO-A-SMC).

Fig. 8. Damage mechanisms under high strain rate (4 s
tests performed on RO-A-SMC).

Fig. 9. Damage mechanisms under high strain rate (40 s
tests performed on RO-A-SMC).

drawn:

For both quasi-static and dynamic tests, debonding at the ber-
matrix interface seems to be the predominant diffuse local
damage mechanism. Matrix breakage and pseudo-delamination
can also appear for higher stress levels.

When the strain rate increases from quasi-static to 40 s
noticeable effect consists of adelayed ber-matrix damage onset
and favored matrix micro-cracking and pseudo-delamination.

1

i

3.3. Multi-scale quantitative damage investigation

In this section, a quantitative multi-scale analysis of the damage

Yacurrent value/average ultimate stress (- S,) value obtained for quasi-

1) tensile test for RO sample (Normalized value ¥ current value/average ultimate stress ( S,) value obtained for quasi-static

1) tensile test for RO sample (Normalized value ¥ current value/average ultimate stress ( S,) value obtained for quasi-static

effect is performed. At the macroscopic scale, the evolution of
stiffness reduction is determined for RO, HO-90 and HO-0 sam-
ples under quasi-static loading in order to emphasize the in uence
of ber orientation. On the other hand, for RO samples, the
microscopic damage propagation has been quantitatively related to
its consequence on the macroscopic stiffness reduction. This
quantitative analysis has been especially focused on the ber-
matrix interface mechanism which has been demonstrated in the
previous section to be the predominant damage mechanism for A-
SMC. The anisotropic strain rate effect on the  ber-matrix interface
decohesion have been also studied through the comparison be-
tween damage threshold and kinetic measured for several ber
orientations chosen in RO samples.
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Fig. 10. Pseudo-delamination phenomenon at microscopic scale.

3.3.1. Damage indicators

Stiffness reduction is an appropriate macroscopic damage in-
dicator to de ne damage development in short  ber reinforced
composite materials [4e 6]. In the case of tensile loading, one can
de ne a macroscopic damage variable as [37]:

L =
Dmacro ¥4 1 = (@8]

Ey and Ep are the Young's modulus of virgin and damaged ma-
terial, respectively.

On the other hand, damage accumulation can be characterized
in SMC composites by several elementary failure mechanisms such
as matrix cracking, ber breakage, debonding at the ber-matrix
interface and pseudo-delamination [4e 6]. At microscopic scale,
the stiffness reduction related to evolution of the micro-cracks
density, the threshold and the kinetics of the cracks growth were
demonstrated [12]. The damage mechanisms at the microscopic
scale have been identi ed by means of SEM micrographs obser-
vations achieved upon polished specimen surfaces in the previous
section. The evolution of the  ber-matrix damage mechanism can
be quantitatively described by a local variable as [4e 6]:

f
Amicro ¥4 % (2

Where f 4 is the volume fraction of debonded  bers and f, is the
ber volume content in the Representative Elementary Volume
(REV). dmicro can also be de ned as the debonded bers proportion

which is measured directly on the SEM micrographs by counting
the number of  ber presenting an interface failure inside a bundle.
Moreover, in order to study thein  uence of the ber orientation on
the damage strain rate effect, one can de ne the parameter d( Q) as
follows [12]:

f
dq %E ©)

Where fg and fq are the volume fraction (or number) of the
oriented debonded bers and the bers volume content (or total
number of ber contained inside the bundle which is about 250)
oriented at q , respectively.

3.3.2. Macroscopic scale
3.3.2.1. Quasi-static loading: effect of ber orientation distribution.
Fig. 11 shows the evolution of the macroscopic damage parameter,
D, under quasi-static loading-unloading tensile test as a function of
applied stress. It should be indicated that, for each microstructure,
several tests (at least 3) were performed and the results have been
reported in this  gure in such a way that at least 15 points have
been measured until the very last stages just before failure. One can
note that in the case of HO-0 sample, the values of macroscopic
damage parameter remains very low. This con rms that interface
failure remains limited leading to a relative linear behavior as seen
in Fig. 5(a) while pseudo-delamination is favored.

It should be noticed that HO-90 damage kinetic is higher than
that of RO. This is essentially due to the fact that more  ber-matrix

Fig. 11. Macroscopic damage evolution vs. applied stress for RO, HO-0 and HO-90
samples (Normalized value ¥acurrent value/average ultimate stress ( S;) value obtained
for quasi-static tests performed on RO-A-SMC).
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Fig. 12. Macroscopic damage evolution versus applied stress for different strain rates
(Normalized value ¥ current value/average ultimate stress ( S,) value obtained for
quasi-static tests performed on RO-A-SMC).

decohesions are involved in the case of HO-90 samples. On the
other hand, one can also observe for RO samples an altered slope of
the curve (from D %, 0.18) indicating the saturation of the ber-
matrix interface failure occurring together with the beginning of
the propagation of transverse cracks into the matrix. Finally, the
critical value of D at failure for these two microstructures appears

to be of the same order of magnitude which indicates a similar state

of damage.

3.3.2.2. Effect of strain rate for RO samplesExperimental ndings
from Interrupted tensile tests ( Fig. 12) performed at ve different
strain rates values varying from quasi-static (QS) to 60 s lcon rm
that strain rate increase leads to a delayed macroscopic damage
initiation. Indeed, macroscopic loss of stiffness begins at a stress
level of 0.30 S; in the case quasi-static tensile test whereas for a
strain rate of 60 s 1 the rst stiffness reduction appears around a
stress of about 0.60 S, which corresponds to a 100% augmentation
of the damage threshold. Moreover, it should be indicated that the
damage kinetic is more than three times reduced as the strain rate
increases from quasi-static to 60 s o

3.3.3. Microscopic scale

In order to understand the physical origin of the damage delay
described in the previous sections, experimental investigations at
the microscopic scale have been performed in order to identifying
the corresponding damage mechanisms, their threshold and ki-
netic. Fig. 13 illustrates the global microscopic damage parameter

Fig. 13. Global microscopic damage evolution versus strain rate (Normalized
value ¥ current value/average ultimate stress ( S,) value obtained for quasi-static tests
performed on RO-A-SMC).

(dmicro) evolution as a function of the applied stress, previously
de ned in equation (2), for Randomly Oriented (RO) samples at
different strain rates ranging from quasi-static to 40 s 1

In accordance with the macroscopic damage indicator evolu-
tion, the damage threshold analyzed at the microscopic scale is
shifted to higher values and the damage growth is reduced when
increasing strain rate. These aspects account on the well known
visco-damage effect described in previous papers [4e7].

3.3.3.1. Anisotropic strain rate effects on the ber-matrix interface
decohesion. In the following, the in  uence of ber orientation on
interfacial micro-cracks density evolution is discussed. Different

families of ber orientation bundles were selected at microscopic

scale and their damage evolution were investigated at each de  ned
applied stress and strain rates. Note that the 30  family (respec-
tively 45 and 90 ) results presented in Fig. 14 correspond to the

Fig. 14. Evolution of d g as a function of applied stress; (a) Quasi-static, (b) Strain rate of
4's Yand (c) Strain rate of 40 s * (Normalized value ¥ current value/average ultimate
stress (S,) value obtained for quasi-static tests performed on RO-A-SMC).
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ber orientation
to 55 and from 80

averaged crack density evolution obtained for
ranging from 20 to 30 (respectively from 35
to 90 ).

Fig. 14 shows the evolution of the  ber-matrix interface local
damage indicator for each speci ed orientation family (d ¢), at strain
rates varying from quasi-static to 40 s . One can note that inde-
pendently of applied strain rate, when increasing ber orientation,
damage threshold stress decreases while the damage kinetic
increases.

Fiber-matrix decohesion can occur when a combination of a
local ultimate normal and shear stress are reached on the interface
[4]. 45 oriented bers are submitted to higher interfacial shear
stresses while ber-matrix interface of 90 oriented bers fails
under a pure normal stress.

In Fig. 15, the evolution of the relative damage threshold and
kinetic (determined by the slope of between the density evolution
curve) have been plotted as a function of the strain rate for the
three de ned ber orientations. A noticeable local anisotropic
strain rate effect can be pointed out. Indeed, this  gure shows that
when the bers are oriented in the tensile direction, the damage
onset due to increasing strain rate is favored while the damage
kinetic is altered. These coupled effect of strain rate and orientation
on the ber-matrix interface failure will be discussed in the next
section.

4. Viscous nature of the microscopic damage

In this section, the whole experimental results described above
are use to propose an interpretation of the origin of the strain rate
effect on damage of A-SMC composites. Obviously, interactions
between microscopic and macroscopic scale are considered.
Moreover, it is shown that to get a thorough understanding of the
strain rate dependent damage behavior of A-SMC, it is also neces-
sary to analyze the in uence of the deformation mechanisms
occurring at the polymer chains scale. Note that the multi-scale
analysis proposed hereafter is also suitable for many short ber
reinforced composites.

4.1. Characteristic times and relaxation times

In order to understand the origin of the viscous nature of
damage accumulation, one can de ne a speci c characteristic time
which is required for a local damage or deformation mechanism to
occur. Indeed, this characteristic time is related to the viscoelastic

Fig. 15. Evolution of the relative damage threshold and kinetic as a function of the
strain rate.

behavior of the matrixor  ber/matrix interface-interphase or, more
precisely, to the relaxation time of the constitutive polymers of the
latter. These relaxation times are related to the mobility of the
molecular chains constituting the matrix and the ber-matrix
interface (on which depend adhesion properties). The relaxation
time of a polymer is de ned ast ¥4h/E where h and E are viscosity
and modulus, respectively. It is important to remember that these
two parameters are intrinsic properties of polymers and are
directly related to the adhesion force between molecular chains
and their mobility. Then, the relative values of the different relax-
ation times (matrix and  ber-matrix interface) versus the loading
rate determine how the damage will develop over time. Indeed, the
value of the imposed strain rate determine a characteristic time of
the loading.

4.2. Origin of the strain rate effect on damage threshold, kinetic and
diffusion

Under quasi-static loading, the local damage characteristic
times related to the relaxation times of each constitutive polymer
(matrix and  ber-matrix interface) are far below that of the
imposed loading characteristic time. Under such conditions, dam-
age can easily occur in a diffuse manner. In fact, when damage
occurs on one location, suf cient time remains for the material to
generate other damage events on other locations. Consequently,
damage is systematically delocalized to other sites. This leads to
foster diffuse damage. As a result, low threshold and high kinetic of
local degradation are observed. When one type of mechanism get
saturated, another one can take place as it can be seen on Fig. 12 for
quasi-static curve (see the altered slope from D %4 0.18 highlighting
a saturation of the ber-matrix decohesion together with the
beginning of the micro-cracks propagation from the interfaces to
the matrix).

On the other hand, when increasing strain rate, the character-
istic loading time can reach the same order of magnitude than the
required time for local damage mechanisms to occur (which is
related to matrix and/or  ber-matrix interface relaxation times). At
these speeds, polymer chains mobility is not suf ~ cient to allow easy
local deformation. Thus, local deformation and damage initiation
require more energy. On one hand, this leads to shift damage
threshold to higher values of applied stress and to reduce the local
degradation kinetic on the other hand. Moreover, under rapid
loading, relatively high value of local relaxation times (matrix and/
or ber-matrix interface) versus strain rate do not allow the ac-
commodation of the deformation through systematic damage
delocalization. Consequently, one can observe an easier concen-
trate accumulation of micro-cracks which can rapidly lead to more
localized failure when increasing strain rate.

4.3. In uence of the deformation mechanisms at the polymer chains
scale on ber-matrix interface damage rate

In the case of A-SMC composites, it is of rst importance to
understand the origin of the strain rate effect on the ber-matrix
interface failure which appears to be the predominant damage
mechanism and the more sensitive to strain rate effect. Indeed, the
mobility of the macromolecules near to the surface of the bers
(interface or interphase) may be affected by the rigidity of the -
bers. So, one may suppose that the relative values of t and t° cor-
responding to the relaxation times relative to the molecular
mobility respectively far and near to the bers can play an impor-
tant role in the  ber-matrix interface damage delay and altered
damage kinetic observed when increasing strain rate. Actually,
because of lower crosslinking density of the matrix around the -
bers, because of chemical bonds between matrix and coupling
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agentand nally because of the high rigidity of this later (  Fig. 16), t©
is generally higher than t. Thus, when loading rate increases, the
mobility of the macromolecules near to the interface is not suf -
cient to accommodate the deformation. Therefore, the high sensi-
tivity to strain rate observed especially for ber-matrix interface
damage can be interpreted as a consequence of the higher value of
t.

Moreover, by increasing the temperature, the relaxation time of
polymers generally increases. Moreover, under high strain rate
loading, self-heating probably occurs at local scale (matrix and

ber-matrix interface). Thus, because of lower crosslinking and
higher local self-heating due to strain localization at interface, this
effect is more signi cant for the macromolecules near tothe  bers.

4.4. Microstructure and local anisotropic strain rate effect on ber-
matrix interface damage

Moreover, in the previous section ( Figs. 14 and 15), it has been
shown that, atthe  ber-matrix interface scale, the ultimate normal
stress is more sensitive to strain rate than the ultimate interface
shear stress. Indeed, under high strain rate, normal interface failure
requires more energy. In fact, when the stress is normal, at local
scale, mostly the bonds between matrix and coupling agent (at the
surface of bers) will be under loading; while for shear stress, both
matrix and bonds at interface will be submitted to the local load. It
is important to precise that generally the chemical cross-linking
bonds are more important than the bonds between matrix and -
bers. Consequently, at a given strain rate, normal failure atthe  ber-
matrix interface is always favored compared to shear mode failure
(See damage threshold evolution on Fig. 15). Thus, transversely
oriented bers and high strain rate will contribute to lower kinetic
of damage accumulation. This leads to a prompt loss of stiffness in
the case of HO-90 samples, a moderate one for RO samples andto a
very limited one for HO-0  samples (see Fig. 11).

4.5. Strain rate and ber orientation effects on pseudo-
delamination

On the other hand, it has been shown that high strain rate and
oriented bers favor pseudo-delamination. This mechanism
occurring prior to the nal failure is always preceded by the
propagation of localized micro-cracks coming from neighbor's in-
terfaces decohesion inside the bundles into the matrix until
another bundle.

The multi-scale damage analysis showed that the  ber-matrix
interface damage is limited for a high oriented microstructure. On
the other hand, the strain rate effect appears to be predominantly
due to the local damage at the most miss-oriented ber interface.
Thus, in the case of highly oriented microstructure, interfacial
damage and strain rate effect on its accumulation remain limited.

Fig. 16. Polymer structure near and far from the interface and related relaxation times.

Consequently, high strain rate and orientation together contribute

to a rapid saturation of the  ber-matrix interface damage accu-
mulation and a prompt propagation of the micro-cracks from the
interface into the matrix between the bundles of bers. Conse-
quently, especially for HO-0 samples submitted to high applied
strain rate, ber-matrix interface damage accumulation is altered
while damage onset increases and pseudo-delamination is favored.

5. Conclusion

In automotive industry, a new formulation of high glass ber
content SMC is used for structural parts submitted to crash events.
These Advanced Sheet Molding Compound composites must be
able to absorb suf cient energy during a crash event in order to
assure safety of the passengers. To this aim, the capability of the
constitutive material to develop a non linear behavior through
damage accumulation is a central purpose of study.

