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RESUME

Les applications des matériaux composites renforcés par des fibres continues ont connu
une croissance importante dans de nombreux secteurs industriels. Les techniques de
moulage par transfert de résine LCM (« Liquid Composite Molding ») sont devenues
des méthodes de fabrication de plus en plus utilisées ces dernieres années. Les objectifs
de cette thése consistent a développer des équations caractéristiques du comportement
thermomécanique et du changement de phase des matériaux composites
thermodurcissables, mettre au point des modéles numériques pour la simulation de la
mise en forme et, finalement, établir une méthodologie d’optimisation du cycle de
cuisson et de refroidissement des pi¢ces. Dans ces procédés, le renfort fibreux est
progressivement saturé par la résine liquide. Une fois la cavité¢ du moule remplie, la
résine thermodurcissable polymérise et se solidifie. Du point de vue de la simulation
numérique, le procédé peut étre divisé en trois étapes principales: (1) remplissage, (2)
cuisson et (3) refroidissement et démoulage. La caractérisation, la simulation et
I’optimisation de ces trois étapes font partie des développements présentés dans cette

thése.

Les composites & matrice polymére sont souvent appelés « laminés » parce qu’ils sont
constitués par la superposition d’un certain nombre de couches de renforts fibreux
imprégnés par une matrice polymere. Des phénoménes physiques importants se
produisent a travers [’épaisseur de ces matériaux lors de leur fabrication. En particulier,
lorsqu’ils sont fabriqués par injection, I"écoulement de la résine et les transferts de
chaleur qui lui sont associés quand la résine ou le moule sont chauffés, sont des
phénoménes tridimensionnels. Cependant comme I’épaisseur des pi€ces composites est
généralement faible par rapport a leur taille, I"analyse numérique de I’écoulement et des
transferts thermiques pendant leur fabrication par injection et pendant Ia cuisson lors de

la polymérisation peut avantageusement en tenir compte en découplant I’approximation
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a travers |'épaisseur par rapport aux autres approximations. Cette thése porte sur
Ianalyse de [’écoulement et de la cuisson d’un composite en tenant compte de
’importance physique des phénoménes qui se produisent a travers I’épaisseur du
matériau. La thése est divisée en 7 articles qui commencent par une syntheése faisant le
point sur la bibliographie des procédés suivi par la modélisation des procédés

d’injection sur renfort.

La premiére partie de étude fait le point sur la caractérisation de la cinétique de
polymérisation et du comportement viscoélastique d’un composite verre/polyester. Un
modele semi-empirique a été développé pour tenir compte des effets de Iinhibiteur et
de la transition vitreuse du matériau sur la cinétique de polymérisation. Deux modéles
différents ont été proposés pour décrire influence des effets thermiques et chimiques
sur les propriétés élastiques du matériau. Le premier est un modéle thermochimique
élastique non linéaire qui considére la relaxation totale du matériau a I’état
caoutchoutique au-dessus de la température de transition vitreuse. Le deuxiéme est un
modele viscoélastique complexe fondé sur la mesure de la relaxation des contraintes et

le principe de superposition temps/température.

Une solution numérique de I’équation de 1’énergie couplée a une analyse de contraintes
unidimensionnelle a été développée pour simuler les effets thermiques, chimiques et
mécaniques pendant la cuisson. Le calcul numérique des contraintes résiduelles et la
modélisation des propriétés €lastiques ont ét¢ vérifiés expérimentalement en moulant
des plagues minces. Une étude a porté sur I’évaluation des contraintes internes pendant
les cycles de cuisson et refroidissement des plaques épaisses. A partir de la comparaison
de différents profils de température typiquement utilisés dans I’industrie, d*importantes
conclusions ont été tirées sur ’évolution du degré de polymérisation a travers
I’épaisseur. Cette étude a apporté une conclusion sur la relation qui existe entre le

gradient thermique 2 travers I’épaisseur d’un composite et ’évaluation du degré de

cuisson et des contraintes internes.
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Pour la simulation numérique de 1’étape de remplissage non isotherme et la cuisson des
piéces minces, une méthode d’extrapolation de maillage a été mise au point et un
nouvel élément fini tridimensionnel non conforme développé. Une formulation hybride
d’éléments finis et différences finies a été proposée pour la solution de I"équation de
I’énergie. L algorithme présenté permet de prendre en compte plusieurs niveaux de
couplage entre 'écoulement de la résine et les échanges thermiques. La méthodologie
proposée dans ce travail permet & 'usager du code de définir, & partir du méme

maillage 2D initial, le niveau de complexité devant étre utilisé par le modéle numérique.

L’optimisation des cycles de chauffage, cuisson et refroidissement dans la fabrication
des pi¢ces composites par LCM a finalement €t€ traitée. L approche développée porte
sur la minimisation du temps du cycle, ’amélioration des propriétés mécaniques et la
réduction des contraintes résiduelles dans le composite. Un algorithme d’évolution
fondé sur les algorithmes génétiques et appelé LeCoq (« Logical Evolutionary Curing
Optimization and Quenching ») a été développé pour optimiser les profils de
température du moule. Enfin, la cuisson d’une piéce composite épaisse a été optimisée

avec cet algorithme.
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ABSTRACT

During the last years, applications of composite materials reinforced with continuous
fibers have increased in many industrial fields. Composite materials being lightweight
and corrosion free, their scope of application covers the aerospace, automobile, marine
and sport sectors. The Liquid Composite Molding techniques (LCM) have become
widely used composite manufacturing methods for medium to small production
volumes. The objectives of this thesis consist of developing characteristic equations that
describe the thermo-mechanical behaviour and phase changes of thermosetting matrix
composites, create and implement new numerical models for process simulation and
finally, propose a new and comprehensive optimization methodology based on genetic
algorithms for the curing and cooling of LCM parts. In these processes, the fibrous
reinforcement is progressively saturated by the liquid resin. Once the mold cavity is
filled, the thermosetting resin polymerizes and solidifies. From the point of view of the
numerical simulation, the process can be divided into three principal stages: (1) filling,
(2) curing and (3) cooling and demolding. The material characterisation, numerical
simulation and optimization of these three stages are included in the scope of works of

this thesis.

Polymer composites are often called laminates because they are made of stacked layers
of fibrous reinforcements impregnated by a polymer matrix. During manufacturing,
important physical phenomena take place through the thickness of these composite
materials. When they are fabricated by liquid resin injection, resin flow and heat
transfer are strongly coupled if the mold is heated. This three-dimensional effect may be
neglected in thin parts (i.e., when the thickness is small compared to the other
dimensions). However, although in this case decoupling of the in-plane flow and
transverse heat flow may be propitious for fast analysis of the three-dimensional effects.

This thesis has focused on the analysis of the filling and curing of composite parts when



through-thickness physical phenomena (i.e., heat and flow transfer through the
thickness of the laminate) must be taken into account. This work is divided into 7
publications beginning with a bibliographic review followed by one article on material
characterization, two articles on process modeling, two articles on numerical simulation

and one final article on process optimization.

The first part of this study concerns the characterization of the cure kinetics and the
viscoelastic behaviour of a glass/polyester composite. A semi-empirical model was
developed to take into account the effects of inhibitor decomposition and glass
transition on cure kinetics. Two models are proposed to describe the chemical and
thermal effects on the mechanical properties of the composite. The first one is a thermo-
chemical elastic non-linear model that considers total matrix relaxation in the rubbery
state above the glass transition temperature. The second one is a viscoelastic model

based on the stress relaxation and the time/temperature superposition principle.

A one-dimensional solution of the heat equation coupled with stress analysis has been
developed to simulate thermal, chemical and mechanical effects during cure. The
calculation of residual stresses and the elastic model have been experimentally verified
by molding thin composite plates. A study has been carried out on the evolution of
internal stresses during the curing and cooling of thick parts. The comparison of
different mold temperature profiles typically used in industry has showed important
conclusions on the evolution of the curing front through the thickness of the laminate.
This work discusses finally important conclusions on the relationship between through-

thickness thermal gradients, the cure front and internal stresses.

To analyze the non isothermal filling and curing stages, a mesh extrapolation method
has been developed, and a new three-dimensional non-conforming finite element
proposed. A finite element formulation coupled with finite differences has been

proposed to solve the energy equation in three dimensions. The algorithm presented
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allows the introduction of various levels of coupling between the fluid and heat flows,
The methodology developed on this work allows the program user to define, from the

same initial 2D mesh, the level of complexity to be used by the numerical model.

The optimization of the pre-heating, curing and cooling stages in the manufacturing of
composite parts by LCM is finally treated. This comprehensive approach incorporates
several objectives in the same optimization procedure: minimization of cycle time,
improvement of mechanical properties and reduction of laminate residual stresses. An
evolutionary algorithm based on genetic algorithms, the code called LeCoq (Logical
Evolutionary Curing Optimization and Quenching), has been developed to optimize the
mold temperature transient profile. Finally, the curing of a thick composite part has

been optimized with this algorithm.
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INTRODUCTION

0.1 Les matériaux composites

Les matériaux composites a renfort fibreux sont de plus en plus utilisés dans les
industries aérospatiale et automobile. Beaucoup de ces matériaux présentent une
combinaison de rigidité et de résistance comparable  celle des matériaux métalliques
traditionnels. Comme leur densité est plus faible que celle des matériaux métalliques,
les piéces composites sont plus légéres. Ceci représente un des principaux avantages de
leur utilisation dans I’industrie aérospatiale. La résistance a la corrosion est une autre

propriété important des composites, notamment dans les applications marines.

Les matériaux composites & matrice polymére thermodurcissable les plus communs
utilisent des renforts en fibres de verre, carbone, kevlar ou des fibres naturelles. La
matrice polymére est généralement polyester, vinylester ou époxy. Le rble des renforts
est de supporter la charge mécanique appliquée a la piece, tandis que celui de la matrice
est de maintenir les renforts selon Porientation désirée, de transférer les charges

mécaniques entre les fibres et de les protéger contre les atteintes de ’environnement.

0.2 Moulage liquide des composites

11 existe plusieurs procédés pour fabriquer ces pi¢ces comme le laminage manuel,
’utilisation de renforts préimprégnés en effectuant la cuisson de la matrice sous
pression, Iinfusion ou Pinjection de résine liquide sur renfort, etc. Les procédés
d’imprégnation de résine par infiltration dans un moule fermé ou dans un cavit¢ sous

vide ont été regroupés sous le terme générique de moulage liquide des composites ou



LCM (« Liquid Composite Molding »). Une des méthodes les plus développées dans
Pindustrie pendant les derniéres années est le moulage par transfert de résine ou RTM
{(« Resin Transfer Molding »). Les bateaux, bains, douches, piéces de construction et
cabines de camions constituent autant d’exemples de piéces fabriquées par RTM. On
considére aussi que Dindustric automobile représente un potentiel d’applications
important pour la mise en forme de piéces composites pour des moyennes et grandes
séries. Le procédé RTM permet de fabriquer des piéces complexes par injection de la
résine sur les renforts fibreux secs. Le renfort sec, ou préforme fibreuse, est placé dans
un moule en deux parties, qui est ensuvite fermé (voir Figure 0.1). Une résine
thermodurcissable liquide est injectée sous pression pour imprégner le renfort fibreux.
La réaction chimique de polymérisation est initiée par un catalyseur mélangé a la résine
avant I’injection. Quand la polymérisation est terminée, le moule est ouvert et la piéce

est €jectee.

Une des caractéristiques principales de la mise en forme des composites & matrice
thermodurcissable est 1'utilisation de la chaleur pour accélérer la réticulation de la
résine. Ceci confeére au procédé RTM la possibilité de réaliser un grand volume de
production en assurant une bonne répétitivité dans les qualités mécaniques des picces.
Ce procédé nécessite des investissements relativement bas comparativement aux autres
procédés comme le SMC (« Sheet Molding Compound »). De plus, comme la
fabrication est réalisée en moule fermé, on réduit considérablement les émanations de
styréne qui sont considérées comme un gaz hautement toxique. Ainsi, I’utilisation de ce
procédé s’est étendue a plusieurs domaines pour lesquels les volumes de production
sont raisonnables (au maximum de 20,000 pi¢ces par année). De la fabrication des
pieces structurales pour Pindustrie aéronautique aux pi¢ces de carrosserie
d’automobile, le procédé RTM s’est révélé I'une des technologies les plus prometteuses

pour la fabrication des matériaux composites & matrice thermodurcissable.
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Figure 0.1. Le procédé RTM

Les résines thermodurcissables possédent deux caractéristiques importantes: la réaction
chimique de polymérisation est exothermique et un retrait est causé par 1’établissement
des liaisons chimiques pendant la polymeérisation. La nature exothermique de la résine
lors de la cuisson peut influencer énormément la température développée dans le
composite en raison des effets combinés de la chaleur de réaction et de la conduction de
chaleur a Iintérieur du composite. Le retrait qui résulte de la réticulation de la résine
peut, sous certaines conditions, influencer de maniére importante 1’état des contraintes
internes du composite et & 'extréme, induire des fissures. Ces caractéristiques sont
généralement faibles pour les composites de petite épaisseur, mais deviennent
déterminantes pour les plus grandes épaisseurs. Il est donc important de déterminer les
paramétres thermiques du procédé¢ qui influencent principalement la cristallisation et les

variations volumétriques dans le composite.

Un intérét grandissant est actucllement port¢ vers [utilisation d’équipements
permettant de chauffer le moule et la résine avant !’injection. La diminution de

viscosité de la résine ainsi obtenue permet d’augmenter le débit de résine tout en



maintenant la pression d’injection au minimum. La diminution de [’écart entre la
température de la résine injectée et celle du moule chauffé minimise les variations de

volume produites par ’expansion thermique et améliore la cuisson de la piece.

0.3 Simulation numérique des procédés LCM

Le procédé d’injection sur renfort RTM est délicat & mettre en ceuvre. Dans le cas de
piéces complexes, la position des points d’injection et des évents est cruciale pour que
la pieéce soit remplie correctement et que la polymérisation soit uniforme. Choisir
expérimentalement la position optimale de ces points serait trés cofiteux car, pour
chaque essai, il faudrait soit fabriquer un nouveau moule, soit modifier un moule
existant. Il est donc préférable de procéder & une simulation numérique de la mise en

forme afin de vérifier et d’améliorer la conception du moule.

Pour optimiser le procédé RTM, plusieurs facteurs doivent &tre pris en compte comme
la pression d’injection, les conditions thermiques de la mise en forme et la formulation
de la résine, c’est-a-dire le mélange des différents constituants ajoutés a la matrice
polymére comme le styréne, les additifs mouillants, anti-bulles ou accélérateurs, le
catalyseur et la charge. Un des aspects importants du procédé est le facteur thermique.
La simulation thermique aide & micux comprendre 'influence des changements de
viscosité sur le remplissage de la pi¢ce. Elle permet en outre de prendre en compte dans
fe bilan thermique la chaleur dégagée par la réaction chimique de polymérisation. La
simulation thermique apporte des informations importantes pour choisir correctement le
catalyseur, assurer une bonne régulation thermique du moule et controler la réaction
chimique. On peut modifier numériquement les parametres afin de trouver une
séquence de remplissage correct du moule, amorcer la réaction de polymérisation au
bon moment et refroidir la piéce lorsque la cuisson est terminée. Le temps de cycle peut

également étre réduit en accélérant les phases de remplissage, de polymérisation et de



refroidissement. On peut aussi choisir d’optimiser le procédé pour obtenir des pieces
avec une meilleure qualité de surface ou des propriétés mécaniques améliorées. Enfin,
il est possible aussi de préchauffer le moule ou la résine et donc de diminuer encore le
temps d’injection et de polymérisation. La température constitue ainsi une variable
importante dans ce genre de procédé, car elle régularise le temps de fabrication et
posséde une grande influence sur la qualité de la piéce finie. Il est donc indispensable
de bien contrdler la température dans le moule et de tenir compte des effets thermiques

dans la simulation numérique du procédé.

8.4 Objectifs de Ia recherche

Les objectifs généraux des recherches menées dans le cadre de cette thése s articulent
en quatre volets principaux, qu’on peut énumérer comme suit :

[. Caractérisation thermique et mécanique des matériaux.

1. Analyse unidimensionnelle de la cuisson et des contraintes résiduelles.

III. Simulation numérique d"un écoulement stratifi¢ dans un composite et cuisson.

IV. Optimisation du chauffage du moule et de la cuisson du composite.

Ces quatre volets de notre étude sont motivés par la nécessité d’¢tudier les phénomeénes
thermiques a travers 1’épaisseur du composite afin d’optimiser le cycle de fabrication et
les propri¢tés mécaniques des piéces. Ces différents aspects, dont les objectifs sont
décrits brievement plus bas, doivent &tre pris en compte dans une démarche globale

d’optimisation du procédé.

0.4.1 Caractérisation thermique et méeanique des matériaux

Lors de la mise en forme des matrices thermodurcissables, les flux de chaleur entrant et

sortant du matériau constituent la clé qui permet de démarrer et de contrdler la



polymérisation de la résine. Les propriétés mécaniques du composite sont directement
relides au degré de polymérisation atteint 3 la fin de la cuisson. Donc, la qualité
mécanique de la piéce dépend de I’histoire thermique du procédé. Pour étudier les
effets des paramétres de moulage sur la qualité de la pice, différentes propriétés de la
résine et du composite doivent étre définies. La recherche présentée débute par la
caractérisation thermomécanique de ces propriétés. La finalité de cette premiére partie
du travail est la création de modeles semi-empiriques de la cinétique de polymérisation

et de evolution des propriétés mécaniques.
0.4.2 Analyse unidimensionnelle de la cuisson et contraintes residuelles

Une fois la caractérisation thermomécanique des matériaux complétée, une analyse
unidimensionnelle de la cuisson va permettre de comprendre les différents phénoménes
physiques qui ont lieu au sein du matériau. La haute réaction exothermique de la résine
conjuguée a la basse conductivité thermique du composite peut générer un processus
auto-accéléré qui aboutira a des températures trés €levées et a une possible dégradation
de la matrice polymeére. Les effets combinés de I’expansion/contraction du composite et
du retrait de polymérisation de la résine sont la source du développement des
contraintes internes dans la piéce. Ainsi, la simulation numérique de la cuisson couplée
a une analyse mécanique des contraintes permet d’étudier I’influence de la formulation

de la résine et de la régulation thermique du moule sur la qualité finale de la piéce.
0.4.3 Simulation numérique d’un écoulement stratifié et cuisson

Pour optimiser la fabrication et les propriétés mécaniques des composites, il est
nécessaire d’injecter la résine a une température plus élevée que la température
ambiante. Comme la température possede une influence non négligeable sur la viscosité

de la résine et donc sur le remplissage de la piéce, un gradient thermique a travers



I’épaisseur génére un écoulement stratifié¢ au lieu du front de résine habituellement droit

qui caractérise les injections isothermes en milieux poreux.

D’autres facteurs contribuent également a perturber I’écoulement a travers I’épaisseur,
quand le renfort est constitué par exemple, comme c’est souvent le cas, de plusieurs
couches de tissus ou bien quand la piéce contient une 4me de mousse compressible ou
des inserts susceptibles de se déplacer sous I"effet de la pression. Tous ces phénoménes
ayant un effet sur la réponse thermique du composite, ils devront faire I’objet d’une
étude approfondie et leur influence doit étre prise en compte dans une démarche globale
d’optimisation du procédé. La simulation non isotherme de la phase de remplissage
permet d’étudier les effets d’une distribution de température dans la cavité du moule sur
la saturation de la préforme et la cuisson non uniforme de la piéce. Les perturbations de
I’écoulement de la résine a travers ’épaissecur d’une piéce composite vont donc

constituer le troisiéme aspect de cette étude.

0.4.4 Optimisation du chauffage du moule et de Ia cuisson du composite

Dans la fabrication & haute température des composites (habituellement 80 °C ou plus
sont utilisés), apres le remplissage de la cavité, le moule est chauffé a la température de
cuisson désirée. Une fois que la réaction de polymérisation de la résine est terminée, le
moule est refroidi et la piece démoulée. Le temps du cycle de cuisson peut étre réduit
en accélérant les phases de préchauffage, de polymérisation et de refroidissement. La
qualité des picces produites (que ce soit du point de vue de leurs propriétés mécanique
ou de leur aspect de surface), peut étre optimisée si la séquence de chauffage est bien
choisie. Un des objectifs principaux de ceite thése est d’optimiser la cuisson a travers
’épaisseur des composites renforcés par des fibres de verre ou de carbone. Méme si la
méthodologie proposée s applique a la fois aux pi¢ces minces ou épaisses, ¢’est surtout
dans le cas des picces structurales épaisses ou contenant une dme de mousse que les

effets analysés seront les plus importants. La matrice polymére utilisée pour la



validation est un polyester insaturée typique des applications automobiles, mais il est
clair que I'essentiel du travail de modélisation est applicable aussi aux résines époxy
utilisées dans le domaine aérospatial. On s’intéressera donc principalement dans cette
étude a déterminer les conditions optimales de chauffage et de refroidissement du

moule.

0.5 Organisation de la theése

Cette these est présentée sur la forme d’une thése par articles. Dans un premier temps,
un compte rendu détaillé de la recherche bibliographique sur les procédés LCM
(spécialement sur le RTM) est présenté dans le chapitre 1. Cette étude bibliographique
est réalisée sous la forme d’un article de revue intitulé « State of the Art Review of
Numerical Simulation of Liquid Composite Molding Processes ». L’ objectif de cette
étude est de répertorier les phénoménes physiques importants ayant lieu dans la
fabrication de picces composites par LCM. Pour chacun des phénomenes décrits, I’état

d’avancement de la recherche sur le plan mondial est établi.

Dans le chapitre 2, un article intitulé « Thermo-Mechanical Properties during Cure of
Glass-Polyester RTM Composites: Elastic and Viscoelastic Modeling » a pour objet la
caractérisation des propriétés thermomécaniques du composite et de la cinétique de
polymérisation de la résine. Cette étude expérimentale est consacrée initialement & la
modélisation semi-empirique de la cinétique de polymérisation d’une résine polyester
insaturée commerciale. Les effets de la décomposition de D’inhibiteur et de la
température de transition vitreuse sont aussi soulignés. Par la suite, les proprités
mécaniques dynamiques sont caractérisées et modélisées avec deux approches
différentes. La premiére est un modele simplifié qui considere la relaxation totale du
matériau a I’état caoutchoutique. Le deuxiéme est un modele viscoélastique complexe

reposant sur le principe de superposition temps/température. Finalement, les



coefficients d’expansion thermique de la résine et du composite sont caractérisés et le
retrait de polymérisation de la résine est exprimé en fonction du degré de

polymérisation.

L’objectif des chapitres 3 et 4 est de modéliser la cuisson unidimensionnelle et
d’étudier le développement des contraintes résiduelles pendant la mise en forme de
pieces composites minces et épaisses respectivement. Les parametres qui gouvernent
Pévolution des contraintes internes sont la température de moulage, I’épaisseur du
composite et les propriétés thermiques et mécaniques des matériaux. L’article présenté
dans le chapitre 3 est intitulé « Internal Stresses and Warpage of Thin Composite Parts
Manufactured by RTM », et celui du chapitre 4 est « Numerical Analysis of Cure
Temperature and Internal Stresses in Thin and Thick RTM parts ». L’analyse du
premier article (chapitre 3) porte uniquement sur la post-cuisson de piéces minces,
tandis que le second (chapitre 4) considére aussi les pieces €paisses. Dans les deux
articles, différents profils de température sont étudiés et une analyse détaillée de la
réaction de polymérisation est effectuée. Les variations volumétriques résultant de la

cuisson sont examinées, ainsi que leur influence sur les contraintes résiduelles.

Les chapitres 5§ et 6 présentent une formulation mixte sur ’analyse numérique du
remplissage tridimensionnel de pi¢ces composites. Les travaux sont présentés dans un
article en deux parties. La premiére partie intitulée « Coupled Non-Conforming Finite
Element and Finite Difference Approximation Based on Laminate Extrapolation io
Simulate Liquid Composite Molding Processes — Part I. Isothermal Flow » traite le cas
d’une injection isotherme et prend en compte les interactions entre les différentes
couches de renfort. Partant d’un maillage bidimensionnel, une méthode d’extrapolation
du maillage est proposée pour générer des éléments finis tridimensionnels dans la
cavité du moule. Un nouvel éiément fini discontinu est propos€¢ pour mieux tenir
compte des variations de pression & travers !’épaisseur pendant le remplissage. La

deuxiéme partie de Darticle intitulé « Coupled Non-Conforming Finite Element and
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Finite Difference Approximation Based on Laminate Extrapolation to Simulate Liquid
Composite Molding Processes — Part 1I. Non-isothermal Flow » est consacrée a
I’analyse numérique du remplissage non isotherme et & la cuisson de piéces composites
tridimensionnelles. Pour augmenter la vitesse des calculs de remplissage et améliorer
les résultats sur la cuisson, une formulation mixte couplant éléments finis et différences
finies est présentée pour calculer une solution approchée du probléeme thermique. Un
certain nombre de comparaisons avec des solutions analytiques est exposé pour étudier
la qualité des solutions numériques proposées. Une étude de convergence pour divers
cas est réalisée pour démontrer les avantages de cette approche par rapport aux

méthodes traditionnelles.

A partir des résultats des chapitres précédents, le chapitre 7 présente une méthode pour
faire D’optimisation numérique du procédé. L’article de ce chapitre est intitulé
« Comprehensive Thermal Optimization of Ligquid Composite Molding to Reduce Cycle
Time and Processing Siresses ». L’optimisation thermique de la cuisson et du
refroidissement en une dimension d’espace (a travers I’épaisseur de la pitce) permet
d’obtenir les profils temporels optimaux de température qui réduisent le temps de
cuisson et maximisent les propriétés mécaniques de la piece. La méthode
d’optimisation développée est donc fondée sur la minimisation du temps du cycle, la
réduction des contraintes résiduelles et la maximisation de degré de polymérisation
final de la piéce. Un algorithme d’évolution (EA) fond€ sur les Algorithmes Génétiques
(GA) est utilis¢ pour minimiser une fonction objectif & plusieurs paramétres de design.
La simulation unidimensionnelle de la cuisson et des contraintes résiduelles permet
d’évaluer cette fonction objective. Une étude de Poptimisation de la cuisson et du
refroidissement de piéces minces et épaisses est finalement présentée pour illustrer le

potentiel de la méthode proposé.

Pour terminer, une discussion générale est présentée sur ['ensemble des

développements de la thése et les perspectives futures de cette recherche. Un échéancier
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des travaux réalisés et un résumé des matériaux et équipement utilisées pour amener cet
recherche sont aussi décrits. Enfin, dans Pannexe I, sont imprimés les codes écrits pour
calculer chacune des solutions analytiques présentées dans les articles. Dans annexe 11
pourra &tre trouvé Ialgorithme unidimensionnel d’analyse thermique et contraintes
résiduelles. L’annexe Ill contienne une description plus détaillée de la caractérisation
cynégétique de la résine, les résultats de la méthode d’isoconversion de

temps/température et les courbes obtenues apres la modélisation.
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CHAPITRE 1
STATE OF THE ART REVIEW OF NUMERICAL SIMULATION OF
LIQUID COMPOSITE MOLDING PROCESSES

Présentation du chapitre

Cette étude bibliographique sous la forme d’un article de synthése soumis a la demande
de la revue « Recent Research Developments in Material Science & Engineering » est
destinée a donner une vision des connaissances générales sur la modélisation
numérique des procédés LCM, spécialement le RTM. L’étude démarre avec une
exposition globale afin d’introduire les concepts basiques des phénoménes que
interviennent dans les différents étapes du procédé. Ensuite, une discussion est amenée
sur les travaux publiés dans le domaine de la modélisation des écoulements dans
milieux poreux et 'imprégnation des renforts. Par la suite, le modéle typique utilisé
pour P’analyse des transferts thermiques est présenté, et les influences de la température
sur les paramétres de moulage sont décrites. Aprés, la cinétique de polymérisation
d’une résine thermodurcissable est expliquée, et les différents modéles présentés. A la
fin, les propriétés mécaniques des composites et les effets des contraintes résiduelles

sur la qualité des piéces sont décrites.
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1.1 Abstract

The present review aims at summing up the most recent developments on material
characterization and numerical simulation of Liquid Composite Molding (LCM). This
family of related composite manufacturing processes regroups different ways of
injecting a liquid resin through a fibrous reinforcement. As lightweight materials that
resist corrosion, polymer composites are increasingly used in many industrial
applications. New manufacturing techniques have appeared in recent years and bring
important reduction of production costs. Process simulation and virtual prototyping are

key technologies that will allow mastering of the complex issues connected with
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material selection, mold design, cycle time, part quality and production cost. In order to
perform accurate simulations, rapid and reliable material characterization techniques
need to be developed. This study concerns the rheological, thermal, chemical and
viscoelastic phenomena that occur during processing of a composite part manufactured
by LCM. Numerical optimization procedures are also reported for different composite
manufacturing processes such as Structural Reaction Injection Molding (SRIM), Sheet
Molding Compound (SMC), Bulk Molding Compound (BMC) or autoclave curing.
Although the present work mainly addresses thermosetting matrix materials (i.e.,
polyester or epoxy based resins), information on thermoplastic resins is also reported

from the literature.

1.2 Introduction

Liquid Composite Molding (I.CM) regroups a number of widely used manufacturing
techniques for fibre reinforced composite parts such as the well known Resin Transfer
Molding (RTM) process. LCM techniques are well recognized for their versatility in
part dimension and fow cost production. The basic process consisis in the pressurized
injection of a pre-catalyzed thermoset resin into the mold cavity containing a fibrous
preform (see figure below). Once the cavity is filled up, and the preform is completely
saturated, the liquid resin system reacts following an exothermic process. The
polymerization reaction results in a three-dimensional cross-linked polymer network

that gives the solid shape of the part.
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b) Mold Closure

g g

a) Fiber Placement

Fiber Reinforcement

¢) Resin Injection d) Part Extraction

Figure 1.1. Resin transfer molding process for manufacturing of composite materials

The prediction of mold filling or impregnation phase in LCM has been studied by many
investigators [1-20]. Several authors have considered this problem in the isothermal
case only [1-10]. The cure of thermosets is a recognized problem and several
researchers have considered the prediction of resin cure degree for other fabrication
processes such as Reaction Injection Molding (RIM), Structural Reaction Injection
Molding (SRIM), pultrusion, etc. For some composite manufacturing processes,
mathematical models have been developed to predict resin cure [11-20]. The typical
approach considers transient heat conduction problem coupled with the internal heat
generated by the resin polymerization reaction [21-23]. By combining the impregnation
model with such a cure model, a prediction can be made for the temperature history of
the entire cycle. Although the impregnation phase plays an important role, experimental
work [10,14] has shown that the time required to heat and cure the resin system is a

major factor inhibiting further reduction in cycle time.
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1.3 Model of fiber impregnation

The typical filling process involves the injection of a liquid resin into the mold cavity.
The central issue in the analysis of a filling process is the tracking of the free surface
between the filling material (i.e., liquid resin) and the escaping gas (usually air), which
is present in the cavity of the mold before the injection. The flow of fluid through a
fibrous network has been analyzed either at the microscopic or macroscopic levels. In
the microscopic approach, the flow through the fibrous mat is studied by solving
Navier-Stokes equation. However, this method may be misleading and difficult to
resolve because the fiber architecture is complex and the needed boundary conditions.
are not easy to find. In macroscopic studies, the flow of resin through a fiber preform is
usually assumed to be equivalent to that of an incompressible fluid through a porous
medium. Therefore the filling phase in liquid composite molding is based on
incompressible fluid mass conservation and uses Darcy’s law to evaluate the pressure

drop of the flow.

A porous medium may be defined as a solid containing holes or voids, connected or
not, dispersed either regularly or in a random way. The porosity of a porous material is
the fraction of the bulk volume of the material occupied by voids. Permeability is that
property of a porous media which characterizes the ease of a fluid flow to permeate
through the medium when a pressure field is applied. Many attempts have been made to
construct a theory that relates the pore structure with permeability. The theory of
Carman-Kozeny [25] treats the porous medium as a bundle of capillary tubes of equal
length. Kozeny has shown that the permeability K for such structure may be
approximated by the following equation:

P
4 (1-g)

(1-1)
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where d is the averaged bundle diameter, £ is an experimental value (called Kozeny
constant) and ¢ the medium porosity. This equation was originally developed for
granular beds consisting of ellipsoids and it was shown to be also valid for porous

media consisting of fibers.

In order to simulate the filling process, several assumptions must be made to simplify
the problem. In general, the fabric reinforcement placed in the mold cavity is assumed
to be rigid during mold filling. Inertia effects are neglected because of the low
Reynolds number of the resin flow. Furthermore, at the pressure usually created in the
cavity to drive the flow, surface tension is considered negligible compared with the
dominant viscous force. The equation of mass conservation for the fluid phase can be

written as:

V(pit) =0 (1-2)

where p is the density of the injected resin and # is the superficial fluid velocity, i.e.,
the velocity at which the fluid actually travels, rather than the observed macroscopic

velocity. Darcy’s law is usually written as [26]:

7= —L[K]VP (1-3)
7

in which [K] is the permeability tensor, taking the form of a 3x3 matrix, g and VP are
the resin viscosity and the pressure gradient respectively. Equation ( 1-3 ) relates the
three components of the superficial fluid velocity vector to the associated pressure
gradient. This relationship is valid for Newtonian fluids and ignores gravity effects,
although some authors have also developed a more elaborated equation taking into
account these effects [13]. Flow experiments used to measure reinforcement
permeability have demonstrated that Darcy’s law can be applied to a wide range of

injection pressures or flow rates, larger than the usual values used in LCM technology.
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Owen, Kendall et al. [3] presented three analytical solutions for Darcy’s flow in liquid
composite molding. The document was illustrated with examples for rectangular molds
and convergent and divergent flows in a circular mold. Based on Kendall’s work, they
illustrate the approximate relationships for the pressure distribution, fluid velocity,
filling time and total force on the mold wall for the above-described geometries. A
comparison with experimental results showed that a proper model must include non-
isothermal filling effects. For three simple geometries, they found a good agreement
with the experimental results for the pressure and temperature fields. These analytical
solutions represented a good test to validate numerical algorithms developed to resolve
Darcy’s flow in complex shapes. Boccard et al. [4] developed a geometrical model to
describe the mold filling of thin two-dimensional parts. The method was able to include
several injection points and can be modified to model a variable injection pressure.
Based on this geometrical approach, combining radial and channel-like flows, the time
required to fill the mold was obtained without using of a filling algorithm.
Experimental results corroborated the analytically calculated time. With this technique
only isothermal injections can be modeled and only thin parts with relatively simple

geometries will provide accurate results.