In this paper, a multi-scale experimental analysis of the damage
behavior of an A-SMC composite has been performed. A speci c
device has been developed in order to be able to characterize at
both microscopic and macroscopic scales, the evolution of the
damage accumulation at quasi-static and high applied strain rates.
Interrupted tensile test technique has been used in order to
determine, for several microstructure con  gurations (RO, HO-90
and HO-0 ), qualitatively and quantitatively the damage effect
during high speed tensile loading ranging from quasi-static to
60s L Quantitatively, the SEM analysis coupled to IDTT led to the
following conclusions:

Fiber-matrix interface failure appears to be the predominant
mechanism,

Matrix micro-cracking coming from the propagation of the
interface micro-cracks into the matrix located between the
bundles of bers is favored at high strain rates,
Pseudo-delamination between the bundles of bers coupled
with the matrix micro-cracking described above always occurs
prior to the  nal failure and is favored by high strain rate and
orientation of the  bers in the loading direction.

Microscopic and macroscopic damage indicators have been
proposed and well correlated each other for various microstruc-
tures and strain rates. The evolution of the  ber-matrix interface
cracks density has been measured as a function of applied strain
rate ranging from quasi-static to 40 s 1 for Randomly Oriented
samples. An increase of the strain rate leads to an augmentation of
the damage threshold together with a diminution of the damage
accumulation kinetic and a less diffuse spatial distribution of the
micro-cracks. Moreover, in order to emphasize the effect of the -
ber orientation, an analysis of the interface damage accumulation
have been performedon 30 ,45 and 90 oriented bundles of bers
statistically chosen on RO samples micrographs. It has been shown
that the strain rate effect on microscopic damage accumulation is
mostly due to the speci c¢ sensitivity of the ultimate normal stress
atthe interface. The latter leads to a more sensitive strain rate effect
for RO and HO-90 A-SMC samples observed at the macroscopic
scale.

Finally, the origin of the viscous nature of the microscopic
damage has been discussed and correlated to the macroscopic
damage thresholds delays and damage kinetics as a function of the
microstructure and the strain rate. Speci ¢ considerations at the
polymer chains scale allow proposing a consistent interpretation of
the origin and the nature of strain rate effect described in this study.

The multi-scale experimental analysis performed in this study
led also to a deep understanding of the origin of the anisotropic
elastic visco-damageable behavior of A-SMC composites and
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constitutes a rich database for the development of further micro-
mechanical modeling for A-SMC automotive structures submitted
to crash events [27].
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Abstract

This paper presents the experimental results of tension-tension stress-controlled fatigue tests performed on advanced
sheet molding compound (A-SMC). It aims at analyzing the effect of fiber orientation, loading amplitude, and frequency
on the fatigue response and the related temperature evolution due to the self-heating phenomenon. Two types of A-SMC
have been analyzed: randomly oriented (RO) and highly oriented (HO). The coupled effect of the loading amplitude and
the frequency has been studied. It has been shown that the couple frequency-amplitude affects the nature of the fatigue
overall response which can be governed by the damage mechanisms accumulation (mechanical fatigue) and/or by the
self-heating (induced thermal fatigue). For fatigue loading at 100 Hz, self-heating has been observed and yielded to a
temperature rise up to 70C. The latter causes a decrease of the storage modulus related td-tin@nsition of the
vinylester. It has been demonstrated that the self-heating produced a material softening and decreased the fatigue life.
SEM observations revealed that the samples tested at 100 Hz, exhibit smooth debonding surfaces due to the induced
thermal softening of the matrix whereas more brittle fracture of the matrix surrounding fibers is observed during the
fatigue tests achieved at 10 Hz.

Keywords
Advanced SMC composite, fatigue strength, damage, self-heating, induced thermal fatigue, experimental analysis

Introduction Composite design in the case of fatigue loading is

Sheet molding compounds (SMCs) are commonly used usually characterized by a S...N curve, by which one
in automotive industry for light-weight structural com-  may obtain the Wohler curve.” This later can be pre-
ponent with an improvement of the thermomechanical sented as a curve giving the value of a cyclic stress
performance to cost ratio. These composites are ideal amplitude, s max Versus the number of cycles to failure
for large structural automotive components owing to N,. Fiber orientations and the related process induced
their high strength-to-weight ratio.**Recently, a new microstructure® nature of matrix, applied stresses,
advanced SMC (A-SMC) composite has been developed temperature, frequency, and induced self-heating
by Plastic-Omnium as innovative solution for automo-
tive components such as the new generation of tailgate
or the new automotive front "oor module. A-SMC com-  ias et Métiers ParisTech, PIMM—UMR CNRS 8006, Paris, France
bines short glass “ber/bundles and vinylester thermoset 2Arts et Métiers ParisTech, LEM3—UMR CNRS 7239, Metz, France
which exhibit many desirable features, including SPLASTIC Omnium Auto Exterior, Sigmatech, Sainte Julie, France
mechanical properties, excellent chemical resistance _
. - Corresponding author:
and te_n5|le strength, and CO_St competitiveness. A'SMCS M Shirinbayan, Arts et Niers ParisTech, PIMM—UMR CNRS 8006,
are high strength glass reinforced thermoset molding 151 Boulevard de I'Haital, 75013 Paris, France.
materials processed by thermo-compressidh:© Email: mohammadali.shirinbayan@ensam.eu
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phenomenon or environmental e ects are appropriated where E is the initial Younges modulus and E is the
aspects that have to be taken into account to reliably residual Younges modulus of the damage material.
estimate the fatigue life of short “ber reinforced poly- Normalized sti ness reduction as a function of inelastic
mer composites’° density of energy was proposed and described by

Fleckenstein et al'® performed experimental investi- Launay et al? for short glass “ber-reinforced poly-
gation on SMC samples with di erent preferred “ber ~@mide under cyclic loading. This energy was de‘ned
orientations. As expected, experimental results showed @S the di erence between the total mechanical energy

that the specimens with predominantly 0 “ber align- and the elastic strain energy. Cyclic sti ness softening
ment have the highest fatigue strength. has been successfully correlated to the inelastic energy

density, and may stand for material progressive degrad-
. . . . ation. Damage development can be characterized by a
fatigue stresss o« leads to a higher sti ness reduction | tabilized temperature and Youndes modu-
rate and shorter fatigue life. Imore oriess stabi remperatu foung
us. Moreover, fatigue life prediction requires thorough

To study the cyclic loading frequency (f) eect, ynderstanding of the damage mechanisnfd: 24
Handa et al*? performed a study of fatigue behavior In the present paper, an experimental study is car-
on glass “ber-reinforced polyamide at di erent frequen-  ried-out to investigate the in"uence of “ber orientation
cies ranging from 5 to 50 Hz and showed that increasing a5 well as the coupled e ect of the cyclic loading amp-
the frequency decreases the fatigue life and strength.jitude and frequency on the fatigue behavior and the
Di erent authors ****studied the e ect of frequency induced self-heating of A-SMC.
during the fatigue test of nylon 66 reinforced with The organization of this work is as follows: Material
30% short glass “bers and concluded that, for the fre- gescription and methods section is devoted to a descrip-
quency higher than 2Hz, the rate of crack initiation tjon of the main physical characteristics and the pro-
and growth increase, leading to the decrease of life cess-induced microstructure of A-SMC composite as
time. The Self'heating iS related directly to the ViscoelaS' We” as the deve'oped experimenta| procedure for fati_
tic nature of matrix and to the dissipated energy during gue testing at several frequencies. In Experimental
fatigue tests. Indeed because of self-heating the matrixresylts and discussion section, experimental results
may passes from glassy state (high modulus) to rubbery gptained under quasi-static and fatigue loading are pre-
state (low modulus). sented and discussed in terms of coupled e ect of the

Especially at high frequencies, when temperature rise fatigue loading amplitude and the frequency. The
due to self-heating is signi“cant. This aspect has been nature of the fatigue overall response that can be mech-
noticed notably for short “ber-reinforced thermoplastic anical fatigue (MF) and/or induced thermal fatigue
composites'®**For instance, for polyamide 66 rein- (ITF) and analyzed in terms of SEM observations
forced with short glass “ber, several works have and are related to the loading conditions governing
shown that for low frequencies, there was only an the self-heating phenomenon. Concluding remarks are
e ect of the mechanical loading, whereas for high fre- given in Conclusion section to summarize the main
guencies a coupling between mechanical and thermalexperimental “ndings to highlight the coupled e ect
e ects were observed and evidencet. SEM micro- of loading frequency and amplitude on the fatigue
graphs showed that the matrix remained ductile locally and its relation with the induced self-heating occurring.
around “bers before debonding®®**From a macro-

scopic point of view, evolution of the slope of the hys- ) L
teresis loop is a common indicator of damage that Material description and methods

occurs in reinforced thermoplastic composite$>*° Advanced sheet molding compound
One can notice that the coupled e ect of loading composite (A-SMC)

frequency and amplitude on the fatigue has never

been addressed for SMC composites.

For random short glass “ber-reinforced polymer
composite subjected to cyclic loading, it has been
shown that dynamic fatigue behavior brings about a
di use crack initiation and growth which leads conse-

Wang et al** have shown that increasing the applied

A-SMC consists of a vinylester matrix with a high con-
tent of glass “bers (50% in mass corresponding to
38.5% in volume) as given in Table 1.

Raw material is nonconsolidated, “exible, and
stored on rolls. The sheets are cut from these rolls
. 2 7 . with adapted size depending on the mold. Then, several
quently to a sti ness reduction. ?gsed on experimen- layers should be stacked into the mold. The material
tal re§ults, a d"’_‘mage parametéf ' was introduced to consolidation is performed by thermo-compression
quantify the fatigue damage as process (150C at 60...120 kg/cA). Under these condi-

tions the viscosity of the vinylester decreases and allows
D %1 E=ko ful“ll the whole cavity of the mold; this is the “rst step
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Table 1. A-SMC composition and the constituents weight  "ow. RO plates were obtained without signi“‘cant
content. material "ow by completely “lling the mold. The “ber
distribution in the RO and HO plates as a function of

Product nature (C(:?)Ttlz(::'?rlorr;ass percent) the cutti_ng orient_ation has bee_zn character_ized and pre-
sented in a previous work® It is worth noting that for
Glass fibers 50% both studied con“gurations (RO and HO), it can be
Vinyl-ester resin 24% assumed that, most of the “bers remain on the plane
Filler 24% of the plate. Nevertheless, for the highly oriented (HO)
Other products 204 plates, due to the polymer "ow, “bers tend to be ori-

ented parallel to the mold "ow direction (MFD) before
compression.

Methods and experimental procedure

DMTA characterizatioBesides the SEM microscopic
observations thermo-mechanical (DMTA) “exural
tests have been achieved to measure the main transi-
tions temperatures on RO samples using DMA Q800
instrument from TA Company. The "exural test has
been realized at following condition: temperature
range varying from 0 C to 250 C, temperature rate of

2 C/min, and a frequency of 1 Hz.

Fatigue test§.ension-tension stress-controlled fatigue

tests have been performed at di erent applied max-

imum stress 6 max) On @ MTS 830 hydraulic fatigue

machine. The minimum applied stressmin) iS always

Figure 1. Typical microstructure of A-SMC observed by mearchosen to be equal to 10% of the maximum applied

of a SEM: randomly oriented bundle of fibers. stress. The chosen stress-ratio is thus {R40.1) and
the mean stress-level is equal to 0.55,ax-

In this paper, the results of experiments performed at
of the manufacturing process. Then, the material stays di erent frequencies, namely 10, 30, 50, and 100 Hz are
in position without reticulation for a short duration;  presented. In order to measure precisely the sti ness
this is the second step. The third step of the processreduction due to the ‘“rst loading stage (initial
consists of a reticulation time of the thermoset polymer damage), each fatigue test is preceded by a quasi-
during the consolidation phase. The duration of the static tensile loading-unloading-elastic reloading stage.
whole process for one part is less than 2min which is During cyclic loading, the temperature rise, due to the
mandatory for automotive applications due to the material self-heating, has been measured on the surface
required high production rate. of the specimen using an infrared camera (Raynger-

Figure 1 shows the typical A-SMC microstructure MX4). The damage evolution has been estimated
observed on a polished surface. The bundle of “bers through the measurement of the Younges modulus
can be oriented due to the polymer "ow during com- evolution.
pression. The “bers are presented as bundles of con- In a previous study? a recursive optimization pro-
stant length (L¥%25mm). Each bundle contains cedure results in the determination of the specimenes
approximately 250 glass “bers of about 15m diameter. optimal geometrical parameters adopted for high
Microscopic observations, using scanning electronic speed tensile tests. To this aim, a FE simulation assum-
microscope (HITACHI 4800 SEM), have been per- ing that the specimen behaves like an anisotropic solid,
formed in order to investigate qualitatively the material is performed and leads to the optimized geometry
microstructure and especially the “bers orientation. showed in Figure 2 which allows reducing the perturb-

Two types of A-SMC plates have been provided by ations due to stress waves e ect, in order to generate
Plastic-Omnium Auto Exterior: randomly oriented homogeneous stress and strain “eld and a constant high
(RO) and highly oriented (HO) plates. HO plates strain rate.
have been obtained by an initial charge putting only In this work, the experimental fatigue tests have
in the left part of a rectangular mold (30 40cnf) been performed at room temperature on the same
before compression leading to an oriented material sample geometry. Fatigue experiments have been
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Figure 2. Optimized specimen geometry and its related
dimensions.

Figure 3. DMTA scan showing the types of transitions for
RO-A-SMC sample.

achieved at di erent load directions, applied maximum
stress (ranging from 35% to 80% of the material UTS
noted hereafter ass,) and frequencies (ranging from
10 to 100 Hz).

Experimental results and discussion
Thermo-mechanical properties

To measure the main transition temperatures due to
molecular mobility as a function of the temperature,
DMTA tests have been performed on RO samples.
Figure 3 shows the evolution of the storage and loss
moduli versus temperature.

As it can be noticed, A-SMCs present at least three
distinct transition zones in the temperature range of
0 C...25QC. The *“rst zone, extended between 7@
and 200C, is indeed thea-transition, related to the
glass transition of A-SMC. The value of T, is nearly
130 C. This extent of the glass transition region can be
explained by the e ect of

The chemical modi“cation of the matrix during
DMTA test. In fact, when the cross-linking of the
polymer matrix, namely vinylester resin is not

Figure 4. Normalized quasi-static tensile behavior of A-SMC
composite at room temperature. One can mention that
normalized stress (respectively straifastress (respectively
strain)/ultimate stress (respectively strain) obtained for tests
performed on RO-A-SMC serving as a reference.

completed, the post cross-linking during DMTA
test prevents sudden decrease of the modulus in the
glass transition region.

The presence of glass “bers which may prevent the
sudden drop of the elastic modulus in the glass tran-
sition region.

The second transition corresponds to the
b-transition with a T almost 59 C. Ty, is known as
a brittle-ductile transition for amorphous polymers
and it is generally related to the mobility of the small
segments of molecular chains.

The third transition corresponds to g-transition
with a T4 equal to 18 C. The origin of this transition
has not been clearly identi“ed. DMTA results will be
very helpful to analyze the induced self-heating
phenomenon and to relate it to the measured tempera-
ture rise during fatigue test at di erent amplitude and
frequencies.