In general, the simulation of the filling stage in LCM processing requires the coupled
solution of the flow equations (i.e., Navier-Stokes or Darcy equations) with some
means of tracking the free surface. Three alternative tracking approaches have been

identified in the literature [2]:

® Lagrangian: In this approach, the computational grid deforms as the flow
calculation proceeds and a line of nodal points (or grid cell boundaries) always
coincides with the free surface (see Figure 1.2.b) [7,8,10]. An alternative, but
equivalent approach, consists of using a domain transformation to perform

calculations in a fixed domain with a simple geometry [9].
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Marker and Cell (MAC): In this technique, the progress of the free surface is
followed through a fixed Eulerian grid by tracking the movement of imaginary
tracer particles (see Figure 1.2.¢). A more straightforward implementation is
based on an explicit solution of Navier-Stokes equations followed by an update
of the free surface based on the velocities calculated in the surface grid cells

[6,30].

Control Volume (CV): This technique is widely used to model free surface
flows. In this approach, the free surface is tracked on a fixed grid by solving a
transport equation [1-81. In a solution based on a fixed grid of computational
cells (i.e., finite elements), a cell value of 0 stands for an empty cell, a cell value
of 1 indicates a completely filled cell, and a cell value between 0 and | a

partially filled cell (see Figure 1.2.d).
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Figure 1.2. Filling algorithms to analyze the flow development depicted in a): b)
Lagrangian solution, ¢) MAC, d) Control Volume methods.
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Coulter et al. [10] carried out an experimental investigation on resin impregnation in
the manufacturing of composite materials to corroborate the numerical result of the
simulation software. The code is based on the assumption of two-dimensional quasi-
steady isothermal flow of a viscous fluid through a porous medium, using boundary-
fitted finite differences with a numerical grid generation along with a stream function
formulation. They considered constant velocity at the mold inlet, zero velocity along all
walls, and zero shear stress on the resin front as boundary conditions. The numerical
result yielded a resin front more elongated than the experiment. The second notable
difference is connected with the no-slip boundary condition which delayed the flow

along the mold walls.

Other workers have improved this approach in order to reproduce experimental data {7-
9]. Although the final results show a good agreement with experiments, the most
important problem with this methodology remains the expensive computational time
required to solve the flow in complex parts (see Trochu and Gauvin [31]). Numerical
instabilities were also observed by Trochu and Gauvin [31] when obstacles are present
in the mold cavity (as inserts) or multiple fluid fronts merge to completely fill the part.
According to this discussion, the finite element method was considered as a more

appropriate alternative for modeling purposes.

The necessity to redefine the geometry of the domain in which the governing equations
are solved, makes imperious the generation of a new mesh after each successive
calculation steps. Mesh generation could represent the most tedious part of the
simulation. In this context, finite element control volume (FE/CV) is an attractive
technique, as it is not needed to remesh and it is possible to simulate the filling of thin
cavities with very complex geometries. A key feature of the FE/CV approach is rough
approximation of the domain shape combined with a thorough accounting of resin mass
conservation. The most recent advances have been made using this technique [1-8].

Experimental validations and simulations for complex industrial shapes show the
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benefits of this approach in terms of computer time, mesh generation and numerical
simulation. Models and simulations are already proving to accurately resolve the non-
isothermal filling phase in liquid injection technology. As illustrated by Ruiz and
Demaria [1], the numerical simulation has the potential to be a useful guide in the
design of parts, tooling and process. Figure 1.3 shows how the design and
manufacturing process can be integrated. Figure 1.3.a display images of and automotive
part, while the filling simulation of the mold cavity is presented in Figure 1.3.b. The
two mold halves used to manufacture the part as well as an analysis of the mold

deflection during resin injection are illustrated in Figure 1.3.c and d respectively.

(©

Figure 1.3. Part and mold design by using numerical simulations [1], a) designed part,
b) filling numerical simulation, ¢) tool design and, ¢) mold deflection analysis from

filling pressures



22

Gauvin and Trochu [32] presented a different approach based on finite elements, in
which the elements of the mesh are used to track the resin flow instead of control
volumes associated to the nodes. In their program, called RTMFlot (after updated to
LCMFIlot), nonconforming finite elements are used with a fixed triangular mesh to
numerically solve the equations. This technique allows a better local fluid mass
conservation than FE/CV. In the FE/CV method, the conservation of mass is imposed
for all control volume associated to the nodes of the fixed mesh. In RTMFlot, each
element is at the same time its own control volume. With this technique it is no longer
necessary to generate a control volume around each node. Nonconforming finite
elements present several advantages over the more conventional FE/CV for the
numerical simulation of RTM and SRIM processes. The two main advantages are an
exact local conservation of resin mass and no requirement to refine the mesh near
internal boundaries where the permeability varies significantly. Remacle, Trochu et al.
[33] introduced discontinuous finite elements on tetrahedrons to simulate liquid
composite molding process on three-dimensional parts. The pressure interpolated with
discontinuous elements allows to obtain perfectly conservative results. The
conservation of resin mass is crucial to simulate injection molding processes. The
authors compared the pressure distribution and the flow rates across the flow front and
at the injection gate for both continuous and discontinuous finite element solutions.
They concluded that a classical finite element interpolation i.e., using conforming finite
elements with pressure approximation at the nodes of triangles or tetrahedrons, does not
gives accurate results and no conclusion can be drawn. With the non-conforming

approach, the mass conservation was insured even for coarse meshes.

In common LCM industrial applications the resin is injected at room temperature into a
heated mold cavity. In this case, the resin that comes in contact with the heated mold
walls, i.e., the resin on the flow front, reaches progressively a higher temperature.

Because several properties of the polymer resin depend on temperature, significant
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variations of the material parameters occurs on the flow front. It is difficult to resolve
accurately this problem with a fixed finite element mesh. A highly refined mesh results
in an expensive computer time, and process optimization cannot be contemplated.
Bechet et al. [34] presented a new approach consisting of automatic remeshing in the
vicinity of the flow front. The solution implements the remeshing algorithm combined
with a method of velocity extrapolation to account for the flow movement in time. The
procedure allows the user to define the refinement level at the resin front, injection and
vent gates (see figure below). This interesting approach provides the accurate solution

of strong properties variations in the neighborhood of the flow front.

e

Figure 1.4. Re-meshing algorithms applied to RTM injection [34]

For complex three-dimensional parts with ribs, Darcy’s boundary value problem can be
approximated on a solid finite element mesh [13-15,19-20]. This approach appears to
be the most consistent with thermal and flow phenomena through the thickness of the
cavity, while giving also the possibility to include the thermal effects of the mold as has
been demonstrated by Guyonvach et al. [20]. Although the three dimensional solution
of the filling stage is well recognized for its robustness and accuracy, the principal
problem is related to the computer time required to perform a simulation. Because the

thickness of the cavity is very small compared to the length or surface of the part, it is
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necessary to use a minimum number of finite elements through the thickness of the part
to ensure a good accuracy of the thermal solution. Moreover, the elements can’t be too
degenerated to avoid numerical inconsistence. Finally, the number of three dimensional
finite elements needed to resolve the coupled problem of heat transfer and mold filling
can be extremely high. The large number of degrees of freedoms needed to model the
complex three dimensional differential equations results in an expensive computer time

and makes process optimization extremely difficult, if not impossible.

1.4 Heat transfer analysis

Because of the resin exotherm and the energy transferred by conduction from
the mold walls and convected by the resin flow, heat transfer phenomena cannot be
neglected during the filling stage in liquid composite molding processes. Moreover, the
viscosity of the thermoset resin changes in function of temperature and of the
polymerization degree. In order to model the effects of heat transfer on the temperature
of the resin, of the mold and of the fiber reinforcement, it is necessary to carry out an
energy balance between each of the constituents. In general, two approaches may be
followed to find the temperature field [12-15]. In the first one, the resin and the fibers
are considered as separate constituents (two phase model). Their temperatures may
differ at any point of the mold. In the second approach, the resin and fibers are assumed
to be at the same temperature (the so-called “lumped” system). In general, the
equilibrium model i.e., the second approach, is considered reasonably accurate for

LCM [12,14], where flow is a relatively slow process.

Considering the lumped system, an energy balance for the resin-fiber mix leads to a
transient absolute temperature T at time ¢ and positions x, y and z, 0 < z < h, where A is

the total cavity thickness of the composite, given by the following equation:
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where the effective density, heat capacity and conductivity of the composite are defined
by
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In the above equations ¢ is the porosity and w;,, wy denote the weight fractions of resin

and fibers, respectively. The subscript “f” stands for the fibers and “#” for the resin. The
internal heat source term Q accounts for the heat generated by the exothermic chemical

reaction of thermoset resin systems.

The control of heat transfer and chemical reaction in liquid composite molding is
complex because so many factors interact. These interactions are indicated
schematically in Figure 1.5 and described in Table 1.1. The resin flowing across the
mold cavity absorbs heat by conduction from the mold walls and from the heated
preform; temperature is also transported by convective forces. The rheological
phenomena depend on the temperature and degree of conversion of the resin via the
resin viscosity. In turn, the velocity field characterizing the fluid flow transports the
chemical species and influences the thermal field. It also determines how the mold is
going to be filled up by the resin and the quantity of heat that will be generated by

viscous dissipation.
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Figure 1.5. Coupling of phenomena present in the LCM process.

Table 1.1. Mathematical models for phenomena present in the LCM process.

,,,,, v

Flow porous media
Rheology Capillary forces
Variations of viscosity

Darcy’s Law
Constituent Law

Heat equation, coefficient of heat transfer
(conduction-convection)
Convection-diffusion equation with source
term, modeling one or two temperatures

Mold: conduction, surface losses
Thermal Part: conduction, diffusion,
convection, heat generation

Chemical species transport, diffusion . re . .
P P Convection-diffusion equation with source

Chemical and chemical dispersion. s
Polymerization term; resin kinetics model
. . Fluid flow stress, Linear strain-stress relationship with
Viscoelastic . . . P
viscoelastic forces relaxation term

On one hand, the chemical reactivity of the resin increases with temperature, on the
other hand the exothermy of the polymerization reaction is usually sufficient to increase

the temperature notably. Resin thermal and mechanical properties such as specific heat,
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thermal conductivity or elastic modulus depend on temperature and resin degree of
conversion. The strain-stress relationship depends on temperature through the thermal
expansion/contraction of the resin; it is also related to the degree of cure via the
chemical shrinkage produced during the cross-linking polymerization. Finally,
viscoelastic behaviour of the polymer depends on temperature, degree of cure and time
(stress relaxation is observed during cure). The multiple interactions between these
phenomena make the numerical modeling of the full process a complex, and sometimes

unfeasible task.

Researchers have resolved this complexity by building mathematical models and
computer simulations of flow, heat transfer, chemical reaction and strain-stress
relationship. Finite element software has been developed to implement some of these
mathematical models for complex three-dimensional parts [16-20]. The energy
equation was resolved by finite elements and finite differences. Guyonvach et al. [20]}
presented a heat transfer analysis integrated with a non-isothermal 3D filling model.
They used a Taylor-Galerkin method in a finite element model that permits to guarantee
a reasonable stability and precision of the temperature calculation even when
convection terms become dominant. However, the numerical scheme i3 not
unconditionally stable, which created difficulties to make it user friendly. The
simulation calculates the three-dimensional temperature distribution in the cavity and in
the heating mold, but the computational cost is high. The calculated transient
temperature response in a preheated mold showed a good agreement with experiment.
The temperature calculated during mold filling simulations permits to reproduce the
high temperature gradients observed experimentally during fiber impregnation across

the thickness of the part and mold.

Lebrun et al. [27] conducted an experimental investigation of heat transfer during the
filling stage in a RTM cavity by measuring temperatures through the thickness of the

part at four different locations in the flow direction. The authors presented a finite
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difference program used to evaluate the temperature distribution through the thickness
of the steel wall. They showed that it is possible to evaluate the effective thermal
conductivity of a resin saturated fiber preform by recording the temperatures inside the
mold wall and in the mold cavity during the filling stage. Such an evaluation was also
shown to be useful in gaining confidence in the thermal properties obtained with the
rule of mixtures and used to evaluate the Nusselt number. Large discrepancies were
obtained between the Nusselt numbers referred in the literature and experimental
results. In fact, all models underestimate the heat transfer at the surface of the mold,
except the model taking the thermal dispersion into account, which overestimates the
heat transfer. The experimental Nusselt numbers have been shown to be dependent on
the molding conditions. An increase of the injection pressure increased the
experimental Nusselt number, consistently with an augmentation in resin velocity under
these conditions. However, an increase of the mold temperature induced a drop in the
Nusselt number. This was caused by the competing effect between the temperature
gradient at the mold surface and the difference between the surface temperature and the
inlet resin temperature. Finally, the authors presented a model for the Nusselt number,
taking into account the effects of the thermal dispersion, of the variable resin viscosity
and of the influences induced by the fiber volume content and the mold temperature.

This model gave better results than the models documented previously in the literature.

Tucker [29] presented a comprehensive analysis of issues in the modeling of heat
transfer and chemical reaction in resin transfer molding and structural reaction injection
molding. The discussion was organized around four steps of modeling: incorporating
the physical phenomena into a model, gathering material data, analyzing the model to
provide physical understanding, and solving the model for relevant cases. A rigorous
derivation of the governing equations by the local volume averaging method has
cleared up ambiguities about how some terms should be handled, and has introduced
the need of adding dispersion terms in the energy and cure equations. This part of the

model seems to be well in hand. Equally rigorous equations for the two-temperature
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model have been derived, but the few two-temperature treatments presented in the
literature up to now ignored many terms in these equations. He explains that two-
temperature models are important. Indeed, further theoretical and experimental work is
needed to sort out the best governing equations. Tucker points out also the effect of
pressure drop by binder dissolution in the resin flow. Binders are thermoplastic coatings
on the fiber preform. They help to maintain the shape of the reinforcement after
preforming. Some binders will dissolve in the resin during mold filling. Since the
binders consist of long-chain molecules, even small amounts of dissolved binder can
significantly increase the viscosity of the resin, and thus affect the subsequent pressure
drop and filling of the cavity. The author has presented a useful set of dimensionless
parameters for the flow, heat transfer and cure models, and analytical solutions for a

few special cases.

Another important observation was made by Lebrun et al. {28] about the through-
thickness temperature profiles in the mold cavity during the filling phase. The reported
temperatures were recorded by using wire thermocouples placed between the
reinforcement layers and steel-sheathed thermocouples in a flat steel RTM mold. The
need for reliable temperature and pressure recordings to validate numerical models was
highlighted by showing that a thermal boundary layer is developed during the
impregnation phase. Through-thickness temperature variations were shown to have an
influence on the formation of mid-thickness in-plane defects in thick parts. These
defects were generated by the racetracking of less viscous resin flowing close to the
mold surface. Gauvin and Trochu [32] presented a discussion on flow in multilayers
preforms. Experimental results showing the influence of the mold temperature on the
resin temperature have been presented. They showed that non-isothermal filling
simulations need to consider a variable resin temperature through the part thickness.
Since resin viscosity is highly sensitive to temperature, a reliable simulation should take

this dependence into account.
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1.5 Resin kinetics

Thermosetting polymers play an essential role in many industrial applications, because
of their great flexibility to tailor the required ultimate properties of composite systems.
Knowledge of the degree of cure and thermal history of the resin material is necessary
in order to interpret the structural and physical property changes. A knowledge of the
heat of reaction and the rate of heat generated in function of time and temperature is
requested to quantify the heat transfer in the molding process. Process optimization of
composite manufacturing requires a good understanding of the effects of various factors
(fillers, additives, chemical composition, etc.) on the curing process. Therefore the

analysis of resin kinetics is important.

The chemical reactions of thermoset resins usually involve either a step growth
polymerization, a chain growth polymerization, or a combination of both [15]. An ideal
kinetic model should be simple enough to be combined with a process simulation
model to predict mold filling and curing. Yet, the model should be able to describe both
the kinetic changes of the reacting material and physical phenomena such as gelation
and vitrification effects. Furthermore, the effect of major chemical ingredients on
reaction kinetics, and consequently, the physical properties or defects of the molded
product, needs to be addressed for material design. Obviously, it would be difficult to
develop a single model that could fulfill all the above requirements. An alternate

approach consists of considering several levels of models.

Resin kinetics measurement during the reactive processing is difficult. Resin
solidification due to chemical cross-linking, domain formation or crystallization
represent obstacles for most experimental techniques [15]. High polymerization
temperatures and pressures, fast reaction rates further complicate this task. Various

methods have been employed to monitor the progress of the cure reaction in polymer
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processing. These methods fall into two categories: (1) determination of the absolute
conversion by monitoring the disappearance of reactive groups or the appearance of
particular species; (2) determination of changes in the physical and mechanical
properties of the sample resulting from the cross-linking polymerization. Some of these
techniques are differential scanning calorimetry (DSC), FTIR (Fourier Transform
Infrared) spectroscopy analysis, dielectrometry, rheological measurements, torsional
and flexural braid analysis, and a variety of other techniques [13-15,23]. These

techniques serve three main functions:

o The evaluation of resin formulations during material selection.

® The measurement of residual reactivity for resin samples during process
development.

® The provision of data for the simulation of heating and curing processes.

Since most liquid molding polymerizations are fast and highly exothermic, one of the
simplest ways to follow the overall resin conversion is to monitor the heat generated
during polymerization. In this way, DSC [13-15,23] is the most widely used technique
and involves the analysis of heat flow into a small specimen of the test material within
a calibrated control cell. By controlling the heating rate and the sample temperature, a
number of important thermal and chemical reaction constants can be deduced from
either isothermal or ramped heating tests. It is potentially useful for making time-
temperature predictions and for optimizing process variables as well as performing
quality control for the molding composite. In the bulk of works done by DSC analysis
for studying cure kinetics, the rate of heat generation is assumed to be proportional to
the rate of the cure reaction [25]. This method has the advantage of simplicity, with less
limitation and the capacity to yield simultaneously information regarding resin kinetics

and thermal properties. However, the method only measures the overall heat released
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and cannot differentiate between multiple reactions and physical changes such as

crystallization.

The development of FTIR spectroscopy has enabled to perform an accurate monitoring
of fast and complex polymerizations. Several researchers [15,22,3537] have
successfully used an FTIR to follow fast bulk polymerization. Huang and Su [35]
compared results from both DSC and FTIR during the curing of an unsaturated
polyester resin with low profile additives (a thermoplastic additive). They found a
notable difference in the polymerization degree that shows the advantage of FTIR in the
analysis of coupled phenomena for thermosetting and thermoplastic resins. The
disadvantages of spectroscopic methods are that the equipment is more expensive.

Sample preparation and data analysis are also more time-consuming than DSC.

A large number of studies have been conducted on the resin kinetics of thermosetting
systems, and a number of different kinetic models have been proposed in the literature.
Generally, researchers have studied the connection of the chemical reaction with the
other independent variables, namely time and temperature [23]. In general, the kinetic
models can be phenomenological or mechanistic. A phenomenological model captures
the main features of the reaction kinetics ignoring the details of how individual species
react with one another. On the other hand, mechanistic models are obtained from
balances of species involved in the reaction. Hence, they are better for prediction and
interpretation. However, because thermosetting reactions are rather complex,
mechanistic models require more kinetic parameters than phenomenological models.

Therefore phenomenological models are more popular for thermosetting systems.

Although several simultaneous reactions occur during the curing process, simple
models have been developed based on the assumption that only one reaction can
represent the whole cure process. The simplest model corresponds to a n™-order kinetic

expression [13-15,23]:
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da B
"g;*h‘(i"‘a) (1-6)

where # is the reaction order and k4 is the rate constant given by an Arrhenius

temperature dependence:

- F
kA:kOexp(R ]’ij (1-7)

The efficiency of this model for most polymerizations has been postulated by some
authors {15,21,23]. However, an nP-order equation cannot realistically describe the
progress of the entire reaction because the material undergoes different transitions
(gelation, vitrification) during cure. For an isothermal reaction, equation ( 1-6 ) predicts
a maximum of reaction rate at time zero. So this equation cannot be used for
autocatalytic reactions. Kamal and Sourour [21] have shown that the following model
describes adequately the cure kinetics of both epoxy and unsaturated polyester resin

systems:

i’ﬁ:(kl+k2.aﬁ’)-(1—oz)" (1-8)

where k; and k; are rate constants which follow an Arrhenius relationship with the

absolute temperature, m; and n; are catalytic constants. The relative degree of cure, «,

is defined by

Q= (1-9)

where Q is the total amount of heat generated isothermally from the beginning of the
reaction until time ¢,, and (J, is the ultimate heat of cure obtained from the total area

under the scanned exotherm curve. For non-isothermal curves, a numerical procedure is
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proposed in order to calculate o and do/df during a linear temperature scan [21].
According to equation ( 1-8 ) the initial rate of autocatalytic reaction is not necessarily
zero, since there is a possibility that reactants be converted into products through
alternative paths. The reaction rate achieves a maximum value at some intermediate
conversion, where the position of the peak will depend on the values of m and ». Since

dov/dt equals zero, the fractional conversion at peak is given by

m

a,

An autocatalyzed thermoset usually has its maximum heat evolution around 30-40% of
the total conversion [23]. Equation ( 1-8 ), the so-called Kamal-Sourour kinetic
equation, has been widely used as an effective cure model for thermosetting resins. In
general, thermosetting materials exhibit the vitrification phenomenon which stops the
reaction before complete conversion is achieved. As the cure progresses and the resin
cross-links, the glass transition temperature, 7, of the system rises. When it approaches
the curing temperature, the resin passes from a rubbery to a glassy state. At this time,
the mobility of the reacting groups is hindered and the rate of conversion is controlled
by diffusion rather than by the chemical reaction. This accounts for the fact that the
experimental conversion and reaction rates, at diffusion controlled step, are lower than

those predicted by Kamal-Sourour equation.

Salla and Ramis [38] have studied different cure kinetics for an unsaturated polyester
resin system by DSC and compared different dynamic and isothermal procedures. They
compared four methods used to evaluate the degrees of conversion and the reaction
rates of resin systems from isothermal and dynamical temperatures. The authors present

also a comparison of different resin Kkinetics analyses: autocatalytic analysis,
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isoconversional adjustments, Ozawa’s method and Kissinger’s method. The following

conclusion is reached:

® For isothermal cures below T, the material does not cure thoroughly, since it is
possible to detect a residual heat flow when a dynamic post-cure is performed.
The sum of the isothermal heat plus the residual heat is always lower than the
heat flow obtained dynamically because part of the heat cannot be detected
isothermally. Taking into account these considerations, the real degree of cure

and reaction rate can be obtained.

o The advantage of the autocatalytic adjustment is that it can provide many
kinetic parameters, such as the rate constant at different temperatures, the
reaction orders, the activation energy and the frequency factor. A disadvantage
is that such a complex process as the curing is associated with a single reactive
process with a single activation energy, so the physicochemical interpretation of

the kinetic parameters is difficult.

° Improved results where found by using a simple method called isoconversional

adjustment.

A number of important and new issues concerning the kinetic behavior of polyester and
vinylester systems have become apparent during the manufacture of thick parts by
LCM. The novel behavior is primarily due to the lower processing temperatures
required to produce thick parts of quality. At these lower temperatures, the thermoset
resin cure is diffusion controlled and the cure reaction can reach a steady plateau before
full conversion is achieved. The final conversion of the resin or maximum extent of
cure is therefore temperature dependent up to a temperature that is high enough to

provide sufficient molecular mobility to make all species react within the system. The
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situation is further complicated by the possibility that the ultimate conversion of a
multi-component resin depends on its temperature history. Depending on the respective
reaction rates for the polymerization of each component and the copolymerization
between two different components, the final cross-linked structure can change

dramatically in function of temperature.

Kamal and Sourour [21] accounted for an incomplete cure of a resin by using a
temperature dependent reduction parameter. Michaud et al. [40] analyzed these effects
in the kinetic parameters of a Dow Derakane 411 vinylester resin. They denoted that the
kinetic behavior below 85 °C was significantly different than previously reported by
other researchers. At the lower curing temperatures, a significant portion of the resin
remains uncured. The activation energy of the resin also appeared to be smaller.
Michaud and co workers used a straightforward method to account for the incomplete
cure. Instead of subtracting the extent of cure from unity in equation ( 1-8 ), they
replayed the unity term which a temperature dependent variable, @ax, by assuming an

overall reaction order equal to 2 (i.e., m+n = 2). The following equation was presented:

da 2-

—=k,a"a,, ~a) " 1-11
dt A ( ma ) ( )
The maximum extent of cure of the resin system was found by DSC analysis to be
much less than unity at temperatures typical of thick part curing. The authors used an
empirical linear relationship to fit the experimental data to approximate the resin’s

maximum extent of cure, as expressed in the equation below:

o =da,+B-T (1-12)

max

where B represents the slop of the curve and 7" the curing temperature.



37

Yousefi [23] realized a complex description of the cure kinetics for promoted polyester
and vinylester resin systems. In this work, low temperature cures were compared to
high temperature cures, and fiber filled specimens where also analyzed. In spite that
non-promoted polyester resins showed constant kinetic parameters, in the case of
promoted polyester resin Kinetics parameters were considered temperature dependent to
account for the complexity of cure mechanism in the presence of the promoter. This
complexity was caused by the promoter which chemically induced the cure reactions at
low temperatures. The primary effect of the glass fiber filler was a decrease in the
overall reaction rate at low cure temperatures. Acting as heat sinks, glass fibers
absorbed the heat of reaction, and yielded a different cure behavior in the isothermal
cure. The document presents new procedures to correct the unrecorded extent of cure
during isothermal DSC measurements. This procedure attempts to estimate the kinetic
parameters in a certain temperature dependent function. A polynomial and an Arrhenius
temperature dependence of the reaction exponents m and » was reported. On the basis
of estimated Kkinetic parameters, two temperature regions with different cure
characteristics were observed. The sum of reaction exponents was not found to be
constant due to the changes caused by the promoter in the cure characteristics of the
polyester system. Moreover, the total isothermal heat of reaction was almost identical
for both filled and unfilled promoted systems. Finally, the author reports a quite good
agreement in the evolution of the cure degree between experimental results and the
proposed models. In this work a correlation between kinetic models for isothermal
cures was found for polyester and vinylester resins in the presence of glass fibers and

promoter.

Another interesting work by Atarsia and Boukhili [39] proposed a methodology based
on DSC data discretization to go from dynamic to isothermal data, and vice versa. This
method can be generalized to non-uniform temperature heating profiles. This is

particularly important in composite processing where the temperature profiles are not
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uniform. It allows a fast and secure data processing to simulate numerically the best

process window of the cure cycle.

In polyester and vinylester systems, inhibitors are placed within the resin to increase
shelf-life by combining with the free-radicals that initiate polymerization of the resin.
Inhibition agents generally increase significantly the processing time of thick parts.
While these inhibitors disappear quickly at the normal processing temperatures of thin
composites, the kinetics of inhibitor deactivation can be very slow at the lower
temperature required to successfully cure thick parts. Michaud et al. [40] reported that a
significant effect in resin kinetics at low temperature cures is related to the slow
deactivation of the inhibitors in the resin system. If the inhibitor concentration Z is
scaled by its original concentration Z;, the change in the relative inhibitor concentration

Z/Zyis given by:

(1-13)

The rate constant, ki, was assumed to follow an Arrhenius relationship. The time lag
observed during a DSC run before heat is detected by the cell, known as induction time
lima, Can be measured at each temperature. The researchers assumed that the
polymerization can begin once the inhibitor concentration reaches zero, so the rate
constant is related to the inhibition time by:

P (1-14)

inh
ind

and the Arrhenius relationship of the inhibitor concentration for a time step (1+/) was

evaluated from:
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1+1 H
E
Z_ = i -4, .exp(__’ﬂh_).dt (1-15)
Z, Z, T

Michaud et al. [40] concluded that while most of resin kinetics and inhibitor
deactivation parameters can be experimentally determined from the neat resin using
DSC, the scaling parameter for the maximum extent of cure relationship and the initial
inhibitor concentration need to be evaluated from actual RTM experiments. The
presence of fibers within the composite can dramatically affect the curing behavior of
the resin and current analysis techniques have not been able to adequately describe this

behavior.

Ruiz et al. [84] recently studied the kinetics of an unsaturated polyester resin T580-63
from AOC Canada Inc. with 1.5 % of Norox Pulcat A catalyzer. A comparison was
carried out for the autocatalytic, Kamal-Sourou and a new kinetic model. It was finally
concluded that new model better represents the experimental data. The model has the
advantage to take into account the effect of the glass transition temperature with ease to
understand parameters of quick determination. Ruiz and Trochu also tested these
models with a Dual Kriging [43] surface that directly represents the data obtained in
DSC analysis. This kinetic surface shows the advantage to be fast implemented due to
the no necessity to determine any kinetic parameter. However, the DSC analysis must
be done at similar thermal conditions of those used in the industrial process. Figure 1.6

shows a comparison of the three kinetic models.
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Figure 1.6. Comparison of degrees of polymerization from DSC with predictions of
three kinetic models for a constant heating ramp of 7 °C/min. Autocatalytic equation
diverges at the end of curing. Kamal-Sourour equation approaches the measured data

although some differences are noticed at the end of curing. The Ruiz equation (named

proposed model) is the most accurate.

1.6 Resin mechanical properties

During the process cycle the cure degree and, consequently, the microstructure
of the material changes. As a thermosetting resin cures its material characteristics
change dramatically, transitioning from the behavior of a viscous liquid (low shear
stiffness), in its uncured state, to a viscoelastic or elastic solid (high shear stiffness), in
its cured state. The cross-link polymerization developed within the resin directly
influences the effective mechanical properties. Thus, for accurate representation of the
mechanical response of a polymeric composite material during processing, the change
in mechanical properties during cure must be ascertained. The curing process of a

thermosetting resin may be separated into three regions, as described in Figure 1.7 [47].
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In region I, the resin is fully uncured and assumed to behave as a viscous liquid
(negligible stiffness). Region I denotes the cure process, where a significant increase in
stiffness (chemical hardening) begins to occur. Resin modulus development is generally
assumed to begin at the gel point (a.), and grows until conversion is controlied by
diffusion. At this point, marked as aggy, it can be considered a quite constant value.
Region III remarks the end of the curing process, where the resin exhibits traditional
Viscoelastic behavior at elevated temperatures and approaches elastic behavior at lower

temperatures.

L
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g

resin viscosity
resin modulus

cure time

Figure 1.7. Resin modulus development during cure

The growing mechanical properties of the resin system during polymerization were
studied and modeled for several authors [14,41,44-Erreur! Source du renvoi
introuvable.]. The resin modulus is strongly cure dependent, influenced by the kinetic-
viscoelastic interactions successfully modeled by Dillman and Seferis [44]. While their
model was rigorous, independent evaluation of the kinetic and viscoelastic parameters
required extensive data reduction procedures. In addition, model predictions outside the
temperature range characterized by the authors were not reliable. In general, for
simplification motives, it is assumed that the resin modulus and Poisson’s ratio vary
approximately as a linear function of the polymerization degree [45-Erreur ! Source

du renvoi introuvable.]. This model was first proposed by Osswald [45,54]. It
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oversimplifies the relation between degree of cure and elastic constant and neglects
time relaxation of Young’s moduli and Poisson’s ratio during polymerization. An
improved linear model was used by Bogetti and Gillespie [47], to represent the resin
mechanical properties as function of cure degree for unsaturated polyester and epoxy
resin systems. The authors used a convenient o-mixing rule model to describe the
kinetic-viscoelastic behavior of the resin modulus during cure. The instantaneous
isotropic resin moduli, denoted £, was expressed explicitly in terms of degree of cure

by:

Era :(luamod)‘Ero+am0d.E:o+}/‘amod‘(]_amod)‘(Ef‘m—‘E:) (}_16)
where
o '“Ofge/

mod

Qg ~

a and  (-1<p<l) (1-17)

o gel

The parameters E° and E” denote the fully uncured and fully cured resin modulus,

respectively. The terms ag and auy represent the bounds on the degree of cure,
between which the resin modulus is assumed to develop (see Figure 1.8). The term y
was introduced to quantify the competing mechanism between stress relaxation and
chemical hardening. Increasing y physically corresponds to a more rapid increase in
modulus at lower degree of cure before asymptotically approaching the fully cured

modulus. The authors assumed in that work, that the terms £, and E are constant.

Also, they assumed that @, = 0 and gy = 1 and y = 0. Golestanian and El-Gizawy
[46], proposed a similar linear dependence of the material properties with cure degree
for an epoxy resin. This model assumes that material properties begins develop from a
small cure degrees (5%) until reach its maximum at 85% of the total cure. Millischer
[41], assumed also the Young’s modulus as linearly dependent of the polymerization

degree for a polyester low-profile resin for SMC propose.
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Figure 1.8. Linear variations of the resin mechanical properties with cure degree.

The mechanical properties of the resin also vary as the temperature changes. It is well
reported this thermal dependence of elastic and shear moduli and Poisson’s ratio

[36,41,50-53].

1.7 Part quality and process residual stresses

The tendency of polymers to expand or contract during processing is a problem that has
been widely recognized. When thermoset systems are processed, the shrinkage that
occurs due to the polymerization reaction further complicates the situation. If the
material contains fibers for reinforcement, the net result of the volume change may be a
poor surface appearance and high thermal stresses. As pictured in Figure 1.9 poor
composite part design conduces to excessive matrix shrinkage in the rib position. This
rib should be thinner than the wall to avoid sinks and voids generation. Thus,
understanding the volumetric changes during the processing of thermoset polymers can

save time and expenses associated with trial and error testing and can improve the part
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quality. A wide range of studies have been conducted to gain insight into the volumetric

changes that occur during thermoset polymer processing [13-15,41,55-57].

dy =~ d,
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Figure 1.9. Shrinkage defects in a fiber-reinforced composite part

The properties and durability of parts manufactured with polyfneric materials are
strongly affected by internal stresses, which may lead to defects in the part both during
processing, in the form of voids and microcracks, or after manufacture, as warpage,
spring-in, premature delamination or debonding (see

Figure 1.10). The geometry of a part can restrict the effects of internal stresses.
Dimensional stability concerns a dimensional change of the part dependent of time in
response to internal or external forces. An example of a lack of dimensional stability is
the warpage of a molded part as it is removed from mold after manufacture, as depicted
in Figure 1.11.a. Internal stresses in polymeric composite laminate may be generated
from the intrinsic heterogeneity and anisotropy of the composite and the
thermochemical dependence nature of the constituent mechanical properties. This
implies that internal stress fields may act simultaneously on both macro (

Figure 1.10.a) and microscopic (

Figure 1.10.b) levels and may be driven by both the thermodynamic and kinetic nature
of the material and processes. These different degrees of scale are schematically shown
in Figure 1.11.b. At each level the stresses are self-equilibrating and the overall stress

state can be found by the summation of all of them.
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Figure 1.10. Two examples of matrix cracking and delamination during processing of
thick composite plates. Defects appear commonly in thick composites processed at high

mold temperature.
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Figure 1.11. a) typical processing stresses within a composite laminate, b) macro and

micro levels of internal stresses

The study of residual stresses generated during processing of composite materials has
been widely attacked by researchers {15,46-53,58-68]. The mayor quantity of studies is
concerned to thermoplastic [59-61,66] and epoxy matrices [46,47,50-53,62-65]. The
principal difference in the analysis of thermoplastic or thermosetting matrix is related to
their mechanical properties. While thermoplastic materials crystallize during cool-down

from high temperatures, and mechanical properties are generated in this period,



46

thermosetting materials exotherm during cure at the same rate that mechanical
properties are developed. In general terms, time, temperature and pressure conditions
between typical processing of these materials are strongly different. Although exist
these particular differences in the processing conditions and mechanical properties, the
nature of the residual stresses generated has the same origin. In thermosetting matrices,
the study has been directed to epoxy resins and some authors reported studies in

polyesters [40,41,47,58] and other materials [48,67,68].