Quasi-static tensile behavior

Effect of fiber orientatidfigure 4 shows the results of
qguasi static tensile tests on HO-Q RO, and HO-90
samples at room temperature. As it can be seen, the
value of Younges modulus of HO-O is about
18.5 GPa which is higher than those of RO (14.5 GPa)
and HO-90 (12.5GPa) samples. The failure stress also
highly depends on the “bers orientation. Failure stress
of HO-0 is about three times higher than that of
HO-90 samples.

Effect of temperaturtn order to show the e ect of tem-
perature on the mechanical properties of randomly ori-
ented and highly oriented samples, tensile tests have
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Figure 7. Macroscopic failure appearance of HO-%mple
loaded at (a) 20C and (b) 135C.

Figure 5. Normalized ultimate stress of oriented and to notice that when the sample is loaded at 13%,
nonoriented samples at 2Q, 80 C, and 135C; (normalized the matrix is at rubbery state. This variation indi-
value/scurrent value/average ultimate stress ) value obtained cates also that the role of vinylester matrix in
for tests performed at 20C on RO-A-SMC). HO-90 specimens is very important. At macro-
scopic failure appearance (Figure 7) a pseudo-
delamination between the bundles of “bers seems
to be favored.

As expected for RO samples, the in"uence of tem-
perature on sti ness and failure properties is midway
between the two other orientations (HO-O and
HO-90 ). Younges modulus decreases from 14.5
to 9.5 GPa when the temperature increases from 20
to 135 C.

Figure 6 shows the relative Younges modulus de“ned
by the ratio Younges modulus/Younges modulus at
room temperature for HO-0, RO, and HO-90.
As expected, it decreases when the temperature is
increased. However, this decrease for HO-Gsample is
Figure 6. Evolutions of the relative Young's modulus of HQ-0 l€ss important than those of RO and HO-90 samples.
RO, and HO-90 samples at different temperatures. One can see that, in the case of HO-90samples, the

damage indicator (D) is hence strongly related to the
been realized at di erent temperatures ranging from e ect of temperature.
20 Cto 135 C.

The analysis of the results shown in Figures 5 and 6

leads to the following remarks:

Fatigue behavior analysis

Effect of the fiber orientation distribukmure 8 shows
For HO-0 oriented samples, the e ect of tempera- the normalized W¢hler curves obtained in tension-ten-
ture on Younges modulus is relatively limited due to sion stress-controlled fatigue tests at a frequency of
the presence of oriented “bers parallel to the loading 10Hz for HO-0 , RO, and HO-90 A-SMC samples.
direction. Younges modulus decreases from 18.7 to It can be noticed that in the case of RO samples for
15GPa as the temperature increases from 20 to  an applied stress equal to 0.44 ,ro), the fatigue life is
135 C (Figure 6). Concerning the failure stress, this about 50,000 cycles whereas the fatigue life is about®.0
e ect has not been clearly established because ofcycles for an applied stress of 0.38 ro). So, a vari-
slipping of the sample during the tensile tests per- ation of 12% leads to a fatigue life about 20 times
formed at 135 C (Figure 5). higher.
For HO-90 oriented samples, the e ect of tempera- For RO-A-SMC samples, fatigue test performed at
ture on Younges modulus as well as on failure stress 34% of its ultimate stress, no failure is observed until
and failure strain is signi“cant. A variation of the 10’ cycles. For lower values, the specimen does not fail
temperature from 20C to 135C, leads to an until 10’ cycles. Itis obvious to note that for an applied
abrupt decrease of the Younges modulus from 12.5 stress corresponding to the endurance limit value for
to 3.33GPa while failure stress decreases by 40%HO-0 sample, RO, and HO-90 composites fail after
and failure strain increases by 60%. It is important less than 500 cycles. Thus, it can be establish that the
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Figure 8. Normalized Wahler curves for HO-0, RO, and
HO-90 samples at 10 Hz.

Normalized valué/s current value/average ultimate stress valu

(s,) obtained for tests performed on RO-A-SMC.

fatigue life is strongly in"uenced by the distribution of
“ber orientation. However, Figure 8 also shows that the
fatigue life for HO-90 samples is not signi“cantly
a ected, compared to that of the RO samples. It can
be established thus that for A-SMC composite, the fati-
gue design can be e ciently optimized through “ber
orientation without critical reduction of material prop-
erties in the transverse direction.

Regarding to RO and HO samples at 10Hz, it can
be noted that Wohler curves show a bilinear form de“n-
ing two dierent zones related to the high and low
loading amplitude fatigue behavior. For RO and
HO-90 orientations high loading amplitude zone cor-
responds to fatigue life less than 1bcycles for loading
amplitude up to 0.47 S (roy, While for HO-0 samples,
this upper zone corresponds to fatigue life less than
30,000 cycles for stress values up to 0.75rgy-
Under these values,
and tend to an asymptotic evolution de“ning a limit
for which no failure is observed until 10 cycles as
described above.

Effect of frequencMormalized Waohler curves obtained

the curves start deviating perature

Figure 9. Normalized Wahler curves at different frequencies
for RO samples.

Normalized valué/ current value/average ultimate stress value

(s,) obtained for tests performed on RO-A-SMC.

(applied stress equal to 0.46 ro)) the fatigue life of
the sample loaded at 100Hz is about 40 times lower
than the samples tested at 10, 30, and 50 Hz (210°
and around 1C cycles, respectively). This ratio becomes
more signi“cant when the fatigue stress increases. It can
be concluded that independently of the loading ampli-
tudes, for values up to 50 Hz, frequency has a determin-
ant in"uence on the fatigue life. This phenomenon, in
fact, is owing to the self-heating during fatigue test
studied in the next paragraph.

ITF and MF

Depending on the loading conditions in terms of fre-
quency and amplitude, the fatigue behavior induces
self-heating. The latter in"uences the viscous behavior
of the vinylester as a function of the level of the tem-
rise with respect to material transition
temperatures.

High frequency and applied stress lead to an increase
of the self-heating phenomenon and cause an eeinduced
thermal fatigueee (ITF). For low frequency, the fatigue
behavior is mainly driven by the damage mechanisms

from fatigue tests for the frequencies of 10, 30, 50, occurring at the microscopic scale such as “ber...matrix
and 100Hz in the case of RO samples are shown ininterface debonding, micro-cracking of the matrix and
Figure 9. As it can be seen, there is small di erence pseudo-delamination between the bundles of “bers.
between the curves of 10, 30, and 50 Hz at low ampli- This kind of phenomenon is introduced as ssmechanical
tude while at high loading amplitude, increasing fre- fatigueee (MF).
quency leads to Widler curves shifted to lower These two natures of fatigue behavior are analyzed
fatigue life. and discussed in the following section on the basis of
For example, for an applied stress equal to 0.55 the temperature measurements for four loading condi-
S(roy, & variation of the frequency from 50 to 10Hz tions. Indeed, coupled e ect between loading amplitude
leads to a fatigue life six times higher (3 10° and and frequency leads to a competition between induced
1.8 10% respectively). On the other hand, it can be self-heating and damage phenomenon. In order to illus-
noted that even at a low value of the applied stress trate the coupled e ect of loading amplitude and
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Figure 10. Temperature variation at different frequencies and amplitudes for RO samples;{&@)0.55s (roy and different
frequencies, (b} max¥40.40s (ro) Ultimate stress and different frequencies, (2§00 Hz and different amplitudes and (&} 10 Hz
and different amplitudes.

frequency, one can de“ne two limit cases (a) and (d) at low applied stresses, a stabilization of the tempera-

and two intermediate cases (b) and (c): ture can be observed until speci‘c number of cycles
which highlights the e ect of heat exchange made pos-

a. High frequency and high loading amplitude sible by a lower rate of self-heating.

b. High frequency and low loading amplitude Moreover, in the range of temperature between

c. Low frequency and high loading amplitude 30 C and 45C, the curves (in Figure 10(a) to (c))

d. Low frequency and low loading amplitude show an acceleration of the induced self-heating phe-

nomenon. Indeed, this range of temperature corres-
ponds to the beginning of the modi“cation of the
physical state of the polyester matrix as it can be seen
in Figure 3. This transition, as it was shown before,
Figure 10 illustrates the variation of temperature may correspond to the beta transition of vinylester
during fatigue tests in the case of RO samples at di er- under study.
ent frequencies and loading amplitudes. As it can be
shown, no signi“cant temperature changes are noticed
until 200 cycles. For an applied stress equal to 0.55
S(ro) (Figure 10(a)) at frequency of 100Hz, the tem- The study of the self-heating phenomenon together
perature increases rapidly from room temperature to with the evolution of the relative Younges modulus is
62 C up to 2000 cycles while it remains almost constant identi“ed to be a good way to separate ITF and MF
for 10 Hz fatigue tests. phenomena. Figure 11 shows the evolution of the rela-
The same tendencies are observed concerning thdive Younges modulus together with the self-heating
applied stress: as shown in Figure 10(c) and (d) for temperature evolution during tension-tension fatigue
both frequencies, the temperature increases more rap-tests for the four limit fatigue test conditions described
idly until fracture for high applied stresses. Moreover, above: two applied maximum stresses equal to 0.55

Induced self-heating

Influence of fatigue conditions on ITF and MF
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Figure 11. Evolutions of the relative Young’s modulus ¢Ednd the self-heating phenomenon during fatigue tests¥apd Hz and
S max/40.555 ((roy), (D) 4100 Hz ands 12 ¥40.40S (roy, (C) 410 Hz ands ,%40.55s (roy and (d) #410 Hz ands ,a%0.40

S (RO)-

Srroy and 0.40s.ro) at dierent frequencies: 10Hz and damage phenomena. Indeed, for the test per-
and 100 Hz. formed at 100Hz and applied stresses equal to 0.55
In what follows, one introduces two quantities, S, roy, the temperature increases up to 6Z
noted: Pt and Pyr de“ned respectively as the rate (Figure 11(a)). This temperature corresponds to the
of sti ness reduction during the predominant ITF and end of the b-transition zone associated with the brit-

the predominant MF stages (Figure 11). The rates rep- tle-ductile transition for amorphous polymers. At this
resent the slope of the sti ness reduction curves. stage, the vinylester resin stiness strongly decreases
On the other hand, one introduces two other terms: as shown in Figure 3. For these loading conditions
S; and S, which are de“ned respectively as the “rst and (cases (a) and (b)), the polymer matrix is subjected to
second rate of temperature increase during fatigue testimportant thermally activated modi“cations of its
as illustrated in Figure 11(a) and (b). Finally, aterm T  physical state®'®
is introduced as the speci“c temperature associated with  Thus, the fatigue behavior and failure are not only
a regime change of the temperature evolution between due to the devolvement of a diuse damage at the
two stages as illustrated in Figure 11. For instance, in microscopic scale but also to the evolution of the vis-
Figure 11(a), T, is about 43 C. cous behavior of the matrix and the inherent brittle-
For low amplitude and low frequency (case (d)) ductile transition. So, for high frequency and amplitude
the RO-A-SMC exhibits a fatigue behavior mostly tests (Figure 11(a)), the fatigue behavior is driven by
governed by the MF nature due to damage phenom- both ITF and MF. Two dierent rates of stiness
enon, whereas for high amplitude and high frequency reduction can be observed. During the “rst stage, the
(case (@), the ITF is the predominant nature of the e ect of damage is less important compared to the ITF.
RO-A-SMC fatigue behavior at low cycles. In this After a transition zone around 2000 cycles, damage
case, combined e ect of high loading amplitude and becomes predominant (MF) and leads to the “nal
high frequencies generates more intensive self-heatindfailure.
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On the other hand, for the lower fatigue test condi-
tions (10Hz and applied stresses equal to 0.49roy),
see Figure 11(d)), self-heating remains very limited:
only a temperature increases of 2.% is noticed (from
25 C up to 27.5 C). The relative Younges modulus is
not signi“‘cantly aected by the self-heating. One
observes a linear sti ness reduction prior to the failure.
This sharp decrease is essentially due to the damage
evolution and the fatigue behavior is mainly driven by
the MF nature.

Analysis of the ITF and MF kinetics

One can notice that simultaneously with the tempera-
ture evolution, a sti ness reduction occurs according to
two regimes characterized by two di erent slopes. The
transition between the two regimes is clearly illustrated
in Figure 11(a) and (b). The sti ness reduction is caused
by the self-heating (softening) of the matrix and by the
damage accumulation. It should be pointed that, at the
end of some fatigue tests, a third stage can be observed
which is accompanied by a very high temperature rise
rate due to the rapid accumulation of the damage prior
to the total failure, as shown in Figure 11(b).

In Figure 12, the relative values of P, Pur, Si,
and S, evolutions have been reported and plotted as a
function of the applied stress and frequency. The rela-
tive values are de“ned as the ratio between the mea-
sured slope and the maximum value reached during
fatigue test. As it can be observed in - and S; evo-
lutions curves (Figure 12(a) and (c)) the self-heating
phenomenon is highly favored by increasing of applied
stress for both frequencies which con“rms the e ect of
high applied stress on the self-heating kinetic.
Obviously, this e ect is more intensive for a high fre-
quency. Indeed, for an applied stress equal to 0.34
Sro), the stiness reduction rate increases by less
than 10% while it increases by 100% for an applied Figure 12. (a) Rrr (b) Rur (C) , and (d) Sevolutions versus
stress equal to 0.6Gs (ro). The evolution of Pye and applied stress and frequency.

S, also con‘rms the e ect of high applied stress and
frequency on the sti ness reduction kinetic during the
predominant MF stage ((Figure 12(b) and (d)). frequencies in order to get a more suitable quantitative

On one hand, it can be noticed that, in the case of and complete analysis of the self-heating e ect coupled
low frequency fatigue, there is no in"uence of the to damage. It also provides a cross-analysis of the
applied stress on the sti ness reduction kinetic during coupled e ect of amplitude and frequency which can
the “rst stage of fatigue life (low cycles). On the other be very suitable for automotive structure design.
hand, one can observe a rate augmentation of the sti - In addition, the experimental data can enable the
ness reduction due to damage (MF during the second identi“cation of a thermo-mechanical behavior law
stage) of about 18% when increasing the applied stressdescribing fatigue damage kinetic of A-SMC compos-
from 0.34 s (ro) t0 0.60 s (ro). At the same time, the ites under various amplitudes and frequencies.
temperature rise kinetic increases by about 7%, which  Finally, it can be concluded that both fatigue behav-
con“rm the participation of the damage to the increase ior and fatigue life of A-SMC composites are strongly
of the temperature. in"uenced by a coupled e ect between loading ampli-

Furthermore, Figure 12 allows getting more compre- tude and frequency which induced thermal e ect and
hensive data for the other loading amplitudes and progressive damage occurring at the microscopic scale.
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Figure 13. Fracture surface observation performed at different loading conditions {g)¥40.55s yroy and #4100 Hz,
(0) S max¥40.40s ;(roy and #2100 Hz, (C)S max¥40.555 ((ro) and #410Hz and (d)s max¥40.40S (roy and /410 Hz.
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Fracture surface observation

Fracture surface observations have been performed in
order to emphasize the coupled e ect of loading amp-
litude and frequency at microscopic scale. Figure 13
compares the fracture surfaces obtained for the four
fatigue conditions described in ITF and MF section.
SEM analysis highlights that, compared to lower fre-
quency or applied stress, the fracture surface observed

in the case of low applied stress and frequency (0.40.

S(roy, 10Hz), bundles of “bers are pulled out from
each other simultaneously with breakage of more sur-
rounding matrix.

SEM observations and analysis on the samples
tested at 100Hz, highlight more smooth debonded

interfaces. Predominantly for the samples tested at .

S max740.55 s (roy @and 100 Hz, no surrounding matrix
is observed on the debonded “ber/matrix interfaces. In
fact, self-heating contributes to the matrix softening
and brings it in beyond the brittle/ductile transition.
Favored by high applied stress and frequency, a more
ductile behavior during fatigue loading leads “nally to a
smoother debonding of the “ber...matrix interface as it
can be observed in Figure 13(a) and (b). Furthermore,
during fatigue tests performed at 10 Hz, the self-heating
remains limited leading to a more brittle fracture of
the surrounding matrix and the related interfaces
(Figure 13(c) and (d)).

Conclusion

An overall analysis of the fatigue behavior of A-SMC
composite has been performed through the analysis of
the coupled e ect of loading amplitude and frequency.
In order to highlight the ITF, the e ect of frequency
has been studied. At the same time, the e ect of the
loading amplitude allowed emphasizing the e ect of
damage kinetic on the nature of fatigue behavior of
the A-SMC. Based on the results, the following con-
cluding remarks are drawn to summarize the experi-
mental “ndings:

Whdler curves have been established for three load-
ing directions and four frequencies. It has been
shown that the fatigue life is strongly in"uenced by
the distribution of “ber orientation. However, for
transverse highly oriented material con“guration
(HO-90 ), the fatigue life is not signi“cantly a ected
compared to that of the randomly oriented material
con“guration (RO).

It has been shown that theb-transition characteriz-
ing the brittle-ductile transition for amorphous poly-
mers and which is generally related to the mobility of
the small segments of molecular chains plays
an important role on the overall fatigue response
of A-SMC composite notably for high frequency

cyclic loading. In fact, the self-heating brings up
the material close to theb-transition zone ranging
from 35 C to 60 C. The matrix behaves as a viscous
media. The overall fatigue response exhibits an ITF
nature which a ects both sti ness reduction rate and
fatigue life. This phenomenon is ampli“ed by an
increasing of the cyclic loading amplitude and
frequency.

It has been shown that for the high values of applied
stress and frequency, the A-SMC exhibits an overall
fatigue response mainly governed by the ITF nature
during the “rst stage corresponding to low cycles.
The MF nature becomes predominant during the
second stage prior to the failure.

For low applied amplitude and frequency loading
conditions, no signi“cant self-heating phenomenon
has been observed and the overall fatigue response
and fatigue life are mostly due to damage accumu-
lation and the A-SMC exhibits predominantly a MF
nature.

Fracture surfaces observations evidenced the in"u-
ence of the ITF on the fatigue overall response.
Indeed, in the case of high values of frequency and
applied stress, the surrounding matrix close to the
“ber...matrix interface becomes ductile leading to a
smooth interface debonding. On the other hand, low
values of the frequency and applied stress lead to a
brittle behavior of the surrounding matrix close to
the interface showing a lot of matrix fragments
around the debonded “bers.

Evolution of the sti ness reduction and temperature
increase and their related rates with respect to the
number of cycle has been plotted as a function of
frequency and loading amplitude. These evolution
constitute an experimental database that can help
formulating thermo-mechanical predictive models
of the fatigue overall response.
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Abstract

This paper presents the results of an overall experimental characterization of the mechanical behavior of a
Low Density Sheet Molding Compound (LD-SMC). LD-SMC is a polyester matrix containing mineral
charge (CaCOs) reinforced by discontinuous bundles of glass fibers and Hollow Glass Microspheres
(HGM). After a description of its specific microstructure using several experimental methods (notably a
new ultrasonic method), the overall mechanical response of two microstructure configurations (Randomly
Oriented (RO) and Highly oriented (HO)) is analyzed at both macroscopic and microscopic scales in the
case of tensile and compression tests. HGMs are homogeneously distributed into the overall volume of the
material. At the microscopic scale, in-situ tensile tests inside a SEM and fracture surfaces observations
allows analyzing the specific damage mechanisms occurring during tensile and compression loading
performed in the mold flow direction (HO-0°) and perpendicularly to it (HO-90°). A strong coupled influence
of the presence of the HGM and fibers orientation has been emphasized. The results show that for HO-0°
configuration fiber-matrix debonding appears to be the predominant damage mechanism, whereas for HO-
90° configuration HGM-matrix debonding appears to be the predominant damage mechanism. High speed
tensile tests are achieved using servo-hydraulic test equipment in order to study the strain rate effects
(until 80 s™) on mechanical macroscopic responses of HO-0°, RO and HO-90° samples. Strain rate has an
obvious influence on the inelastic properties of LD-SMCs samples for all microstructures particularly on the
damage threshold.

Keywords: Hollow Glass Microspheres, Low Density SMC, damage, strain rate effect
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1. Introduction

According to the E. Commission [1], there is a trend to reduce weight in the
transportation market. For example, by 2020, automakers should reduce carbon dioxide
emission of their new cars by 30% compared to the admissible emission in 2011. On the other
hand, several industrial reports [2] claim that using hollow glass microspheres can highly
participate to the weight reduction. Moreover, the use of low weight materials can also provide
more precise molding, greater dimensional stability and improved resistance to heat distortion.
From these points of view, weight reduction has become a major issue for automotive industry
[1, 3-4].

Due to their high strength-to-weight ratio, SMC composites became a classical ideal
choice for large structural automotive components [5-6]. Sheet molding compounds (SMCs) are
fiber-reinforced thermosetting semi-finished products processed by thermo-compression. Since
the last two decades, SMC composite materials are successfully and widely used in automotive
industry [2, 7]. Consequently, a wide range of research was focused on the processing of SMC
composites (material preparation, mold filling, curing, ejection and cooling) [2, 5, and 8-9]. The
first known SMC material development date back to the 1950s, but SMC compression molding
analysis has been widely discussed only from the past decade [7, 10-13]. Standard SMC
products are manufactured in thin uncured and thickened sheets ranging from 1 to 4 mm
thickness and usually consist of discontinuous fiber bundles, a mixture of thermosetting resin
(polyester or vinylester and sometimes epoxy), fillers (calcium carbonate, alumina, etc.), and
also additives (such as initiators, inhibitors, thickeners, etc.) [10-14]. Glass fiber has been
mostly used for SMC materials reinforcement but carbon fiber SMC are recently developed
especially for fatigue applications [2].

Classically, standard SMC materials have a wide range of advantages when compared
to steel and other metal materials. For example, structural parts made from SMC can provide up
to 30% lower weight compared to the corresponding steel parts. Moreover, standard SMCs are
less expensive than metal sheets for low or middle volume productions since they need lower

tool costs. Another important advantage for these non-corroding polymer composites concerns



the more freedom design since smaller press radii can be used unlike steel and other metals.
Furthermore, SMC composites are versatile materials and their formulation can be adjusted and
tailored to meet the requirements of a diverse range of application [3-4, 6].

It is also meaningful to research Low Density SMC because of weight and cost
reduction for industrial production. Oldenbo et al [15] investigated a low density type of SMC
(Flex-SMC) for automotive exterior body panels. This flex-SMC has a density almost 20% lower
than standard SMC and provides higher impact resistance. Indeed, standard SMC and low
density SMC develop different damage mechanisms. In standard SMC, Oldenbo et al. [15]
show that damage initiation is due to debonding at the CaCOj filler particle/matrix interface and
leads to large matrix transverse cracks crossing the more miss-oriented fiber bundles. On the
other hand, Jendli et al. show that fiber-matrix interface debonding is the predominant damage
mechanism in standard SMC composites [16-17]. Comparatively, for low density SMC, damage
initiates in transverse fiber bundles and extends to macro-scale transverse cracks [15].

On the other hand, the mechanical response of fiber reinforced polymeric composite
materials varies significantly under different strain rates [18-19]. In the case of standard SMC,
Jendli et al [16] analyzed the damaged behavior of a standard SMC composite under dynamic
loading. They showed that strain rate mainly governs the damage threshold and accumulation.
They also introduced the notion of visco-damageable behavior leading to an increase of the
ultimate strain and stress and owing to local effect of the strain rate at the fiber-matrix interface
[16], [17]. More recently, the visco-damage effect has been also demonstrated in the case of
new vinylester based Advanced SMC composite presenting high fiber volume content [20-21]. It
has been shown that increasing strain rate leads to a fiber-matrix damage threshold delay and
lower damage accumulation kinetic. Moreover, these studies highlight that higher fiber content
is causing a more intensive pseudo-delamination phenomenon between bundles which appears
to be enhanced by more oriented fibers in the tensile direction and by higher strain rate.

On the other hand, despite the great interest of using LD-SMCs to develop lighter
vehicles, only few authors have studied the relations between microstructure and mechanical
and damage behavior for this class of material. In particular, an investigation of the strain rate

effect until 80 s™ on the mechanical response and damage of these materials is missing in the



literature (as well as it is known by the authors). This result is of first importance for
crashworthiness optimization in the automotive industry.

In the present work, an experimental study is carried-out in order to widely investigate
the mechanical behavior of a Low Density SMC provided by Plastic Omnium Auto Exterior.
Special issues of this work concern strain rate and multi-scale damage effects on the overall
behaviors of this material. Two kinds of LD-SMC specimen microstructures were prepared for
physical, damage and mechanical characterizations: Randomly Oriented fibers (RO) and Highly
Oriented fibers (HO). In the case of HO samples, two tensile directions were chosen in order to
evaluate the anisotropic effect due to microstructure: HO-0° (parallel to the Mold Flow Direction
(MFD)) and HO-90° (perpendicular to the MFD). After physical and microstructure
characterization, quasi-static tensile and compression tests have been performed for RO,
HO-90° and HO-0° specimens. Moreover, a multi-scale damage analysis has been performed
in order to emphasize the effect of the presence of hollow glass microspheres. Strain rate effect
has been investigated by performing high-speed tensile tests up to 80 s™.

The main structure of this paper is as follows: firstly, density and microstructure of
LD-SMC was pointed out. Special attention was given to the comparing analysis of quasi-static
compression and tensile tests. Besides, in-situ tensile tests performed inside a Scanning
Electron Microscope and fracture surface analysis have been performed in order to emphasize
the effect of microstructure and loading direction on the main damage and failure micro-
mechanisms. An experimental study of the strain rate effect (from quasi-static to 80 s™) on the
overall tensile response of LD-SMC is presented at the end of the paper. Finally, a multi-scale
analysis of the damage effect for various microstructures, loading types and loading speeds is
proposed in order to highlight the influence of the local damage mechanisms on the overall

response of LD-SMCs.



2. Material description and methods

2.1. Low Density Sheet Molding Compound (LD-SMC) composite

Low Density Sheet Molding Compound (LD-SMC) composite is a type of SMC
reinforced with chopped glass fibers bundles (25 mm length) and hollow glass spheres. This
pigmented SMC composite presents high mechanical properties and a good surface aspect.
LD-SMC compression molding is a complicated process. In the manufacturing process, raw
materials on rolls should be cut to certain size and put into the mold under high temperature
between 145°C and 155°C and pressure between 80 and 120 bars. These conditions lead to
decreasing of the viscosity of the materials and allow fulfilling the whole cavity of the mold. Then
the materials stay in position with no reticulation for a short duration. The next step of the
process consists of a reticulation time of the thermoset material that is the consolidation phase.

The composition of the studied LD-SMC is presented in Table 1. Two types of LD-SMC
plates have been provided by Plastic Omnium Auto Exterior: Randomly Oriented (RO) and
Highly Oriented (HO) plates. HO plates have been obtained by an initial charge put only in the
left part of a rectangular mold (30 x 40 cm?) before compression leading to material flow. RO

plates were obtained without material flow by completely filling the mold.

Product nature (conterioinmrr:loassi,gopnercent)
Glass fibers 30 %
Hollow glass spheres 22 %
Polyester resin 12 %
Filler 32%
Other products 4%

Table 1. LD-SMC composition



2.2. Microstructure characterization methods

2.2.1. Microscopic observations

Microscopic observations and image analysis, using Scanning Electronic Microscope
(HITACHI 4800 SEM), have been performed in order to qualitatively investigate the material
microstructure and especially fibers orientation.

2.2.2. X-ray micro -tomography

X-ray tomography allowed a three-dimensional visualization of LD-SMC. EasyTom nano
setup, which comprises an X-Ray source, a rotating table and an X-ray detector, was used. The
studied sample (1 x 1 x 3 cm3) was placed between the X-ray beam and the camera detector.

The principle of operation of the microstructure analysis by X-ray micro-tomography is

widely described in [22].

Fig. 1. Experimental setup of X-Ray micro-tomography (EasyTom nano)

2.2.3. Ultrasonic measurement

Ultrasonic waves have been recently used to characterize the orientation distribution of
the fibers in an SMC composite [23]. In this paper, an original and simple ultrasonic
measurement procedure is proposed in order to highlight the orientation distribution of the fiber
bundles. The ultrasonic measurements were performed in immersion. The ultrasonic apparatus
is composed of two probes, one transmitting (E) and other one receiving (R), separated by a
known and constant distance d. The diameter of the probe is of 10mm. The sample is placed
between the two probes with an angle of about 45° versus the incident ultrasonic wave in order

to create a shear wave which propagates inside the material in a direction determined by the



Snell-Descarte law [24]. Consequently, the material is submitted to an ultrasonic shear stress in
the plane defined by the incident wave (OL in Fig. 2) and the vector normal to the plane of the
specimen ( En figure 2). In Figure 2, one can consider two limit cases:

a) Longitudinal orientation of the fibers,

b) Transverse orientation of the fibers.

In the case (a), the fibers are contained in the ultrasonic shear stress plane. This
configuration corresponds to the maximum section of fiber submitted to the shear stress.
Consequently, for longitudinally oriented fiber, the measured value of shear wave velocity, Vr,
will be maximal. On the other hand, in the case of transversely oriented fibers (case (b)), fiber

sheared section is reduced and leads to a minimal value of the shear wave velocity.

Fig. 2. Two limit cases fiber direction: (a) High Vor and (b) Low Vor

Thus, by rotating the sample around the axis Xrom 0° to 360°, the value of V; varies as
a function of the orientation distribution of the fibers. Fig. 3 shows an example of variation for a
SMC specimen with strongly oriented in the 0° direction. Thus, maximum Vo1 values are found

to be 0°, 180° and 360°.

Fig. 3. Evolution of the shear wave velocity for a SMC composite with oriented fibers



For this sample, all the bundles of fibers are globally parallel to the plane of the SMC
plate. Consequently, the V1 curve appears to be symmetric. On the contrary, in the case of an
out of plane fiber orientation, the evolution of Vor will be non symmetric. Indeed, out of plane
oriented fibers are not in the same relative orientation versus the shear stress plane after a
rotation of 180° for example as illustrated in Fig. 4.

Ultrasonic measurements are a good and easy way to obtain a direct image of the
distribution of orientation through the evolution of the shear wave velocity. This ultrasonic
analysis was performed upon a volume that the surface was 60 x 60 mm? with thickness of 2.9

mm for both RO and HO samples.