In calculating the thermal residual stresses in composites, a stress-free state at highest
temperature in the curing cycle is commonly assumed. Thus the attention is focused on
the optimization of the cooling path so as to minimize the residual stresses within the
part. As described by Stringer et al. [50,51], when focused only on thermal stresses
during cool-down from the elevated temperature the stress model predicted a low
through-thickness tensile stress than measured. This level of predicted stress was not
sufficient to cause delamination in a fully cured composite. A fundamental
consideration of the mechanisms involved during cure process of composite component
led to the hypothesis [52] that stresses arising in the cure cycle prior to cool-down may
be responsible for delamination. Before the cool-down begins, the matrix undergoes
significant volume changes that also produce residual stress in composites. This
residual stress is relieved by several mechanisms such as fiber waviness, warping,
delamination, and microcracking. It is then mmportant to consider both kinetic and
thermodynamic sources of the internal stress generation to ensure that suitable

analytical techniques are used in their evaluation.

In many works it is assumed that the composite is under stress-free state by the end of
cross-linking of the polymer resin. Due to the viscous behavior of the resin through the
polymerization process, the residual stress developed within the material can be
negligible. Bogetti and Gillespie [47] studied the process-induced stresses in thick-

sectioned composite laminates. In this work, the results indicate that the assumption of
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a stress-free temperature for residual stress predictions is not appropriate for thick-
sectioned parts. They denoted in the study of graphite/epoxy laminates that the
curvature and transverse modulus both increase sharply immediately after the gel point,
possibly indicating that the development of residual stress can be significantly affected
by the mechanical properties of the resin before full cure has been reached. Although it
is important to remark that the authors did not consider the thermal variations of the
mechanical properties of the resin during cure, and either, the effect of stress relaxation

above the glass transition temperature.

1.8 RTM process optimization

In the LCM process, there are a large number of design variables which impact the
process performance (see Figure 1.12). The mold temperature and inlet pressure must
be well selected so that the resin will not gel during filling allowing a proper fill up of
the mold. The determination of the process parameters is the key to have successful
molding conditions. In addition, proper choices of the process conditions can reduce
cycle time, heating sources, resin injection apparatus, mold deformation and clamping
systems. Minimization of the mold filling and curing times is equivalent to reduce
energy consumption during molding cycle. Finally, and may be the most important in
the processing of thick composites, the optimum choice of process variables will result
in minimum part defects, such as micro cracks, delamination, warpage, spring-in, etc.,
it means that the optimized process will result in a high part quality. As shows Figure
1.12, exist a sophisticated relation between design parameters and measurable process
issues. Due to this complexity in the interactions, many LCM process designers depend
more often on their experience or knowledge rather than a systematic optimization
search engine. However, recent advances in LCM simulation and optimization tools

have created new applications in process design.
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It is comprehensible that final mechanical properties of the composite will be affected
by the processing of the part. Several developers have understood this relationship and
presented experimental investigation on the sensibility of mechanical properties to the
process parameters [14,69-71]. In general words, it is accorded that preheating of the
mold help the wet-out of the preform and consequently aids product quality. Preheating
of the resin at the injection gate has also showed to improve the results of mechanical
analyses in the full cured part [14,71]. It is also reasonable that injection pressure and
fiber/mold temperature during filling will have a decisive role in process where the gel

time is close to the filling time.
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Figure 1.12. Process design parameters and issues to optimize
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Despite the fact that many authors have published works in the field of LCM simulation
and the fact that process parameters influence critically on product quality, few research
works have been done on the area of process optimization [71-83]. At the early
beginning, investigators adapted to the LCM process design tools used for traditional
aerospace composite fabrication methods, such as autoclave. But quickly it was found
that these techniques don’t support the optimization of design and manufacture under
L.CM conditions. Several fundamental aspects differentiate these processes. It is a mater
of fact that the principal discrepancy comes from the mold concept. In autoclave curing,
one mold surface is used to geometrically support a pre-impregnated preform. So that
autoclave temperature and pressure are directly applied to one surface of the part. These
conditions generates a principal resin flow through the thickness of the part, at the same
time that composite compacts increasing fiber volume content. In the other hand, LCM
process uses two mold surfaces, implicating that part compaction during exotherm
period will be constrained by the mold. In this case, the principal resin flow will be
developed on the plane of the part, and through-thickness conduction and in-plane
convection will be the dominant thermal effects. It implicates, that the resin that first
touches the mold walls will be the first in react, or in other words, the resin closer to the
vent gate will cure prior to the resin close to the injection gate. These differences show
that special and careful analysis should be done to be able to accurately optimized the

LCM process.

Historically, autoclave cure cycles have been developed using trial-and-error methods.
But this procedure is evidently inefficient and depends on the acquired knowledge. So
many others approaches have been developed to obtain the optimal cure cycles. The
result of these trial-and-error methods have led to the development of various rule-
based heuristic expert systems to guide process development. Xiao et al. [72] developed
an expert heuristic system for LCM, comparing mechanical properties after curing with
different curing conditions. Two variables, injection pressure and mold temperature

were studied. Johnson et al. [71] used an expert heuristic system for the optimization of
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the heating injection temperature of the resin with microwave in a LCM process.
However, the applicability of heuristic approaches is often limited by the specific
material, geometry and practical restrictions. These approaches cannot obtain an
optimal design, especially where there are large numbers of design parameters and

constrains involved that cannot always be measurable.

Spoerre et al. [73] proposed the use of Genetic Algorithms (GA), in conjunction with
the cascade correlation neural networks architecture (CCA-NN), to establish a model
that predicts and optimize performance and quality of LCM parts. In this method, the
authors did not use numerical simulations to construct the objective function to be
optimized, but used a database of experimental results. They conclude that although the
process optimization showed good convergence to the estimates optimum values, the
use of this technique is restrained to the development of a resin transfer molding
database. Chen et al. [83] analyzed the effects of moisture upon the optimal cooling
temperature path after post cure of a symmetric composite laminate. They constructed a
based gradient algorithm to found the optimum cooldown temperature path that
minimizes thickness-averaged residual stresses after post cure. The used technique was
well adapted to the simple number of parameters used within the one-dimensional
simulation, but it may be hard to resolve in a complex combination of design

parameters and evaluation functions.

Recently, Li, Trucker et al. [76] proposed the method of design sensitivity analysis to
optimize the autoclave temperatures in a graphite/epoxy composite. Design sensitivity
information is extracted based on an analytical, direct differentiation approach. The
sensitivities are then used with a gradient-based optimization technique to
systematically improve the curing process. In this work, the cure cycle is constrained to
a maximum temperature within the composite and a minimum degree of cure. To
obtain the minimum cure cycle, one, two and three dwell temperatures were proposed.

Finally, the optimization algorithm finds a smoothed cure and temperature profiles
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through the thickness. The authors conclude that the method is most useful for
improving designs that are generated by less precise methods, such as design rules,
expert system, and heuristics. Starting from the estimates of these less precise methods,

the approach should produce optimal cure cycles.

Ruiz [77] analyzed the one-dimensional optimization of the non-isothermal filling
process and the optimization of the temperature ramp and dwell cure temperature for
RTM parts. By using resin chemical changes at mold wall temperature as constraint, he
found the proper mold temperature to obtain a minimum filling time. In this simple
case, the interpolation between the result of numerical simulations was done by a
Kriging curve [43], as shows Figure 1.13.a. Intersections between Kriging curves were
used to obtain the adequate result. For the optimization of the one-dimensional,
through-thickness, thermokinetic analysis he selected as objective functions the
minimum curing time, a maximum acceptable exothermic temperature and certain
constrains in the through-thickness cure profile. Finally, the heating ramp and dwell
temperature were found by intersecting parametric. Kriging surfaces, as depicted in
Figure 1.13.b. Although the method showed an excellent and quick convergence to
correct values, it can be applicable when only a couple of parameters are required for

the optimization.
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temperature, by Ruiz [77]

Young [74] used a GA algorithm to search for the optimal gate locations and constant
injection pressure that minimize the filling time. The GA code converged to near
optimal global solutions in large searching space with many local maximums, but a
poor rate of convergence was found. A comparison with random search and hill
climbing shows that hill climb is the faster in converge, but because there are many
local solutions in the searching space, this method usually converges to the local hill. In
the other hand, random search showed to have less rate of convergence of GA. In the
last year, Lin and co workers [75] presented a RTM filling process optimization with an
interesting discussion over two different search methodologies to found optimum
values. They tested and compared the convergence of gradient-based algorithms and
genetic algorithms. Objective functions were based in the injection gates locations and
a simple design variable, the filling time, was used to determine the optimization. The
conclusion of this work indicates that GA are strong enough to found a near optimal
solution, although are not recommended because of their poor rate of convergence. If
only one or two design parameters are involved, a brute force search method might be

the most efficient. If the number of design parameters is large, a gradient-based method
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such as the quasi-Newton method is recommended. It may be remarked that the authors
used GA along without any other method to accelerate convergence. They also found
an important convergence error due to the refinement of the FE mesh. The size of the
mesh must be small enough so that gate locations can be varied for small distances. As
an scope of future work, the authors propose the use of remeshing algorithms to
accelerate convergence of the solutions and avoid excessive numerical error due to the

forced change in the gate positions, because the use of a fixed FE mesh.

Shead et al. [80] developed an optimization algorithm to search the optimum autoclave
processing conditions. An objective function based on minimum degree of cure, part
temperature, processing time and warpage was used to evaluate the cure cycle. In this
work, the authors developed an optimizer based on the GA method. The GA shows to
be more appropriate because the strong convergence without expert knowledge upon
the minimum scope of initial parameters and therefore are less case specific. Yu and
Young [81] presented a RTM filling optimization based on GA. They used the GA to
search for a suitable mold temperature that minimizes the filling time. After the first
optimization, a new mold temperature was searched to the cure stage, with the
constraint of maximum allowable exotherm temperature. Although the convergence of
GA shows that are quite stable under different conditions, the number of generations
required is high. In this study, for a constant resin injection temperature, around forty
iterations are needed to assure the convergence of the results. For a complex three-
dimensional part hundred of non-isothermal simulations is not recommended for an
optimization procedure. Luo et al. [82] have optimized the RTM filling stage by
changing the position of the injection gates and evaluating the filling times. This
approach was built upon an RTM simulation engine coupled with a neural-network
(NN) genetic algorithm optimization procedure. The NN-based process model proved
to be a quick and accurate tool for RTM process performance prediction, better than the

use of GA along (because relatively large number of iterations are required).
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From the above studied, the optimizations already investigated in the composite

processing, especially suitable for RTM process, can be divided into two windows:

a)

b)

The selection of the objective functions and design variables. Optimizations
have been done for the filling stage or cure process alone. The filling
optimizations are based in the selection of mold temperature or gate position for
an optimum filling. Cure optimizations are based in assure a minimum cure
degree, maximum exotherm temperature and minimum deformation (during
cool-down). The appropriate selection of the objective functions and design
variables will lead to a proper and quick optimization. Even a sensibility
analysis has shown to be proper development tool to improve the adequate

selection of the parameters.

The selection of the optimization schema. A proper choice of the optimization
schema is imperative to an effective and reliable operation of the process
optimizer. Several algorithms have been seeing to successfully satisfy the
optimizations in RTM process, including: 1) expert based systems, 2) heuristic
approach, 3) gradient-based methods (as Newton-Raphson), and 4) genetic

algorithms (including variants to accelerate convergence).
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CHAPITRE 2
THERMO-MECHANICAL PROPERTIES DURING CURE OF
GLASS-POLYESTER RTM COMPOSITES: ELASTIC AND
VISCOELASTIC MODELING

Présentation du chapitre

L article présenté dans le chapitre 2 porte sur I’étude expérimentale et la caractérisation
des propriétés thermomécaniques les plus importantes dans les composites fabriqués
par les procédés de moulage par injection sur renfort (LCM). Initialement, la cinétique
de polymérisation d’une résine polyester insaturée commerciale est étudiée dans un
calorimétre différenticl DSC (« Differential Scanning Calorimeter »). Un modéle semi-
empirique de la cinétique de cuisson est développé pour tenir compte des effets de
Pinhibiteur et de la transition vitreuse du matériau. Le modele permet aussi de calculer

le degré de polymérisation maximum a une température de cuisson donnée.

Ensuite, I’évolution des propriétés mécaniques de deux composites verre/polyester est
déterminée par une analyse meécanique dynamique dans un appareil DMTA
{« Dynamical Mechanical Thermal Analyzer »). Deux modélisations différentes des
propriétés mécaniques sont présentées. La premiére est un modéle thermochimique
élastique non linéaire qui considére la relaxation totale du matériau a [’état
caoutchoutique. Ce modele tient compte des variations du degré de polymérisation et de
la transition vitreuse sur la relaxation totale du composite. La deuxiéme est un modele
viscoélastique complexe fondé sur une mesure de la relaxation des contraintes et le

principe de superposition temps/température.
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Finalement, les coefficients d’expansion thermique de la résine et du composite sont
caractérisés au moyen d’un analyseur thermomécanique TMA (« Thermo-Mechanical
Analyzer »). Le retrait de polymérisation de la résine est mesuré et exprimé comme une

fonction linaire du degré de polymérisation.
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2.1 Abstract

Resin transfer molding (RTM) is a widely used manufacturing technique of composite
parts. A proper selection of process parameters is the key to yield successful molding
results and obtain a good part. During composite consolidation, resin cure, also called
chemical conversion, plays a decisive role on the final mechanical properties of the
part. The modeling of resin kinetics and the evolution of composite properties during
cure are crucial for process optimization. In this paper, the curing of a thermosetting

polyester resin was studied by differential scanning calorimetry (DSC). A semi-
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empirical autocatalytic model was implemented to describe the kinetics of the chemical
reaction. The model accounts for the maximum degree of polymerization as a function
of cure temperature and induction time, i.e., the time required to attain total inhibitor

degradation.

The evolution of mechanical properties during resin cure for two glass/polyester
composites was also studied with a dynamical mechanical thermal analyzer (DMTA)
and thermo-mechanical analyzer (TMA). Given that for a low chemical conversion the
elastic properties of the resin remain small, an initial degree of polymerization called
after gel point (AGP) was introduced in the analysis of mechanical properties during
cure. A normalized elastic modulus was defined from the value at AGP taken as a
reference. The normalized elastic modulus was then compared to the polymerization
degree. The logarithm of chemical conversion was found to be almost-linearly related
to the logarithm of the elastic modulus. Based on this comparison, a thermo-chemical
model is proposed to describe the evolution of mechanical properties during the cure of

composite samples with different fiber volume fractions.

The viscoelastic behavior was also determined by performing stress relaxation tests with
the DMTA. Resin specimens were tested for different cure states below the glass
transition temperature, and master curves of stress relaxation during cure were constructed
by applying the time-temperature superposition principle. The measurements depict the
relaxation modulus of polyester resins as sharply affected by the degree of polymerization.
Based on the experimental data, a relaxation modulus was modeled in a
thermorheologically simple manner using exponential and power laws. Finally, a linear
volume change model was constructed based on TMA measurements of thermal
expansion and resin shrinkage. The volume changes resulting of composite
expansion/contraction and resin polymerization shrinkage are modeled as a function of

temperature and degree of polymerization.
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The purpose of this work is to develop appropriate models of resin kinetics, elastic and
viscoelastic behaviors and volume changes that occur during the cure of glass/polyester
composites. These models will be used in future investigations for thermal and curing

optimization of composites processed by resin transfer molding.

2.2 Introduction

As the composite industry grows, thick parts and pieces of complex shape have become
more common. The composite components for structural applications require larger cross-
sections than for non-structural applications. The curing of thick parts is challenging
because of the low thermal conductivity of the composite and the large heat of reaction
generated during the cross-linking polymerization. This combination of low thermal
conductivity and large heat source in the part during cure can lead to significant thermal
gradients and temperature peaks. This generates residual stresses, which may result in
polymer degradation. In order to improve the quality of thick composites, the processing
temperature needs to be controlled so that thermal gradients remain small. Moreover, the
chemorheology and cure kinetics may be considerably different from what is observed at
higher temperatures [2]. The reinforcing fibers are not really affected during the process
cycle, but the polymer matrix can shrink during cross-linking by as much as 9% [1].
During processing, these different thermal behaviors induce internal stresses in composite
parts. When curing fiber-reinforced composites, residual stresses have a significant effect
on the part quality and mechanical properties, generating warpage or initiating matrix

cracks and delamination [2].

It is common to observe different surface and structural defects in composite parts
manufactured by RTM. Non-appropriate processing parameters result in typical problems
such as bad surface appearance, waviness of flat geometries, part warpage, spring-in,

matrix degradation and composite delamination [24]. Based on a knowledge of material



66

behavior during resin cure [1, 5-13], a computational analysis of processing stresses can
be carried out. The resuits of numerical simulations depend directly on the guality of
experimental investigations, i.., on the repeatability of the experiments carried out to

characterize a desired material property.

Appropriate modeling of reaction kinetics is essential in the processing of thermosetting
materials. The reaction kinetics of epoxy and polyester resins has been widely studied in
the past by several authors [2, 4, 14-19]. The kinetic models derived from calorimetric
investigations are based primarily on the autocatalytic assumption. Yousefi-Moshirabad
[18] has determined the dependence of kinetic parameters on temperature and has studied
the influence of low curing temperature on gel time and final degree of polymerization.
Recently a methodology was established to determine the parameters of several kinetic

models using genetic algorithms [15].

Many investigators in the past have assumed that the mechanical properties of composite
are elastic and vary linearly with the degree of polymerization of the matrix [20-22].
Although this approach represents the simplest way to compute internal processing
stresses, viscoelastic effects and glass transition of the resin limit the accuracy of such
analysis. Viscoelastic modeling is well suited for material characterization of stress
relaxation and glass transition effects [5, 8-13, 23]. Nevertheless, the requirement of time
integrals and close loop iterations make these models hard to implement in numerical

optimization schemes because of the large number of iterative calculations required.

Generally, below the glass transition temperature (7,), the material behavior is
predominantly elastic, while above that temperature it becomes more viscous or rubber-
like. This paper presents a new approach to describe the mechanical behavior of polymer
composites without excessive computational times. The model is based on the mechanical
properties of the resin in the elastic unrelaxed and fully relaxed phases. To do so, a

function of the glass transition temperature is introduced to model phase transformation.
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This relaxed/unrelaxed model is also compared with a simple linear viscoelastic model

that describes stress relaxation in polyester glass composites.

The article begins by presenting the physical phenomena that govern resin cure and the
basic thermal equation associated. A semi-empirical autocatalytic kinetic equation is
proposed to describe free-radical polymerization. Then, a new methodology is outlined to
model the dependence of composite mechanical properties on temperature, degree of
polymerization and glass transition temperature. This thermo-chemical analysis is carried
out for one polyester resin and two different fiberglass reinforcements. Next, the
experimental procedure followed to measure the stress relaxation modulus of these
composites is presented. A simple rheological model is used to describe the linear
viscoelastic behavior as a function of degree of polymerization. Then models of volume
change and evolution of material behavior during composite processing are introduced.

Both models depend on fiber volume fraction, temperature and degree of polymerization.

2.3 Kinetic modeling

If an instantaneous equilibrium temperature between the resin and fibers is assumed at
each time [3], the transient absolute temperature 7(z¢) at position z and time ¢ through
the total part thickness (Z7) is given by the one-dimensional Fourier’s heat conduction

equation :

o°T

5 = +®p H 0<z<Zr @2.h
z

where the density p, heat capacity C 'p and conductivityl? of the composite are defined

as the effective properties obtained by the rule of mixture [3]:



68

Cp=Cpw, +Cpw, . p=—=ill 2.2)

IOrwr +pfwf

y

pa k W = Py

kow, +kw, g 7 +1_%
pf 4

W =1l-w

i

In the above equations ¢ is the porosity, and w,, wrdenote the weight fractions of resin

and fibers, respectively. The subscript f stands for the fibers, and » for the resin. The

last term on the right hand side of equation (2.1) represents a heat source produced by

the exothermic chemical reaction of the resin. The instantaneous heat H generated by
the cross-linking polymerization of the resin. This source term is assumed to be
proportional to the reaction rate:
- dH da
H=—=—H, (2.3)
d dt
where da/df is the reaction rate or rate of conversion, and H7 is the total or ultimate heat

of reaction during cure.

During the thermal cure of polyester resins, although the polymerization reaction
always involves the breaking of double C=C links to form single C—C links, different
reaction mechanisms may take place simultaneously depending on the resin additives.
Thus the proportionality assumption between the polymerization reaction and the heat
released may not be expected to hold in all cases. This means that, when measuring
calorimetric conversion by Differential Scanning Calorimetry (DSC), the amount of
heat released by the sample may not proportionally coincide with the chemical
conversion. Nevertheless, thermal measurements during cure remain a good and

reliable methodology to characterize the polymerization reaction of thermosetting
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resins. if the diffusion of chemical species is neglected, the degree of cure & (or resin

conversion) may be defined as:

d
a:jz-;i—i!—-dt or %g—:f(T,a) 2.4)

In order to resolve the energy equation (2.1), the dependence of the reaction rate must be
modeled in function of temperature and degree of polymerization. For the unsaturated
polyester resin T580-63 from AOC Inc. used in this work, kinetic measurements where
performed with a DSC 910 Du Pont Instruments. An ultimate heat of reaction (Hy) of 365
J/g was found when adding 1.5 phr of Andonox Pulcat-A peroxide. Dynamic DSC
measurements were carried out for constant heating ramps from 30° to 190 °C. The weight
of the sample ranged from 3 to 4 mg in order to ensure small thermal gradients. Reaction
rates were computed from dynamic DSC data using a second scan as base line. The whole
analysis is based on a linear interpolation between the cured and uncured specific heat

[16].

Results of dynamic cure experiments are summarized in Figures 2.1 and 2.2. In Figure 2.1,
DSC measurements processed from raw data are presented for a wide range of heating
ramps, i.e., between 5 °C/min to 35 °C/min. Figure 2.2 shows the DSC thermographs of
the dynamic cure for various heating ramps. As attained, the analysis of the heating rate
peaks shows that the cure kinetics may be defined by exponential laws of the reaction rate
as a function of temperature. To determine the validity of the DSC measurements, the

heating rate peaks may be separated into the analysis of the reaction rate at peak « » (or

peak curing temperature 7,) and the peak time #,, both as a function of the curing
temperature. The reaction rates and times to peak drawn in Figure 2.3 as a function of
temperature reveal a good exponential correlation between DSC measurements performed

for different heating rates.
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A large number of studies have been conducted on the resin kinetics of thermosetting
polymer systems, and a number of different kinetic models have been proposed in the
literature. Generally, researchers have studied the connection of the chemical reaction with
the other independent variables, such as time and temperature. In general, kinetic models
can be of phenomenological or mechanistic origin. A phenomenological model captures
the main features of reaction kinetics, but ignores the details of how individual species
react with one another. On the other hand, mechanistic models are obtained from the
balance of chemical species involved in the reaction. Hence, they provide better prediction
and interpretation. However, because thermosetting reactions are rather complex,
mechanistic models require more kinetic parameters than phenomenological models.
Therefore phenomenological models are more popular for thermosetting polymer systems.
Although several simultaneous reactions occur during the curing process, simple models
have been developed based on the assumption that only one reaction can represent the
whole cure process. The simplest model corresponds to an n"-order kinetic expression:

do
PR - — n 2-5
: =K,-(I-a) (2.5)

where « is the degree of polymerization, » is the reaction order and K, is the rate

constant given by an Arrhenius temperature dependence:

(-E
K,=K, expLR.;) (2.6)

with Ky, E4 and R being respectively the Arrhenius constant, the activation energy and the
ideal gas constant. This model is well suited for most polymer systems as widely
demonstrated in the past. However, a #-order equation cannot realistically describe the
progress of the entire reaction because the material undergoes different transitions
(gelation, vitrification) during cure. For an isothermal reaction, equation (2.5) predicts a

maximum reaction rate at time zero. So this equation cannot be used for autocatalytic
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reactions. Kamal and Sourour [17] have shown that the following model describes

adequately the cure kinetics of both epoxy and unsaturated polyester resin systems:

£ _(k, + K, a")-(i-a) @7

where K; and K, are rate constants with an Arrhenius type of dependence with

temperature, and m and » are catalytic constants.

Although the model of Kamal and Sourour [17] contains several interesting features, it is
limited to two simple rate constants. When multiple autocatalytic reactions take place, a
more detailed description is required. In this investigation, resin cure was modeled by an
empirical autocatalytic kinetic equation that describes free-radical polymerization through
a combination of Arrhenius and polynomial functions. The model of Bailleul [16] has
been extended to consider the effects of glass transition temperature on the reaction rate.

In this approach, the rate of conversion do/dt is defined by the following equations:

%:K](T)-Kz(a)-K3(T,a)-K4(Id) (2.82)
Tref

K1) = kyey EXP| = 4| 21 (2.8b)

Kz(a)=2a, - (2.8¢)

KT a)=(a,, ~a); n=f(T) (2.8d)
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The rate of conversion is the product of four terms:

1) Ki(T) is an Arrhenius factor that depends on temperature and is expressed by
equation (2.8b) with the usual Arrhenius constant %,z activation energy 4 and
reference temperature 7.

2) K>(a) is a function of the rate of conversion obtained like in Ballieul’s approach
by fitting a polynomial of degree s.

3) K,(T, ) accounts for the termination of the kinetic reaction at a maximum rate

of conversion, which is a function of glass transition temperature (i.e., o,
depends on 7). Note that the power exponent » may also depend on
temperature.

4) Ky(1y is a weight function of the induction time 7, that accounts for the effect of

the inhibitor decomposition.

To resolve the proposed kinetic model a procedure in three stages was devised:
2.3.1 Identification of the Arrhenius factor K;(7T)

A given polymerization degree is assumed to exist such that

K,(a)- K (T, a)-K,(1,)=1 2.9

For this given polymerization degree set to, say a = 0.5, equation (2.8a) reduces to

do
— =K T
( ~ lzo_s (7) (2.10)

Dynamic DSC data is used to solve equation (2.10) and derive the constant factors of

equation (2.8b).
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2.3.2 Identification of functions Kxfa) and K3(7,a)

The second stage requires to consider that Ky( ;) = I, (i.e., resin inhibitors have totally

disappeared). Then functions K, and K; are defined by the following relation:

%) )= k3le) ko) an

The coefficients of K, and K in equations (2.8¢) and (2.8d) were obtained by a genetic
algorithm [15]. To better account for the isothermal curing, the isoconversion
methodology of Atarsia and Boukhili [4] was applied to dynamic DSC cures. This
approach permits to translate dynamic DSC measurements to equivalent isothermal
results, and vice versa. The kinetic model was constructed from the isoconversion
curves. Figures 2.4 and 2.5 compare experimental data against the model for functions
K;, K, and parameter n of function K;. While » seems to remain constant for the
temperatures tested, K; appears as a well defined Arrhenius function. Averaged values
of K, for all DSC curves are used to construct the « -dependent polynomial function.
The result is then fitted by a polynomial of degree 6. The final resin conversion or
maximum extent of cure anq, is temperature dependent up to a temperature high enough
that provides sufficient molecular mobility to allow all species to react within the
system [2]. The final polymerization degree is usually less than one for the curing
temperatures typically used to process thick parts. In fact, the potential polymerization
links cannot all be activated at low temperature. Therefore a temperature dependent
parameter oy, is introduced in the kinetic equation to account for the incomplete resin
chemical reaction. By using the isoconversion methodology proposed by Atarsia and
Boukhili [4], a maximum degree of cure was derived from dynamic DSC data and

modeled as follows:
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Oy = 2 S1 T with T'in °C (2.12)
=0

where N is the degree of the polynomial fitting. Figure 2.6 shows the calculated
maximum polymerization degrees after isoconversion and the model fitting. Note that
above 70 °C, a nearly linear dependence on temperature is found. For temperatures
below this value, the maximum polymerization degree strongly decreases. This is
because the initiator and inhibitor of the resin system are respectively activated and

deactivated at around 70 °C.
2.3.3 Inhibitor decomposition

In polyester-based formulations, inhibitors are placed in resin systems to increase shelf
life. They combine with the free radicals that initiate polyester-styrene cross-linking.
Inhibition agents in the resin system increase significantly the curing time. While these
inhibitors disappear quickly at high temperature, the kinetics of the inhibitor
deactivation can be very slow at lower temperature, such as the one required to
successfully cure thick composite parts. Assuming that the polyester-styrene linkage

begins only when the concentration of inhibitor reaches zero, the induction time
1,(¢,T) prior to the initiation of the chemical reaction can be represented by a time

integral of the thermal history [15]:

, z, 04 1,50
]d(T,t):sz—.é.oexp(—Cim,-(—]{—’——ln-dt, K4(]d):{—«l i;]j<0 (213)
- : d -

Here t., Cina and T4 are fitting coefficients called respectively reference time,
induction constant and induction reference temperature. The weight function Ky(ly of

equation (2.8a) is then set to 1 when the induction time is zero.
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Measured versus predicted induction times are also compared in Figure 2.6 for a wide
range of curing temperatures. Note that for low processing temperatures (i.e., less than
60 °C) larger induction periods (around 20 minutes) are required before the
polymerization reaction begins. In that case the ultimate polymerization degree may not
be greater than 40%. As recommended by the resin manufacturer, composite parts
made with this resin system should be processed in a range of temperature between 90
°C and 120 °C to decrease processing time and reach an appropriate level of
polymerization. Table 2.1 presents the parameters of the kinetic model developed in
this study. As a result of the proposed kinetic model, Figure 2.7 shows the evolution of
the degree of polymerization obtained by dynamic DSC measurements compared with
the solution of the kinetic equation for a constant heating rate of 10 °C/min. The
proposed model was also compared to standard kinetics models, the classical
autocatalytic equation and Kamal-Sourour model. The proposed model predicts more
accurately the cross-linking polymerization reaction for the polyester resin tested in this
investigation. In Figure 2.8, comparisons of model predictions with DSC measurements
illustrate the accuracy of the model in predicting the degree of polymerization for all

the measured heating ramps.

2.4 Thermo-mechanical modeling

2.4.1 Physical analysis

The need to predict accurately the intrinsic behavior of the material and the properties of
the final part is vital to assess part quality and achieve process control. Much like thermo-
kinetic behavior, the mechanical properties of the resin vary as the part cures. Some
authors [5-7] have reported a linear correlation between the mechanical properties and the

degree of polymerization of the resin for different thermosetting polymers. In this work,
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mechanical properties where measured with a dynamic mechanical thermal analyzer
(DMTA 2980 TA Instruments) as a function of temperature and degree of polymerization.
At the beginning, fully cured resin samples (60.0 mm X 12 mm X 2.8 mm) were
manufactured and tested in deflection with the DMTA apparatus. The beam specimens
were clamped on the DMTA fixture and maintained at 30 °C during 10 minutes. The
specimens were then isothermally deformed with three point bending clamps, and elastic
modulus data was recorded. Temperature was then progressively increased of 10 °C, and
when thermal equilibrium is attained, a new elastic modulus is measured. This procedure
is repeated by increasing the temperature until 190 °C. Figure 2.9 presents elastic modulus
data acquired with the DMTA apparatus as a function of temperature. A curve fit of the

measured values is also drawn.

To account for the cure dependent mechanical properties, partially cured resin samples
were tested under similar conditions with the DMTA and DSC equipments. It was found
that long after the gel point, for a polymerization degree less than 40%, the resin elastic
modulus is still very low (below 10 MPa). This polymerization degree, that we call here
After Gel Point (AGP), was taken as reference point line to analyze the evolution of
mechanical properties at higher polymerization levels. Resin samples cured at the AGP
stage were mechanically tested on the DMTA for a specified curing cycle. Mechanical
testing of resin samples cured at AGP showed that the evolution of material properties is
very sensitive to the glass transition temperature. If the DMTA is set to isothermally
measure the evolution of the elastic modulus at temperatures just above the glass transition
temperature of the partially cured sample, the acquired data strongly varies between
samples (see Figure 2.10). The order of magnitude of modulus variation does not permit to
estimate the evolution of material properties during cure. Likewise, longer curing times
are required to achieve a certain polymerization degree, and the ultimate extent of cure

reached may not be high enough for reliable prediction.
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As shown in Figure 2.11, this inconvenient was solved by maintaining the partially cured
resin samples at their glass transition temperature until the polymerization reaction
resumes. Then specimens were uniformly heated at 3 °C/min until 180 °C to increase the
cross-linking reaction and achieve appropriate ultimate extents of cure. Under these
thermal conditions, two phenomena compete in the development of the measured elastic
modulus: the growth of mechanical properties as a result of resin cure and the diminution
of those properties due to temperature increments. To understand the competition between
these phenomena, the evolution of the resin elastic modulus during dynamic cure may be
drawn together with the fully cured resin modulus and the elastic modulus at the AGP
level (sce Figure 2.12). A pure resin sample cured at AGP is initially heated in the DMTA
to a temperature above the glass transition temperature (in this case around 70 °C). The
sample is then maintained isothermal until the polymerization reaction begins (detected by
small increments of the elastic modulus). At this time (around 13 minutes for the samples
of Figure 2.12), the temperature is incremented at a constant rate of 3 °C/min. Due to the
temperature increment, the reference elastic moduli of the fully cured and partially cured
resin samples (points 1 and 2) undergo a decrement. The elastic modulus of the measured
specimens (point 3) increases because of resin cure, but decreases proportionally to the
temperature increment. As a result, the elastic modulus of the specimen can be evaluated
using the base lines of the fully cured and partially cured resin (i.e., point 3 is considered

as a percent of the difference between points 1 and 2).