Fig. 4. (a) Effect of the sample rotation around «€on the relative orientation on out of plane fibers
relative orientation, (b) Example of non symmetric curves obtained for out of plane fibers

orientation, SMC sample.

2.3. Mechanical characterization methods

2.3.1. Strain measurement

For all types of tests, a contactless image analysis technique using a camera (high
speed camera [20-21] or classical camera) allows strain measurement by following the relative
displacement of two marked points drawn on the surface of the specimen before testing.

2.3.2. Quasi-static tension behavior and stiffness reduction

Moreover, tensile tests until failure and loading-unloading tests at different increasing

applied maximum stresses have been performed on MTS 830 hydraulic machine, in order to



estimate tensile behavior and the macroscopic stiffness reduction during tension respectively.
The specimen geometry used for quasi-static tensile test is the same as the optimized one for
dynamic tensile tests (see section 2.3.5). The loading speed was 2 mm/min.

2.3.3 Quasi-static compression tests

Compression tests were achieved with the Instron 5881 testing machine with a loading
cell of 50 kN, according to the standard NF ISO 6239. The loading speed was 2 mm/min. The
LD-SMC specimen is positioned between two jaws as sketched in Fig. 5(a) and used

VSHFLPHQ W i3 BiewnHnVFig. 5(b).

Fig. 5. (a) Experimental setup of compression test and (b)) XVHG VSHFLPHQTV JHRPHWU

2.3.4. Damage analysis using an in -situ tensile test device

In situ observations were performed by subjecting the specimens into a quasi-static
tension load (0.5 mm/min) using a tensile micro-machine (Fig. 6), with a span length of 25 mm,
positioned inside a large SEM chamber (HITACHI 4800 SEM). To reduce the relaxation effect in
the material, the observation time while maintaining the load was limited to 3 minutes. The

observation area corresponded to a polished thickness surface of the composite.



Fig. 6. The micro-machine tensile testing device

2.3.5. High -speed tensile tests

Using a servo-hydraulic test machine (Schenk Hydropuls VHS 5020) which is able to
apply a crosshead speed range from quasi-static to 20 m/s, high strain rate tensile tests have
been performed. An optimized damping joint consisting of a low impedance material - rubber
nitrile (1.5 mm thickness) is placed between the slide and the hydraulic jack in order to
attenuate partially the perturbation due to mechanical waves caused by inertial effects and the
dynamic shock and also to limit the system ringing related to the hanging mass of the upper
fixing system [16-17, 20-21].

JXUWKHUPRUH LQ RUGHU WR UHGXFH WKH SoptinWeibhEDWLRQ ZD)
procedure used in the previous works [16-17, 20-21] was followed. Therefore, the LD-SMC
specimen geometry has been optimized as a result of numerical computations using ABAQUS
finite element (FE) code (Fig. 7) in order to reach a homogeneous strain distribution and a
rapidly stabilized strain rate within the specimen gauge section at the beginning of the loading
stage. Finally the same specimen geometry used in a previous work [20-21] (6 mm radius
specimen) appears to be well adapted also for LD-SMC. It can be observed in the consecutive
stress profiles that the shock wave vanishes very quickly and the stress distribution becomes
rapidly relatively homogeneous (Fig. 8). Experimental strain evolutions confirm the efficiency of

the chosen experimental conditions (see Fig. 9).

10



Fig. 7. FE computations optimizing the dumbbell-shaped specimen geometry parameters

Fig. 8. Spatio-temporal profile of tensile stress calculated along the central line of the LD-SMC

specimen. Loading conditions: imposed velocity V = 4 m/s

Fig. 9. Experimental strain evolutions at different high strain rates (7.4 s* and 81.3 s™)
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3. Results and discussion

3.1. Specific density

Hollow glass spheres allow reducing the density of sheet molding compound to ~1.3
g/cm3 compared to the conventional SMC of 1.85 g/cm3 (i.e. a 30 percent reduction), while
maintaining surface quality and mechanical performance. This combination allows the
production of lighter parts [15].
3.2. Microstructure analysis

3.2.1. SEM observation

Fig. 10 shows clearly the orientation and distribution of fibers after cutting the plates in
different directions (parallel or perpendicular to the Mold Flow Direction). One can note that
there are two main differences in the following figures. According to the elliptic forms of the
fibers appearing at the observation surface, HO sample show more fibers oriented in the Mold
Flow Direction (MFD) compared with randomly-oriented distribution of fibers (RO) [20].

One can note in Fig. 11 that the presence of hollow glass spheres generates out of
plane glass fiber orientation during the flowing process. Thus, HO samples show more out of
plane oriented bundles which is the inconvenience of using hollow glass spheres compare to

standard SMCs which show more regular in-plane orientation.

LD-SMC Parallel to MFD view Perpendicular to MFD view

RO

HO

Fig. 10. Microstructure of LD-SMC: Bundle of fibers and hollow glass spheres.
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Fig. 11. Out of plane orientation of fiber bundles generated by the presence of

hollow glass spheres (HO sample)

3.2.2. Microtomography X analysis

Fig. 12 exhibits the microstructures of LD-SMC RO and HO specimens of using X-ray

micro-tomography. Actually, because of the difference of density between the constitutive

phases of the composite, the later can be separated as it is shown in this figure. The global 3D

spatial distribution of each phase can be analyzed qualitatively.

LD-SMC

Matrix

Glass Fiber

Blank + HGMs

RO

HO

Fig. 12. Micro-tomography results
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One can notice that, for both HO and RO samples, the HGMs are homogeneously distributed
over the whole volume of the composite. However, HGM content seems to decrease at the

surfaces of the plate.

3.2.3. Ultrasonic analysis

Ultrasonic analysis obtained by the methodology introduced in paragraph 2.2.3 leads to
typical results shown in Fig. 13. The evolutions of the shear wave velocity for HO SMC
specimen (Fig. 13(a) and (b)) emphasize clearly fibers orientation in the mold flow direction (0°)
since Fig. 13(c) shows a typical result obtained for a RO sample corresponding to a clearly

transversely isotropic SMC microstructure.

HO

RO

Fig. 13. Ultrasonic results; (a, b) HO plate and (c) RO plate

The majority of samples (more than 80%) of this plate present a main fibers orientation
of 0° £ 30°, 0° corresponding to the mold flow direction during process. As mentioned above,
the presence of hollow glass spheres forces out of plane glass fibers orientation and as a result

the polar curves are not always symmetric (Fig. 13(b)). For randomly oriented plates (Fig.

14



13(c)), it can be observed that the polar diagrams of velocity are almost circular; which means
that there are virtually no preferred direction reinforcements. As a whole, the plate appears
rather as an isotropic material.

The propagation velocity of the ultrasonic waves is connected to microstructure and

mechanical properties of the material. Coefficient K (%), acoustical birefringence, is defined as:

. z z o
;| ZKPewiZKPe dggpy (Eq. 1)
ZKkPWIhWI]]

Where Vor is the velocity of the shear waves for a given relative orientation Tof the composite
(see Fig. 4). This coefficient characterizes orientation intensity and allows comparing different
type of distribution of fibers orientation. Thus, a high value of acoustical birefringence coefficient
K “indicates a main direction of fibers.

Another issue of the ultrasonic measurements is the analysis of the spatial distribution
of the fibers. Indeed, high values of density and tensile and shear waves velocities indicate the
presence of a high quantity of fibers at the measurement location. The average values of K, Vor

and Vo, for the 24 samples of two different RO plates and two different HO plates are presented

in table 2.
Parameter RO samples HO samples
K (%) 3.3 11
1 J PP 1430 1460
Vor (M/s) 1420 1570
VoL (m/s) 2100 2700

Table 2. The average values of K, Vor and Vg, after ultrasonic measurement

3.3. Quasi-static mechanical behavior

3.3.1. Overall t ension and compression  behavior

Tension and compression tests results are superposed in Fig. 14 for both
configurations. Five similar tests have been performed for each configuration. The
representative curves are presented in a normalized form relative to the tensile RO curve taken
as a reference. For both configurations, no significant difference is observed on the linear part

of the curves between tension and compression leading to similar <RXQJYV P.RGXOXV
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Fig. 14. Tension and compression stress strain curves ; (a) RO, (b) HO-90° and (c) HO-0°
(Normalized value = current value / average value obtained for quasi-static tests performed on
RO-LD-SMC).

In these curves, the strong effect of the fiber orientation discussed in section 3.2 is
clearly emphasized in terms of modulus and inelastic behavior until failure. One can note that
ERWK RI WHQVLRQ DQG FRPSUHVVLRQ WHVWY |IRU HDFK NLQG RI
modulus in the firstly linear period. Moreover, except for the RO samples, tension and
compression behavior appears to be similar until failure. On the other hand, compression curve
of RO configuration presents a longer linear elastic stage followed by a plateau which will be
discussed after.

Another specific behavior can be observed in the HO-90° curves. After a maximum
value of 0.45 ILro) the stress progressively decreases until a very low stress level near to

0,1 Loy This phenomenon has been observed for about 25% of the tested specimens and will
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be discussed in section 3.4. The other specimens have been broken for the maximum stress
(0.45 L ro)) as itis illustrated in Figure 14 (b).

3.3.2. Effect of fiber orientation

Fig. 15(a) shows a comparison between the quasi static tensile tests results obtained on
on HO-0°, RO and HO-90° samples at room temperature. Note that in the case of HO-90° the
curve has been stopped just before the stress decreases described in the previous section. As it
FDQ EH VHHQ WKH YDOXH RI <RBRXQabhHu 12 EBaXvihixh/is Righer2than
those of RO (10 GPa) and HO-90° (9 GPa) samples. The failure stress also highly depends on
the fibers orientation. One can note that failure stress of HO-0° is about four times higher than
that of HO-90° samples.

In order to emphasize the damage development effect, threshold and kinetic of damage
can be characterized by the evolution of the well-known scalar damage parameter [25-26] which
is defined as:

Dmacro =1- Ep/Eg (Eq. 2)
Where Eqand Epare WKH <RXQJTV P R G X Cakd/darraghdknthterial tb3petively. The
UHVLG XD OmoedukaltBntlamage, Ep, is measured by a 3dading- X Q O R Dpisdc€idre in
which reached the value of stress increases at each reloading stage. Then, the evolution of the
macroscopic damage parameter can be measured and plotted against the stress level for the
three kinds of specimen: HO-0°, RO, HO-90° in accordance to their quasi-static tensile curves
[21] (Fig. 15(b)).

One can note that HO-0° has the lowest damage parameter evolution. For example, in

the case of HO-0° samples, macroscopic damage begins at a stress level of

dro), significantly higher than those of HO-90° and RO samples (corresponding to

dro) ko), respectively). Moreover, HO-0° damage parameter only grows up until
0.11 for a sharply increasing stress up WR (royLWhile this value for HO-90° strongly
increases up to 0.22 for a corresponding stress slightly near W R (royl. Moreover, one can
note that damage threshold and kinetic are directly correlated to orientation: Increasing fiber
orientation in the load direction leads to higher damage threshold and lower kinetic of damage

propagation.
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Fig. 15. (a) Quasi-static tensile curves and (b) Macroscopic damage evolution versus
normalized applied stress for RO, HO-90° and HO-0° samples (Normalized stress = current

value / average value obtained for quasi-static tests performed on RO-LD-SMC)

3.4. Damage mechanism analysis

In section 3.3, the overall mechanical behavior of the LD-SMC in this study has been
analyzed at the macroscopic scale. Specific effects have been emphasized. In this section, a
damage analysis is performed at the microscopic scale in the case of tensile and compression
tests. Microscopic observations are correlated to macroscopic behavior described above in
order to determine the specific role played by the presence of HGMs in damage development.

3.4.1. Tensile tests

- In situ SEM tensile tests :

In-situ quasi-static tensile tests have been performed inside the chamber of a SEM as
described in section 2.3.4 in order to observe the evolution of damage development at the
microstructure scale. HO microstructure has been investigated for two tensile directions:
HO-90° and HO-0°. The same representative observation zone was microscopically analyzed at
consecutive increasing values of applied stress level: about 3 x 5 mm®. Preliminary tests
showed that this investigation zone is large enough to be qualitatively representative of the
damage mechanisms occurring during the tensile loading. Thus, the local investigation
presented here can be assumed to be qualitatively representative of the damage accumulation

during LD-SMC tensile loading.
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Fig. 16. Experimental in-situ quasi-static tensile tests coupled to microstructure observations for

HO-90° and HO-0° samples

In the case of HO-90° samples (see Fig. 16), the first observed damage phenomenon
appears together with the first non-linearity of the tensile curve and corresponds to failure or
debonding of the HGMs occurring in the fiber depleted zones. This leads to the propagation of
micro-cracks perpendicularly to the tensile direction. For a higher value of applied stress, this
damage mechanism is spreading through the whole observation zone in a diffuse manner on
several HGMs locations. At the same time, the early existing micro-cracks continue growing. By
increasing applied stress, fiber-matrix interface failure begins appearing on different bundle
locations, especially on the more disoriented fibers versus the loading direction. Furthermore,
one can observe coalescence of the two types of micro-cracks which grow simultaneously at
higher applied stress values. Finally, when reaching the maximum stress, local shear
deformation around the bundles leads to the pseudo-delamination of the bundles near to failure.

The failure stage described above concerns about 75% of the tested specimens for
which failure occurs at the maximum stress. However, as mentioned above, for an amount of
25% of HO-90° specimens, the stress value decreases gradually from the maximum stress until
a lower stress level near to zero. In order to investigate this phenomenon, some tests have
been interrupted during the decreasing stage in order to observe the evolution of the
microstructure. Fig. 17 shows clearly a progressive propagation of transverse micro-cracks
caused by debonding of HGMs followed by propagation through the polyester matrix. Hence,

when most fibers are oriented at 90° versus the loading direction, matrix is submitted to high
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stress values in such a way that the diffuse development of this kind of micro-cracks is favored.
Moreover, these micro-cracks can easily propagate through 90° oriented bundles (Fig 17b) and
can be sometimes deviated or hindered by the presence of a fibers bundle less disoriented.
Consequently, for an appropriate distribution of fiber orientation (HO-90°), a progressive
unbuttoning “phenomenon of the HGMs coupled to fiber-matrix interface debonding leads to a
wide networks of transverse micro-fractures of the matrix and is accompanied by an overall
progressive increase of the strain together with a decrease of the stress as in Fig.14(b). Note
that this phenomenon does not occur for microstructures presenting more dispersed
distributions of fibers orientations for which the presence of more oriented bundles participates
to a more equilibrated local stress distribution between the different phases (matrix and
reinforcements). One can also notify that the stress decrease is less frequent in the case of
compression tests (only 5% of the HO-90° tested specimen). Indeed, transverse micro-cracking
diffusion is not favored by compression loading.

Finally, we must also indicate that this phenomenon has never been observed for high
strain rate tensile tests described in section 3.5. Indeed, the HGMs 3 X Q E X W \pHRea@meEndN
described above corresponds to a stable propagation on the micro-cracks which is more difficult

to obtain at high strain rates.

Fig. 17. Matrix microcracking from HO-90° tensile test interrupted during the gradual stress
decrease (see Fig.14.b): a) SURJUHVVLYH 3XQEXWW-R@arxQniérfdoas, B)VEasy
propagation through 90° oriented bundle, c¢) Deviation of matrix micro-cracks by more

disoriented bundles

On the other hand, damage development observed during a tensile test performed on

HO-0° samples is similar to that observed in standard SMC [16-17]. For this configuration,
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damage is mostly governed by debonding of fiber-matrix interfaces which still appears at less
than 30% of the failure stress in a diffuse manner and preferentially in the more disoriented
fibers. Indeed, as a result of the 0° predominant fiber orientation, the load is distributed more
homogeneously between bundles and matrix. Thus, apart from fiber-matrix interface failure
described above, no other significant damage mechanism has been noticed until 1.60 1re) (just
before failure) for which value of matrix breakage appears in the predominant matrix areas.
These observations showed that no evident correlation between matrix failure and HGM

presence has been pointed out.

- Fracture surface observations:

Post-mortem SEM observations of fracture surfaces have also been used to investigate
the role played by HGMs in the final stage of failure (Fig. 18). It can be emphasized that, for all
studied fiber direction configurations, HGMs presence is involved in the final failure. Indeed,
SEM micrographs highlight both debonding and breakage of the HGMs which always appears
in the fracture surfaces together with debonded fiber-matrix interfaces (a, b, d and e). Micro-
cracks propagation into the matrix between fibers and fiber bundles and HGMs always
precedes final failure (c and f). Moreover, observation of the HO-0° fracture surfaces showed
that the presence of HGMs around the more disoriented bundles of fibers promotes the failure
process in these areas (d). On the other hand, when they are located around 0° oriented fibers,
failure process brings about matrix failure through HGMs interface failure which fosters pull-out
of the neighboring bundles of fibers (c). All these observations are in good accordance with the
in-situ tensile test results, shown in Fig. 16.

This microstructural damage analysis leads to the general conclusion that damage
development and failure during tensile tests performed on LD-SMC is strongly dependent of the

interaction between fiber orientation and HGMs presence.
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Fig. 18. SEM micrograph of failure surface after quasi-static tensile test

3.4.2. Compression tests

a) Macroscopic observation:  One can notice in Fig. 14(a), that in the case of RO
samples, damage threshold under compression is more than two times higher than in the case
of tensile loading. However, especially for this configuration, the stress-strain curve exhibits a
plateau stage which is related to a delamination phenomenon shown in Fig. 19 at macroscopic

scale. On the other hand, one can note that compression tests performed on HO-0° samples
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lead to wide pseudo-delamination between fiber bundles while HO-90° breakage remains much

localized without significant delamination.

Fig. 19. Macroscopic observation of failure surface after compression test

b) Fracture surface observations : Microscopic observation of RO sample after
compression test (Fig. 20) confirms that a macroscopic delamination occurs consecutively to
debonding at the hollow glass spheres-matrix interfaces. This appears clearly to be the
predominant failure mechanism which is probably due to a higher content of HGM between two
LD-SMC sheets during elaboration.

However, this phenomenon is not observed for HO microstructure. Indeed, in the case
of HO-0° and HO-90°, compression load is distributed more homogeneously between fiber
bundles and matrix. Then, after each damage event, local stresses are redistributed in other
locations. Consequently, damage mechanisms propagate in a diffuse manner similarly to those

observed under tensile loading.

Fig. 20. Microscopic observation of failure surface after compression test of RO sample

3.5. Effects of strain -rate and microstructure on the overall tensile response

LD-SMC automotive structures are frequently submitted to crash events. Thus, in order

to complete the overall characterization of LD-SMC mechanical behavior proposed in this
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paper, a study of the strain rate effect is needed. Following the procedure described in section
2.3.5, stress-strain ( 1- ( tensile tests curves are plotted for increasing strain rates up to 80 st

for RO and HO samples. Typical curves are shown in Fig. 21. One can clearly note that the

overall behaviors of LD-SMCs is highly load-rate dependent. However, although there are some

slight fluctuations due to microstructure dispersion, QR VLJQLILFDQW HYROXWLRQ RI W
modulus is observed (Fig. 22). The elastic behavior can be considered to be insensitive to strain

rate in the studied strain rate range. Then, independently one can consider that average values

of Young { vhoduli are 10, 9 and 12 GPa for RO, HO-90° and HO-0° samples, respectively,

independently of the strain rate.

Moreover, the evolution of other mechanical characteristics versus strain rate has been
estimated. Namely, stress and strain damage thresholds  Iheshoids Breshod) @nd stress and strain
ultimate values  Liimate, Brtimate)-

Strain rate effect on LD-SMC brings about a strong damage onset delay. In fact,
damage thresholds (Fig. 23(a) and (b)) strongly increase with strain rate for the three kinds of
samples. For example, one can note an increase of threshold stress average values from QS to
80 st of 120%, 130% and 114% for HO-0°, RO and HO-90° samples respectively.
Comparatively, failure characteristics are less influenced by strain rate for which moderate
increase of ultimate stress average values are observed: 33%, 58% and 55% respectively. On
the other hand, observations of fracture surfaces of specimens broken at high loading rate did
not reveal significant differences compared to those broken at low or quasi-static rates. Indeed,
when increasing strain rate, damage mechanisms initiation and propagation such as debonding
at the fiber-matrix or HGM-matrix interfaces might be delayed. A general conclusion of this part
of the study is that, similar to SMCs [16-17] and A-SMCs [20-21], high strain rate effect on LD-
SMCs brings about the viscous nature of the damage at the local scale and leads to an

apparent visco-damageable behavior at the macroscopic scale.
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Fig. 21. Experimental high strain rate tensile curves: (a) RO, (b) HO-90° and (c) HO-0°
(Normalized value = current value / average value obtained for quasi-static tests performed on

RO-LD-SMC)

Fig. 22. (YROXWLRQ RI WKH <RXQJTV PRGXOXV YV VWUDLQ L
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Fig. 23. Influence of strain rate: (a) Normalized threshold strain, (b) Normalized threshold
stress, (c) Normalized ultimate strain and (d) Normalized ultimate stress (Normalized value =

current value / average value obtained for quasi-static tests performed on RO-LD-SMC)

4. Conclusion

A multi-scale experimental analysis of the influence of HGMs in LD-SMC microstructure
has been performed. A general conclusion to be drawn from this work is that the introduction of
HGM strongly influences damage development and failure of LD-SMC. Three microstructure
configurations of LD-SMCs (RO, HO-90° and HO-0°) were prepared and submitted to tension
and compression loading. In order to emphasize the coupled effect of HGMs presence and fiber
orientation distribution, damage mechanisms development has been investigated at the
microscopic scale. Finally, an evaluation of the strain rate effect concludes this study.

The main conclusions of this work may be specified in various areas as follows:
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x HGMs are homogeneously distributed into the overall volume of the material. They are
mainly localized around the glass fiber bundles and in the fiber depleted zones.

x  Fiber orientation distribution strongly influences the mechanical response of LD-SMC.

x No significant asymmetry has been observed between tensile and compression curves
for HO configuration, although compression damage threshold is deleted during
compression loading of RO specimens.

x Despite some scattering due to microstructure variations, the elastic modulus is
insensitive to strain rate. Strain rate has an obvious influence on the inelastic properties
of LD-SMCs samples for all microstructures particularly on the damage threshold (first
non-linearity).

X When the fibers are mostly oriented in the loading direction (HO-0° configuration) fiber-
matrix debonding appears to be the predominant damage mechanism, when the fibers
are mostly oriented perpendicularly to the loading direction
(HO-90° configuration), HGM-matrix debonding appears to be the predominant damage
mechanism.

x Final failure is always affected by the presence of the HGMs more or less coupled to
the fiber-matrix interface debonding depending on the fiber orientation distribution: the
more the fibers are oriented perpendicularly to the loading direction, the more HGM
debonding drives the final failure.

X Concentration of HGMs between two SMC sheets after processing leads to a
macroscopic delamination in compression,

X One may conclude that there is a coupled effect of the viscous nature of HGMs-matrix
and fiber-matrix interfaces which leads to a strong influence of the strain rate on the

macroscopic behavior of LD-SMCs.
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Abstract

The paper aims at investigating the effect of an initial pre-damage induced by fatigue loading on
the tensile dynamic behavior of Advanced Sheet Molding Compounds (A-SMC). Tension-
tension fatigue preloading at a frequency of 30Hz is performed at different applied stress levels
prior to subject the A-SMC specimens to tensile tests at different strain rates, namely 10° s
(quasi-static), 1 s* and 60 s™. The developed experimental approach provided important
experimental findings in terms of residual behavior and damage accumulation in relation with
the applied pre-fatigue loading conditions. Indeed, it has been shown that the overall quasi-
static and the dynamic responses are strongly affected by the level of fatigue number of cycles
reached prior applying the high strain loading. The effect of the fatigue pre-damage is found
also strongly strain-rate dependent. Experimental results showed that the damage threshold in
terms of stress and strain increased with strain rate. However, for a given strain-rate the
damage stress threshold depends on the number of cycles applied during the fatigue
preloading.

Keywords: Fatigue, Pre-damage, Dynamic, Residual behavior

1. Introduction

In order to protect automobile passengers from injury during a crash, car crash
experiments should be performed to simulate the actual accident [1-5]. To obey this matter an
optimum combination of body structure with material and also an exact evaluation of fatigue

behavior and crash response of materials is highly required [4-5]. Moreover, one can note that
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the equipment are not always undamaged materials. In fact, in many applications specially
automotive industry, materials are subjected to vibration or oscillation forces [6-8]. Fatigue test
can be thought of as simply applying cyclic loading to sample to recognize how it will perform
under similar conditions in real usage [6-9]. Thus, for a precise predict of crash events, the
study on the behavior of the pre-damage material by fatigue tests under high strain rate loading
is appreciated.

An understanding of fatigue behavior is important for any material that experiences
repeated loading during service. Fatigue response of composites is usually characterized by an
S-N curve, also known as a Wohler curve [5, 6]. It can be presented as a curve giving the value
of cyclic VWUHVV D P §0\ev8us @l nuinber of cycles to failure, N. Fiber orientations,
applied stresses, temperature, frequency and self-heating effects are main parameters to
reliably estimate the cyclic behavior of the materials [10-12]. Wang and Chim [7] have indicated
that augmentation of the fatigue stress, 1..x leads to a stiffness reduction rate and shorter
fatigue life. The undamaged material constitution is defined in terms of the material elastic
modulus, mass density and yield stress.

The classical approach to characterize the crash events is by using high strain rate
tensile tests. Mechanical response of materials is sensitive to the rate at which they are loaded.
[13-18]. Therefore, for the effective use of materials, their response under various strain rates
should be clearly understood.

The question asked in this paper can be formulated as follows: What is the effect of
fatigue stress on the residual dynamic behavior of A-SMC material? Answering this question
requires defining the scale of the analysis to be proposed. Indeed, one can be interested in this
coupling at different scales: macroscopic, microscopic or even nanometric scales. From the
macroscopic point of view, we must consider the evolution of the post-fatigue dynamic
response, which would allow us to equip ourselves with more representative behavioral laws for
the crash dimensioning of real automotive structures. Indeed, the automotive structures are
hitherto always dimensioned on the basis of mechanical characterizations made on materials
which have not undergone any stress. However, most automobile structures are subjected to

stresses of fatigue type before they undergo a crash. On a finer scale - local phenomena of



deformation and damage are at the origin of the macroscopic responses. Is there at these scale
specific phenomena developed during fatigue which would modify the expected response under
rapid solicitation which follows? For example, in the case of thermoplastic matrix composite
materials, it has been shown that repeated stresses may produce a progressive accumulation of
plastic deformation and / or specific damage phenomena at the interfaces / interphase fiber-
matrix. Finally, on an even finer scale, one can also ask the question of the effect of
modifications of the macromolecular architecture in fatigue test.

One can note that the mechanical behavior during subsequent loading appears to be
only slightly affected by the type of initial loading mode. Two sequences of tension/fatigue and
fatigue/tension tests were performed on copper poly-crystal sheet by Jia et al [19]. The strain
rate for the tension tests was in the domain of quasi-static tensile tests, while the fatigue tests
were performed under constant plastic strain amplitude control. In the case of fatigue/tension, it
was found that fatigue stage had significant influences on the subsequent yield and flow
behavior in tension. For tension/fatigue, the strain amount of preloading in quasi-static tensile
test clearly affected the initial cyclic loading, while it had almost no effect on the saturation
stress of following fatigue test.

An impact fatigue study on 35% jute/vinyl-ester composites [20] showed that, the defect
concentration played an important role in the fatigue behavior of the composites under impact
loading.

Epaarachchi [21] investigated the effects of static-fatigue interaction on tension-tension
fatigue life of glass fiber reinforced plastic (GFRP) composites. Static-fatigue interaction results
showed a considerable effect on fatigue behavior of GFRP composites at intermediate and
lower applied stress levels possibly due to a longer exposure to applied loads.

What is the impact of these different types of evolution on the residual behavior under
rapid solicitation? It is clear that this theme could be the subject of several years of research. In
this work, we will only propose a comparison of the post-fatigue dynamic properties with that of
the same virgin material. As mentioned above, this comparison is necessary in order to ensure

a realistic dimensioning.



SMCs and A-SMCs are high strength glass reinforced thermoset molding materials
processed by thermo-compression [22-23], which are ideal for large structural automotive
components because of their high strength-to-weight ratio [13]. Vinyl-esters resins used for new
Advanced SMCs (A-SMC) exhibit many desirable features, including mechanical properties
comparable to those of epoxy. It was reported that fiber-matrix interface debonding, matrix
micro cracking, fiber pull-out and breakage, delamination and pseudo-delamination were some
of the main damage mechanisms observed under fatigue tests for SMC composites. Tensile
curves obtained for A-SMC samples showed clearly that the overall behavior is highly load-rate

dependent. Indeed, under rapid tensile load, A-SMC composites exhibit typically a non-linear

UHVSRQVH OHDVXULQJ <RXQJTV PRGXOXV DQG PDWHULDO PHFKDC

damage thresholds corresponding to the first non- O L Q H DildduoMV \iReshoid) @and ultimate stress
DQG VWHRdL QRndk) as a function of strain rate have been developed for glass fiber
reinforced composites, specially A-SMC composites [13-18].

So far no sequential loading study, which is highly related to technical applications, has
been performed on SMC composites with fatigue as one of the loading modes and high strain
rate as the second loading mode. This test is very remarkable to determine the mechanical
characterization of the Advanced SMC (A-SMC).

Randomly Oriented A-SMC (RO-A-SMC) plates have been provided by Plastic Omnium
Auto Exterior. In this paper, an experimental procedure is carried-out to investigate the effect of
strain rate on the overall behavior of pre-damage RO-A-SMC under fatigue tests. In the coupled
loading of fatigue crash, the fatigue procedures with quasi-static and high loading amplitudes
perform until defined cycles before failure of samples at the frequency of 30Hz. One can note
that, this value of frequency is equal to vehicle vibration while using. After fatigue stage,
damaged composite is subjected to quasi-static and high strain rate tensile test to simulate
crash events.

After a microstructure presentation of A-SMC composite, the fatigue procedures in
certain amplitudes and until defined cycles without failure of samples were presented in the
preliminary characterization. All cyclic tests were performed at the frequency equal to 30Hz.