2.4.2 Normalized parameters

In order to construct a semi-empirical model that will correspond to the physical
phenomena that come into play during resin cure, it is important to normalize the main
parameters that describe the state of the material: Young’s modulus, degree of
polymerization and temperature. Young’s modulus in equation (2.14) is normalized with
respect to the value at AGP, because below that value this parameter cannot be measured

with the DMTA. As a matter of fact, before AGP and at temperatures above the glass



78

transition, the material is in a rubbery state in which any imposed constraint is quickly

relaxed (i.e., comparing with processing times usually observed in LCM). Therefore, a

normalized elastic modulus (Z:f') during resin cure can then be considered in the

following form:

. L -El,
E -

agp

(2.14)

where E;, is the measured elastic modulus during cure, E, the fully cured resin modulus,

and E’

agp the resin modulus at AGP.

The degree of polymerization a will also be normalized in a similar way as

Young’s modulus by setting

a -
G =8P (2.15)
Qyjt ~%ggp

The normalized degree of polymerization & will be used to approximate the variations of
material properties between the AGP (aug) and the ultimate degree of polymerization
(ctur), for which E’ reaches its maximum value.

Finally, a normalized temperature T can be obtained as follows:

(2.16)

where 7, () is the glass transition temperature that depends on the degree of

polymerization a, and T, is a reference temperature (in our case 1,,,= 120 °C).
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2.4.3 General semi-empirical model

Figure 2.13 shows the evolutions in time of the normalized Young’s modulus E' in-time

measured with the DMTA, and of the resin degree of polymerization a measured with the

DSC under similar thermal conditions. E' increases from its value at the AGP level (i.c.,

A

E' = 0) vntil it reaches a maximum in the fully cured state for 97% of total resin

polymerization (i.e., au,= 97%). Figure 2.13 does not show any direct correlation between

the evolutions of E' and « in time. However, an almost linear relationship was found in

Figure 2.14 when comparing the logarithms of E' and a. A non-linear relationship was

also recently reported by Ramis et al. [23] for polyester based powder coatings. Hence,

Figure 2.14 suggests to approximate the logarithms of E' and & related by the following

linear relationship:

=C,., or k' =gt 2.17
L()g(d) C-M ( )

In most cases when a linear correlation between £’ and & is observed, the constant C,._,,

is equal to one (where the sub-index C-M states for chemo-mechanical dependences). In
other cases, such as for the polyester resin tested in this study, the constant may vary
above or below one. The main disadvantage of this double-logarithmic model is that it
does not account for the changes in the glass transition temperature during cure unless

C._y is considered as a function of glass transition temperature. Therefore a semi-

empirical model is proposed to estimate more accurately the evolution of mechanical

properties during cure. This approach combines a hyperbolic cosine law that properly
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describes the temperature dependence of the elastic modulus (see equations below) with

two functions: F,(«) accounts for the degree of polymerization and W,(7,) models the

dependence on glass transition temperature:

E,(T,@)=E, () +|E, (1)~ E,,(D| F, (&) W, (T,) 2.18)
E E,
E (=—"r"— E, (I)=—"—— (2.192)
cosh(a, - T)" cosh(a2 ~T> ‘
F (a)=c-expld-d)+e-a (2.19b)
W, (T,)=h-explT) T (a)=a, -exp(l__g ] (2.19)

Subscripts 7, ¢, g and agp of these constants denote resin, composite, glass transition
and after gel point. Function F, (&) is the sum of a linear plus an exponential function
of the normalized degree of polymerization. The coefficients of equation (2.19b) can be
estimated from the curve of Figure 2.15. The model of equation (2.18) accounts for the
glass transition temperature dependence of the resin elastic modulus by a temperature

shift factor W,(T,). This factor considers the transition to complete viscoelastic

relaxation at vitrification (or when the material is in the rubbery state, i.e., for 7> T,%).
As presented in Figure 2.16, the temperature shift factor shows fully relaxed

coefficients for some polymerization degrees above AGP. Glass transition temperatures

° - - - - e, e . . O -
are also depicted in the same graphic, showing that the initial glass transition 7, is

around 55 °C, and the fully cured transition 7,” around 110 °C (7,° was practically

taken as the glass transition temperature at 95% of total resin polymerization).
Constants a, b, ¢, d and e in equations (2.18) and (2.19a-c) were obtained by a genetic
algorithm that provided a proper fit to the measured data. Figure 2.17 shows DMTA

measurements of several resin specimens cured for different polymerization degrees
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between the g and ay levels. The predictions of the proposed thermo-chemical
model exhibit relatively good agreement with experimental data for all tested samples.
The parameters of equations (2.18) and (2.19a-c) that model the mechanical properties

of T-580-63 resin are listed in Table 2.2.
2.4.4 Shear modulus

In the case of shear properties, two possible approaches may be used. On one hand,
Levitsky and Shatfer [8] assumed that the plain strain bulk modulus remains constant
during cure so that elastic moduli and Poisson’s ratio vary as the part cures. On the
other hand, Bogetti and Gillespie [5] considered that Poisson’s ratio is constant during
processing. They found that differences in Poisson’s ratio of the resin during cure do
not play a significant role on the properties of the macroscopic composite, nor on
process-induced strains or residual stresses. Both models predicted nearly identical
values of elastic and shear moduli. Poisson’s ratio is also expected to relax to ~0.5 as
the thermosetting polymer approaches the rubbery state. Nevertheless it was found by
O’Brien et al. [9] that the effect on the shear modulus is relatively minor. According to
these researchers, the variation of Poisson’s ratio has no real influence. For that reason,
in this work a constant value of v, = 0.35 was used, which was measured at room
temperature on a fully cured sample. The instantaneous resin shear modulus during cure
is based on the following isotropic material relation:

G (1) =8B
T 2-(1+v,)

(2.20)

2.4.5 Composite effective properties

The effective homogeneous mechanical properties of the composite laminate are highly

dependent on the matrix, reinforcement and fiber volume fraction. Thermal and
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mechanical properties of the reinforcement may be considered constant and
independent of temperature and of the polymerization degree, while matrix properties
vary during processing according to the models previously presented. Although a self-
consistent micro-mechanical model [10] was initially used to determine reinforcement
properties, over-predictions were obtained for temperatures close to the matrix glass

transition. Empirical models were then implemented to estimate the composite elastic

moduli E2  as a function of temperature T and fiber volume fractions ¥} in the two

comp

principal fiber directions:

ET,a)
E (T

»

)mmﬁhz (221

 -san
comp 1+ Ai -eXp(B,' T)

+&waﬂ(

where A4; and B; are fitting constants for each material direction (i=1,2). Subindexes 7, f

and comp stand for resin, fiber and composite respectively.

Two reinforcing materials have been used in this study to analyze thermal effects on
processing stresses, a continuous glass random mat U101 from Vetrotex and a bi-

directional balanced non-crimp glass fabric NCS 82620 from J.B. Martin. Figure 2.18

presents results of Young’s modulus measurements in both directions ( £,,,,,, EZ, ) for

comp >
a composite plate made with NCS-82620 bidirectional fabric (Vy = 42%). For the
partially and fully cured samples, the mechanical model approaches the experimental
curves at temperatures close to 7,. Composite specimens of these materials were
measured and fitted by equation (2.18). As depicted in Figure 2.19, between two and
three fiber volume contents were tested for each material. Note that the rule of mixture
used in this work may be accurate only around measured values of fiber volume
content. The range of validity considered for the tested materials is presented in Figure

2.20. Symbols “A” and “B” denote the accepted range of fiber volume fractions for
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U101 mat and NCS-82620 fabric respectively. Table 2.4 contains the parameters of the

mechanical model of equation (2.21) for both materials tested.

2.5 Viscoelastic modeling

The previous thermo-mechanical model must be extended in order to take into account
the time dependence of mechanical properties is taken into account. In fact, it has been
widely recognized that viscoelastic effects in thermosetting resin systems play a
significant role on the evolution of mechanical properties during cure [5, 8-13]. These
effects are particularly important for an appropriate description of process-induced
residual stresses, mainly when the manufacturing process is long enough to allow the
material to relax. For the polyester resin used in this work, the viscoelastic behavior
was determined by performing stress relaxation tests in the DMTA equipment.
Rectangular beam specimens 60.0 mm X 12 mm of thickness 2.8 mm were manufactured
for stress relaxation tests. The beams were clamped on the DMTA fixture and the
temperature maintained at 30 °C during 10 minutes. The specimens were then
isothermally deformed to an initial displacement of 0.2 mm, and stress relaxation data
was recorded during 20 minutes. Temperature was then progressively increased and
relaxation data, delay and recovery times acquired for each temperature increment until
170 °C. Figure 2.21 shows raw data of relaxation tests for fully cured samples of T580-
63 polyester resin. The measured relaxation data may be scaled by the adimensional
ratio E(t,T) / E,, where E, is the unrelaxed modulus (¢ = 0) at 30 °C. The adimensional
relaxation stress profiles for the fully cured resin sample are plotted in Figure 2.22.
Subsequently, each isothermal measurement may be shifted to obtain a master curve
based on the principle of time-temperature superposition (TTS). Applying a shift factor,

a reduced time & can be obtained as follows [12]:
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= gndt (2.22)
04T

where ar is the temperature dependent shift function. Figure 2.23 shows the master

curve for the fully cured resin after TTS has been applied, and Figure 2.24 presents the

shift factor ay used to obtain the master curve. The approximated relaxation spectra

H(t) are calculated by the Alfrey approximation [12] as follows:
d(E'
H() = (£) l (=1 (2.23)
d(log(<))

The relaxation spectrum is plotted in Figure 2.23, in addition to the relaxation modulus.
2.5.1 Modeling of stress relaxation

The stress relaxation curve for a thermorheologically simple material is usually

modeled either by a power law:

b
E()=FE, -exp| — (E—J (2.24)
T

1
where b is a material constant and 1, is the spectrum peak shown in Figure 2.23, or by a
discrete exponential series :

N
E(Q)=Epn+(E, —Ey)- > W, ~exp{~ —‘-’i} (2.25)

w=1 Tw

In the above expression, E is the fully relaxed modulus, E, is the unrelaxed modulus,
w,, are weight factors, 7,, are discrete stress relaxation times, and £ is the reduced time.
Generally, first step derivations of stress relaxation modulus and least-square

techniques as Levenberg-Marquardt method are used to fit the viscoelastic modulus [9,
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12, 13]. As reported by Kim and White [12], it was found that a single value of 4 is not
sufficient to describe the stress relaxation of the epoxy resin tested over a wide range of
temperatures. On the other hand, discrete exponential series (such as Prony series)
provide a good accuracy through the use of recursive techniques for the integral
calculations required by time-temperature superposition [9, 12, 13]. Although
exponential series are interesting in terms of accuracy, they require a long time of
analysis and are often hard to implement in numerical simulations (~20 series
coefficients are common). In this work, a thermo-rheologically simple material was

considered and the power law model was extended in the following way:
E()=E,- exp[» Q-(E+7, [ } (E+7, )% (2.26)

where Q;, Q,, £; and 1, are material constants and £, is the unrelaxed material
modulus.

In this investigation, the implementation of a genetic algorithm was preferred to
standard least-square techniques to fit the relaxation modulus. Figure 2.25 compares
relaxation data and viscoelastic predictions of equation (2.26) for the fully cured resin

sample. The relaxation modulus may be related to time using the shift factors ar to

transform the reduced times & of equation (2.26) in delay times 7. As can be noted in
Figure 2.24, shift functions may be linearly fitted with respect to temperature by the
following relation:

loglay )=a, +a,-T 2.27)

where ag,and g; are material constants. In Figure 2.26, DMTA relaxation data in

function of the delay time are compared to model predictions after applying TTS to the

fully cured resin sample at various isothermal temperatures.
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2.5.2 Cure dependent relaxation modulus

Transforming relaxation data to master curves, viscoelastic material behavior can be
analyzed over a wide range of resin conversion values. Master curves of measured
relaxation modulus for the T580-63 resin are displayed in Figure 2.27 for different
degrees of resin polymerization. It is well understood that when uncured resin samples
are exposed to temperatures just above their glass transition temperature, they continue
to cure. So, when testing uncured resin samples with a DMTA, temperature cannot
exceed the glass transition temperature determined for the polymerization degree of the
sample being tested. Relaxation DMTA data were collected between room temperature
and appropriate temperatures below the glass transition temperature in each case.
Coefticients of equation (2.26) were again solved for each polymerization degree using
the Genetic Algorithm Search engine. Comparing coefficients between master curves, it
was found that while Q, and ©, seem to be independent of the resin degree of
polymerization, Q; and Q; were linearly dependent. The unrelaxed modulus E, is also

cure dependent and was modeled by a power law as follows:

E,=U,-a" (2.28)

Qk:Q2+Q}C-a with k=1, 3

where coefficients ), Q, , U, and U, are constants of the model for each

parameter. The resulted fitting curves given by equation (2.28) for £2; , £; and the
unrelaxed modulus E, are drawn in Figure 2.28 as a function of cure for the T-580-63
resin tested. Resolving equation (2.26) with coefficient variations computed by
equation (2.28), relaxation moduli were compared with experimental data for partially
and fully cured resin samples as a function of reduced time ( ¢ ). As can be seen in
Figure 2.29, the response of the model seems to correctly predict the viscoelastic

behavior of the polyester resin for all the degrees of polymerization tested. Table 2.4
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regroups the coefficients of equations (2.26) to (2.28) found via the Genetic Algorithms
to adjust these equations to the data collected for the polyester resin used in this

investigation.

The implementation of equation (2.26) in order to describe the viscoelastic behavior of
the resin during cure requires that the shift factors used in the time-temperature
superposition principle be analytically determined. Some authors have reported non-
linear dependences of the shift functions with respect to the degree of cure for epoxy
resins. Although it was seen on these resin systems that the slope of the shift factors
versus temperature is affected by resin cure, in the case of the polyester resin tested in
this investigation, it was found that variations in the slope of the shift factors are
relatively minor. Figure 2.30 displays shift factor data for different degrees of
polymerization with the linear model of equation (2.27) used for the fully cured resin

sample.

Finally, the proposed viscoelastic model permits to describe the stress relaxation
behavior for any degree of polymerization reached by the resin. Figures 2.31 and 2.32
depict experimental data of relaxation moduli as a function of time for partially cured
resin samples (45% and 93% cured). DMTA experimental data are overlaid on the
relaxation moduli predicted with the viscoelastic model of equations (2.26) to (2.28).
The viscoelastic behavior of glass/polyester composites was also tested by combining
T580-63 resin with NCS 82620 fabric. Relaxation experiments were performed in the
principal layup directions for fiber volume fractions of 40% and 45%. Experimental
modulus collected for the two fiber volume fractions are presented in Figures 2.33 and
2.34 after the TTS principle has been applied. A self-consistent micro-mechanical
model [10] was then used to determine reinforcement properties from fabric and matrix
properties. Regarding the comparison of the viscoelastic model with DMTA data, it can

be noticed that although shift factors of the TTS seem to vary between resin and
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composite, the proposed model of relaxation modulus is still reliable. Relatively

accurate results were found for the two fiber volume fractions tested experimentally.

2.6 Volume changes during cure

Some experimental studies have also been conducted to gain insight on the volumetric
changes that occur during thermoset polymer processing. Hill et al. [14] measured the
volume changes during curing as a function of temperature and degree of
polymerization for unsaturated polyester resins. Hill proposed that the overall
volumetric changes of a thermoset resin during cure can be considered as a combination

of thermal expansion or contraction and polymerization shrinkage. Therefore it can be

Ty _(aar)y (1 (2.29)
V. o dt Overall I/u df Thermal Vu dt Pobmerization

o A by
Conmribution Shinkage

written as follows:

The first term on the right hand side represents the bulk thermal expansion/contraction

contribution, which can be expressed by

1.4V dar dar
——— = P ooy — B3 O ——— ﬂc‘urf ,,Be =4 +b T (2>30)
(Vo dt )Zﬁﬂ‘mzl 7 gel dt [(ﬂcmed ﬂéﬁ[ )] dt d> £ gel 0 o

where [ and Bureq are the coefficients of thermal expansion (CTE) of the gelled and

fully cured resin respectively. Here g, and b, are the constants of the linear fit with

temperature. Note that the CTE is assumed to vary monotonically with the
polymerization degree «. The second term on the right hand side of equation (2.29)
represents the contribution of chemical shrinkage (i.e., volume shrinkage induced by
the resin cross-linking during polymerization). Resin shrinkage was measured with a

thermomechanical analyzer (TMA 2940 from TA Instruments) as a function of the
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degree of polymerization. As can be seen in Figure 2.35, the linear relationship of
equation (2.31) was obtained experimentally for the polyester resin tested. The total

polymerization shrinkage A for the fully cured sample was about 7%:

1dar .- 2.31)
I/o dl Folymerization chem dt

Shrinkage

2.7 Longitudinal and transverse CTE

The coefficient of thermal expansion (CTE) of pure resin samples and composite plates
were also measured with the thermo-mechanical analyzer. The thermal expansion of
uncured resin samples (i.e., for a = (), partially cured (i.e., for a =0.45 and 0.80) and
fully cured samples has been determined and is reported in Figure 2.36. Experimental
data were fitted by bilinear functions and a CTE model can be written as a function of

temperature and polymerization degree as follows:

CTE, (T,a) = CTE, (T)-(1- &)+ CTE,, ,(T)- & @2.31)

where & is the normalized degree of cure given by equation (2.15).

The CTE of composite samples of NCS 82620 and Ul0! reinforcements were also
measured (see Figure 2.37) in the three principal directions (Longitudinal, Transverse
and Through-Thickness). The model stands as follows:

comp

CTE?, =CTE, -(1-V,)+CTE?, .V, whered=L,T,and T-Thickness (2.32)
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2.8 Summary

In this paper, models are proposed to describe chemical and rheological changes in
polyester matrix composites as a function of fiber volume content, temperature and
polymerization degree. These models were applied to two fiber glass reinforcing
materials, a NCS-82620 fabric and a U101 random mat embedded in a polyester resin
T580-63 from AOC Inc. A semi-empirical autocatalytic model was implemented to
describe the resin kinetics of the chemical reaction. The model accounts for the
maximum degree of polymerization as a function of cure temperature as well as for

induction times induced by inhibitor decomposition.

The evolution of mechanical properties during resin cure and for two other
glass/polyester composites was also studied with a dynamic mechanical thermal
analyzer (DMTA) and thermo-mechanical analyzer (TMA). Given that at low chemical
conversion the elastic properties of the resin remain small, an initial degree of
polymerization called affer gel point (AGP) was introduced as a reference point to
study the evolution of mechanical properties during cure. A normalized elastic modulus
was defined as reference from the value at AGP and compared with the evolution of the
degree of polymerization. Based on this comparison, the logarithm of the chemical
conversion was found to be directly related to the logarithm of the elastic modulus. A
thermo-mechanical model was proposed to describe the evolution of mechanical

properties during the cure of composite samples for different fiber volume fractions.

The viscoelastic behavior was also determined by performing stress relaxation tests
with the DMTA equipment. Resin specimens were tested for different cure states below
their glass transition temperature, and master curves of stress relaxation behavior
during cure were then constructed by applying the time-temperature superposition
principle. The measurements show that the relaxation modulus of polyester resin is

sharply affected by the degree of polymerization. Based on the experimental data, the
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relaxation modulus was modeled in a thermorheologically simple manner using

exponential and power laws.

Finally, a linear model of volume change was constructed using TMA measurements of
thermal expansion and resin chemical shrinkage. This model accounts for the
composite expansion/contraction and resin polymerization shrinkage as a function of
temperature and degree of polymerization. This thermo-mechanical model of polyester
resin can be used during numerical simulation of the curing phase in RTM to describe
the elastic or viscoelastic behaviors of the composite. To compute internal stresses
generated during and after resin cure, the evolution of mechanical properties must be
taken into account in the strain-stress model. Both the elastic and viscoelastic models

can be implemented in the numerical scheme to find the processing strain and stresses.

It is well know that discrepancies usually appear between stresses predicted by elastic
models and experimental measurements, mainly when long relaxation times appear
during processing. However, if an elastic model is used instead of a viscoelastic one,
the internal stresses predicted during processing can still give a good idea of the
experimental behavior on a qualitative, but not quantitative basis. Despite this
disadvantage in terms of accuracy, the use of an elastic model involves much shorter
computer times. On the other hand, the time dependence of viscoelastic models requires
time integration and close loop iterations to converge to suitable values. This may
create difficulties when optimization algorithms are used to improve composite
processing. The computer time required to run optimization algorithms under the same
constraints, but with the two different mechanical models, can differ in terms of hours.
Future work is needed to compare the performance of the two proposed mechanical
models in the prediction of internal stresses. The difference between the clastic and
viscoelastic models remains to be evaluated thoroughly for the numerical optimization

of composite processing.
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Figure 2.1. DSC measurements of heat flows during dynamic cure of T580-63 polyester
resin. Raw data have been processed using a second scan as base line and a linear

interpolation of the specific heat.
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Logarithmic functions relate both parameters with peak temperature.
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Figure 2.19. Measured and predicted E” for different fiber volume fractions. Fully cured

composite samples of NCS-82620 fabric and U101 mat were tested in the DMTA.

* Lines are fitting the elastic model of equation (2.21).
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Figure 2.26. Model fit of stress relaxation profiles for the fully cured resin samples at

various isothermal temperatures after applying TTS shift function a7 .
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Figure 2.27. Measured E’ in DMTA relaxation test at some polymerization degrees for

the T580-63 polyester resin.
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Figure 2.31. Viscoelastic modeling of stress relaxation profiles for the resin sample

cured at 93%, for various isothermal temperatures.
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Figure 2.32. Viscoelastic modeling of stress relaxation profiles for the resin sample

cured at 45%, for various isothermal temperatures.
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Figure 2.33. Viscoelastic modeling of stress relaxation profiles as a function of time for

the glass/resin composite sample (direction 1 at V=45%).
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Figure 2.34. Viscoelastic modeling of stress relaxation profiles as a function of time for

the glass/resin composite sample (direction 2 at V=40%).
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Table 2.1. Values obtained for the kinetic parameters used in the cure modeling of

T580-63 polyester resin.

K Kot - [1/s8C] Tref [°C] | A
7
3.707644 120 852.7575
K2 See figure (5 )
A B [17C]
Ka
1427792 3.20E-05
Omax See figure (6)
tref [sec] Tref [*C] (o]
Id
: 99175 120 5050475

Table 2.2. Parameters of the model of thermo-mechanical properties of T580-63 resin.

£ e aq b 1
EAT)
3985.365 0.001782 48.4
E,agp a; b 2
E o(T)
87.31002 0.055178 0.453156
c d e
(@)
: 0.000574 7.236369 0.35987
Ty h
FAD
24 0.36788
a b
' g £
Tela)
52.9857 .067918
~ aagp Xy
(44
0.45 0.97
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Table 2.3. Values obtained for the modeling of the mechanical properties of T580-63

resin, NCS-82620 fabric and U101 mat composite.

<
&
©
S
°
g
2z

i A { BJ EII
E comp
0.0001839 0.0417394 40100
’ 4, B, - ESf
E comp
000071839 0.0477394 43000
4, By E f!
E?
comp
00001839 0.0417394 35000

Table 2.4. Parameters obtained for equations (26} to (28} to fit viscoelastic data of

T580-63 resin.

Parameters of the viscoelastic model

7 {min) U, (GPa)

U,

3
2

Q)

Q3

[1]
Q3

o}

a, (min)

ay (mi/ °C)

i 4132981

5.759529

0.083304

-0.066726

1.752134

0.310671

-0.279135

293251

-0.10353
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CHAPITRE 3
INTERNAL STRESSES AND WARPAGE OF THIN COMPOSITE
PARTS MANUFACTURED BY RTM

Présentation du chapitre

Dans [Particle précédent, les propri¢tés thermomécaniques d’un composite
verre/polyester et la cinétique de polymeérisation de la résine ont été caractérisées. Dans
le chapitre 3, ces modeles sont utilisés pour étudier les changements thermiques et
rhéologiques qui se produisent lors de la cuisson des pi¢ces minces. Ce travail a été
initialement présenté ala conférence « 5™ International Symposium on Advanced
Composites COMP’'03 » ayant lieu & Corfu, Gréce. En raison de Pintérét suscité par
cette recherche, la revue Advanced Composites Letters a offert de publier le compte-
rendu de cette conférence sous la forme d’un article. L’étude est consacrée 3 la
modélisation numérique des contraintes internes dans un laminé mince causées par un
refroidissement au-dela de la température de transition vitreuse. L.’équation de I’énergie
unidimensionnelle (a travers I’épaisseur) est solutionnée par une formulation de
différences finies de type Crank-Nicolson. La théorie classique des laminés est utilisée
pour calculer les contraintes internes dans un composite stratifié. Pour valider les
caractérisations physiques effectuées et les modeles numériques implémentés dans cette
recherche, une série d’échantillons de verre/polyester sont fabriqués par injection et
testés. Une extension de ce travail pour des pieces épaisses est présentée au chapitre

suivant.
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3.1 Abstract

Resin transfer molding (RTM) is a widely used manufacturing technique of composite
parts. A proper selection of process parameters is the key to yield successful molding
results and obtain a good part. Among other things, when thermoset resins are
processed, the shrinkage that occurs due to the polymerization reaction further
complicates the situation. In this paper, a finite difference analysis is proposed to
simulate the effect of thermal and rheological changes during thin plates cooling after
processing. Classical Laminate Theory is here implemented to compute composite

internal stresses resulting from these thermo-rheological conditions. Laminate stresses
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are then computed and warpage obtained with the proposed numerical algorithm.
Samples of thin plates were molded combining two glass reinforcement materials.
During cooling, after processing plates warpage was recorded and results compared to
model predictions. This analysis presents the basis of a further numerical optimization

for thick composite parts.

3.2 Introduction

As the composite industry grows, thick parts and pieces of complex shape have become
more common. The composite components for structural applications require larger cross-
sections than for non-structural applications. The curing of thick parts is challenging
because of the low thermal conductivity of the composite and the high heat of reaction
generated during the cross-linking polymerization. This combination of low thermal
conductivity and large heat source in the part during cure can lead to significant thermal
gradients and temperature peaks. This generates residual stresses and may result in
polymer degradation. In order to improve the quality of thick composites, the processing
temperature needs to be controlled so that thermal gradients remain small. This typically
means that for thick parts, the mold temperature needs to be lower than for thin parts.
Also, the chemorheology and cure Kinetics may be considerably different from what is

observed at higher temperatures.

The reinforcing fibers are not really affected during the process cycle, but the polymer
matrix can shrink during cross-linking by as much as 9% [1]. As well as chemically
induced shrinkage, there are also thermally induced deformations during processing. The
fibers show a small thermal expansion coefficient along their longitudinal axis that
produces little deformation at the curing phase. The polymer matrix has a much higher
thermal expansion coefficient and is more affected by temperature changes. During part

processing, these different thermal behaviors induce residual stresses. When curing fiber-
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reinforced composites, the induced residual stresses can have a significant effect on the
part quality and mechanical properties promoting warpage or initiating matrix cracks and

delamination {2].

The purpose of this paper is the study of chemo-mechanical properties of the composite,
and validates a numerical model of heat transfer and stress calculation through the
thickness of a composite. The intention of the numerical model is to assist in the future
finding optimal temperature cycles to avoid highly induced stresses in thick parts. Firstly
the thermal phenomenon in composite parts is presented and energy equation stated. Then
models of volume changes as well as material behavior during composite processing are
presented. Both models are depending on fiber volume fractions, temperature and degree
of polymerization. A methodology for predicting residual stresses during and after
processing of composite laminates was developed. Classical Laminated Plate Theory
(CLT) was used to compute internal stresses. Thin composite plates were molded
combining two fiber reinforcements to induce warpage after processing. For each
specimen, plate deflection (warpage) was recorded during cooling. The numerical
methodology was implemented to predict cooling stresses and induced warpage of the
plates. Experimental results are finally compared to numerical values and concluding

remarks detailed.

3.3 Thermo-mechanical modeling

In the present work the simulation of heat transfer is analyzed through the thickness of
the composite part. An instantaneous equilibrium temperature is assumed to be reached
between the resin and the fibers at each instant of the thermal analysis. This
corresponds to the lumped approach of Lin et al. [3]. The transient absolute temperature
7% at time ¢ and position z, through the total part thickness H is given by the one-

dimensional Fourier’s heat conduction equation :
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- o 0szsH (3.1
{ z

where the thermal properties are those effective properties of the composite (resin +

fibers) obtained with a rule of mixture.
3.3.1 Thermo-mechanical model

The need to predict accurately the intrinsic behavior of the material and the properties of
the resulting part is vital to determine part quality and achieve process control. As thermo-
kinetic properties do, mechanical properties of the resin vary as the part cures. Some
authors [4-6] have considered a linear correlation between the mechanical properties and
the resin degree of polymerization for different thermosetting polymers. For the
unsaturated polyester resin used on this work (T580-63 from AOC), mechanical properties
were measured with a dynamic mechanical analyzer (DMTA 2980 TA Instruments) as a
function of temperature and polymerization degree. It was found that long after the gel
point, for a polymerization degree less than 40%, the resin elastic modulus is still very low
(below 10 MPa). This polymerization degree, that we call here the After Gel Point (AGP),
was then taken as base line to analyze the properties evolution at higher polymerization
levels. Resin samples cured at the AGP stage were mechanically tested on the DMTA
during a specified curing cycle. As showed on figure 3.1, elastic modulus increases from
its value at the AGP (£ ’agp) until it reaches a maximum considered as the fully cured
modulus (E.) for 97% of the total resin polymerization. Measured values depict a non-
linear correlation between DMTA mechanical properties and polymerization degree from
calorimetric measures. This relationship was model by combining a hyperbolic cosines
law that properly describe the temperature dependence of the elastic modulus (see
equations below) with two functions to account for the polymerization degree ( #,”) and-

glass transition temperatures ( F,'®) dependences.
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El" “ = E()g[] + (EC - E(]gp)‘ F;a ’ F;' : (3 '2)
- gl =t (3.3)
cosh(a, 'T) ' ) cosh(aﬂgp -T) ’
Ff=c -expld-a,)+e a, a,= N 3.4)
auh - aagp
, TS -T -5, "
Fls =h-exp| —5—nr T} =a, -exp — (3.5
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A convenient o-mixing rule is used here in order to approximate the variations of
material properties between the AGP level (a,g,) and the cure degree where £’ reaches
its ultimate value (o, = 97%). Furthermore, the presented model accounts for the glass
transition temperature dependence of the resin elastic modulus by a temperature shift
factor (F,'%). This factor considers the transition to complete viscoelastic relaxation at
vitrification (or when material is at the rubbery state, i.e. 7> T,%). Constants g, b, ¢, d
and e of equations (3.2 to 3.5) were obtained by implementing a Genetic Algorithms
Search Engine that properly fit the models to the measured data. Subscripts #, ¢, g and
agp of these constants denote resin, composite, glass transition and after gel point.
Figure 3.2 shows DMTA measurements of several resin specimens cured at different
polymerization degrees between the a,g and au; levels. The predictions of the
proposed thermo-chemical model exhibit relatively good agreement with experimental
data for all tested samples. In the case of shear properties, two possible approaches may
be used, Levitsky and Shaffer [ 7] assumed the plain strain bulk modulus to be constant
during cure so that elastic moduli and Poisson’s ratio vary as part cures. On the other
hand, Bogetti and Gillespie [4] considered the Poisson’s ratio constant over the
processing. They found that differences on resin Poisson’s ratio during cure have no
significant influences on the macroscopic composite properties, process-induced strains

and residual stresses. Both models predicted nearly identical values of elastic and shear
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modulus. Poisson’s ratio is also expected to relax to ~0.5 as the thermosetting polymer
approaches the rubbery state, nevertheless it was found by O’Brien et al. [8] that the
effect on shear moduli is relatively minor. According to these researchers, the variation
of the Poisson’s ratio has no significant effect. For that reason, in this work we have
used a constant value (v, = 0.35) which was measured at room temperature on a fully
cured sample. The instantaneous resin shear modulus during cure is based on the

isotropic material relation:

ET,CI
T2.(14v)

T.a
-

3.6)

The effective homogeneous mechanical properties of the composite laminate are highly
dependent on the matrix and reinforcement constituent properties and its volume
fractions. Thermal and mechanical properties of the reinforcement may be considered
constant and independent of temperature and polymerization degree, while matrix
properties vary during processing according to the models previously presented.
Although a self-consistent micro-mechanical model [9] was initially used to determine
reinforcement properties, over-predictions were found at temperatures close to the

matrix glass transition. Empirical models were then implemented to estimate composite

elastic modulus £ as function of temperature T and fiber volume fractions ¥ for the

two principal fiber directions.

(v, (g - £ ra
E! :(]+/A(~éfxp(B’ 2)+E°J(—%ﬂ—j withi=1,2; (3.7

where 4 and B are fitting constants for each material direction (/=1,2).

Two reinforcing materials have been used in this study to analyze thermal effects on

processing stresses, a continuous glass random mat U101 from Vetrotex and one bi-
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directional balanced non-crimp glass fabric NCS 82620 from J.B. Martin. Figure 3.3

presents results of Young’s modulus measures in both directions (EiE&2 ) for a

composite plate made with NCS-82620 bidirectional fabric (V,= 42%). For the partially
and fully cured samples, the mechanical model approaches the experimental curves at
temperatures close to T,. Composites specimens of these materials were measured and
fitted by equation (3.7), as depicted on figure 3.4 two to three fiber volume contents
were tested for each material. It must be noticed that rule of mixture used in this work
may be accurate only for values around measured values. 1t is presented on figure 3.5

the range of validity considered for tested materials.
3.3.2 Model of volume changes

Some experimental studies have been conducted to gain insight into the volumetric
changes that occur during thermoset polymer processing, Hill et al. [10] measured the
volume changes during curing due to temperature variation and degree of
polymerization for unsaturated polyester resins. Hill proposed that the overall
volumetric changes of a thermoset resin during curing can be considered as a
combination of thermal expansion or contraction and polymerization shrinkage.