After performing the fatigue tests until certain cycles, the tensile tests by varying the staining



rate from the quasi-static to 60 s™ were applied. The results of material characteristics, namely
<RXQJTV PRGXOXV ( GDPDJH WKUHVKROGYV -PROUDWSRQAGLQI WR

Queshod DQG XOWLPDWH VWiidd VinR)QvEedidelsset.Q 1

2. Material descr iption and methods

2.1. Advanced Sheet Molding Compound (A -SMC) composite

Advanced Sheet Molding Compound (A-SMC) composite consists of a vinylester matrix
with a high content of glass fibers (50% in mass corresponding to 38.5% in volume, 25 mm
length). A-SMC as a thermoset material is a serious candidate for structural parts in the
automotive industry. The process of manufacturing has been discussed in the previous paper
[13]. The low process time is mandatory in the automotive industry due to the high production
rhythm. The composition of A-SMC is shown in Table 1. For the need of this study, Randomly

Oriented (RO) plates of A-SMC composite have been provided by Plastic Omnium Auto

Exterior.
Product nature Cqmp05|t|on
(content in mass percent)
Glass fibers 50 %
Vinyl-ester resin 24 %
Filler 24 %
Other products 2%

Table 1. A-SMC composition

2.2. Methods

2.2.1. Characterization methods

- X-ray micro -tomography : It allowed a three-dimensional visualization of A-SMC.
EasyTom nano setup, which comprises an X-Ray source, a rotating table and an X-ray detector,
was used. The studied sample (1 x 1 x 3 cm®) was placed between the X-ray beam and the
camera detector. The principle of operation of the microstructure analysis by X-ray micro-

tomography is widely described in [24].



- Microscopic observations : Using Scanning Electronic Microscope (HITACHI 4800
SEM), have been performed with the aim to investigate qualitatively the material microstructure
and especially crack propagation during fatigue tests.

- Thermo -mechanical properties: In order to measure the main transitions
temperatures due to molecular mobility as a function of temperature, DMTA tests have been
performed on RO-A-SMC samples at room temperature using DMA Q800 instrument, from TA
Company. The tests have been realized at following condition: alternating bending
configuration; temperature range from -100 °C to 250 °C; frequency 1Hz; temperature rate 2
°C/min.

2.2.2. Fatigue tests

Tension-tension fatigue tests have been performed at different applied maximum stress
on MTS 830 hydraulic fatigue machine. The minimum applied stress is always chosen to be
equal to 10% of the maximum applied stress. In this paper, the results of experiments
performed at the frequency of 30Hz are presented. In order to measure precisely the stiffness
reduction due to the first loading stage, each fatigue test is preceded by a quasi-static tensile
loading-unloading-reloading stage.

During cyclic loading, the temperature rise (due to self-heating) has been measured
using an infrared camera (Raynger-MX4) in the specific area (maximum temperature). The
HYROXWLRQ RI <RXQJétemin@&X O XV LV DOVR

2.2.3. Tensile tests

- Quasi static tensile tests : Quasi static tensile tests by velocity of 2 mm/min have
been performed with MTS 830 hydraulic machine.

- High-speed tensile tests: High-speed tensile tests have been performed upon a
servo-hydraulic test machine. As specified by the manufacturer (Schenk Hydropuls VHS 5020),
the test machine can reach a crosshead speed range from 10 m/s (quasi-static) to 20 m/s.
Moreover, the load level is measured by a piezoelectric crystal load cell having a capacity of a
50 kN. High-strain rate tensile tests were conducted at different strain-rates until the composite
specimen total failure. The test machine is equipped with a launching system. The specimen is

positioned between the load cell (upper extremity) and the moving device (lower extremity) as



sketched in Fig. 1. A contactless technique [13] was used to measure the local deformation

using a high speed camera (FASTCAM-APX RS).

Fig. 1. Experimental device used for high-speed tensile tests

2.2.4. Specimen geometry

In a previous study [13], on the basis of FE simulations and assuming that the specimen
behaves like an elastic anisotropic solid, a recursive optimization procedure results in the
determination of optimal geometrical parameters for high speed tensile tests: L;, Ly, Ls and R
(Fig. 2). These parameters are optimized in such a way of reducing the stress wave effects in
the overall response and of generating homogeneous stress/strain field during high strain rate
tensile tests. The experimental coupled loading of fatigue crash was performed on the same

geometry of sample.

Fig. 2. Obtained specimen dimension from optimization procedure results

3. Experimental results and discussion

3.1. Microscopic characterization



For three-dimensional visualization of A-SMC composite (Fig. 3), X-ray tomography
technique was used. Actually, it can be observed not only microstructures of the skin, but also
those of the shell and core. Indeed, fibers are initially randomly oriented before compression
molding. The complete characterizations of A-SMC composite provided by Plastic Omnium Auto

Exterior have been presented in the previous paper [13].

Fig. 3. Three-dimensional visualization of A-SMC composite

3.2. Thermo -mechanical properties

In order to measure the main transitions temperatures due to molecular mobility as a
function of temperature, DMTA tests have been performed on RO-A-SMC samples at room
temperature. Fig. 4 shows the evolution of the storage modulus and the loss modulus versus

temperature obtained by DMTA test.

Fig. 4. DMTA test performed on RO-A-SMC



A-SMCs present a vitreous transition temperature lying between 60 and 200 °C. It can
be assumed that the glass transition temperature is about 130 °C. Although the temperature
range from 25 °C to 75 °C correspondV WR WKH JRQH RI Wriown in WidPIOMsL WL R Q
polymers as being the ductile-brittle transition. This zone relates to the scale of the
macromolecules with sufficient thermal agitation to activate the movement of the radicals at the

periphery of the carbon chain. This zone can be considered as centered around 45 °C.

3.3. Fatigue behavior analysis

3.3.1. Wohler curve and self-heating phenomenon

Fig. 5(a) shows the Wohler curve of A-SMC samples at frequency of 30Hz. It shows a
bilinear form defining two different zones related to the high and low loading amplitude fatigue
behavior. In this case, high loading amplitude zone corresponds to fatigue life less than 2000
cycles for loading amplitude up to 1 At the end of the high loading amplitudes, the curve
starts deviating. It can be noticed that in this case for a maximum applied stress equal to 0.45
1, the fatigue life is about 10° cycles whilst the fatigue life is about 2x10° cycles for a maximum
applied stress of 1 Therefore, an applied stress variation of 15% leads to a fatigue life 20

times higher.

Fig. 5. (a) Normalized Wdhler curve at frequency of 30Hz, (b) Temperature variation at different
amplitudes and frequency of 30Hz (Normalized value = current value / average ultimate stress

value 1) obtained for tests performed on RO-A-SMC)



Fig. 5(b) illustrates the variation of temperature during fatigue tests at different
amplitudes (f = 30 Hz). One can observe there is not a significant change in the temperature up
to 200 cycles. In the case of fatigue tests at 0.6 1, the temperature increases rapidly from
room temperature to 50°C up to 2000 cycles while temperature variation is low for fatigue tests
of 1 Self-heating depends directly on the viscoelastic behavior of the polymer. It was
shown that, this behavior is related to the applied loading. So it can logically be supposed that
by increasing the applied loading, the self-heating temperature increases during fatigue test but
the viscosity of the matrix decreases [13, 25-26]. Therefore, to study the effect of strain rate on
the overall behavior of pre-damage A-SMC, the fatigue procedures with applied stresses of 0.38
i +1O0RZ ORDGLQJ DP SOLWXighHaadirMg @aplitudes)lwere chosen until
defined cycles before failure of samples at frequency of 30Hz. One can note that, these
amplitudes of applied stress and defined cycles have Q & \éignificant effect on temperature rise.
This means sel- KHDWLQJ SKHQRPH @gréay iRrflDepdevion Bhé coupled loading of

fatigue dynamic.

3.4. Methodology to analyze dynami c post -fatigue

In order to demonstrate the specific effect of fatigue on dynamic behavior of A-SMC
composite, we need to define a reference state to which we will compare post-fatigue dynamic
behavior. Since it has been demonstrated that damage is the driving force behind the behavior
of A-SMC composites, it is possible to fix the change in stiffness as an indicator of damage.
From a phenomenological point of view, the relative stiffness (E/E) evolves during the loading
for both types of loading: fatigue and tensile test (increasing monotone quasi-static or dynamic).
Consider a loading-unloading test performed on a composite A-SMC up to a stress value 1. If
the non-linearity threshold is exceeded, 1y, micro-cracks develop at the local scale defining a
damaged state characterized by a lesser Young's modulus. If we reload again, a new value of
the nonlinearity threshold will be observed close to 1; and a break for a value equivalent to that
of the virgin material (see Fig. 6). Thus, regardless of the strain rate, the non-linearity threshold

will always correspond to a value close to the maximum stress previously achieved. Moreover,

10



the rupture should always occur for a value close to the rupture stress of the virgin material (Fig.

6).

Fig. 6. Evolution of the threshold of apparent damage during the stress

Let us now consider tensile curves at different strain rates as well as a given damaged
state of the material characterized by a modulus E lower than the modulus of the virgin material
Eo. If this reference damage state (module E) is considered to be that obtained in monotonic
tension, the evolution of the damage threshold for this reference state can be plotted by
construction as in Fig. 7. This curve, evolution of the damage threshold as a function of the

strain rate, can be plotted for different states of damage (different modules E).

Fig. 7. Evolution of the apparent damage threshold as a function of the strain rate

for a given damage state

It is therefore possible to define a reference curve of the evolution of the threshold as a

function of the strain rate per state of considered damage.
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However, this state of macroscopic damage (module E) can also be achieved by a
partial stress of fatigue type (Figs. 8 and 9). The methodology proposed in this study consists in
comparing the iso-damage evolution curves (modulus E) obtained from post-fatigue dynamic
tests to those which can be obtained in monotonic dynamic traction (as in figure 7). The
comparison will be made on successive equivalent E damage states corresponding to different
values of the lifetime fraction, N/N,. The remaining potential of a pre-damaged sample is then
compared with the pre-damaged monotonic tension at different strain rates. The differences
observed between the post-fatigue and the monotonic tensile evolutions will be attributed to the
specific phenomena developed in fatigue. For example, the deviation observed on the damage
threshold may be calculated for different conditions (Amplitude, N/N,, ) by the following
expression:

oS e

n_ irhlirebZ
f¢j"h[i"ebZL ¢jhA[r\][[fi1,[gg 9)

This methodology therefore makes it possible to demonstrate, for macroscopic damage
states (E) equivalent, differences in the structural state of the damaged material. In other words,
this study attempts to answer the following question: has a pre-damage performed in monotonic
tension produce, from the view point of the macroscopic properties under rapid loading, the
same effects as the same level of pre-damage that would be obtained in fatigue? In other
words, what would be the effect of fatigue on the remaining potential at different loading strain
rates?

The selected variability parameters will be the fatigue lifetime fraction N/N; which is
directly related to the damage state characterized by fatigue due to the decrease in relative
stiffness E/E, (Figs. 8 and 9). Another parameter is the amplitude of the applied stress in
fatigue. Three values of applied stress were defined: 1 1D QG . It ultimate
stress obtained for quasi-static tensile tests serving as a reference). The fatigue tests were
interrupted at different values of the lifetime fraction, N/N;, i.e. around 3%, 15%, 35% and 50%
according to the table 2.

The correct repeatability of the interrupted fatigue tests is checked on the curves of

decrease of relative stiffness (Fig. 8).
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Fig. 8. Evolutions of the relative Young's modulus for different applied stresses and certain

defined cycles; (a) 1 (b) land (c) 1

The representative curves E/Eq = f (N/N,) are grouped in Fig. 15 for the three applied

amplitudes.

Fig. 9. Evolution of the relative stiffness as a function of the lifetime fraction
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Following the interruption of the fatigue test (Figure 8), monotonic tensile tests are

carried out around three strain rates: 10° s, 1 s™ and 60 s™. The details of this procedure are

shown in table 2. For each of the test conditions of this procedure (Amplitude, N/N;, ), the tests

were carried out four times. All the tests were carried out on the optimized sample geometry

(Fig. 2) in order to ensure a good quality of the dynamic tests.

Fatigue test Tensile test
Applied stress Defined cycles | N/N;, (%) Strain rate
100 000 3
1 500 000 15 quasi-static 1s* 60s*
1 000 000 35
15 000 15
1 40 000 35 quasi-static 1s* 60s*
60 000 50
1000 15 . . 1 1
1 5500 35 quasi-static 1s 60 s

Table 2. Loading parameters in trials for the study of coupling fatigue-dynamic

3.4.1. Thermal and damage effects

In order to correspond with the conditions of use of the automobile structures, the

fatigue tests were carried out at a frequency of 30Hz. In Fig. 10, the changes in the temperature

increase measured during the fatigue tests were reported for applied stresses of

DQG . 1

1 i1

Fig. 10. Temperature variation during fatigue tests at different amplitudes (f = 30Hz)
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A temperature which can exceed 50 °C is noted. However, DMTA analysis (Fig. 4)
shows no insignificant variations in this temperature range. Consequently, part of the decrease
in stiffness measured in Figs. 8 and 9 are linked to the self-heating phenomenon. Our approach
being based on the analysis of the decreases in stiffness due to damage, we must extract the
evolution of the relative modulus in the temperature range from 25 °C to 75 °C which
corresponds to the zone of the transition  (around 45 °C). It should be remembered that the
applied strain amplitude in DMTA test is extremely low and are not able to produce self-heating
whatever the frequency.

Our methodology is based on the follow-up of the decreases in stiffness linked to the
damage, it is necessary to be freed from the part of the decrease of relative stiffness which is
related to the increase of the temperature by self-heating. It is therefore necessary to extract
this contribution from the curves in Fig. 9. In order to evaluate this curve, we have used the
curves of Fig. 4 and 10 by extracting the thermal part induced by the self-heating (E/EQ); in

considering that:
l—'Lstl—';Xle—';H (10)
Or I—' ;n corresponds to the decrease in stiffness due only to damage. This treatment is

illustrated in the case of the amplitudes of 1 D QG  onlthe curves of Fig. 11. It
should be noted that for this frequency, the thermal part remains relatively limited except for the

amplitude of 1
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Fig. 11. Decomposition on the thermal part and on the part related to the damage;

(@) 1 (b) 1and (c) 1

3.5. Tensile curves of dynamic post -fatigue loading

Tensile tests at different strain rates (from QS to 60 s™) were performed on the pre-
fatigued RO-A-SMC samples with three stress amplitudes of 1 1DQG "
according to the protocol presented in table 2. By way of example, the stress-strain curves ( 1-
plotted for different strain rates and different lifetime fraction values (N/N;) for stress amplitudes
of lare shown in Fig. 12. It should be noted that for all the pre-damaged curves, the
curves of monotonic traction tests are established for each strain rate. It is clear that after the
coupling fatigue dynamic tests, the pre-damaged samples have a lower modulus of elasticity,
failure stress and strain than the virgin samples. One can notice that normalized stress
(respectively strain) = stress (respectively strain) / ultimate stress (respectively strain) obtained

for quasi-static tensile tests serving as a reference.
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Fig. 12. Experimental stress-strain curves for coupled loading of fatigue crash at applied stress

of 1and distinct values of lifetime fraction (N/N,): (a) quasi-static, (b) 1 s* and (c) 60 s™

3.6. Effects of rapid (dynamic) post -fatigue loading on residual stiffness

Prior to tensile stage (after fatigue stage) the elastic modulus (initial slopes of the
stress-strain curves) of all tests were measured by quasi-static tensile tests with the force
equivalent to 50% of maximum applied stress during fatigue stage. These values are helpful to
compare with the elastic moduli after tensile tests at different strain rates. Results show the
values are similar. Fig. 13 shows E/E, for pre-damaged A-SMC obtained from tensile test as a
function of strain rate for different fatigue loading conditions. Tensile results of pre-damaged A-
SMCs show the elastic modulus remains insensitive to strain rate.