Therefore it can be written as follows:

lary [ 1d _(Lar (3.8)
V, dt ), V. dt [mema ¥, dt |ropmerization

Contriburion Shinkage

The first term on the right hand side represents the bulk thermal expansion/contraction

contribution, which can be expressed by

1 dv dar ar = .
(V _;;? hormal = ﬁzel 'E"“ {(Borea _/Bge/)]' o —07 ﬂ““""d’ﬂge’ =+ by-T (3'9)

Contribution
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where fper and fureq are the coefficients of thermal expansion (CTE) of the gelled and
fully cured resin respectively. Note that the CTE is assumed to vary monotonically with
the polymerization degree . The second term on the right hand side of equation 8
represents the contribution of chemical shrinkage (i.e., volume shrinkage induced by
the resin cross-linking during polymerization). Resin shrinkage was measured by using
a thermomechanical analyzer (TMA 2940 from TA Instruments) as function of the
degree of polymerization. An acceptable linear relationship expressed by equation 10
was experimentally obtained for the polyester resin tested. The total polymerization

shrinkage Acxer for the fully cured sample was about 7%.

dar _, e (3.10)
Vu dl Polymerization d i

Shrinkage
3.3.3 Coefficients of thermal expansion

CTE of pure resin samples and composites plates were also measured on the thermo
mechanical analyzer. Thermal expansions of uncured resin samples (i.e. a = 0),
partially cured (e = 0.45, and 0.80) and fully cured samples have been determined. Data
were fitted by bilinear functions and resin CTE model as function of temperature and

polymerization degree can be then written as:
CTE]® = CTE Ly, -(1- 0, )+ CTE] .-, (3.12)

Composite samples of NCS 82620 and U101 reinforcements were also measured (see
figure 3.6) in the three principal directions (i.e. Longitudinal, Transverse and Through-

Thickness) and model as follows.

CTEg,mp = CTErT,a .(1 =V >+ CTE;‘ébre -V where d=L,T, and T-Thickness (3.13}
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3.3.4 Strain-stress modeling

In the present analysis, it is assumed that the Classical Laminated plate Theory (CLT) is
applicable to the infinitesimal regions of the composite unit cell. By introducing the
expressions of the thermo-chemical dependent mechanical properties into the

formulation of the CLT, for loading of thermal and chemical origins, it can be written:

o} = T[C}.]f’“-{%}-dt J =1 toN plies (3.14)
HAGP)

where the strain vector is defined as:

Thermal chentical ;
. chemical _ 3
&, =€, +é, £; -2/1+(ﬂchem-ai—]

In order to account for the potentially nonlinear behavior of the material, the stiffness
matrix [Cj]T’“ should be calculated at each processing time. In this way, [C}] is the
algebraic average of [C}], and [C}];za. A step-by-step computational method has been
used to predict laminate thermo-chemical response during processing. At each running
step, planar stresses and out-of-plane curvatures are computed from the strains induced

by thermal gradients and chemical changes of the composite.

3.4 Analysis of thin composite plates during coocling

The properties and durability of composite parts manufactured with thermosetting
matrix materials are strongly affected by internal stresses. The source of internal
stresses depend on material properties and on the processing conditions, they are most
commonly created during manufacture as result of thermal and mechanical behavior

differences between the phases the constitutive materials go through. Internal stresses
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may lead to defects in the part both during processing, in the form of voids and
microcracking, or after manufacture, as warpage and spring-in, premature delamination
or debonding. In this work, to identify part defects caused by internal stresses after
processing (during cooling), thin composite plates, 50 cm length by 10 cm width and 3
mm thick, were molded using several combinations of NCS-82620 fabric and U101
mat. As showed on figure 3.7a, NCS and U101 plies were asymmetrically layered.
Differences on the linear CTE and mechanical properties at each reinforcement side
obviously generate warpage phenomena on molded plates. Thermocouples were
embedded between plies to measure through-thickness temperature profiles during
processing. Plates cured at 120°C showed a warpage in the form of a curvature in the
longitudinal as well as in the transverse direction, as depicted on figure 3.7b. The
transverse curvature is important and is taken into account to correctly estimate the
plate curvatures. For each material combination, plates dimensions and curvatures were
measured with a Linear Variable Displacement Transducer (LVDT). Several plates
were molded, and four are reported on table 3.1. It is appropriate to remark that special
care must be taken on the specimen preparation, mainly due to the surface density
variation of the U101 mat. Non-uniforms surface densities of the mat result in variable
plate thickness after curing, and the assumption of cylindrical deflection may not
correctly predict the experiment values. After curing, three plates were re-heated and
maintained during 20 minutes at 150°C which is above their glass transition
temperature, allowing matrix to relax. Once residual stresses were relaxed, flat plates
were cooled to room temperature while recording temperature profiles and deflection
with time. A typical result of temperature and deflection recorded during cooling is
presented in figure 3.8. On figure 3.9, experimental results of two specimens are
compared with those predicted by the thermo-mechanical model. For the three
specimens, the error between measured and calculated values was relatively small. As
reported in table 3.2, an error of less than 2% was found for the tested plates. These

tests on thin plates are used to experimentally corroborate the proposed thermo-
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mechanical model, and suggest that the quality of the model predictions for internal

stresses of thermal origin is excellent.

3.5 Conclusion

In this paper, models are proposed to describe changes in composite mechanical
properties as a function of fiber volume content, temperature and polymerization degree
of the resin. These models were used for two reinforcing materials (NCS-82620 fabric
and U101 mat), embedded in a polyester resin (T580-63 from AOC). Energy equation
was solved by finite differences trough the thickness of the part. The analysis of
process-induced stressesin composite parts was based on Classical Laminated plate
Theory. Asymmetrically layered thin plates were processed to validate the thermo-
mechanical model by comparing calculated and measured plates deflection during
cooling. A good accuracy of the model predictions was shown with errors of less than
2%. This analysis shows that in the processing of thin composites by RTM, numerical
simulation can be a useful tool to properly determine residual stresses and geometrical
defects of the molded part. A thermal optimization can then be used to increase
mechanical performances of the part while reducing residual stresses and processing

times.
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Figure 3.1. Comparison of polymerization degree and E’ during specified curing cycle.
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Table 3.1. Plates dimensions and curvatures after manufacture for eight thin plates

samples. Reported thicknesses are the average of 10 measures along the plates.

Test NCS 82620 U101 Length thickness | X curvature
number # of plies # of plies [mim] imm] [t/m]
1 2 2 515 27 0,314
5 3 2 489 2,7 0,356
6 2 2 493 28 0,292
7 4 2 498 2,7 0,496

Table 3.2. Ultimate plate deflection when cooling after re-heating at 150°C. Both,

numerical and measured deflections are at room temperature

Test measured | numerical Error
number | deflection | deflection %]
[mm] [mm]
2 12,8 13,0 1,79
5 15,0 14,8 1,27
8 12,7 12,9 1,09
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CHAPITRE 4
NUMERICAL ANALYSIS OF CURE TEMPERATURE AND
INTERNAL STRESSES IN THIN AND THICK RTM PARTS

Présentation du chapitre

En complément au travail présenté dans le chapitre précédent, le chapitre 4 porte sur
’étude des changements thermiques et rhéologiques pendant et apres la cuisson des
piéces minces et épaisses. Cette recherche s’intéresse a la prédiction des contraintes
résiduelles et de la déformation de pieces composites lors de la mise en forme. A cette
fin, une analyse thermique unidimensionnelle par différences finies est couplée avec la
théorie classique des laminés. Dans le cas des pieces minces, les prédictions sont
comparées avec la mesure des déformations de plaques en verre/polyester. Pour les
composites €pais, 1’étude vise a mettre en évidence les effets sur les contraintes internes
du principal paramétre de moulage, la température. Différentes stratégies de cuisson
sont comparées pour une piéce de 15 mm d’épaisseur. Dans chacun des cas, I’évolution

des contraintes internes est calculée d’une maniére détaillée.

L’objectif de ce travail est de proposer et de valider un modéle numérique pour calculer
les variations thermiques et rhéologiques du matériau pendant la cuisson. L’étude des
piéces épaisses ameéne une compréhension approfondie de la relation qui existe entre les
contraintes internes et la progression du front de polymérisation de la résine a travers
I’épaisseur du composite. L’analyse démontre I'importance d’utiliser des températures
de moulage optimisées pour améliorer la qualité des piéces fabriquées par injection sur

renfort.



137

Numerical Analysis of Cure Temperature and

Internal Stresses in Thin and Thick RTM parts

Edu Ruiz and Frangois Trochu

Centre de Recherches Appliquées Sur les Polyméres (CRASP)
Département de Génie Mécanique,

Ecole Polytechnique de I°Université de Montréal

e-mails: eduardo.ruiz@polymtl.ca, francois.trochu@peiymtl.ca

Keywords: Transfer Molding (RTM), resin cure, thermal analysis, residual stress,

weaving.

Article soumis a la revae Composites Part A

Novembre 2003

4.1 Abstract

Resin transfer molding (RTM) is a widely used manufacturing technique of composite
parts. A proper selection of processing parameters is critical to yield successful molding
results and obtain a good part. Among other things, when thermoset resins are
processed, the shrinkage that results from resin polymerization increases the complexity
of the problem. Numerical prediction of internal stresses during composite
manufacturing has three objectives: improve knowledge on the process, analyze the
influence of processing parameters on the mechanical integrity of the part and validate

the principles of thermal optimization. The scope of this investigation is focused on the
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prediction of residual stresses and part deformation (i.e., warpage) in thin and thick
composites. Material characterization is essential in the numerical analysis of the
phenomena that govern the appearance of processing stresses. For this purpose, a model
of reaction kinetics of the resin is presented, together with a description of mechanical
properties as a function of the degree of polymerization and glass transition
temperature, and a linear model predicting volume changes in glass-polyester
composites. A finite difference analysis is carried out to simulate the effect of thermal
and rheological changes during the processing of sample plates. Classical laminate
theory is implemented to compute the internal stresses resulting from processing
conditions. The processing stresses are compared for different curing strategies in the
case of thick composite parts. Finally, a thermal optimization algorithm is implemented
to demonstrate the advantages of optimal transient heating and cooling temperature
profiles to minimize processing stresses and avoid thermal degradation of the material

or composite delamination.

4.2 Introduction

As the composite industry grows, thick parts and pieces of complex shape have become
more common. Composite components for structural applications require larger cross-
sections. The curing of thick parts remains a challenge because of the low thermal
conductivity of the composite and the high heat of reaction generated during cross-linking
polymerization. The combination of low thermal conductivity and large heat source in the
part during cure can lead to significant thermal gradients and temperature peaks. This in
turn generates residual stresses and may result in polymer degradation. In order to improve
the quality of thick composites, processing temperatures need to be controlled so that
thermal gradients remain small through the thickness of the part. This means that the mold
temperature must be lower for thick parts than for thin ones. Moreover, the

chemorheology and cure kinetics may be considerably different from what is observed at
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higher temperatures. The reinforcing fibers are not really affected during the process
cycle, but the polymer matrix can shrink during cross-linking, in some cases by as much

as 9% [1].

In addition to chemically induced shrinkage, thermal deformations are generated during
processing. The fibers possess a small thermal expansion coefficient along their
longitudinal axis that produces little deformation during resin cure. The polymer matrix
has a much higher thermal expansion coefficient and hence, is more affected by
temperature changes. During processing, these different thermal behaviors induce residual
stresses. During the cure of fiber-reinforced composites, the residual stresses generated
can have a significant effect on the part quality and on its mechanical properties,
promoting warpage or initiating matrix cracks and delamination [2]. Thick parts are
usually too rigid to relieve internal stresses by distortion, so matrix damage is more likely
to occur in this case. The processing of thick composites at a lower temperature should
reduce thermally induced residual stresses. However, a minimum temperature must be
reached to initiate the cross-linking chemical reaction. At low temperature, the cure
reaction takes a longer time and the number of links created may not be high enough to
obtain the required mechanical properties. In the processing of composite materials by
RTM (Resin Transfer Molding), the three most relevant processing parameters are curing
time, temperature and pressure. A judicious choice of these three parameters will produce

a material which is fully cured, well compacted and of high quality.

As depicted in Figure 4.1, a number of surface and structural defects may appear in the
processing of composite parts by RTM. Non-appropriate processing parameters result in
typical problems such as bad surface appearance, waviness, warpage or spring-in, matrix
degradation or delamination. The influence of processing parameters on these defects may
be experimentally studied by rule-based heuristic expert systems or by numerical analysis
of the physical phenomena involved during composite processing [1, 5-10]. Heuristic

methods are interesting because they seem at first to be faster in terms of computer time
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and do not require detailed material characterization. However, the results strongly depend
on the knowledge of the expert and it is difficult to asses the level of optimization reached.
Thanks to a better understanding of material behavior during processing, numerical
analysis is increasingly used in process optimization. However, the implementation of
computational methods is limited by the wide requirements in terms of material
characterization. In addition, the results of numerical simulations depend on the quality of
experimental data, i.e., on the repeatability of the experiments carried out to characterize a
specific material property. The property investigated can only be studied on a given
experimentally domain, which restricts the space available for numerical analysis and
optimization. Then, for process optimization the global problems to be studied need to be
defined, the requirements of material characterization stated and finally, comprehensive
objective functions must be developed to reflect the complexity of the composite

processing.

In reference to material characterization, prediction of reaction kinetics is a key element in
the processing of thermosetting materials. The reaction kinetics of epoxy and polyester
resins has been widely investigated by several authors [2,4,11-17]. Calorimetric studies
have been performed and kinetic models are based primary on the autocatalytic
assumption. Yousefi-Moshirabad [16] has determined the dependence of kinetic
parameters on temperature, as well as the influence of low curing temperature on gel time
and final degree of polymerization. Recently, a methodology was established by Ruiz and
Trochu [14] to determine the parameters of several kinetic models using genetic

algorithms.

The evolution of mechanical properties during resin cure is another issue that limits the
scope of numerical predictions of processing stresses. Many investigators in the past have
assumed that the mechanical properties of the composite are elastic and vary linearly with
the degree of polymerization of the matrix [19-21]. Although this method is the simplest

way to compute internal stresses during processing, viscoelastic effects and glass



14]

transition of the resin limit the accuracy of calculations. Viscoelastic modeling [5,8-10,14]
is well suited for material characterization of relaxation and glass transition effects.
Nevertheless, the requirement of time integrals and close loop iterations make these
models difficult to implement in numerical optimization schemes, which require a large
number of iterative calculations. Another possibility, still accurate and without requiring
excessive computational time, consists of modeling mechanical properties in their
unrelaxed and fully relaxed stages [14], where a function of the glass transition

temperature describes the phase transformation.

The purpose of this paper is to show how a numerical model of trough-thickness heat
transfer can assist in finding optimal temperature cycles. Firstly the physical phenomena
that govern curing are presented together with the thermal equation that models the heat
exchanged between the part and its surrounding. Then models of volume changes and of
material behavior during composite processing are presented. Both models depend on
fiber volume fractions, temperature and degree of polymerization. A methodology based
on Classical Laminated Plate Theory (CLT) is developed to predict residual stresses
during the cure of composite laminates. The thermo-chemical model predicts the
temperature and degree of polymerization through the thickness of the part. The
mechanical model based on CLT evaluates the through-thickness strain and stresses as a
function of the thermo-chemical evolution of the material. On one hand, differential
dilatation of the plies generates thermal stresses. On the other hand, differences in the
polymerization degree result in a non-uniform shrinkage of the polymer matrix and create

residual stresses of chemical origin.

Thanks to these thermo-chemical and mechanical models, processing stresses can be
computed and compared for three different curing strategies through the thickness of the
composite laminate: outside-to-inside cure, inside-to-outside cure and ome-side cure.
Firstly, the curing and cooling of asymmetrical thin laminates is investigated. Predictions

of warpage for a series of thin plate samples have been validated experimentally. Then the
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analysis of processing stresses is carried out for thick composite plates. The advantage and
drawbacks of three possible curing scenarios are compared and the best heating strategy is
identified. Finally, a thermal optimization algorithm illustrates the gains of optimized
heating and cooling temperature profiles in time to minimize processing stresses and avoid

material thermal degradation or composite delamination.

4.3 Thermo-mechanical analysis

In a non-isothermal RTM injection, the mold is typically at a higher temperature than
the resin and fibers. The heat exchanged between the preform, the resin and the mold
walls during resin injection produces temperature variations in the part. Sometimes,
curing is affected by the heat transfer in the cavity during the filling stage. However,
when thermal effects during filling have little influence on the initial polymerization
degree of the resin, it is possible to decouple filling and curing as two distinct stages of
the manufacturing process. In order to verify if the chemical reaction can be neglected
during mold filling, an adimensional number called the gelling ratio (Ge) is used. This
number relates the time required to fill up the mold (injection time) with the time
needed to cure the part (reaction time). For a small gelling ratio, it is possible to
decouple the curing process from the filling stage. In the case of polyester based resin
systems, the free radicals generated are initially deactivated by reacting with an
inhibitor, so the gelling number can be defined as the ratio of the filling time () over
the inhibition time (#;,) at mold temperature. From this definition, a gelling ratio smaller
than unity means that the curing process can be decoupled from mold filling, which is

the case assumed in this investigation.

_injection time _ fillingtime _ I,

Ge <1 4.1

reaction time  Iinhibitiontime

in
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4.3.1 Heat transfer equation

In the present work the resin cure is analyzed through the thickness of the composite.
An instantaneous equilibrium temperature is assumed to exist between the resin and the
fibers at each time. This corresponds to the lumped approach of Lin et al. [3]. The
transient absolute temperature T(z7) at position z and time ¢, through the total part

thickness H is given by the one-dimensional Fourier’s heat conduction equation :

+ 0 0<z<H (4.2)

where the density o, heat capacity ép and conductivity k of the composite are defined

as the effective properties obtained by the rule of mixture [3]:

rr JUr

y
, Ez—____k’k-" w o= Py
kow, +kw, F y _I_I—V
pf pr

In the above equations ¢ is the porosity and w,, wy denote the weight fractions of resin
and fibers, respectively. The subscript f stands for the fibers and r for the resin. The
source term () represents the instantaneous heat generated by the cross-linking

polymerization of the resin. This term is assumed to be proportional to the reaction rate.
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4.3.2 Chemical reaction

Resin cure is modeled by an empirical autocatalytic kinetic equation that describes free-
radical polymerization. Let a denote the degree of polymerization, i.e., the ratio of the
instantaneous heat released by the reaction to the ultimate heat of reaction. The rate of

conversion da/d is given by the following equations [12]:

%=K1(T)'Kz(a)‘K3(T»a)'K4(1d) 4.3)
Tret L i
Ki(T)=kypp EXP| ~ 4- - ~1 Ky(@)=2 a; -« (4.4)
i=0

K3 (T’a): (O’max - O")n

The term K;(7) is an Arrhenius factor that depends on temperature. Function Kx(a) is a
fit with a polynomial of degree m. Function K3(T,a) accounts for the maximum degree

of polymerization «_ that depends on temperature. Finally, K4l is a characteristic

function that models the effect of the inhibitors: K41y =1, if induction time J; >0, and
K1y =0 otherwise. For the unsaturated polyester resin used in this investigation
(T580-63 from AOC), kinetic measurements were performed with a DSC 910 from
DuPont Instruments. An ultimate heat of reaction of 365 J/g was found when 1.5 phr of
Andonox Pulcat-A peroxide was added as catalyst. Figure 4.2 compares the degree of
cure in time measured by dynamic DSC measurements for different heating rates with
predictions derived from the kinetic equation (4.3). The autocatalytic model seems to

predict accurately the cross-linking evolution in all the cases considered.

The final resin conversion, or maximum extent of cure, depends on temperature up 1o a
temperature high enough to provide sufficient molecular mobility so as to allow all

species to react within the system [2]. The final polymerization degree is commonly
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less than one for the curing temperatures typically used to process thick parts (i.e., not
all polymerization links can be developed at low temperature). Note that a temperature
dependent parameter a,, is introduced in the kinetic equation to account for the
incomplete chemical reaction. By using the isoconversion methodology proposed by
Atarsia and Boukhili [4] to convert dynamic DSC tests for a series of constant heating
ramps to isothermal results, the maximum cure degree can be derived from dynamic

DSC data and modeled as a polynomial function of temperature of degree N :

N
Cpx = 2 1T with T'in °C (4.5)
i=0

Figure 4.3 shows the maximum degree of polymerization attained as a function of cure

temperature for the AOC resin.
4.3.3 Induction time

In polyester-based formulations, inhibitors are placed in resin systems to increase shelf-
life. They combine with the free radicals that initiate polyester-styrene cross-linking.
Inhibition agents in the resin system increase significantly the curing time. While these
inhibitors disappear quickly at high curing temperatures, the kinetics of the inhibitor
deactivation can be very slow at the lower temperatures required to successfully cure

thick parts. Assuming that the polyester-styrene linkage begins only when the inhibitor
concentration reaches zero, the induction time 7,(7,1) required to initiate the chemical

reaction can be represented by a time integral of the thermal history [13].

1 T _0 g
L=t - exp[-cm, ( “ mvdz, K1) {:10 ; vl (4.6)
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where frer Cing and Ting are fitting coefficients called respectively reference time,
induction constant and induction reference temperature. The weight function K1y of
equation (4.3) is then set to 1 when the induction time is zero. Measured versus
predicted induction times are compared in Figure 4.3 for a wide range of curing
temperatures for the AOC resin T580-63. Note that for low processing temperatures
(i.e., less than 60 °C), larger induction periods (around 20 minutes) are required before
polymerization begins. The ultimate polymerization degree may not be greater than
40%. As recommended by the resin manufacturer, composite parts made with this resin
system should be processed in the range of 90 to 120 °C in order to decrease the

processing time and reach an adequate level of polymerization.

4.3.4 Thermo-chemical dependencies of mechanical properties

The need to predict accurately the intrinsic behavior of the material and the properties of
the final part is crucial to assess quality and control the manufacturing process. In a similar
way, much like thermo-kinetic properties, the mechanical properties of the resin vary as
the part cures. Some authors [5-7] have reported a linear correlation between the
mechanical properties and the degree of polymerization for different thermosetting
polymers. In this work, mechanical properties were measured with a dynamic mechanical
analyzer (DTMA 2980 from TA Instruments) as a function of temperature and degree of
polymerization. It was found that long after the gel point, the resin elastic modulus is still
very low (below 10 MPa) for a polymerization degree less than 40%. This polymerization
degree, called After Gel Point (AGP) [14], was then taken as base line to analyze the
evolution of mechanical properties for higher polymerization levels. Resin samples cured
until the AGP stage were mechanically tested with the DMA during a specified curing
cycle. As shown in Figure 4.4, the elastic modulus has an initial value defined at AGP
(E’4g) and then increases, until it reaches a maximum considered as the fully cured

modulus (E.) for 97% of total resin polymerization.
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Figure 4.5 depicts a non-linear correlation between Young’s modulus and the
polymerization degree. This relationship was modeled by introducing hyperbolic cosine
laws that properly describe the temperature dependence of the elastic moduli of the AGP
and fully cured resin (see equations below) and two functions to account for the

dependency on the polymerization degree (F,(a)) and glass transition temperature

(W, (T))[14]:

E,(T,a)=E, (T)+|E.(T)~E,(T)| F, (@)- W, (T,) @.7)
E E,

EA(Ty=—te E o, (T) = (4.8)

@ cosh(a, -T)" g cosh(a2 -T)b2
F(a)=c-exp(d-G)+e-& G LT Gamp (4.9)
Qult — Cggp

W (T.)=h Tt~ T T (@) b ) 410
= h-exp| —————— =d,_ -ex

r\"g pTg(a)—Tref g g p 1—& ( : )

The expression F. (&) is as the sum of a linear plus an exponential function of the
polymerization degree that can be estimated from the curve of Figure 4.5. A convenient
rule of mixtures (&) is used here in order to approximate the variations of material
properties between the AGP level (a,g) and the cure degree for which E’ reaches its
ultimate value (for a,, ~ 97%). Furthermore, the model presented accounts for the glass
transition temperature dependence of the resin elastic modulus by a temperature shift

factor (W,(T,)). This factor considers the transition to complete viscoelastic relaxation

at vitrification (or when the material is in a rubbery state, i.e., when 7 > 75). Constants
a, b, ¢, d and e of equations (4.7) to (4.10) were obtained by implementing a Genetic
Algorithms Search Engine that properly fit the models to the measured data. Subscripts

r, ¢, g and agp of these constants denote respectively resin, composite, glass transition
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and after gel point. Figure 4.6 shows the temperature shift factor of fully relaxed

coefficients for polymerization degrees above AGP. Glass transition temperatures are

also depicted in the same graphic, showing that the initial glass transition Tgo stands

around 55 degrees Celsius, while the fully cured transition 7" is at about 110 °C (17

was practically taken as the glass transition temperature for 95% of total resin
conversion). Figure 4.7 shows DMA measurements of the elastic modulus for several
resin specimens cured at different polymerization degrees between a,g and ;. The
predictions of the proposed thermo-chemical model exhibit a relatively good agreement

with experimental data for all tested samples.

In the case of shear properties, two possible approaches may be used. On one hand,
Levitsky and Shaffer [8] assumed the plain strain bulk modulus to be constant during
cure, so that the elastic moduli and Poisson’s ratio vary as the part cures. On the other
hand, Bogetti and Gillespie [5] considered that Poisson’s ratio remains constant during
processing. They found that differences in the resin Poisson’s ratio during cure have no
significant influence on the properties of the macroscopic composite, on process-
induced strains and on residual stresses. Both models predicted nearly identical values
of elastic and shear moduli. Poisson’s ratio is also expected to relax to ~0.5 as the
thermosetting polymer approaches the rubbery state, nevertheless it was found by
O’Brien et al. [9] that the effect on the shear modulus is relatively minor. According to
these researchers, variations of Poisson’s ratio do not play an important role. For that
reason, in this investigation a constant value v = 0.35 was used, as measured at room
temperature for a fully cured sample. The instantaneous resin shear modulus during

cure is based on the classical relationship for isotropic materials:

E T, a)
G (T,a)=—r"220
(T,a) 2 (Lv) 4.11)
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4.3.5 Composite effective mechanical properties

The effective homogeneous mechanical properties of the composite laminate are highly
dependent on that of the matrix and reinforcement and on the fiber volume fraction.
The thermal and mechanical properties of the reinforcement may be considered
constant and independent of temperature and of the polymerization degree, while
matrix properties vary during processing according to the models previously presented.
Although the self-consistent micro-mechanical model of Whitney [10] was initially
used to determine reinforcement properties, over-predictions were found at

temperatures close to the matrix glass transition. Empirical models were then

1,2

comp

implemented to estimate the composite elastic modulus £ as a function of

temperature 7 and fiber volume fractions ¥ in the two principal fiber directions :

. ~(Vf (B, -E, () Z, (T)MEr (T.2)

comp ithi=1,2; 4,12
» "\ 1+ 4, -exp(B -T) E,(T,l)] ik *4.12)

where 4; and B; are fitting constants for each material direction (7=1,2). Subindexes 7, f

and comp stand for resin, fiber and composite respectively.

Two reinforcing materials have been used in this study to analyze thermal effects on
processing stresses: a continuous glass random mat U101 from Vetrotex and one bi-

directional balanced non-crimp glass fabric NCS 82620 from J.B. Martin. Figure 4.8

shows measurement results of Young’s modulus in both directions (E,,,, E.,,,) for a

conip k4
composite plate made with NCS-82620 bidirectional fabric (V,= 42%). For the partially
and fully cured samples, the mechanical model approaches the experimental curves at
temperatures close to 7,. Young modulus of composite specimens with these materials

were measured and fitted by equation (4.12). As depicted in Figure 4.9, between two
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and three fiber volume contents were tested for each material. Note that the rule of
mixture used here may be accurate only around measured values of fiber volume
content. The range of validity considered for the materials tested is presented in Figure

4.10.
4.3.6 Volume changes

Some experimental studies have been conducted to gain insight on the volumetric
changes that occur during thermoset polymer processing. Hill et al. [11] measured the
volume changes of unsaturated polyesters during resin cure due to variations of
temperature and degree of polymerization. Hill proposed that the overall volumetric
changes of a thermoset resin during cure be considered as a combination of thermal

expansion or contraction and polymerization shrinkage as follows:

1 av _[1ar _|1ar (4.13)
Vo df Overall V‘7 df Thermal VO dt Polymerization

Coniribution Shinkage

The first term on the right hand side represents the bulk thermal expansion/contraction

contribution, which can be expressed by

S, = —t g e ﬂcure ’ﬂ)e =4 +b 'T (4.14)
[Vo dt Jﬂmr‘mal gel di [(ﬂcmed ﬁgel )] 4 dt d2 M gel 0 (1}

Contribution

where fier and Sourea are the coefficients of thermal expansion (CTE) of the gelled and
fully cured resin, respectively. These coefficients are assumed to vary linearly with

temperature, and g, and b, are the constants of the linear fitting. Equation (4.14)

means that the thermal expansion or contraction is assumed to vary monotonically with

the polymerization degree «. The second term on the right hand side of equation (4.13)
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represents the contribution of chemical shrinkage (i.e., the volume shrinkage induced
by the resin cross-linking during polymerization). Resin shrinkage was measured with a
thermomechanical analyzer (TMA 2940 from TA Instruments) as a function of the
degree of polymerization. As observed in Figure 4.11, the linear relationship of
equation (4.15) was derived experimentally for the polyester resin tested. The total

polymerization shrinkage Ac.n for the fully cured sample was about 7%.

14r - (4.15)
Vo d[ Polymerization cem dt

Shrinkage

4.3.7 Longitudinal and transverse coefficient of thermal expansions (CTE)

The CTE of pure resin samples and composite plates were also measured with the
thermo-mechanical analyzer. As presented in Figure 4.12, thermal expansions of
uncured resin samples (i.e., for a = 0), partially cured (for a = 0.45 and 0.80) and fully
cured ones have been experimentally determined. During curing, the CTE of the resin
decreases nearly in proportion with the degree of polymerization. Based on this
assumption, experimental data can be fitted by a bilinear function of temperature and
degree of polymerization. Then, the resin CTE can be written as a rule of mixture

between the uncured (Afier Gel Point) and cured CTE:

CTE,(T,a)=CTE,(T)-(1- &)+ CTE,, ,(T)-& (4.16)

where ¢ is the normalized degree of cure given by equation (4.9).

Composite samples of NCS 82620 and U101 reinforcements were also measured (see
Figure 4.13) in the three principal directions (i.e., Longitudinal, Transverse and

Through-Thickness). The model follows the rule of mixture:
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CTE?, =CTE,(T,a)-(1-V, )+ CTEY, -V, whered=L, T,and -T  (4.17)

COHIP

4.3.8 Strain-stress modeling

The present analysis assumes that the Classical Laminated Theory (CLT) is applicable
to the infinitesimal region of a composite unit cell. By introducing the expressions of
thermo-chemically dependent mechanical properties into the CLT formulation, we get

for thermal and chemical loadings:

fo,} = f[cj.]{-{—a-ff—}-dt, for j=11t0N plies (4.18)

{{AGP)

where the strain vector is defined as:

_ Thermal chem chem __ 3 . _
£, =g +em £; w,/1+(/1dwm a)-1

chem

Here 7" is the incremental isotropic shrinkage strain defined by Bogetti and Gillespie

[5]. In order to account for the potentially nonlinear behavior of the material, the
stiffness matrix [C;] (that depends of the composite temperature and resin degree of
cure) must be calculated at each processing time. In this way, [C;] is the algebraic
average of [(}], and [Cj]+a. A step-by-step computational method has been used to
predict the thermo-chemical response of the laminate during processing. For each
calculation step, planar stresses and out-of-plane curvatures are computed from the

strains induced by thermal gradients and chemical changes in the composite.
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4.4 Analysis of thin composite plate cooling

The propertics and durability of composite parts manufactured with thermoset polymers
are strongly affected by internal stresses. The source of internal stresses depends on
material properties and processing conditions. These processing stresses are most
commonly created during composite manufacturing as a result of thermal and
mechanical differences of behavior between the phases of the constitutive materials.
Internal stresses may lead to defects in the part in the form of voids and micro-cracking
during processing, or warpage, spring-in, premature delamination or debonding after

manufacture.

In order to identify defects caused by internal stresses during cooling, a total of sixteen
3 mm thick composite plates of 50 c¢m by 10 cm were molded using several
combinations of NCS-82620 fabric and U101 mat. As shown in Figure 4.14, NCS and
U101 plies were asymmetrically layered. The samples contained between two and six
plies of NCS 82620 fabric together with two plies of U101 mat. The thickness of the
plates was measured at ten locations and averaged. The stacking sequence, length and
thickness of eight samples are reported in Table 4.1. The thickness of the plates after

manufacture varies between 2.6 and 2.8 mm with an average of 2.7 mm.

Differences in the linear CTE and mechanical properties of each ply obviously generate
warpage in molded plates. Thermocouples were embedded between plies to measure
through-thickness temperature profiles during processing. As depicted in Figure 4.15,
the warpage of plates cured at 120 °C resulted in a curved shape along the longitudinal
and transverse directions. Because of the existence of a transverse curvature, one single
measurement is the centre is not enough to estimate the longitudinal curvature. For each
material combination, the longitudinal deflections of the plate samples after

manufacture were measured using a Linear Variable Displacement Transducer (LVDT)
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at several locations on the middle axis of the samples. The longitudinal plate curvature
was then estimated from these measures along the sample length. As presented in Table
4.1, the longitudinal curvature of the samples after demolding varied for the different
material combinations tested. While for test #2 (2 plies of U101 and 2 of NCS 82620)
a curvature of 0.292 m’/ was obtained, for test #5 (2 plies of U101 and 5 of NCS 82620)

a curvature of 0.506 m™ was measured.

Special care must be taken in the specimen preparation, mainly due to surface density
variations of the U101 mat. Non-uniform surface density of the mat results in variable
plate thickness after curing, so the assumption of cylindrical deflection may not
correctly predict the experimental values. After demolding, a number of plates were re-
heated and maintained during 20 minutes at 150 °C, which is above their glass
transition temperatures, so as to allow relaxation of the matrix. Once processing and
demolding stresses have relaxed, the flat plates were cooled to room temperature. As
illustrated in Figure 4.16, temperatures at different thickness and length positions were
recorded during cooling. The bottom, mid-plane and top temperatures decreased
uniformly enough to neglect transverse thermal effects. A Linear Variable
Displacement Transducer (LVDT) was placed to measure the deflection of the plates at
the gravity center. While sample temperature decreases, the deflection in the center

increases from 5 to 17 mm.