For the tensile tests at different strain rates (from QS to 60 s™) performed on fatigued
samples under different conditions (amplitude and cycle numbers), we plotted the evolution of

the relative modulus (E/Eg) as a function of lifetime fraction (N/N,) in Fig. 14.
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Fig. 13. Influence of strain rate on the elastic modulus:

(@ Lpp = 1 (b) Lpp = () Lpp = 1

The results show that the amplitude of loading plays an important role in the evolution of
Young's modulus. When the applied stress is Lwith the lifetime fraction (N/N,) of 15%, the
modulus of elasticity decreased about 43%; whereas this value is similar to that of a fatigued
sample with an applied stress of Lland a lifetime fraction (N/N;) of 35%. The curves also
show that the decrease of Young's modulus of the pre-damaged sample with amplitude of 0.38
% is less than that of fatigue with amplitude of 1 This is true for all samples at different
lifetime fractions (N/N;). In other words, the curve of the modulus of the fatigued samples of 0.38

1 remains above two other obtained curves.

Fig. 14. Evolution of Young Modulus of fatigued samples under different conditions

(tensile tests are carried out at the rate of 60 s™)
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3.7. Effect of the strain rate on the characteristics of the pre -damaged material in
fatigue

Material characteristics, namely damage thresholds corresponding to the first non-
OLQHD#dMW\Redoa DQG XOWLPDWH VWY BimkJRa6 aVunctidd bftraih
rate are shown in Figs. 15-17. Normalized stress (respectively strain) = stress (respectively
strain) / ultimate stress (respectively strain) obtained for quasi-static tensile tests serving as a
reference. Note that the ultimate characteristics correspond to the maximum stress level (before
delamination when it occurs). However, the non-linear overall response of the A-SMCs and pre-
damage A-SMCs composites are drastically influenced by strain rate. Moreover, the damage

threshold, in terms of stress and strain, is increased with strain rate in all tests.

Fig. 15. Influence of strain rate on: (a) Normalized threshold stress, (b) Normalized threshold
strain, (c) Normalized ultimate stress and (d) Normalized ultimate strain .}, = D
One can note that for all tests, no significant strain rate effect is noticed on the ultimate

strain.
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Fig. 16. Influence of strain rate on: (a) Normalized threshold stress, (b) Normalized threshold

strain, (c) Normalized ultimate stress and (d) Normalized ultimate strain =~ g}, = D
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Fig. 17. Influence of strain rate on: (a) Normalized threshold stress, (b) Normalized threshold

strain, (c) Normalized ultimate stress and (d) Normalized ultimate strain; 1y, = D

3.7.1. Evolution of the ultimate properties

As mentioned above, according to the curves of Fig. 12 for applied stress of 0.38 1, itis
observed that the pre-damaged samples have a remaining mechanical potential, lower than the
virgin samples: For example, the ultimate stress of the virgin sample is about 50% more than
pre-damaged sample up to 10° cycles.

It can also be seen that the fatigued samples undergo the impact of the strain rate with
the same intensity whatever the degree of imposed lifetime fraction. Indeed, the curves of the

failure stress as a function of the strain rate remain to parallel whatever the considered fraction

h..
of lifetime. This is shown on the evolution curves of the relative value aa—h'ﬁ (Fig. 18) which
MO

indicates a single curve as a function of the strain rate whatever the loading amplitude and the
imposed lifetime. This allows us to conclude that there is no significant effect of fatigue on

sensitivity to strain rate at the level of local phenomena which leads to rupture.
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Fig. 18. Relative value of the ultimate stress for different values of

the imposed amplitudes and the lifetime fractions

3.7.2. Evolution of the damage threshold
The effect of strain rate on the damage threshold of the post-fatigue samples is much

more important. It is more marked when the fraction of lifetime increases. The evolution of the
. . ¢ilk_Dbeg I . . .
relationship W for two values of the lifetime fractions (15% and 35%) highlights (figure 19)
that, regardless of the degree of damage affected in fatigue, sensitivity to the strain rate
decreases when the applied stress increases in fatigue test. Indeed, when the applied stress in
fatigue is important, structural changes associated with the accumulated local micro
deformation can contribute to decrease the delay effect of the visco-damageable. On the other
hand, for lower amplitudes, the structural changes of the matrix and areas close to the fiber-
matrix interface are more limited. Moreover, it can be noted that when the degree of damage
affected in fatigue is important, sensitivity to strain rate increases (see figure 20). This points out
that the viscous effect of damage is strongly related to the propagation of micro-cracks pre-
existing in fatigue test. The propagation of cracks initiated at the fiber-matrix interface is
predominant damage mechanism for A-SMC composite. Note that the delay effect observed on
the initiation of new cracks in the fiber-matrix interface can also participate in a greater

sensitivity to the strain rate.
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Fig. 19. Relative threshold stress in post-fatigue samples depending on the strain rate for

different values of the lifetime fraction: (a) 15% and (b) 35%

Fig. 20. Sensitivity to strain rate for post-fatigue samples with varying degrees of damage:

(@) Lpp= L (0) dapp= 1) Lpp= 1
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3.7.3. Evolution of the deviation related to the  fatigue loading

A way to quantify the specific residual effect of dynamic post-fatigue behavior is to
analyze the evolution of the gap between the measured post-fatigue properties and those of
reference corresponding to an equivalent pre-damaged made under monotonous tensile test

(see figure 21).

Fig. 21. Evolution of the gap between the measured post-fatigue properties and those of

reference at different strain rates; (a) lupp = L) Lpp = 1) Lo = 1

It was stated that the origin of the observed gap between post-fatigue curves and those
of monotonous tensile tests is attributed to specific phenomena developed in fatigue. This gap
is presented in figure 20 in terms of damage threshold. Overall, we can conclude that the effect
of a solicitation of type fatigue on the threshold in quasi-static tensile test is low, even negligible,

and becomes important at high strain rate. This effect is specially marked at high applied
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amplitude and more affected lifetime fraction in fatigue test. Indeed, for larger values of fraction
of lifetime, one can note that the gaps reach of the values on the order of 20%, 30% and 40%
for the amplitude values of 1 045 % and O 1 respectively. These developments

confirm the analysis made above.

4. Conclusion

Based on the results, the following conclusions may be drawn:

x A-SMC Fatigue behavior at frequency of 30Hz shows that at maximum applied stress

equal to 1 the fatigue life is about 10° cycles when the fatigue life is about 2x10°

cycles for a maximum applied stress of 1 Therefore, an applied stress variation of
15% leads to a fatigue life 20 times higher.

x The methodology proposed in this paper consists in comparing the iso-damage
evolution curves (modulus E) obtained from post-fatigue dynamic tests to those which
can be obtained in monotonic dynamic traction. The comparison has been made on
successive equivalent E damage states corresponding to different values of the lifetime
fraction, N/N,. The remaining potential of a pre-damaged sample is then compared with
the pre-damaged monotonic tension at different strain rates. The differences observed
between the post-fatigue and the monotonic tensile evolutions will be attributed to the
specific phenomena developed in fatigue.

X Tensile results of pre-damaged A-SMCs show the elastic modulus remains insensitive
to strain rate.

X The experimental results show inthe casH RI DSSOLHG VW bftdV18%Rof the
lifetime fraction in fatigue test, the value of elastic modulus is decreased about 31%
while this value is equal to post-fatigue dynamic test after 50% of the lifetime fraction in
the case of applied stress HT XD O W ROne cah note the effect of applied amplitude
and lifetime fraction for A-SMC behavior during post-fatigue dynamic test is significant.

x It is observed that the pre-damaged samples have a remaining mechanical potential,
lower than the virgin samples: For example, the ultimate stress of the virgin sample is

about 50% more than pre-damaged sample up to 10° cycles.
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x There is no significant effect of fatigue on sensitivity to strain rate at the level of local
phenomena which leads to rupture.

x In spite of the degree of damage affected in fatigue, sensitivity to the strain rate
decreases when the applied stress increases in fatigue test. When the applied stress in
fatigue is important, structural changes associated with the accumulated local micro
deformation can contribute to decrease the delay effect of the visco-damageable. This
points out that the viscous effect of damage is strongly related to the propagation of
micro-cracks pre-existing in fatigue test.

x It was stated that the origin of the observed gap between post-fatigue curves and those
of monotonous tensile tests is attributed to specific phenomena developed in fatigue.
This effect is specially marked at high applied amplitude and more affected lifetime

fraction in fatigue test.
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COMPOSITES SMC SOUMIS A DES CHARGEMENTS DE TYPE DYNAMIQUE,
FATIGUE ET DYNAMIQUE POST -FATIGUE

RESUME : Le dimensionnement au crash des structures automobiles en matériaux composites a renforts discontinus

tels que les SMC est généralement réalisé sur la base de données expérimentales recueillies sur des matériaux vierges

QID\DQW VXEL DXFXQ FKDUJHPHQW GHSXLV OHXU PLVH HQ °XYUH 2U OHV DFFLGHQWV S
mise en service durant lesquelles la structure composite est soumise généralement a des sollicitations de type fatigue a

pus RX PRLQV JUDQGH DPSOLWXGH /D -®htborkdgament BvRRGNeH faEJLE Qev@ht mlors

HVVHQWLHOOH VL OfRQ YHXW UHVWHU UpDOLVWH 3DU DLOOHXUV GH QRXYHOOHV IRUF
récemment développées. Leur compor WHPHQW HQ IDWLJXH HW VRXV VROOLFLWDWLRQ UDSLGH pWDLHQW
pWXGH j FDUDFWgUH IRUWHPHQW H[SpPULPHQWDOH D GRQF SRXU EXW GYDSSRUWHU OD FRQ
de structures en matériaux SMC de diverses formulations, notamment le A-SMC et le LD-SMC. Le premier correspond a

une matrice vinylester fortement renforcée de meches de fibres de verre (50%). Le second correspond a une formulation

SURFKH GH FHOOH GYfXQ 60& VWDQGDUG GDQV QesTuX toddreuReafiDdédrEdMiie MWp XQ IRUW WDX][ (
densité. Une analyse mult-pFKHOOH SHUPHW GH PHWWUH HQ pYLGHQFH OTLQIOXHQFH GH OD PLFUR
GIfHQGRPPDIJHPHQW VRXV -WRVODWNETXD WG R@D ALXIDANMHL HW  IDWLJXH alyse POWKRGHY RULJLQ
expérimentale sont développées afin de corréler ces mécanismes aux comportements macroscopiques observés. Les

HVVDLY G\QDPLTXHV UDSLGHV RSWLPLVpV VRQW UpDOLVpV MXVEttkjteBttV YLWHVVHV GH Gpl
évidence un comportement visco-endommageable pour les deux matériaux SMC étudiés. Le décalage du seulil
GI{HQGRPPDIJHPHQW HW OD EDLVVH GH OD FLQpWLTXH GTHQGRPPDJHPHQW REVHUYpPV j Ofp
FRUUpOpVY DX VHXLO HW FLQpPWLTXH GHYWP RED/GLUWYPHW j CAIHTFERIPRDH HORFDOH WHOOHV TXH
O 1L QW H U-hiatFide duLtHlé}rHatrice, la microfissuration de la matrice et le pseudo-délaminage entre les meches de

fibres de verre. Par ailleurs, une analyse multi-échelle du méme type est également réalisée sous sollicitation de type

IDWLIJXH GDQV ODTXHOOH OHV IUpTXHQFHV YDULHQW GH j +] 8QH pWXGH GH OfL
pPFKDXIITHPHQW VXU OTHQGRPPDJHPHQ V8MB 8t PrbpoEdr PERFUWNEHRAyQe/drighle fles

SURSULpWpV UpVLGXHOOHYVY VRXV VROOLFLWDWLRQ UDSLGH GTpFKDQWLOORQV SUpDODEO
GXUpH GH YLH PHW HQ pYLGHQFH XQH IRUWH LQIOXHQFH G sMzHHabitesasRddJ H GX FKDUJHPHQW
solictatLRQ /fHQVHPEOH GHV UpVXOWDWYV GH FHWWH pWXGH GH SDU VRQ DSSRUW GH FRPSL
FRQVWLWXH OD EDVH H[SpULPHQWDOH QpFHVVDLUH j OD FRQVWUXFWLRQ GTRXWLOV GH G
sous sollicitations cycliques et dynamiques.

Mots clés: Comportement Mécanique, Endommagement, Composite SMC, Dynamique, Fatigue.

STUDY OF MECHANICAL AND DAMAGE BEHAVIOR OF SMC COMPOSITE MATERIALS
SUBJECTED TO DYNAMIC, FATIGUE AND POST -FATIGUE DYNAMIC LOADINGS

ABSTRACT: Classically, crash design of automotive composite structures made of discontinuous reinforcements such
as SMC is usually based on experimental data obtained from virgin materials w ithout any history of loading. How ever,
crash events always occurafterafew years of use during w hich composite structure is generally subjected to more or
less important fatigue loading. Taking into account of a potential pre-damage in fatigue becomes essential if we w ant to
stay realistic. Moreover, new formulations of SMC composites have been developed recently. Up to now, their fatigue
and dynamic behavior were never being explored. This study, of a mostly experimental nature, aims to provide the
know ledge necessary for design of structures made of various SMC formulations including A-SMC and LD-SMC. The
firstoneis avinylester matrix reinforced with a high content of glass fibers (50%). The second corresponds to a standard
SMC formulation in w hichwe added a high content of hollow glass micro-sphere in order to reduce density. A systematic
multi-scale analysis allow s to highlight the influence of the microstructure on damage phenomena under quasi-static,
dynamic and fatigue loading. Original experimental methods are developed to correlate these mechanisms to the
observed macroscopic behavior. Optimized dynamic tests are performed at strain rate up to 80 s™ and highlight a visco-
damageable behavior for the two SMC materials in study. Damage threshold delay and reduction of damage kinetics
observed at the macroscopic scale are directly correlated to the threshold and kinetic of damage development observed
at the local scale such as fiber-matrix or matrix-microsphere interfaces, matrix micro-cracking and pseudo-delamination
betw een the bundles of glass fiber. Moreover, a similar multi-scale analysis is also performed under fatigue loading in
w hich the frequencyranges from 10 to 100 Hz. A study of the influence of the self-heating phenomenon on the fatigue
damage behavior of A-SMC is proposed. Finally, an original analysis of the remaining dy namic properties of samples
w hich w ere previously submitted to fatigue loading until different levels of lifetime highlights a strong influence of the
history of the loading on the strain rate sensitivity of the A-SMC. Considering the high contribution of this study in term of
comprehension of the phenomena involved in the mechanical response of SMC materials, all of the experimental
findings of this study provide the physical background crucial to build structural design tools for SMC subjected to cyclic
and dynamic loading.

Keywords: Mechanical behavior, Damage, SMC composite, Dynamic, Fatigue.