The measured temperatures were then used as thermal boundary conditions for the
thermo-mechanical model. The deflection of the specimens was calculated by solving
iteratively equations (4.2), (4.12), (4.17) and (4.18). The results of the proposed model
are compared to experimental values in Figure 4.17. A minimum of three measures
were carried out for each plate to analyze the dispersion of the experiments. A
comparison for two specimens is presented that shows a good agreement between
predictions of the thermo-mechanical model and measured deflections. Based on the

same procedure, the deflections of all plates were measured in time. The deflections
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measured at the end of cooling are compared with calculated values in Table 4.2. A
review of the results for the five plates tested shows an error of less than 2%. These
tests on thin plates provide an experimental validation of the proposed thermo-
mechanical model. Excellent predictions were obtained for residual stresses of thermal

origin on non balanced plates.

4.5 Analysis and optimization of thick plate processing

The processing of thermosetting matrix composites creates internal stresses during resin
cure due to the volume mismatch between composite plies. As well as thermally
induced deformations, chemically induced shrinkage occurs also during composite
processing. These deformations generate residual stresses in the composite. To study
processing defects in thick composites, 15 mm thick plates were cured at different mold
temperatures. As shown in Figure 4.18, processing thick plates at mold temperatures
normally used for thin plates results in important residual stresses, which in some cases
were high enough to cause matrix cracking and composite delamination. To avoid these

defects, lower curing temperatures are required for thick composites.

The progression of the curing front through the thickness is another important issue
connected with the development of internal stresses. Figure 4.19 illustrates three basic
scenarios that commonly appear when curing thick parts [15]: inside-to-outside,
outside-to-inside and one-side curing. To study these curing scenarios, numerical
simulations were carried out for a 15 mm thick plate made of NCS-82620 fabric with
48% fiber volume fraction and AOC polyester resin matrix. Figures 4.20 to 4.29
present the computational values of temperature, degree of polymerization, Young’s

modulus £’ and internal stresses for these three scenarios.
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4.5.1 Qutside-to-Inside cure

In the first case, when curing progresses from the outward surfaces towards the middie
(outside-to-inside cure), the surfaces gel and vitrify before the core. When the gelled
material at the core cures and shrinks, the already rigid surfaces resist the deformation,
hence producing high internal stresses and promoting void formation or possible
composite delamination in the center. This is the case when thick parts are cured at
temperatures typically used for thin plates. Figure 4.20 displays numerical calculations
of temperature and Young’s modulus E> when processing the 15 mm thick composite
plates at a mold temperature of 120 °C. Heating at this temperature results in an
outside-to-inside cure. The evolution of the degree of polymerization at different
locations through the thickness of the sample is plotted in Figure 4.21. Point A shows
that the surface reaches the AGP polymerization level prior to the core. Point B shows a
fast curing in the center occurring when the surfaces are already cured. Internal stresses
calculated along the longitudinal X-axis are plotted in Figure 4.22 for this curing
scenario. Stresses mainly developed during the curing phase, between 10 and 11
minutes. Although mechanical properties at that time just begin their evolution, resin
polymerization shrinkage is important enough to create high stresses in the part. Figure
4.23 displays the strain calculated through the thickness of the part at different times
around AGP. At about 10.7 minutes, fast curing of the core generates high chemical
strain gradients that result in growing internal stresses, called curing stresses. At this
stage, these stresses can become critical and cause matrix cracking and delamination,

because of the low tensile strength of the partially cured resin.

The outside-to-inside cure generates high exothermic temperature peaks produced by
the fast curing of the core, due to the high resin reactivity and low thermal conductivity
of the composite. During cooling of the part from the exothermic peak to room
temperature, internal stresses, also called cooling stresses, continue to develop due to

through-thickness thermal gradients. Consequently, because of all the disadvantages of
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outside-to-inside cure, high temperature processing of thick composite parts must

absolutely be avoided.

4.5.2 Inside—to-Oufside cure

In the second curing scenario, when the cure front progresses from the middle thickness
towards the surfaces of the part (inside-fo-outside cure), the core gels and vitrifies
before the exterior surface. A solid core surrounded by a gelled material is created. As
the rigid core continues to cure inside the gelled material, minimal internal stresses are
generated at the interface. This progression of the cure front can be achieved by
processing the 15 mm thick part at a lower temperature, as presented in the analysis of
Figures 424 and 4.25. In Figure 4.24, numerical values of through-thickness
temperatures and degrees of polymerization are depicted for a 70 °C processing
temperature. Exothermic temperature peaks are much reduced in this case. The internal
stresses calculated for this curing scenario are shown in Figure 4.25. In this case,
processing stresses are inverted compared to the outside-to-inside cure. In the inside-to-
outside cure strategy, compression stresses appear in the core and tensile stresses at the
surface. The quarter thickness shows nearly no stress, but it is surrounded by two
inverted states of stresses. So shear stresses will then appear at this position inside the
composite. Although this cure scenario presents many interesting features concerning
reduction of internal stresses, two main disadvantages must be noticed: longer
processing times are required to successfully cure the composite and low mechanical
properties result from an incomplete resin cure. Note that this latter disadvantage,

however, can be overcome with a post cure.

4.5.3 One-side cuare

For the above reasons, another processing strategy is worth considering: it consists of

having the curing front move from one surface of the part to the opposite one. In such a
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one-side cure strategy, the generation of processing stresses can be explained by
simulating the displacement of the curing front through a gelled material. A one-side
cure progression can be achieved when processing the [5 mm thick composite at
different temperatures on the upper and lower mold surfaces. Simulation results are
presented in Figures 4.26 and 4.27 for mold temperatures of 70 °C and 90 °C on the top
and bottom surfaces respectively. The temperature profiles of Figure 4.26 show that
curing temperature can be higher without increasing so much the exothermic peak. This
results in a significant diminution of the curing time. The internal stresses calculated for
this processing strategy are drawn in Figure 4.27. The major disadvantage of the one-
side cure strategy is the unsymmetrical pattern of residual stresses generated that can

lead to deformations and geometric distortion of the composite part.

4.5.4 Optimization of cure cycle

Based on the understanding of the different curing strategies previously studied and on
their effect on part distortion and mechanical performance, an optimized processing
cycle can now be determined. In order to minimize the internal stresses generated
during resin cure, ideally the degree of polymerization through the thickness should
remain constant at each instant. In fact, minimizing chemically induced strain gradients
between plies will result in a net diminution of curing stresses. In the same way, if
through-thickness thermal gradients are minimized during cure and subsequent cooling,

residual stresses will be decreased and processing defects avoided.

In this work, an optimization methodology based on genetic algorithms is implemented
to determine the appropriate mold temperatures that minimize residual stresses and
processing time. Figures 4.28 and 4.29 present computational results for the same 15
mm thick composite plates processed this time with optimized mold temperatures.
Figure 4.28 shows numerical results of internal temperature and degree of

polymerization. Initial mold overheating helps to decrease processing time while
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minimizing through-thickness thermal and curing gradients. A second heating ramp is
necessary to successfully cure the part up to the desired final polymerization degree,
while avoiding high exothermic temperature peaks. The internal stresses calculated
during the optimized cure cycle are drawn in Figure 4.29 and illustrate how curing and
cooling stresses are significantly reduced by this approach. These results demonstrate
that numerical optimization of the thermal boundary condition can be a useful tool to
minimize residual stresses, and especially in the case of thick composites increase

mechanical performance of the cured part while minimizing processing time.

4.6 Summary

In this paper, models are proposed to describe changes of composite mechanical
properties as a function of fiber volume content, temperature and degree of
polymerization of the resin. These models were used for two reinforcing materials
(NCS-82620 fabric and U101 mat) embedded in a polyester resin (T580-63 from
AOQ). A kinetic model, including inhibition times induced by inhibitor decomposition,
is also proposed to describe the resin polymerization during processing. The energy
equation was solved by finite differences through the thickness of the part. The analysis
of process-induced stresses in the composite is based on Classical Laminated Theory.
Asymmetrically layered thin plates were first processed to validate the thermo-
mechanical model by comparing calculated and measured plate deflections during
cooling. The predictions of the model were verified with an accuracy of less than 2%.
To identify processing defects in thick composites, 15 mm plates were fabricated by
RTM at different mold temperatures. Processing these plates in the range of molding
temperatures normally used for thin plates resulted in important residual stresses, which
in some cases were high enough to cause matrix cracking and composite delamination.
It was shown analytically that the progression of the curing front through the thickness

of the composite is critical for the development of internal stresses.
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High processing temperature produces an outside-to-inside progression of the curing
front that leads to important internal stresses. Low temperature processing generates an
inside-to-outside cure that prevents matrix cracking. However, mechanical properties
fall due to the lower degree of polymerization achieved after cure. Different
temperatures on the upper and lower mold surfaces produce a ome-side cure that
decreases processing time and improves mechanical properties. However,
unsymmetrical residual stresses lead to part deformation and distortion. Finally, an
optimized curing cycle obtained with genetic algorithms was used for analysis. By
applying the optimized thermal boundary condition on thick parts, curing and cooling
stresses can be strongly decreased. The numerical results show that thermal
optimization can be a useful tool to minimize residual stresses in the processing of thick
composites by RTM. Not only mechanical performance of the part is increased, but
processing time is also reduced. An instrumented mold is actually under construction to
validate experimentally the thermal optimization method presented in this paper for

composites processed by resin transfer molding.
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while mold thickness remained constant; two plies of U101 were used for all the test

samples.
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Figure 4.15. Warpage appearing in thin composite plates after manufacture due to
unbalanced layup. Total deflection at the plate center is the sum of longitudinal and

transverse deflections.
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Figure 4.16. Measure of typical plate deflection during cooling from above the glass
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mat. While temperature decreases from 140°C to room temperature, plate deflection

increases from 5 to 17 mm.
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Figure 4.17. The measured plate deflection during cooling is compared with the
numerical prediction of the thermo-mechanical model. Three measures were performed

for each plate. The two samples show a good agreement with predicted values.
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Figure 4.18. Two examples of matrix cracking and delamination during processing of

thick composite plates. Defects appear commonly in thick composites processed at high

mold temperature.
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Figure 4.19. Schematics of the evolution of the curing front through the thickness of a
thick part: Qutside-to-Inside, Inside-to-Outside and One-Inside cure scenarios are

considered.



174

240 - - - 30
¥ High exothermic peak
210 ] T
] b =2 - 25
] 5 2
180 1 1\ -~ picidie thickness /*:;4‘::
o 1 < ‘g\\ . quarter thickness ~ e L 50
= b BN e:"ﬂ/;l/ :
o 150 ] %Y\}——»— pait surface ——Mf/gjf 1 ;ﬁ.
2 1 ‘E\ ‘.K‘x ’/;ré r 0]
= 3 o g F 15
@ 4 Ny 7 -
% 120 A i
K 1
] F 10
90 [
60 P8
30 ¥ ] )
s} 5 10 15 20 25 30 35 40 45 50

processing time [min]
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Figure 4.21. Through-thickness calculation of polymerization degrees during outside-
to-inside cure of a 15 mm thick composite. A and B denote the AGP level at the surface
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Figure 4.23. Through-thickness chemical strains induced by resin polymerization
shrinkage for an outside-to-inside cure. At about 10.7 minutes, fast curing of the core

generates high chemical strains.
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Figure 4.26. Calculated temperature and degree of polymerization during one-side cure.
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minutes).
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Table 4.1. Summary of dimensions and curvatures of eight thin plate samples after
demolding. Reported thicknesses are the average of 10 measures along the plates.

Curvatures in the X-axis are calculated from 10 measures along this axis.

Test NCS 82820 U401 Length | Thickness | X curvature
number # of plies # of plies fmm] fmmj} [1/m}
1 2 2 515 27 0.314
2 3 2 489 27 0.356
3 2 2 493 26 0.292
4. 4 2 499 2.7 0.498
5 5 2 499 2.8 0.506
6 ] 2 504 2.8 0.428
7 4 2 500 2.7 0.375
8 5 2 499 2.8 0.404

Table 4.2. Comparison of ultimate plate deflection during cooling after re-heating at

150 °C. Numerical and measured deflections are taken at room temperature.

Test Measured | Numerical Error
number | deflection | deflection [%]
fmm] [mm]
2 12.8 13.0 1.79
5 15.0 14.8 1.27
6 12.7 12.9 1.09
7 14.4 14.4 0.13
8 126 12.7 0.37
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CHAPITRE 5
COUPLED NON-CONFORMING FINITE ELEMENT AND FINITE
DIFFERENCE APPROXIMATION BASED ON LAMINATE
EXTRAPOLATION TO SIMULATE LIQUID COMPOSITE
MOLDING PROCESSES. PART I: ISOTHERMAL FLOW

Présentation du chapitre

Les travaux précédents ont porté sur I’étude des phénomenes thermiques et
rhéologiques développés au cours de la cuisson de la résine dans le cas idéal ou la
température et la polymérisation sont uniformes partout dans Ia piéce. Tel que souligné
dans la revue bibliographique du chapitre 1, I;Bistoire thermique et rhéologique pendant
la phase de remplissage de la cavité du moule a une influence décisive sur I'uniformité
du degré de polymérisation et des propriétés mécaniques de la pi¢ce. Dans les chapitres
5 et 6, un article en deux parties s’intéresse a la modélisation numérique du remplissage

non isotherme et de la cuisson de piéces tridimensionnelles.

La premiére partie de ce travail est consacrée au développement d’une méthode
d’extrapolation de maillage selon la stratification des couches de renfort. Partant d’un
maillage d’éléments finis bidimensionnel, un maillage stratifié¢ tridimensionnel est créé
pour représenter la cavité du moule. Pour améliorer la rapidité et la qualité du calcul du
flux de résine dans un milieux poreux, un nouvel élément fini discontinu
tridimensionnel est présenté. L™ élément de forme prismatique contient des fonctions de
forme non conformes pour assurer la conservation de la matiére dans le plan de la
piéce. Diverses comparaisons entre les simulations numériques, des solutions

analytiques et les résultats expérimentaux sont décrits, qui ont permis de vérifier la
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qualit¢ du nouvel élément fini. Enfin, pour illustrer la souplesse des méthodes
d’extrapolation de maillage et de calcul avec des éléments prismatiques stratifiés, une

pice industrielle est traitée dans le cas d’un remplissage isotherme.
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5.1 Abstract

In composite manufacturing by resin injection through a fibrous reinforcement, several
phenomena occur involving the flow of resin and heat exchanges by the resin with the
fiber bed and the mold. During processing, through-thickness flows commonly appear
when the fibrous preform is made out of a stack of plies of different permeabilities. In
many situations, simulation of the mold filling in Liquid Composite Molding (LCM)

requires to perform a full three-dimensional analysis. In the pre-processing stage, the
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construction of three-dimensional finite element meshes of complex parts made out of
components of small thickness with respect to their length is very tedious. These parts are
typically composed of an assembly of shell and flat panels. In such parts, a good aspect
ratio of the finite elements must be respected to ensure appropriate simulation results.
These conditions result in meshes with a very large number of degrees of freedom, which
translates into a too high computational burden. For these reasons, a new numerical
approach is presented in this paper for accurate and faster simulation of the filling phase in
LCM. Based on the fabric reinforcement layup, a new non-conforming finite element is
developed to quickly evaluate the through-thickness flow. Starting with a spatial triangular
" ‘mesh as input geometry and based on the stacking sequence of the preform, an
extrapolation algorithm is used to extrude the mesh in the thickness direction and generate
the 3D non-conforming finite elements. To further evaluate the validity of the three-
dimensional model, an experimental verification was performed for a typical through-
thickness flow. Then, a comparative study is conducted to demonstrate the advantages of
the proposed methodology in terms of accuracy. The results are compared with 2D
(triangles) and 3D (tetrahedrons) finite element solutions. Finally, the performance of the

model is assessed in terms of computer time.

5.2 Introduction

Polymer composites are presently the focus of much interest for the engineering design
of structural and semi-structural parts. Diverse composite processing techniques have
been investigated in recent years to improve part quality and reduce manufacturing
costs. In the processing of thermosetting polymer matrices, Liquid Composite Molding
(LCM) techniques such as Resin Transfer Molding (RTM) or Resin Film Infusion
(RFI) have demonstrated potential advantages over ftraditional methods. In the
aerospace field, the RTM process has now become mature technology to manufacture

high performance composites by resin injection. In the automobile sector, these
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technologies are still expensive and present research aims mainly at reducing cycle
time. Several automotive companies have recently launched investigations or
collaborate in research networks such as Auto 21 [1] to acquire advanced knowledge on
these new manufacturing techniques and improve the design of production tools.
Appropriate tooling is actually crucial to ensure proper mold filling and curing of
composite parts. Air bubbles, dry spots or resin rich areas are common problems that
must be avoided during the filling stage. Residual stresses, warpage and spring-in are
another category of problems that occur during processing. In these comprehensive
investigations, numerical simulation is critical to successfully design the mold and

optimize the production cycle.

The advantage of computational techniques to prevent filling problems and get better
molding results was established by several authors [2-6]. Analysis of mold deformation
during filling [3], comparison of various injection strategies and optimization of the
injection flow rate [6] illustrate the potential advantages brought by numerical
simulation. Even if these advantages have been well defined, filling simulations are
mainly carried out in thin shell geometries for the following reasons: (1) composite
parts have usually a small thickness compared to their surfaces so that usually the
through-thickness flow can be neglected; (2) the generation of a 3D mesh for a part of
small thickness is a complex operation. The setup of boundary conditions is not an easy
task for complex 3D parts; (3) the number of solid finite elements required to obtain
accurate solutions makes three-dimensional simulation tedious in terms of computer

time.

In this paper, a new methodology is proposed to compute complex flows in LCM. The
method is based on the concept of non-conforming finite element and mesh extrusion.
Starting with a mid-surface mesh, a three-dimensional mesh is constructed by extrusion
from the two-dimensional finite element mesh. The extrusion is defined by the preform

stacking sequence. Different fabric permeabilities and fiber volume fractions can be



185

used in each laminate ply. Afier starting the computations that govern fluid flows
trough porous media, the discretized finite element (FE) formulation is developed with
the non-conforming shape functions defined on prismatic elements. To evaluate the
validity of the calculations, the results of two experiments are compared to the
numerical solution: (1) unidirectional flow through a multi-layer preform; (2) pointwise
injection in a thick part. Finally, test case of a truck fender is studied to assess the
quality of the proposed methodology and compare the results of three-dimensional flow

simulations with two-dimensional calculations.

5.3 Governing equations

A typical mold filling process to manufacture composite parts involves the injection of
a liquid resin into the mold cavity. As illustrated in Figure 5.1, the central issue in the
analysis of mold filling consists of tracking the free surface between the filling material
(i.e., liquid resin) and the escaping gas (usually air) present in the mold cavity before
the injection. The flow of fluid through a fibrous network has been analyzed either at
the microscopic or macroscopic levels. In the microscopic analysis, the flow through
the fibrous reinforcement is governed by Navier-Stokes equation. However, this
approach may be misleading because of the complex architecture of the reinforcement
and the difficulty to find appropriate boundary conditions. In macroscopic
investigations, the flow of resin through a fiber bed is modeled by Darcy’s law, which
governs incompressible flows through porous media. Therefore the filling stage in
LCM must respect resin mass conservation and following Darcy’s law, the resin flow

rate is proportional {o the pressure drop.

A porous medium may be defined as a solid containing holes or voids, connected or

not, regularly or randomly dispersed. Porosity is the fraction of the bulk volume of the
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material occupied by voids. Permeability is the property that characterizes the facility
of a fluid submitted to a pressure field to permeate through a porous medium. In order
to simulate the filling process, several assumptions must be made to simplify the
problem. In general, the fabric reinforcement placed in the mold cavity is assumed to be
rigid during filling and inertia effects are neglected because of the low Reynolds
number. Furthermore, at the pressure level usually created in LCM molds to drive the
flow, surface tension may be neglected compared to the dominant viscous force. The
equation of mass conservation for the fluid phase can then be written as:

div(p7) =0 (.1

where p is the density of the resin injected and v is the superficial fluid velocity, i.e.,
the velocity at which the fluid actually travels, rather than the observed macroscopic
velocity. Note that we consider here that the flow takes place in rigid molds. Otherwise
the equation of mass conservation (5.1) should consider also deformation of the fabric
structure. Darcy’s law is as the equation that drives the flow of an incompressible fluid

through a porous medium. It is expressed as follows:

§ = -1k (5.2)
y7,

where [K] is a 3x3 permeability tensor, u is the resin viscosity and Vp is the pressure

gradient. Equation (5.2) relates the three components of the superficial fluid velocity
vector to the pressure and gravity gradient. This relationship is only valid for
Newtonian fluids and ignores gravity effects and mold deformation. Note that these
effects can also be considered using a more elaborate equation [7]. Combining

equations (5.1) and (5.2), the partial differential equation that governs the fluid flow is:
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div(——l—EK}.Vp) =—p (5.3)
Y7

where p is the scalar potential on Q (see Figure 5.1). The term [K }/,u represents the

dual scalar field and p is a volume source term.

5.4 Potential formulation

To solve equations (5.1) and (5.2), a weak formulation can be written in terms of
weighted residuals [8]. Defining a test function equal to the scalar potential p and
introducing a space F(Q) of shape functions w, the elliptic partial differential equation
(5.3) is replaced by an equivalent variational or weak formulation obtained as the
integral of the scalar potential p on € multiplied by w. The weak formulation can be

expressed as follows:
[vw- div[— l[K]vp)asz + j(w pPQ=0 (5.4)
Q /l Q

for any fest function w belonging to the space F(Q). If Green theorem is applied for a
Newtonian and incompressible fluid without any source term, the integration by parts

gives:

jw-(—%[ﬂvp)ag— J"(w-(ﬁ'v))ard =0, Vwe F(Q) (5.5)
9] Iy
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5.5 Finite elements discretization

The discrete finite element method (FEM) consists of finding a set of shape functions w
that properly approximate the scalar potential p on the whole domain Q. The scalar

potential is unknown in €}, but defined on the boundaries T’ q,Fp and on the flow front.

The domain Q is decomposed into small elements of simple geometrical shape, where p
is approximated by a linear combination of shape functions defined on a specific finite
element of the mesh. For a general shape function s, and fest function s; associated to

the group of nodes in the finite volume 7, the Galerkin formulation is:

i[pn [vs, -(LK——]VSnjﬁVSZIZ [is,-cmr.. vs,ev. (5.6

A=l v, lu T,

where N, are the element nodes and T', the boundary of the finite volume V.. The scalar

potential field p is computed as

p(x) =) p,s,(x) (5.7

where s,(x) is a piecewise linear shape function and x the position vector in the domain

Q. In matrix notation, equation (5.6) can be rewritten as follows:

[M]p}={R} (5.8)

where [M] represents the NxV stiffness matrix of the scalar potential field. An element

of matrix M is defined as:

a;, = jVsj-([—];]VanﬁVe, for jn=1...N (5.9
X v,
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and {R} is a vector {r;} containing the boundary conditions:

r, = fls,-@-9)ar.. J=leuN (5.10)

F,

¢

The approximate solution of the scalar potential p is then obtained by solving the linear

system (5.8) of N equations with N unknowns.
5.5.1 Mass conservation and div-conform approximation

In the finite elements discretization of incompressible flows through porous media, the
fluid mass is typically assumed to be constant within a defined control volume (CV). In
our case, instead of the traditional nodal control volume technique, the geometry of the
finite element is considered to represent the control volume where the mass balance
equation is solved [2]. The fluid mass transported between adjacent elements is the

scalar product of the normal vector at the interface by the mass velocity p-V (see

Figure 5.2a). The conservation of the fluid mass at the interface between two adjacent
elements is not ensured with conforming finite element approximations. As matter of
fact, the continuous shape function obtained by Lagrange interpolation at the element
nodes (see Figure 5.2b) results in a piecewise linear scalar approximation of the
pressure field on each finite element of the mesh. The gradient of the scalar potential,
i.e., the dual scalar field v, is constant on each element, but the normal fluid velocity is
not continuous across the element interface (edge E in Figure 5.2b). As a result of this
discontinuous normal velocity across the interfaces between neighboring elements, the
approximate solution of the flow equation (5.2) does not satisfy exactly the mass

balance equation (5.1).
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A discontinuous shape function may be obtained by interpolating the pressure field on
the element edges as depicted in Figure 52¢ in the 2D case. In the 3D case, the
interpolation is performed on the faces of each solid element. This non-conforming
interpolation leads to a functional space of shape functions that ensures a continuous

mass flow, i.e., 77- pv is constant across the interfaces between neighboring elements.

On the other hand, equation (5.3) with source term implies that the integral of the
divergence in an element is equal to the balance of resin mass flowing across its

boundary BC:

div(pr)dV = [h- pvdA 511
f J

(84

In numerical analysis, this kind of approximation is called div-conform. So, the fluid
mass is conserved in the flow and across the interfaces between elements. As
demonstrated in [9], the use of non-conforming finite elements is essential to ensure
mass conservation and obtain accurate numerical results in the simulation of injection

molding.
5.5.2 Finite elements for LCM simulation

In the particular case of pure Darcy’s flow, the discontinuous interpolating polynomial
may be chosen as piecewise linear [9]. For the triangular non-conforming finite element
of Figure 5.3, the three degrees of freedom are assigned at the middle points of the
element edges. Considering a classical reference triangle with a local linear

approximation space of dimension 3, the element shape functions s, write as follows:

s, =1-2n
5, =138, =2({+7)~1 0<g.,p<1 (5.12)
5, =1-24
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where £, 77 and 7 are the local coordinates in a local reference system. The gradients

of these shape functions can be written as a 3x3 matrix of the form:

0 -2 0
i,=2 2 0 (5.13)
-2 0 0

Parts manufactured by LCM have usually a surface dimension much larger than their
thickness. For this reason, most composite parts are commonly considered as thin shells
and simulated using two-dimensional finite element shell approximation with through-
thickness averaging. In many cases, three dimensional simulations are required to
predict accurately the injection time and detect local filling problems. Because
composite parts are made out of thin laminates, parallel layers of three-dimensional
finite elements can easily be generated automatically to model the properties of each
ply. As will be shown later, prismatic elements constructed from triangular mesh
present the advantage of simplifying considerably the mesh generation for composite
analysis by allowing parallel processing of layers stacked elements. In this work, a new
non-conforming prismatic element is introduced for the three-dimensional analysis of
mold filling in LCM. This prismatic element contains 6 nodes and is the result of an
extrapolation of a triangular shell element (see Figure 5.3). The degrees of freedom are
also extended on the edges of the two triangular faces. The linear function space will
have now 6 degrees of freedom. The element shape functions s, of the Prism6 element

arc:



s, =0-2)-(d-7)
s, =28 +2n-D-(1-7)
sy =(1-20)-(1-7)
Cols, =0=-2p)-(+1)
ss =2 +2n-1)-(1+7)
se=01-20)-(1+1)

0<d,gp<l
-05<7r<05
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(5.14)

where the third dimension 7 is referenced from the element midplane. The gradient of

the shape function is the following 6x3 matrix:

0 -(1-7)
(1-7)  (1-7)
| -(-ny o0
S, =
‘ 0 -(1+1)
(1+7) (1+17)
-(1+7) 0

-(1-277)-0.5]

(20 +217-1)-05
-(1-2¢)-05
(1-27)-0.5

¢ +27-1)-05

(1-2£)-0.5 |

(5.15)

Note that the Prism6 element is non-conforming with div-conformity in the bottom and

top planes of the triangular faces, but it is div-non conform through the element

thickness. In other words, the resin mass will be conserved in the element plane, but

mass may be lost through the element height (or thickness). Because the element

thickness in our application is small compared to the part surface, the accuracy of

through-thickness flow calculations remained acceptable.
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5.6 Flow fromnt advancement

The unsteady flow can be solved by considering a succession of quasi steady-state
approximations, dividing the problem into a sequence of spatial and transient analyses.

At each computed time step, the free surface [, is moving inside the mold cavity Q.

The new location of the free surface is defined by its location at the previous time step
and the actual velocity field. The methodology used to track the displacement of the
free surface is defined in [9]. A scalar field S(x.f), called the saturation coefficient (or
fill factor), is defined in Q. In a fully saturated porous medium (fully impregnated
pretorm) S is equal to one, while in the unsaturated region (dry fabric) it is zero. In the
partially saturated medium (in the vicinity of the flow front position), S(x.#) lies
between these two values. The fill factor is transported in the partially and fully
saturated regions until it finally reaches the value of full saturation (S=1) everywhere in

the cavity. The pure transport equation for a scalar field Sis:

——+7V-VS=0 5.16
o (5-16)

Due that the control volumes used in this approximation are in fact the finite elements
of the mesh. The flow front is advanced by transporting the fill factor across the inter-

element boundaries (the element edges in 2D or the faces in 3D).

5.7 Application to 3-dimensional flows in LCM

Typical composite parts manufactured by LCM are very often thin shelis consisting of
planar facets of uniform thickness. The fabric preform is made of homogeneous layers
of constant thickness. This implies that the permeability tensor is assumed to have

everywhere a symmetry plane parallel to the part midsurface, the in-plane tensor of the
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component layers is assured not to differ by more than one order of magnitude. This
approach allows the isothermal fluid flow to be calculated in two dimensions, in fact in
the midplane of the part. The pressure and velocity fields are evaluated by solving the
two-dimensional Darcy’s equation using a weighted average permeability. The fluid
flow is then advanced considering the thickness variations of the part to verify exactly

the mass balance in the filling algorithm.

When important variations in the permeability tensor appear between preform layers (or
when thickness of the part changes), the fluid will flow with a different velocity in each
ply. If the planar velocity strongly differs from one layer to the other, a through-
thickness flow is generated across the plies. In this case, the three-dimensional flow
solution does not mach anymore with the averaged flow, and the approach of a
midplane surface is no longer acceptable. In addition, through-thickness phenomena
such as dry spots may appear in the low permeability layers, which remain hidden in
the averaged flow analysis. In the above cases, three-dimensional solutions must be

implemented for accurate prediction of the filling process.

From the experience gained in the simulation of composite processing by LCM, three-
dimensional finite element modeling was found to be a complex task that requires
advanced knowledge on mesh generation and process parameters. A refined mesh is not
always accessible for calculation, and coarse meshes do not provide adequate
information on the flow front. Although the midplane surface and 2D mesh can be
constructed relatively quickly, the construction of a solid mesh requires a patient work
of verification of the lines and surface patches that define the geometry of the part.
Once the mesh has been generated, a careful time-consuming check of possible
degenerated elements must be performed. In addition, three-dimensional mesh
refinement in regions close to flow or thermal boundary conditions is not always
evident to achieve, (such as remeshing along the edges of a mold cavity to model race-

tracking).
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5.8 Mesh generation for through-thickness flow analysis

A potential benefit was found in the concept of mesh extrusion to improve the
geometric modeling of 3D parts for LCM simulations. A midplane mesh usually
constructed for thin shell simulations, can be extrapolated in a certain number of layers
M (see Figure 5.4) to create automatically a three-dimensional mesh with a multi-layer
structure well suited for composite analysis. Boundary conditions can be easily
imposed on any surface of the final mesh. Moreover, the in-plane and through-
thickness properties of the fibrous reinforcement can also be set for each extrapolated
layer. To extrude the midsurface elements, mesh nodes need first to be extrapolated. To
do so, the direction of extrapolation must be defined. As depicted in Figure 5.5, the
node N; is connected to a group of & two-dimensional elements. The normal vector to
the discrete geometry at point Ni can be evaluated from the normals to the adjacent
elements and their aspect ratios. For a typical adjacent element e;, the normal is

interpolated from the vertex normal (Edge; and Edge;) as follows:

o Edge, x Edge,
“ "Edge‘ x Edge, "

(5.17)

The extrusion considers also the angles between any two edges of coincident elements

that at the node considered, i.¢.; the angle defined by:

Edge, - Edge,
cos@, = (5.18)
" (uwge,l«uEdger

Let 7 denote the normal weighted by the base angle ¢, and ﬁ: the normal weighted

by the area A, of element e;:
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ny =h, @, (5.19)
oy M0,

pa e P 5.20
a4 (5-20)

For a node N, its normal vector is computed by summation for all the elements
containing the node. Denoting by Nb the number of neighboring elements containing
the same node, the generalized angle-based and area-weighted normals at node NV, can

be write as follows:

(5.21)

Al =Y Al :Z( e:;%,) (5.22)

Pillai et al. [17] proposed an approach to calculate the normal at a node based on the
minimization of the net deviation of the projected thickness. A small radius commonly
appears in meshes of thin shell parts where the area of the elements strongly varies
from the rest of the part. Based on the Pillai et al. approach, to account for the influence
of the element dimension on the averaged node normal, the extrapolation direction can

be computed as follows:

A= (ﬁfo)z 'ﬁiA (5.23)

This solution is appropriate to extrude complex curved surfaces, although it may be

limited by the interference between extruded elements. A practical limitation is then
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imposed between the curvature of the geometry and the thickness to avoid mesh

interference during extrusion.

Once the normal at a node has been defined, a group of new nodes must be extrapolated
in the normal direction. If the extrapolated node must be extruded by a thickness of

ply_th, the new node position can be found by a vector summation of the original nodal

coordinates N, (coordinates of the node in the 2D mesh) and the normal vector 7,

NP =N, +n,-ply_th (5.24)

where N7 denotes the extruded nodal coordinates and p is the extrapolation index (or

ply number). In general, equation (5.24) can be transformed to consider the total
extrusion thickness total_th of the part. For the ply position ply_ps defined in percent of

total thickness, the new nodal coordinates can be obtained from:

N7 =N, +#,-total _th-node_ ps (5.25)

node ps=(y-ply_ps+y), with 0<ply ps<1

Here, y and ¥ are two unitary coefficients. As shown in Figure 5.6, different extrusion
scenarios are possible by combining y and y values. These coefficients allow the node

extrapolation to be carried out from midplane position in the normal direction (a) or in
the opposite normal direction (c). Nodes can also be generated from a position at +/-

half thickness (b), or from any position in between. Finally, the use of yand y permits

to introduce the ply thickness as a spatial function that varies along the part geometry

().



198

After the new nodes have been created, the three-dimensional finite element must be
generated following the connectivity of the 2D mesh. Note that material properties and
boundary conditions are not necessarily identical for each extrapolated layer, and then
cannot be copied from the initial 2D mesh. Next, a data structure will be presented to

allow the setup of different materials through the thickness of the part.
5.8.1 Structure of the laminate

A class structure is proposed to define the properties of the layers to be extruded
according to the laminate structure. In composite manufacturing, consecutive fabric
plies are stacked on the mold surface forming a material lay-up usually called laminate
or stacked preform. As shown in Figure 5.7, the plies can be of different materials or
exhibit different planar orientations, resulting for example in a non-uniform
permeability tensor through the thickness. Moreover, ply thickness may vary as they
are made out of materials with different compaction behaviours. The laminate data
structure must contain, for each ply in the stack, the required information to reconstruct

the layer geometry with the associated material properties.

Based on the concept used in PamRTM™ [11] to divide the part geometry into zones
(see Figure 5.8), a laminate definition is connected to each mesh zone. The laminate
structure contains useful information on ply properties, stacking sequence and direction
of extrusion. The subclass ply contains a link to the specific fabric material and
encapsulates a series of variables including ply thickness, porosity and fabric
orientation. If two plies are made out of the same material, but differ in their planar
orientation, during extrusion the permeability tensor associated to the two-dimensional
finite element is rotated according to the ply orientation. For complex geometries that
require draped directions of the fabric preform, a draping analysis may be performed
with QuickForm™ [12] or PamForm™ [13]. Fiber orientations can then be linked to

the laminate following the instructions of reference [12].
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This data structure stores the ply information for each zone of the mesh and contains
the properties of the finite element for each extruded layer. The division into zones with
different laminate structures allows the construction of complex three-dimensional
geometries as illustrated in Figure 5.9. Parts containing out-of-plane ribs can be
generated by setting a different number of plies between zones. Thick parts with
impermeable foam cores can also be constructed from the 2D mesh and proper laminate
definition. In order to demonstrate the capabilities and accuracy of the proposed
methodology, laboratory injections inducing through-thickness flow are compared to
numerical predictions in two cases: (1) unidirectional flow through multi-layer preform;

(2) pointwise injection in a thick composite.

5.9 Experimental validation — Case I

The experiment performed by Diallo et al. [14] involves the injection of pressurized oil
into a rectangular cavity filled with a stack of fibrous reinforcements. Figure 5.10
shows a schematic of the experimental set-up used to record the flow front position in
time. The mold assembly is made of two tempered glass plates of 930 x 130 X 19 mim.
The mold cavity thickness was set with a 12 mm thick spacer. A silicone sealant was
used to prevent edge effects along the mold edges. A constant injection flow rate was
performed with a hydraulic cylinder mounted on a tensile testing machine. The
reinforcement was a thermo-formable glass fabric EB-315-E01-120 from Brochier,
which has an anisotropic permeability and surface density of 315 g/m*. For this fabric
with a fiber volume fraction of 45%, the measured permeability in the weft direction is
K= 6.5x1 o1 w’, in the warp direction Kyqp= 5.5x1 0! i and through-thickness K=
2.0x107"" m’. The oil viscosity measured at room temperature was 0.103 Pa.s. As
iltustrated in Figure 5.10, 20 small wires of 0.1005 circular inches (~0.35 mm diameter)

were inserted between the reinforcement plies to measure the shape of the through-
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thickness flow front. One wire was placed at the injection port and used as ground. As
the oil impregnates the wires, an electrical contact is established and the position of the

flow front can be recorded in time.

In order to create a through-thickness flow, the preform was constructed from the
superposition of 20 plies of fabric materials aligned in the weft direction, and 20 plies
aligned in the warp direction. The upper plies form a high permeability layer that
speeds up the flow, while the low permeability of the lower plies delays the flow. In
this experiment, the injection flow rate was maintained constant at 3.04 cc/s. To
simulate this laboratory injection, the three-dimensional mesh of Figure 5.11 was
generated using prismatic (6 nodes) finite elements. As shown in Figure 5.11, the 3D
model is a brick of size 500 mm x 12 mm x 20 mm with 4 prism6 elements per layer (a
total of 8 finite elements through the thickness). The injection boundary condition is set

on the faces of the finite elements on the left side of the plate.

A comparison of the experimental flow with the results of the simulation can be seen in
Figure 5.12. At the start of filling, a distortion in the flow front develops quickly (for
injection times less that 20 sec.). Afterwards the two in-plane flows reach an
equilibrium state and the distortion is stabilized. The progression of the flow front on
the bottom and top mold surfaces is in good agreement with experimental results. The
caption of Figure 5.12 shows the through-thickness profile of the flow at 88 seconds,

which corresponds very well to the measures of the electrical wires.

Since the prism6 element does not ensure continuity of the resin mass following
through the thickness of the composite as it does for the in-plane flow, the fluid mass
lost may affect the flow front geometry. To quantify the error in the solution arising
from this, a series of five simulations were carried out. As listed in Table 5.1, the
permeability ratio between the upper and lower layers changes from 1 (no transverse

flow) to 6 (high transverse flow). The approximate solution obtained with the new
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finite element is compared with the experimentally validated two-dimensional solution
of PAM-RTM calculated with triangular non-conforming finite elements. A simulation
with tetrahedral elements is taken as reference of the performance of the three-
dimensional solution. The triangular mesh contains 5,700 elements divided into 16
layers through the thickness (see Table 5.2). The prism6 mesh was decomposed into
17,000 elements and 16 layers, while the tetrahedron mesh has 65,500 elements and 24
layers. Note that tetrahedrons must not be degenerated to ensure convergence of the
solution. This implies an aspect ratio close to one, i.e., height and planar dimensions are
of the same order of magnitude. If the thickness of the part is small compared to its
area, the number of tetrahedrons required for a proper solution is extremely high. The
numerical simulations were carried out on an IBM IntelliStation M-Pro PC with a

Pentium 11 (1.0 GHz) processor.

For the five cases tested, the progression of the flow front at the interface between the
two zones of different permeability (at half thickness) is displayed in Figure 5.13 for
different anisotropy ratios. The flow front progression in the mid-plane is representative
of the averaged flow and is expected to fit between meshes if no mass is lost during
filling. The calculation for the highest anisotropy ratio required less than 25 minutes to
run with the triangular mesh of 5,700 elements. The same case took around 36 hours to
compute with the 65,500 tetrahedrons of the 3D mesh, while the prism6 model needed
nearly 5 hours. The strong cpu time reduction is due to differences in the number of
degree of freedoms of the models. A comparison of mass lost at the end of filling is
shown on Figure 5.14. The mass loss is calculated as the difference between the
injected flow rate along the inlet channel and the flow rate at the flow front location.
After filling, the total injected mass must equal the free volume in the mold cavity. The
error on the mass loss remains in all cases smaller than 3%. It is maximum for
tetrahedrons, and minimum for triangles. The cause of the mass loss with the non-

conforming tetrahedrons is connected with the aspect ratio which was no longer equal
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to 1, but decreased to around 0.6. Note that the mass loss in the prism6 solution is of the

same order of magnitude as that of the triangular mesh.

The prism6 elements are expected to conserve the fluid mass across their rectangular
faces, but not across the thickness (triangular faces). Since the thickness is small
compared to the longitudinal extension of the part, the mass lost trough the thickness is
a small quantity of the total injected mass. This means that even if the total mass seems
to be conserved, the flow front geometry may disagree with the 2D solution (triangular
mesh). To quantify this error, an estimator was used based on the difference in the
through-thickness flow profile between the prismatic or tetrahedron meshes and the
triangular model (see Figure 5.15). The values presented in that figure are the sum of
the two differences in the positions of the flow front at the upper and lower mold
surfaces. It is remarkable to note that the mass loss induces a distortion of the flow
profile. The prism6 elements give a less accurate solution than tetrahedrons. Although
the error seems more important for the prismatic elements, note that the number of
degrees of freedom in the tetrahedron mesh is much larger than in the prism6 model.
When the number of degrees of freedom in the prism6 mesh was increased to 27,000
elements, the flow front error was reduced to similar values as that of the tetrahedron

solution and even to a lower value for higher anisotropy ratios.

5.10 Experimental validation — Case Il

As a further validation exercise, the proposed numerical method was compared with
experiments in the case of a spherical 3-dimensional flow. Bréard [15], has performed
central injections in a thick mold containing an anisotropic reinforcing material. This
result was used in Bréard and Trochu [18] in a comparison with the numerical solution
of LCMFlot software. The position of the spherical 3D flow front was detected by X-

Ray radioscopy. As drawn in Figure 5.16, in this example the rectangular mold is an



203

internal cavity volume of 300 x 300 x 20 mm’. Silicon oil was injected trough the
cylindrical inlet (5 mm diameter) from the centre of the mold. The injection pressure
was 1.89x10° Pa, and the silicon oil viscosity 0.1 Pa.s. The in-plane permeability of the
porous material used was Ky= Ky=3.95x10"'"" »’, and the transverse permeability K=
9.3x10"" m’. The anisotropy ratio between the in-plane and transverse permeabilities is

K,\f/KZ: 4725,

A three-dimensional mesh was constructed to discretize a quarter of the rectangular
mold with Prism6 elements extruded in the thickness direction. The model contains
around 30 elements along x and y axes, and 50 elements in the transverse direction (z
axis). Elements are refined around the injection gate to ensure a good reproduction of
the boundary condition. Figure 5.17 shows a comparison between experimental flow
front locations and numerical calculations. Predicted positions of the resin flow front in
both directions (planar and through-thickness) correlate very well with measures,
although a small divergence is observed at the beginning of the injection (prior to 2
sec). The reason of these differences may be explained by the preform compaction at

the beginning of the injection in the surroundings of the injection gate.

To quantify the error on the flow front prediction, a comparison with an elliptic three-
dimensional flow was carried out. Consider a cavity similar to the previous
experimental case, but filled with an isotropic material. The flow front position at time

{,, can be obtained by solving Darcy’s equation for an elliptic flow:

fon = %(R;(Z(%J —3J + ROZ} (5.26)

where K is the isotropic permeability and Ry, Ry denote respectively the injection gate

radius and the position of the flow front. The properties considered here are a
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permeability K= le-10 m’, a porosity of 0.5, a fluid viscosity of 0.1 Pa.s and an
injection radius of 1.12 mm, while the injection pressure was set to 1e5 Pa. Meshes
were constructed with different numbers of elements in the radius direction. Prism6 and
tetrahedron elements were used to run a series of filling simulations. Figure 5.18 shows
a comparison of the numerical results with the three different meshes. Note that the
mesh with 30 prism6 elements in the radius direction shows a better agreement with
theoretical values than the mesh with 50 tetrahedrons. The error on the flow front
prediction at the end of filling can be seen in Figure 5.19. The convergence of the
prism6 mesh is higher than for tetrahedron elements. For the same number of elements
along the radius, the prism6 mesh gives a smaller error on the flow front estimation
than tetrahedrons. Remark that, in this analysis, the fluid flow occurs in a three-
dimensional space. The pressure gradient in the x, y and z directions will be of the same
order of magnitude. Although this comparison is very convincing about the ability of
the proposed model to predict three-dimensional {lows, a loss of fluid mass appears due
to the div-non conformity in the through-thickness direction. Therefore, even if the flow

front is well predicted, some fluid mass may be lost during the filling simulation.

5.11 Case study — Truck fender

In order to demonstrate the practical validity of the proposed solution, the three-
dimensional mesh extrusion and mold filling analysis are carried now for a typical
LCM automotive part. The objective of this test is to demonstrate the advantage in
terms of user time of a quick methodology to simulate irregular flows in a complex
geometry. The truck fender of Figure 5.20 has a complex three-dimensional shape of
variable thickness, and contains different fibrous materials and stacking sequences. The
finite element mesh generated from the CAD geometric model 17,000 triangular
elements and 8,500 nodes. The part is decomposed into 13 zones with different

laminate structures.
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In LCM, because of the cutting of the fibers and the free space created along the mold
edges, the fluid (resin) may flow through a preferential path along the edges of the part.
This phenomenon called edge effect or race tracking can be numerically modeled using
an enhanced permeability in the elements located along the edges [16]. During mold
closure, preform interference often appears in surfaces with double curvature, in
straight chamfers or in fillets with different internal and external radius. These draping
problems create fiber or void rich zones that strongly influence the flow during mold
filling. In some cases, the fluid flow is faster in these regions (resin rich zone) than in
the adjacent preform. In other cases, the flow slows down in regions of high fiber
volume content and surrounds the low permeability zones. In the fender model, diverse
draping problems are considered, which translate into zones of higher or lower

permeability and porosity.

The injection strategy consists of four inlet gates and two vents placed all around the
part. The two inlet gates at the upper corners (1 and 2 in Figures 5.20 and 5.21) are
connected to an open channel free of any reinforcement. This channel allows a quick
evolution along the part length (x-axis) and then distributes the resin vertically. This
filling strategy is usually called a peripheral injection. Inlet 3 is also connected to an
open channel at the end of the stiffener. This strategy is used to ensure a proper
impregnation of the longitudinal rib. Injection gate 4 is positioned at the interior of the
light support, where the laminate is made out of different materials. This central
injection gate permits to fill up the low permeability zone containing the above
mentioned laminate. For all injection gates, the injection pressure is maintained
constant at 3.0x10° Pa. An isothermal resin viscosity of 0.1 Pa.s was used for this
analysis. To expel the air from the mold, two vent points are set: one at the center of the
elliptic shape (vent 1), and the other one in the fender lower corner (vent 2). The vent in

the elliptic shape of the part is closed when the resin arrives to it.
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The laminates associated to each zone of the part are defined in Table 5.3. A maximum
of six layers were used in the stiffener and in the light support. In zone 10, an
impermeable foam core is wrapped by two fabric skins. The layer on the surface of the
part has a lower permeability than the hidden ply; this can be explained by a non-
uniform compaction of the double curvature foam core. Race tracking effects are
modeled around the foam core (zone 7) to reproduce the resin rich zone along the foam
edges. At the intersection between planar surfaces where straight angled chamfers
appear, a lower permeability is considered locally (zones 2, 3, 6 and 8). Figure 5.22
shows the final three-dimensional model after the triangular mesh extrapolation is
carried out based on the laminate structure. The open channels in the upper edge of the
part, as well as the foam core, are meshed in detail. The whole model contains 60,000

prismatic elements and 40,000 nodes.

The performance of the proposed methodology and numerical extrapolation scheme is
compared with the solution of the shell model. To compute both cases, the same mesh
and laminate definition are entered in the input data of the program. If no extrapolation
is required, the program automatically computes the gapwise average permeability of

the laminate according to the classical weighted average:

K=" (5.27)

with,
NI : number plies in the laminate
h; : thickness of the i-ply.
K; : permeability of the i-ply.
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Predicted filling times for the shell model with averaged permeabilities are
given in Figure 5.23. This calculation required 44.5 minutes to run on a IBM
IntelliStation M-Pro PC with a Pentium 111 (1.0 GHz) processor. An injection time of
24.5 sec was obtained when the resin arrived to the second vent. The flow front profiles
clearly show that resin runs along the upper open channel (between gates 1 and 2) and
through the vertical right panel (below gate 2). Resin also flows horizontally in the
stiffener zone from gates 3 and 4. Possible dry spots have been detected at the
interference between the upper descending and the central ascending flows (denoted as
“D” in Figure 5.23). The calculated flow front distribution in the light support is
uniform and does not show any impregnation problem. About 8 seconds after the
beginning of injection, the resin fronts merge and enclose an air bubble trapped in the
center of the part. The air in the bubble exits through the vent gate 1. Approximately at
20 seconds, the resin arrives to vent 1, which is automatically closed. This generates a
dry spot. At the end of filling (after 21 sec.), the resin flow in the foam takes the shape

a bubble, although no dry spots were numerically detected.

For the extrapolated three-dimensional mesh, the resulting flow front
progression is shown in Figure 5.24. This solution took 9.5 hours to run on the same
computer. A total filling time of 30.6 sec was obtained with this model (25% more than
previous solution). Although the shapes of the flow front profiles are in general similar
in all the simulations carried out, important differences can be noted. In the 2D model,
the resin runs faster in the open channels principally along the rib stiffener. In the 3D
solution, the modeling of the rib with an open channel results in a transverse flow that
differs from the 2D prediction (see details in Figure 5.24). As a consequence of this
three-dimensional flow, the dry spots in the part center were not detected in the 3D
model. At around 17 sec., the upper descending and the central ascending flows meet
without air trapped between them. In the zone with a foam core, the flow predictions
vary for the top and bottom skins, while the 2D model gives the average flow location.

This difference in the flow between layers creates an air bubble in the top foam skin
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close to vent 2. This entrapped air is not detected in the 2D solution, even if the
permeability of the foam zone is changed. The results of the 2D model with different
permeabilities are illustrated in Figures 5.25 and 5.26. The zone with a foam core was
assumed to have the permeability of the top or bottom skins, respectively. In none of

the two cases, the entrapped air bubble could be detected numerically.

5.12 Summary

In this paper, a new methodology is proposed to compute three-dimensional flows in
LCM. The method is based on a new non-conforming finite element approximation and
on a mesh extrusion algorithm to generate three-dimensional multi-layer finite element
mesh well suited for composite analysis. Beginning with a thin shell mesh, a solid mesh
is constructed by extrusion from the 2D finite element shell mesh. The extrusion is
defined by the preform stacking sequence of the reinforcement. This allows considering
different fabric permeabilities and fiber volume fractions in each laminate ply.
Boundary conditions may also be extruded trough the thickness or set on the top or
bottom part surfaces. The development of a new prismatic non-conforming finite
element approximation provides accurate through-thickness solutions that minimize the
number of elements. This methodology presents several advantages in addition to being
user friendly and to facilitate the mesh generation for LCM application. Numerical
extrusion gives also the possibility of saving computer time before and after processing.
It also minimizes considerably the number of 3D finite elements required to calculate

accurate solutions of the flow problem, and hence reduces the computer time as well.

The proposed method has demonstrated a good performance to calculate with a good
accuracy complex three-dimensional flows without having to create a 3D mesh.
Although the required computer time is higher than for the 2D solution, the

methodology remains simple thanks to the automatic generation of the 3D mesh by
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extrusion. The quality of the numerical results is equivalent to that of a full 3D solution
with tetrahedrons, but with a great reduction in computer time. This approach will now

be applied in Part II to non-isothermal flows in thin and thick LCM parts.
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Figure 5.1. Schematic representation of the domain Q representing the mold cavity. The

boundary is defined by oQ=I", ', UT,. (Note that I, was deliberately removed

for clarity.)
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Figure 5.2. Triangular finite element: (a) incoming and out-coming flows in the FE; (b)
conforming shape function at node Nj; (¢) non-conforming shape function associated to

edge E;.

Triangular non-conforming finite element

AN

¢

Reference prismatic finite element

Reference triangular non-conforming (6 nodes)
nodes

finite element

Figure 5.3. Triangular and prismatic (6 nodes) non-conforming finite elements. The

degrees of freedom are assigned at the middle edges; ¢, # and r denote the local

coordinates in the reference element.
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Figure 5.5. Procedure for mesh extrusion: (a) the nodes normal are computed from the
normals in adjacent elements, (b) new nodes are created along the calculated normal,

(c) finally adjacent elements are extruded.
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Figure 5.6. Selection of the extrusion direction using the y andy coefficients of

equation (21). (a) the position of the new nodes can be computed from the midplane
position; (b) from the half thickness; (c¢) or in the opposite normal direction; (d) ply

thickness can also be set as a spatial function.

Plies lay-up

Fibrous
materials ‘

Laminated preform

Mold surface x

Global coordinates Ply orientations

(b}
()

Figure 5.7. (a) In composite manufacturing, layers of fibrous materials are stacked to
form a compact preform. (b) The plies of the laminate can have a different thickness

and fiber orientation.
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Figure 5.8. Data structure used to relate zones of PamRTM [ !] with the structure of
the laminate. Each ply of the laminate is related to a fabric material. Multiple zones can

be connected to the same laminate and different plies can point to the same material.
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Two-dimensional Mesh Extruded Mesh

Zone

zone

zone

Figure 5.9. Typical applications of the extrusion algorithm. Examples of three-

dimensional meshes for various stacked materials may be constructed from the
midsurface mesh and structure of the laminate. The first example shows an irregular
surface of revolution. The second example is a ribbed part. The third example shows

that an impermeable foam core can also be considered as part of the laminate structure.
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Figure 5.10. Schematic diagram of the through-thickness flow front shape measurement

system used by Diallo et al. [ 14].

injection Rate
3.04 ce/s High permeability layer

Low permeability layer

fe 500 mm J

Figure 5.11. Three-dimensional model used to simulate the experiments of Diallo et al.
[14]. In each layer of the laminate, the mesh contains 4 prismé finite elements in the

through-thickness direction.
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Figure 5.12. Flow front progression in the top and bottom mold surfaces. Numerical
results are compared to experimental values. The flow front distortion is stabilized after
20 sec. The numerical through-thickness front at 88 seconds is shown in the bottom

right caption and is very close to the experimental profile.
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Figure 5.13. Progression of the flow front in the midplane for different anisotropy
ratios. Compared to the two-dimensional (triangles) solution, the tetrahedron and

prism6 solutions predict well the filling at the interface.
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Figure 5.14. Comparison of mass loss for simulations with triangles, tetrahedrons and
prism6 elements. In all cases, the mass loss is less than 3%. The prism6 solution is
systematically more conservative than tetrahedrons and never worse than the triangle

solution.
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Figure 5.15. The distortion of the through-thickness flow front profile for prismé6 and

tetrahedrons is compared to a 2D reference simulation (triangles). Tetrahedrons are able

to represent correctly the front geometry for high anisotropy ratios. When the size of

the prism6 mesh is increased to a half of the elements of the tetrahedron mesh, the flow

front error is even improved compared to the tetrahedron solution.
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Figure 5.16. Schematic drawing of a spherical central injection. The experiment of
Bréard et al. [15] was carried out in a thick rectangular mold. The fibrous preform had
an anisotropy ratio of 4.25 between the planar and transverse permeabilities. X-Ray

radioscopy was implemented to detect the progression of the three-dimensional fluid

flow.
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Figure 5.17. Comparison of predicted and measured flow fronts in the spherical
injection. Numerical results are in good agreement with experimental values. At the
beginning of the injection (before 2 sec), preform compaction may be the cause of the

observed divergence with the numerical predictions.
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Figure 5.18. Comparison of flow front positions calculated for different mesh sizes

with the theoretical solution of an elliptic flow through an isotropic material.
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Figure 5.19. Convergence of mesh refinement for the elliptic flow through an isotropic
material. For the same number of elements on radius, the prismé6 solution yields better

results than the tetrahedron one.
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Figure 5.20. a Typical LCM part used to demonstrate the capabilities of the model. The
mesh contains 17,000 triangles and 8,500 nodes. The injection strategy consists of four
inlet gates at the upper part corners, at the stiffener ends, and in the laminated zone. An
impermeable foam core is wrapped by fabric skins in zone 10. Draping effects are

represented as regions with high or low permeabilities.
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Figure 5.21. Injection strategy used for the truck fender. Four injection gates are set in
the mold. Open channels are used for a better distribution of the resin flow. To ensure

filling of the stiffener, an open channel is created at the extremity of the rib.
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Figure 5.22. Three-dimensional model obtained after mesh extrusion. The mesh
contains 60,000 prism6 elements and 40,000 nodes.
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Figure 5.23. Predicted filling times with the triangular mesh for through-thickness
averaged permeabilities. A total filling time of 24.6 sec was calculated. “D” indicates

possible dry spots.
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Figure 5.24. Predicted flow front locations with the prismatic mesh with multi-layer

extrapolation. A total filling time of 30.6 sec was calculated. An air bubble was trapped

in the upper foam skin.
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Figure 5.25. Predicted flow front positions with the triangular mesh with the bottom

foam skin permeability. A filling time of 23.5 sec was obtained.
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Figure 5.26. Predicted flow front positions with the triangular mesh with the fop foam

skin permeability. A filling time of 27.2 sec was calculated.
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Table 5.1. Series of test carried out to quantify the resin mass loss when using prism6

finite elements.

Permeability ~ (x10°m?)
Test# Ky K, =Ky KoKy
4 2 2 1
2 1.5 1 1.5
3 1 05 2
4 Q.75 0.1875 4
5 0.5 0.0833 [}

Table 5.2. Description of the 2D and 3D meshes used to compare the error on the mass

loss.

Geometry of the Number of Finite Elements
FE's Thickness | Length | Total
Triangies A 16 710 5700
Prismé & 16 330 - | 17000
Tetrahedrons A% 24 270 65500

Part dimensions.: 500x12x12 mm




Table 5.3. Permeability and porosity for each zone of the truck fender model.
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Zone id Ply# — 1 2 3 4 5 6
porosity 0.8
1 thickness [mm] 5
permeability 10° jm? 2
i'porosity 0.8 0.8 0.8 0.8
2 [thickness [mm) 5 5 5 3
permeability 10° [m? 0.3 0.3 03 0.3
If)orosity 0.6
3 Hthickness [mm} 5
permeability 10° [m?] 0.3
porosity 0.8 0.8 0.8 0.8 0.8 0.8
4 thickness [mm] 5 3 3 5 2 2
permeability 10° [m?) 3.5 35 3.5 0.7 0.7 0.7
porosity 0.8
5 thickness [mm] 5
Ipermeability 10° [m% 0.8
porosity 0.6
8 lthickness fmm} 5
permeability 10° [m? 0.3
porosity 0.8 0.8 0.8
7 thickness fmm} 5 6 6
permeability 10° jm? 3.5 3.5 35
150rosity 0.6
8 fthickness fm} 5
permeability 10° m’ 0.3
porosity 0.8
9 thickness [mm) 5
permeability 107 jm? 2
POrosity 0.8 0.8 0.8
10 thickness fmm} 5 10 7
permeability 10° [m?) 0.8 Foam 2
porosity 0.75 0.75
11 thickness [mm) 3 3
Hpermeability 10° m’] 1.5 1.5
Iporosity 0.99 0.99 0.99
12 jthickness fmmj 4 3 3
permeability 10° [m?] 100 100 100
porosity 0.8 0.8 0.8 0.8 0.8 8
13 thickness [mm] 5 6 6 3 3 3
fpermeability 10° [m?) 1.5 15 1.5 15 100 100
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CHAPITRE 6
COUPLED NON-CONFORMING FINITE ELEMENT AND FINITE
DIFFERENCE APPROXIMATION BASED ON LAMINATE
EXTRAPOLATION TO SIMULATE LIQUID COMPOSITE
MOLDING PROCESSES. PART II: NON-ISOTHERMAL FLOW

Présentation du chapitre

Dans le chapitre 5, une méthodologie d’extrapolation de maillage a été développée sur
le concept d’un composite stratifié. Un nouvel élément fini discontinu tridimensionnel a
été développé pour améliorer la rapidité et la qualité des calculs du remplissage
isotherme. Dans le chapitre 6, cette méthodologie est étendue au cas du remplissage
non isotherme et de la cuisson de picces tridimensionnelles. Pour I’évolution des flux
thermiques dans la cavité du moule, une approche mixte couplant éléments finis et
différences finies est proposée. La méthode développée consiste a calculer les
variations de température par conduction et convection dans le plan de la pi¢ce par la
méthode des éléments finis, tandis que le flux de la chaleur & travers épaisseur du
composite est évalué au moyen d’une approximation par différences finies
unidimensionnelles. Cette formulation hybride a pour objectif d’améliorer la qualité et
la vitesse des calculs thermiques et du changement d’état de la matiére. La combinaison
de la méthode d’extrapolation de maillage 3D en couches paralleles avec la formulation
thermique hybride donne la possibilité¢ de définir différents niveaux de couplage entre
fe flux de résine et les échanges thermiques. La méthodologie proposée dans cetie
approche permet a 'usager du code de définir, & partir du méme maillage 2D initial le

niveau de complexité du modéle numérique. Les résultats obtenus pour chacun des
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niveaux de couplage sont validés par comparaison avec diverses solutions analytiques.
A la fin, les phases de remplissage non isotherme et de cuisson d’une piéce réelle 3D
sont traités. Les résuliats des anciens et des nouveaux modéles sont comparés, et la

performance de la simulation numérique est établie.
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6.1 Abstract

A numerical methodology is presented for the accurate simulation of non-isothermal mold
filling in Liquid Composite Molding. Starting with a mid-surface mesh and based on the
structure of the fabric reinforcement, the extrapolation algorithm described in Part 1 is
used to generate 3D finite elements or paralle! layers of 2D elements. To solve the coupled
flow/energy/chemical species equations, two methodologies are used. The finite element
formulation presented in Part I is first coupled with a 3D finite element formulation for
heat and curing analyses. In the second approach, a hybrid finite element and finite

difference model is proposed. As the heat conduction and convection is evaluated in the



237

plane of the elements by the finite element formulation, the through-thickness heat flow is
computed by a one-dimensional finite difference approximation. The combination of the
three-dimensional mesh extrapolated in parallel layers with the thermal formulations
allows investigating diverse degrees of coupling between the fluid and heat flows. With
the same initial 2D mesh and material data, the used can easily define the level of
complexity to be used in the numerical model. The results of the thermal formulations are
validated with analytical tests. The performance of the model as well as the gain in cpu
time are summarized. Finally a test case is presented to illustrate the advantages of the

coupled model in terms of accuracy

6.2 Introduction

Liquid Composite Molding (LCM) refers to a group of related and widely used
manufacturing processes for composite materials. These processes consist in general of
injecting a thermosetting resin in a closed mold where a dry-fibrous reinforcement has
been placed. During the process, a catalyzed resin is injected under pressure into the
pre-heated mold cavity. In case of thermosets, the resin reacts and solidifies during the
curing phase. Once the resin has cured, the mold is opened and the composite part is
demolded. The flow front locations in time, the pressure distribution and the
temperature field are the main parameters that govern the molding process and the final
properties of the part. These parameters can be predicted by numerical simulations
during the filling and curing stages, to assist in designing the mold and improve the
manufacturing process. During last decade, several computational studies have
demonstrated that modeling and process simulation can help in tool design by
providing preliminary information of fluid and heat flow evolutions. However, due to
the complexity of the physical phenomena involved in LCM and their intrinsic
coupling, a series of non-linear differential equations must be solved iteratively. For

large scale models, a significant computational effort is required to run a complete
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simulation of the manufacturing process. This renders the optimization of the full

process a complex numerical challenge.

The control of heat transfer and chemical reaction in LCM is complex because a hard
number of factors interact. As schematically indicated in Figure 6.1, four categories of
phenomena occur during composite processing: rheological, thermal, chemical and
viscoelastic. The resin flowing across the mold cavity absorbs heat by conduction from
the mold walls and from the heated preform; temperature is also transported by
convective forces. The rheological phenomena depend on the temperature and degree
of conversion of the resin via the resin viscosity. In turn, the velocity field
characterizing the fluid flow transports the chemical species and influences the thermal
field. It also determines how the mold is going to be filled up by the resin and the
quantity of heat that will be generated by viscous dissipation. On one hand, the
chemical reactivity of the resin increases with temperature, on the other hand the
exothermy of the polymerization reaction is usually sufficient to increase the
temperature notably. Resin thermal and mechanical properties such as specific heat,
thermal conductivity or elastic modulus depend on temperature and resin degree of
conversion. The strain-stress relationship depends on temperature through the thermal
expansion/contraction of the resin; it is also related to the degree of cure via the
chemical shrinkage produced during the cross-linking polymerization. Finally,
viscoelastic behaviour of the polymer depends on temperature, degree of cure and time
(stress relaxation is observed during cure). The multiple interactions between these
phenomena make the numerical modeling of the full process a complex, and sometimes

unfeasible, task.

Researchers have resolved this complexity by building mathematical models of flow,
heat transfer, chemical reaction and strain-stress relationship. Finite element software
has been developed to implement some of these mathematical models for complex

three-dimensional parts [1-10]. The energy equation was solved both by finite element
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and finite difference. Guyonvarch et al. [1] presented a heat transfer analysis integrated
with a non-isothermal 3D filling model. They used a Taylor-Galerkin method in a finite
element model that guarantees a reasonable stability and accuracy of the temperature
calculation even when convection becomes dominant. The calculated transient
temperature response in a preheated mold showed a good agreement with experiments.
The temperature calculated in mold filling simulations allows reproducing the high
temperature gradients observed experimentally across the thickness of the part and in
the mold during fiber impregnation. However, the scheme is not unconditionally stable,
which creates numerical difficulties. The simulation predicts the temperature
distribution in a three-dimensional cavity and in the heating mold, but at a considerably

high computational cost.

Lebrun et al. [2] conducted an experimental investigation of heat transfer during
the filling stage by measuring temperatures through the thickness of the part at four
different locations in the flow direction. The authors presented a finite difference
program used to calculate the temperature distribution through the thickness of the steel
wall. They showed that it is possible to evaluate the effective thermal conductivity of a
resin saturated fibrous preform by recording the temperatures inside the mold wall and
in the mold cavity during the filling stage. This analysis has shown also that the thermal
properties of the composite obtained by the rule of mixtures provide reliable
information. Large discrepancies were obtained between the Nusselt numbers found in
the literature and experimental results. In fact, all models underestimate the heat
transfer at the surface of the mold, except the one accounting for thermal dispersion,
which overestimated it. Experimental Nusselt numbers have been shown to be
dependent on the molding conditions. An increase of the injection pressure increased
the experimental Nusselt number, in a consistent way with the corresponding
augmentation of resin velocity. However, an increase of the mold temperature caused a
drop in the Nusselt number due to the competing effect between the temperature

gradient at the mold surface and the difference between the surface temperature and the
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inlet resin temperature. Finally, the authors presented a model for the Nusselt number,
which takes into account the effects of thermal dispersion, variable resin viscosity, fiber
volume content and mold temperature. This model gave better results than the previous

ones documented in the literature.

In order to incorporate these considerations in non-isothermal filling simulations, Audet
[18] implemented a Taylor-Galerkin method to solve the energy equation. Even if
Taylor series approximation leads to both explicit and implicit numerical scheme, for
stability considerations the implicit one was used. To minimize the numerical
oscillations that tend to perturb the temperature distribution in transport problems
coupled with diffusion, a second order Taylor series was considered. Although
numerical stability is guaranteed, when convective terms become dominant in the heat
flow, temperature oscillations appear at the boundaries. In extension of the model of
Audet, Bohr [3] used a standard Galerkin formulation with an artificial diffusion term.
In this approach, the thermal instabilities of the numerical scheme were solved by
coupling the Galerkin formulation with the piecewise discontinuous finite element
approximation of Lesaint-Raviart for transport problems. The resulting coupled
formulation with a time Gear interpolation for the transient solution is unconditionally

stable and does not require smaller time step iterations.

Tucker [4] presented a comprehensive analysis of the issues in the modeling of
heat transfer and chemical reaction in resin transfer molding and structural reaction
injection molding. The discussion was organized in four stages: incorporating the
physical phenomena into a model, gathering material data, analyzing the model to
provide physical understanding, and solving the model for a series of relevant cases. A
rigorous derivation of the governing equations by the local volume averaging method
has cleared up ambiguities about how some terms should be handled, and has clearly

shown the need of adding dispersion terms in the energy balance and cure equations.
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The author has also introduced a useful set of dimensionless parameters for the flow,

heat transfer and cure models, and provides analytical solutions in some specific cases.

Gauvin and Trochu [5] analyzed non-isothermal fluid flows through multilayer
preforms. Experimental results showed the influence of the mold temperature on the
distribution of the resin temperature through the thickness of a composite. Since resin
viscosity is highly sensitive to temperature, they suggested that a reliable simulation
should take this dependence into account. Although the three-dimensional solution of
the filling stage is robust and accurate, it still requires a large amount of computational
time. Since the thickness of the cavity is usually small compared to the characteristic
length of the part, it defines the size of the mesh used in numerical simulations. A
minimum number of finite elements through the thickness of the part is necessary in
order to obtain an acceptable solution. Moreover, the aspect ratio of these elements can
not be too small to avoid numerical inconsistencies. These limitations result in a very
dense mesh, which makes the three-dimensional finite element implementation of the
solver highly computer intensive. The large number of degrees of freedom needed to
model complex three-dimensional composite parts results in time consuming

calculations that makes process optimization extremely difficult, if not impossible.

Extensive efforts have been made by researchers to decrease the computer time
required to solve the coupled flow and thermal formulations. In a thin mold cavity, the
flow may be simplified to a two-dimensional problem, but the three-dimensional heat
transfer problem must be considered as such because of the important heat convection
in the planar direction and heat conduction through the thickness of the part. When
LCM parts are considered as thin shells, the permeability, diffusion and dispersion
tensors are homogeneous through the thickness. In addition, thermal and chemical
species diffusion due to mechanical dispersion is assumed to be of purely kinematic
origin, and thus proportional to the velocity norm. Since the velocity can be neglected

in the thickness direction, the chemical species dispersion may be evaluated in the



242

planar direction only, so that two-dimensional flow analysis can be carried out with

three-dimensional heat transfer calculation.

To solve this simplified problem, different approximations have been suggested.
Bruschke and Advani [8] proposed a mixed model based on in-plane flow solution (by
2D finite elements and element control volume) while the heat conduction/convection
is solved by finite differences (FD) in 3D. The through-thickness heat convection is
neglected and only in-plane heat transport is introduced into the FD thermal
formulation. The convection term is added to the FD model using a thickness averaged
velocity. In a similar way, Ngo and Tamma [9] have used a 2D FE formulation for the
in-plane flow and a 3D FE formulation for the heat conduction/convection. The fluid
flow calculation was based on the nodal control volume approach with conforming
finite element approximation. To improve the numerical stability of the thermal
formulation, the Streamline Upwind Petrov-Galerkin (SUPG) weighting functions were
employed. The algorithm presented accounts for the three-dimensional mesh generation
used to solve the heat transport problem and sub-time stepping of the filling time step to
ensure the stability of the thermal solution. These methods are faster than full three-
dimensional analysis but only consider a thickness-averaged permeability and resin
viscosity. In fact, an averaged flow front is calculated in the midplane of the mold
cavity. Moreover, finite difference formulations are not unconditionally stable when
implemented to solve heat conduction and convection problems. For accurate solutions,
the FD grid or the time step must be refined as a function of Fourier’s and Nusselt’s
numbers. In practice, when the heat flow is dominated by convection, which is usually
the case in Resin Transfer Molding (RTM), the number of time steps required to
properly solve the FD model for each iteration of the flow solution turns out to make

the calculations very computer intensive.

Based on physical considerations and on the combined implementation of several

numerical algorithms, a new methodology is proposed to solve the non-isothermal
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filling and curing phases in LCM. It consists of combining different FE and FD
formulations depending on the degree of coupling needed between the thermal and flow
phenomena to simulate accurately the manufacturing process. Starting with a midplane
mesh, different options are possible. In the simplest case, no significant coupling is
assumed to exist between the fluid flow and the heat transfer in the through-thickness
direction. A numerical in-plane solution of the two-dimensional fluid flow and heat
transfer is sufficient if it is coupled with a one-dimensional heat transfer analysis. When
a full coupling has to be considered, a pure three-dimensional flow and thermal analysis
can be carried out. Between these two solutions, various levels of coupling can be
implemented on the same 2D mesh. The proposed algorithm permits the user to specify
the level of complexity of the analysis without any additional meshing effort. A series
of tests are carried out to validate by comparison with analytical results the different
models proposed. Finally, a typical part will be analyzed to demonstrate the capabilities

of the numerical algorithms implemented in this investigation.

6.3 Governing equations

6.3.1 Momentum equation

In Part 1, a system of non-linear partial differential equations has been formulated in
order to evaluate the flow of Newtonian fluids through a porous medium. The model
accounts for isothermal flows in undeformable media and considers pressure of flow
rate boundary conditions. In this part of the work, non-isothermal viscous flows in
porous media will be modelled in presence of heat sources. Recalling Part 1, the

equation of mass conservation for the fluid phase can be written as:

div(p, 7) =0 6.1
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where p_ is the density of the injected resin and Vis the superficial fluid velocity.

Darcy’s law for Newtonian fluid flow through porous media was used as momentum

equation and is expressed as follows:

v =-——[K].Vp (6.2)
y7;

in which [K] is the permeability tensor, taking the form of a 3x3 matrix, u is the resin
viscosity and VP the pressure gradient. Polymer viscosity depends on temperature and
on chemical changes during polymerization. The rheological characterization of
reactive materials is complex because of the large number of variables that come into
play. Polymer rheology is influenced by the chemical formulation and filler
concentration (in general calcium carbonate). The viscosity of a reactive resin system is
a function of pressure, temperature, shear rate and time. The time dependence is due to
the growing size of the polymer molecules as polymerization progresses. Therefore,

viscosity can be defined as:

u=f(P.T,7,0.9) (6.3)

where T, 7, a and @ denote respectively temperature, shear rate, resin degree of cure

and filler concentration. In LCM, the reactive system is injected at low viscosity.
Viscosity increases with conversion and reaches an infinite value when the material
solidifies either by chemical cross-linking or as result of physical changes such as phase
separation or crystallization. During processing, mold filling must be completed before
resin viscosity reaches too high a value. The upward limit of resin viscosity is attained
at the gel point. As demonstrated by Han and Lem [11], non-Newtonian effects appear

to be small for polymer built up from breached monomers, except near the gel point.
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Most viscosity models for reactive resins neglect the non-Newtonian effects because

temperature and network formation tend to dominate the rheological changes.

Although it is usually valid to consider flow and cure independently, high speed
processing may imply that some conversion occurs during resin impregnation.
Conversion-based viscosity models have been extensively applied to polymers. The
most widely used rheological model that accounts for the effect of polymer conversion

on viscosity is the Castro-Macosko model [12]:

a C+Cha
(T, a) =w>-(7ﬂ——} (6.4)

gel

T
wT)=C, -exp[—;—) (6.5)

where a and o are the instantaneous and gelation chemical conversions respectively,
C;, Cp, and Cr are empirical constants, and 7, is the polymer glass transition

temperature.
6.3.2 Energy and chemical species

In order to model the influence of heat transfer on the temperature of the resin, mold
and fibrous reinforcement, it is necessary to carry out an energy balance between each
of the constituents. In general, two approaches may be followed to find the temperature
field [13-15]. In the first one, the resin and the fibers are considered as separate
constituents (two phase model) used their temperatures may differ at any point of the
mold. In the second approach, the resin and fibers are assumed to be at the same
temperature (the so-called lumped system). In general, the equilibrium model, i.e., the

second approach, is considered reasonably accurate for RTM [13, 15], in which fluid
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flow is relatively slow. Considering the lumped system, the energy and chemical
species balance equations for the resin-fiber mix leads to a transient temperature 7'

solution of the following equation:

p GP%—YZ:'+ o, Cp V@ -T)+V(V-P)=

N . (6.6)
{V([k 1+[k,D VT}‘*‘ ¢p,H,, H

where the density p, heat capacity Ep and conductivityE of the composite are the

effective properties defined as:

a) for non-impregnated fibers

(ﬁp:CpawaJGCfwf gt 15:(papf)/(pawa+pfw_f)
k= (k.k, )/(kawa + l;fwf) ) w, =(g/p, )/(¢/P/ +(1-¢/p,)) (6.72)
w, = 1-w,

b) for impregnated fibers

Cp=Cp,w,+Cp,w, . B=(p,p)](ow, +p,w,)
k= k)[R, +kpw)) . w, =¢/p, o/, +(-d/p,))  (6.7b)
w,=1-w,

In the above equations ¢ is the porosity and w,, wyand w, denote the weight fractions of

resin fibers and air, respectively. Note that the conductivity tensor ll; ] of the composite is

averaged in each direction. The subscript 7 stands for the resin, ffor the fibers and a for the

air. The coefficient [kp] represents the thermal dispersion tensor arising from
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hydrodynamic dispersion. It can be evaluated as a function of Peclet number or

characterized experimentally as a function of the fluid velocity [2, 18].

The following initial and boundary conditions are required to solve the energy equation

(6.6):

r=T" at the injection gates
=T, or g=01-¢)p,Cp, (ﬁ-\‘/)(Tf _.T) at the flow front
g="h,A- (T,., ~ T) at mold walls

where T, and T, denote the resin temperature at the injection gate and the temperature

of the dry fibrous reinforcement, respectively, T,.r is the mold temperature at the
surface (i.e., at the interface between mold and the fluid flow), A7 denotes the effective
heat transfer coefficient between the mold wall and the fluid, and g represents the heat

flow through the surface area 4.

The source term on the right side of equation (6.6) accounts for the internal heat

generated by the exothermic chemical reaction in thermoset resin systems. The
value H,, Hdenotes the instantaneous heat generated by the cross-linking
polymerization reaction and Hy, is the total or ultimate heat of reaction during cure.

This source term is usually assumed to be proportional to the reaction rate da/dr.
Conservation of chemical species can be expressed through the continuity equation:

¢56—C;+\7-Va:¢H (6.9)

To compute the energy equation (6.6), the dependence of the reaction rate must be

modeled as a function of temperature and degree of polymerizationa . The empirical
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autocatalytic model of Kamal-Sourour [16] that describes free-radical polymerization

reaction is used in this study and can be formulated as follows:

da -E -FE
~— =] A exp| —= |+ 4, - g™ | -a) 6.10
~ ( ) p(R_T) ; eXp(R.Tj o )( a)'  (6.10)

where coefficients 4; and A, are Arrhenius constants, £, and E; are activation energies, R

is the ideal gas constant and, #; and m;, are the catalytic constants.

6.4 Finite elements formulation

Following the procedure described in Part I for the flow model, the energy balance

equation (6.6) can be integrated over a control volume as:

gt—jﬁépT dQ+ [¢p,Cp, - (A-FIVT d2+ [(A-F)VP dQ
Q Q Q

(6.12)
+ jV(fz-([i}’]+[K,)])VT) dQ = [¢p, H dO

where () is the integration domain (in this case the volume of the element). The
numerical solution of the integral energy equation is based on the standard Galerkin
implemented by Bohr [3]. A Lesaint-Raviart formulation that avoids artificial
oscillations is used to solve the transport problem. This method is based on the
separation of the coupled convection/diffusion problem into a convective and a
diffusive solution. The heat diffusion is initially solved by a standard Galerkin

formulation; then temperature is transported using the Lesaint-Raviart approximation



249

with discontinuous finite elements. In the presence of thermal convection, the transport

equation can be written in the following form:

2]:+17vVT:f , on Q (6.13)
ot
T=T7() , on T

q

where T is the temperature transported at velocity ¥ on the domain Q, and 7{?) is an

imposed temperature at the domain boundary I, (usually the resin injection

temperature). Function f represents a source term that can be a function of time and
position. Using a variational formulation, the weak form of equation (6.13) is expressed

as:

jw(%z:Jrﬁ-VTde:wadQ-krﬂT*—T"(ﬁ-i}')dfd (6.14)

for a test function w belonging to the space F(Q), where 77 and T~ are the
temperature values on the two sides of the boundary I', . The finite element solution of

equation (6.14) is an iterative process that consists of building a sequence of elements
in the fluid flow domain. Beginning with the elements adjacent to the injection gate, the
temperature is transferred using an upwind scheme based on to the mesh connectivity.
The heat convection is finally solved using a Gear implicit scheme for the time

derivative:

no_ n—1k n-2
jW(l.sT 27" +0.5T (7-7)dr, (6.15)

+VVT |dQ= [wfdo+ g’{T"*—T"‘
At J ;

Q
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where indices #, n-1 and n-2 account for the actual and previous time steps. To evaluate
the temperature field, a classical predictor-corrector method is used. The temperature is
predicted by the diffusion equation and corrected by the convection solution. The
iterative procedure consists of advancing half a time step in conduction and the other
half in convection. The approximation of the energy equation by a sequence of
conductive and convective solutions requires the continuity of the scalar field (i.e., the
temperature field) at the nodes of the Galerkin formulation. For this reason, conforming
shape functions are used in the 2D and 3D finite element approximations of the

conduction/diffusion equation (6.6).

In a similar way to the energy equation, the balance of chemical species is solved
separately for convection and for the polymerization reaction. The convective term of

equation (6.9) can then be written as follows:

jw(%j—‘w-w)dg: 'ﬂa+~a‘l(fz-\7)dfd (6.16)

a=aq, , on Fq

where @, is the initial degree of cure at the boundary T', (generally the injection gate).

The diffusion of chemical species is governed by a partial differential equation that
requires proper time integration. Bohr [3] proposed to use fourth and fifth orders
Runge-Kutta methods to solve the differential equation (6.10) of resin polymerization.
In this paper, the fourth order Runge-Kutta method is used to evaluate the
polymerization reaction. The degree of cure obtained is then transported with the

Lesaint-Raviart integral formulation (6.16).
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6.5 Solution of shell-like geometries

Finite element analysis is widely recognized as an accurate approximation method to
solve coupled flow and thermal problems. One of the main advantages of this technique
lies in its ability to minimize the temperature oscillations induced by convection terms.
Even if complex solutions of non-isothermal flows are unconditionally stable, one main
disadvantage is the computational cost. In three-dimensional modeling, the large
number of elements required for proper spatial discretization leads to time consuming
simulations. In many cases, a compromise has to be sought between accuracy and
computer time. Since in LCM applications the thickness is usually much smaller than
the other dimensions of the part, a very large number elements is required to model
through-thickness variations of permeability or of viscosity in the case of non-
isothermal injections. As a result the resin flows with a different velocity in each layer
of the composite. If these velocity changes are important, a three-dimensional analysis

becomes unavoidable.

Note that a non-uniform viscosity appears through the thickness of a composite shell
when the mold walls are heated at a higher temperature than the fibers and the resin
injected (see Figure 6.2). The temperature dependence of viscosity will induce velocity
variations and a through-thickness resin flow. When a gap-wise averaged velocity is
acceptable, the flow equation (6.2) can be reduced to the following two-dimensional

form:

oP
Ve | S Sy 5—5
[v J—{Sh S} P ©.17)
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where £ and y are the local coordinates of the planar geometry, 7 denotes the

gapwise coordinate and /, is the thickness of the gap. The velocity components v, and
v, are the gapwise averaged values in the planar directions, and [K] is the in-plane

permeability tensor.

The mold walls in LCM have a strong influence on the energy balance. This implies
that the heat transfer must be analyzed not only in the cavity but also in the mold. When
three-dimensional FE formulations are used, the disperse matrix requires a large cpu
time to be solved. If pure 3D finite differences (FD) solutions are implemented,
undesirable temperature oscillations appear in convection dominated flows. In this
work, a hybrid scheme is proposed to evaluate the three-dimensional energy equation,
so as to obtain a stable and efficient numerical methodology to calculate non-isothermal
flows and curing phases in shell composite parts. Based on the concept of separation of
the conduction and convection phenomena, the approach consists of solving the 3D
heat conduction by coupling the two-dimensional in-plane solution of the convective
heat transfer with a one-dimensional through-thickness heat conduction analysis. First,
the in-plane thermal conduction is calculated by the standard Galerkin formulation.
Then, with the gapwise averaged velocity the planar convection is computed by the
Lesaint-Raviart transport approximation. Once temperature is corrected, the through-
thickness conduction and curing are evaluated by a finite difference approximation.
Using successive half time stepping, the three formulations are solved for a single flow
time step. Note that in this procedure, the connectivity of the finite element mesh exists
only the two-dimensional space while finite difference nodes are coupled only in the

thickness direction. The matrices of the FD formulation are tridiagonal (or quasi
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tridiagonal), so the numerical solution is highly efficient in terms of computer time. The
stability of this numerical scheme is guaranteed because each of the formulations is
unconditionally stable. In addition, any temperature oscillation induced by the FD

approximation is diffused during the same time step by the FE solution.
6.6 Finite difference formulation

The solution of the through-thickness energy balance involves a subdivision of the in-
plane control volumes (defined by the finite element edges) into a certain number of
layers. The Galerkin finite element approximation of the heat conduction problem is
calculated with conforming shape functions. This implies that the temperature scalar
field is evaluated at the element nodes. In the hybrid FE/FD scheme, the connection
between two-dimensional FE and one-dimensional FD formulations must then be done
through the element nodes. As depicted in Figure 6.3, the finite difference nodes are
extrapolated from the mesh nodes by the extrapolation algorithm described in Part 1.
Every FD node is associated to a control volume bound by the centroids and the mid-
edges of the connected elements. The energy balance equation (6.6) becomes Fourier’s
heat conduction equation in one dimension. The volume averaged 1D Fourier’s

equation is written as:

2

af r 612 Tot (6 18)

+V ¢ p H

where T(t,7) is the transient absolute temperature at position 7 through the total part
thickness part thickness (0 <7 < part thickness ), A and V denote respectively the

interface area between control volumes and volume of the control volume depicted in
Figure 6.4. The discretization of the partial differential equation (6.18) is done with an

implicit finite difference scheme. Crank-Nicolson formulation is used because it gives
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the smallest accumulated truncation error and an unconditionally stable linear system.

In adimensional form, the energy balance for node j at position 7/ and time step #+1

results in the following expression:

R3S Sy . X P12 i+l it i1 Ll i+l -1+ ig+l/2
T T = Folt 1 (g —ori e 7 )4 (v o T )] )

(6.19)
Here Fo represents Fourier’s number defined by:
]: it+172 A
2 4
F()I-—H/— — — z/'\’ ; (6_20)
/ (p-CpJ, (&%,)°

where At is the time step increment and A#, the distance between two adjacent nodes.

For a better adimensional modeling, a constant grid spacing is assumed for the through-

thickness finite difference nodes. The term €' in equation (6.19) is the heat generated

by the resin exothermy in the control volume; it is expressed by:

i+1/72
Q?“”=(%§-f§r} At H g, (6:21)
P p

J

The calculation of Fo!™? and Q"' require the knowledge of the spatial and

temporal averaged properties in the control volume. If thermal properties do not

strongly vary between two time steps, equation (6.19) reduces to:

T;’JH (l + 2F0;t )__‘ T;‘-H,Hl FO;H’I _ Tii~1,t+lF0;fl,z (622)

=T (1= 2F0" }+ T/ Fol™ + T/ Fo'™ + Q'
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For a group of finite difference nodes connected through the thickness, the solution is

expanded into the following matrix notation:

1+1

1 0 0 0 : : o 1 [ 7
~Fo' 1+2F0* —Fo® ¢ . T2

0

0
0 —Fo™? 142F0"7 —Fo™ | |7V

0 . : 0 0 0 1 v

L. - J J
T wall _top 1+1 )

T2 (1~ 2F0™ )+ T Fo™ +T" Fo" + Q™
(6.23) =

Y- (1 —2Fo™ M )+ T Fo™t 4 TN Fot=2t L Nl
Twul/ _hot 141

where 7 denotes the in-plane mesh node where finite differences are extrapolated, and
Nf is the total number of finite difference nodes. To avoid confusion between FE and
FD entities, the finite difference nodes are renamed pseudo nodes because they do not
necessary represent the part geometry. In fact, the 1D Fourier’s equation is

adimensionally represented as a percent of the part thickness at the mesh node position.

; M+l .
The vector {T ' }’/ represents the unknown temperatures of the pseudo nodes at time

wall _iop.1+1

step +1. The boundary conditions T and T"“"-*""*! are imposed at time step
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(+1, ie., imposed as the reference temperature of the top and bottom mold walls

respectively.

Experimental studies of LCM processing have shown that significant temperature
fluctuations appear at the mold walls during the filling and curing phases [2]. This
implies that the assumption of a constant mold wall temperature is not always verified.
To account for appropriate thermal boundary representation, different types of
boundary conditions are considered. As shown in Figure 6.5, the mold wall can include
a heating/cooling duct pipe at a distance d from the mold surface. The following

general thermal boundary condition may then be applied:

a T wall

ko ——
4 ar

+hy [T -1, (1)]=0 for 7 =0,h, (6.24)

where 77" is the temperature of the mold wall, and 7. is a reference temperature of
the fluid in the duct pipe. The coefficients k. and A represent respectively the
effective mold thermal conductivity and the convective heat transfer coefficient
between the fluid and the pipe. The approximation of a constant mold wall temperature

can be derived from equation (6.24) by setting:

™ =T, (6.25)

where 7% represents the temperature of the top or bottom mold surfaces, and 7., is

the mold platen reference temperature which varies in time. In this case, both
temperatures are identical. A second boundary condition can be derived from the quasi-
steady-state analysis of the mold heating/cooling system of Figure 6.5. This

configuration results in the following equation:
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Twall . T! h
R A (i} . [T“‘“” -7 E: 0 for i= 2, Nf-1 (6.26)

ref
d k.

Regrouping terms, the expression of 75,y for a given time step +1 will be:

TwaILH} — (Tl+1 . (heﬁ‘ /keﬁ) + T]i /d)/(d - heﬁ' /kejf') for = 2’ Nf—] (627)

ref’

This approach represents fairly well the interactions between the mold walls and the
surface of the part, although it is limited to the quasi-steady-state solution. This means
that the temperature variations of the mold platens in time must be slow enough to
allow a steady heat flow through the mold walls. In a more general case, it is necessary
to solve a non-steady-state temperature evolution between the mold wall and the
heating/cooling pipes. This problem can be solved by adding a finite difference grid

into the mold walls and using an experimental value of the convection coefficient /.

The accuracy of the solution of equation (6.23) depends on the choice of Fourier’s
number Fo (or 4f). Even if the Crank-Nicolson scheme is unconditionally stable, a
choice of Fo close to unity tends to minimize the accumulated truncation error. In this
work, an adaptative time step algorithm was implemented to provide a Fourier’s
number close to one. This algorithm calculates the time step Ar required to obtain a
value of Fo close to unity. Because the thermal properties of the composite depend on
both the temperature and the resin degree of cure, Fourier’s number is expected to vary
through the thickness of the part. From all the values of Fo calculated for a stack of
finite difference volumes, the adaptative time step algorithm selects the one that results

in the minimum value of 4r required for convergence.

During composite processing, the exothermic chemical reaction of resin polymerization
causes a quick temperature increase in the core of the part. The temperature rate 67/t

between two time steps may become high enough to generate numerical oscillations
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and alter the calculated temperature profile through the thickness. Therefore, it is
necessary to decrease the time step in order to keep the desired accuracy of the
numerical solution. In the particular case of LCM, this can be achieved by setting A as

a function of temperature and the cure rate Oa/of with the following empirical

condition:

92 r (6.28)
or

6.7 Wumerical implementation of the hybrid FE/FD model

In Part 1, a methodology was presented to solve the inconvenience of multi-material
definition of the laminated preform. Isothermal three-dimensional flows were
calculated by constructing automatically with an extrapolation algorithm, non-
conforming finite elements from the two-dimensional mesh. Beginning with a thin shell
mesh, a solid mesh is generated by extruding the 2D finite element mesh. The extrusion
is defined by the preform stacking sequence that allows the use of different material
properties for each laminate ply. This methodology can also be applied to generate
parallel layers of two-dimensional elements not coupled with the through-thickness
direction. As depicted in Figure 6.6, different levels of inter-layer coupling are possible
when the mesh extrapolation is combined with the one-dimensional finite difference
grid. As already mentioned, the simulation of LCM processes involves in complex
coupling between pressure, temperature and degree of cure. Two or three-dimensional
solutions are required depending on to the level of coupling between the different
physical phenomena that came into play in LCM process. It is common practice in
computer simulation to begin with simple models so as to understand the global flow
evolution and verify the geometrical model. Then, model refinement is carried out and

more elaborated mathematical formulations are progressively implemented. Finally,
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complex mathematical and geometrical models are resolved to predict accurately the
filling and curing stages. In this iterative process, the remeshing of 3D geometries is a
complex task especially when thermal boundary conditions have to be specified cn a

three-dimensional mesh.

In this investigation, an integrated methodology is proposed to analyze the level of
complexity of the numerical and geometrical models. As shown in the schematic
representation of Figure 6.7, various levels of coupling may be obtained by combining
the finite element mesh with the finite difference grid. The numerical formulations

presented in this paper stand for the following solutions:

° Flow analysis (Darcy and filling):
- 2D and 3D finite elements
® Heat conduction (energy balance):
- 2D and 3D finite elements
- 2D finite elements + 1D finite differences
° Transport equation (balance of chemical species):
- 2D and 3D finite elements
e Resin cure:
- 2D and 3D finite elements

- 2D finite elements + 1D finite differences

The possible combinations between these approximations are listed in Table 6.1.
Different levels of integration of the flow, thermal and curing formulations are possible.
In the simplest coupling, the flow is evaluated on the 2D mesh and the energy balance
is studied with the 2D finite element space and 1D finite difference approximation. In a
higher level of coupling, flow and transport are calculated on 2D parallel meshes, but

pressure is not considered uniform in the through-thickness direction. Heat conduction
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and resin cure is solved on the parallel FE meshes and coupled across the thickness via
the FD grid. The most complex formulation is the pure three-dimensional FE solution

based on prism6 extrapolated elements or tetrahedrons.

An algorithm was developed to perform compatible calculations on a series of parallel
meshes. The pressure, temperature, degree of cure and viscosity are averaged and
transferred between the FE and FD control volumes. The aim of this integrated
methodology is to help in process design. Beginning with the same 2D mesh, global
flows can be rapidly computed. More complex solutions may be performed without
much user effort. It is well known that in numerical process optimization, the
successive evaluations of complex geometrical models results in extremely high cpu
times. The multiple coupling method has the ability to initially evaluate the global
problem in a simple solution and progressively increase the model complexity
according to the optimization convergence. The method is promising and may turn full
process optimization feasible. Figure 6.8 shows the flow chart used to solve the coupled

equations of the non-isothermal filling/curing simulation.

6.8 Analytical validations

6.8.1 Case I: 3D heat conduction - steady-state

To validate the numerical solution of the heat equation, an analytical comparison is
carried out in the three dimensional space. In this test case, a cubic geometry was
selected to evaluate the steady-state heat conduction. As shown in Figure 6.9, the upper
surface of the cube is maintained at a constant non null temperature while the bottom

surface and two sides are assumed to have a zero constant temperature. Considering
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that thermal properties are all unity, the analytical solution of the stationary temperature

profile is:

2 2
i 2nthm . @mibry J(zn;n L, @m+D)

6 & & 2
T(ry.2=—7333 L i

e o 2 2
O 2n+ 1)(2m + 1) sinh ﬂH\/ (2”; D", (2”;/ i D

(6.29)

where L, W and H are the cube dimensions. Two formulations were tested in the steady
state: full 3D finite elements and hybrid 2D FE/1D FD. The geometrical support used
for each formulation is depicted in Figure 6.10. To ensure a good aspect ratio of the
prism6 finite elements, the number of nodes in the transverse direction # is double that
of the in-plane nodes. Note that non-connected layers of the hybrid FE/FD model are
extrapolated at the midplane of the connected layers. Figure 6.11 shows the temperature
distribution along the z-axis for x= y= 1. The theoretical temperature profiles are
compared with the numerical simulations for both formulations. The 3D mesh consists
of 5x5 nodes in the xy plane and 10 extrapolated layers. The hybrid mesh has only 5 FE
layers, while the number of FD nodes in the z-direction was varied between 7 and 21. A
good approximation of the analytical values was found for the pure FE solution. The
hybrid formulation increases in accuracy with the number of finite difference nodes.
The maximum relative error for different mesh sizes is shown in Figure 6.12. Due to
the 3D behavior of heat conduction, the three spatial dimensions must be increased
proportionally to compare the error between meshes. For the pure FE solution, the error
decreases logarithmically when the number of mesh nodes is duplicated. The results of
the hybrid FE/FD formulation are in good agreement with analytical values even for a
coarse mesh. For the same mesh, an important gain in accuracy is observed when the

FD nodes are duplicated.
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6.8.2 Case IL: 3D heat diffusion - un-steady-state

A two-dimensional heat diffusion analysis has been used to test the proposed thermal
formulations. As depicts Figure 6.13, a rectangular domain is considered to be at initial
temperature 75=0. A constant temperature is imposed at two sides of the rectangle
T(1)=1. Also, the meshes generated to test the FE and hybrid FE/FD formulations are
depicted in the same figure. The analytical solution can be found by the method of
separation-of-variables [19]. The dimensionless temperature distribution may be

expressed as the product of the solutions in each direction:

T- T- -
L,-T.),, \1,-1.), \7,-1.),

where T, is the initial temperature, and 7, the boundary condition outside the domain.

A square is considered in this test with L= H= 1 and a constant boundary condition on
two sides. The one-dimensional solution is applicable here to the X and Y axes, and may

be written with a Fourier sine expansion as follows:

T-T 4 &sinly, -x) 2

2 e =N 2T P expl—wloa-t 6.31

[TO_TJW Loyl ) (631)
_2n+1

L

where « is the thermal diffusivity of the material (in this case o =1). Finally, the
theoretical solution is finally the combination of equations (6.30) and (6.31). The
numerical simulation was performed using different mesh sizes and number of
extrapolated layers. The number of elements in the gapwise direction was kept at one,

while the ratio of the in-plane number of elements along the X and Y directions of the
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3D mesh was maintained constant. Figure 6.14 depicts the temperature evolution at a
control point X= Y= 1. Theoretical values are compared to the results of the pure FE
and hybrid FE/FD solutions for two mesh sizes. The pure FE formulation shows a good
agreement with analytical values even for a coarse mesh (5x5 nodes). The hybrid
formulation for 5 extrapolated layers gives also a good approximation. When only one

extrapolated layer is used, the solution seems to diverge from exact values.

The L,-norm of the error between the temperature calculated at a given position ¢ and

the theoretical solution is defined as:

7 n
Ln<s>=(2 T O~ 0f /1) (632)

1=

where 75°/(¢) and T “(t) are the exact and calculated temperatures at position £ and

time 1, and [ denote the number of time steps. A mesh refinement study has been
performed to evaluate the influence of the mesh on the rate of convergence. Figure 6.15
shows the L,-norm of the error for each mesh size. An error of less than 2% was found
for the pure FE formulation when using a mesh of 5x5 nodes. The error decreased to
around 1% for a 30x30 mesh. In the hybrid formulation, the error with one mesh layer
of 5 nodes and finite differences in the transverse direction was 4.5%. Increasing the
number of extrapolated layers, the number of transverse FD nodes was duplicated
resulting in higher convergence rates. The accuracy of the hybrid solution for a mesh of
10 nodes along the X-axis, 10 extrapolated layers and 20 FD nodes was 0.15%. These
results show that both formulations converge to the theoretical values even for coarse
meshes. The hybrid formulation gave increased convergence rates than the three-

dimensional FE solution.
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6.8.3 Case I1I: heat diffusion with sourece term - curing analysis

One of the most important analyses in LCM concerns the prediction of the chemical
conversion during the exothermic polymerization. To test the quality of the numerical
formulations, a curing test was carried out in a rectangular cavity similar to test case IL
The cavity has dimensions 0.1 m length, 0.05 m thickness and 0.005 m width. A mix of
50 % resin and fibers is considered to be initially at 300°K. In the top and bottom
surfaces, a mold temperature of 400°K was fixed. On one side of the cavity, a
temperature of 350°K was set to induce an in-plane heat flow. The kinetic modeling of
the resin and the thermal properties of the fibers and resin are presented in Table 6.2. In
a typical LCM curing of thick composite parts, in-plane heat flow plays an important
role in the evolution of resin polymerization. This heat flow induces a non-uniform
conversion rate in the part that results in residual stresses and geometrical distortions.
In the cavity tested, a control point located at the centre is used to compare the
differences in the exothermic temperature and degree of cure between numerical
formulations. Figure 6.16 shows the pure FE and hybrid FE/FD solutions of
temperature and degree of cure at the control point. A two-dimensional finite elements
solution is also drawn as a reference. For the same number of mesh and FD nodes, the
hybrid formulation seems to better approximate the two-dimensional solution. This is
mainly because the control volumes are defined coincident with the elements and the
curing formulation uses an averaged element temperature to evaluate the resin kinetics.
The FD formulation considers the control volumes associated to each node, and uses
the nodal temperatures for kinetic calculations. To compare these results, an error

estimator of the computed curing time ( R, ) may be defined as follows:

1" ¢

C <

R =

=g (6.33)
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where ¢, is the calculated time to fully cure the cavity, 7.¥ is a reference time

considered to be the curing time calculated by the two-dimensional solution. A" is a

ref

reference time variation (A1’” = 60sec.). The resulting error on the curing time for

different mesh sizes is given in Figure 6.17. For the same number of layers and FD
nodes, the hybrid FE/FD formulation shows a smaller error than the pure FE
formulation. The error decreases logarithmically for both formulations when the
number of through-thickness layers increases. To estimate the performance of the
solutions, the computer time is combined with the error on curing time in the following
form:

R,=(-R)-(1-R (6.34)

cpu )
where

R, =1, /1% (6.35)

cpu

Here tC’[fZ and ¢, denote respectively a reference cpu time and the cpu time to calculate

a given solution. Figure 6.18 shows the performance index Rp for different solutions of
both models. For coarse meshes, the gain in cpu time is compensated by the important
error of the solution, resulting in a worse performance. When the number of through-
thickness layers or finite difference nodes is increased, the performance shows a peak
for around 15 layers. In all cases the hybrid formulation gives an improved
performance with respect to the pure FE solution. This is due to the quality of the FD
calculations and the fast solution of the tri-diagonal linear systems of the hybrid
formulation. After the peak, the mesh or grid refinement results in a decrease of
performance. The decay of the FE solution is more pronounced than for the hybrid
formulation due to time consuming inversion of sparse FE matrices. In conclusion, the
hybrid formulation presents strong advantages in terms of performance compared to

pure FE techniques.
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6.8.4 Case IV: heat convection test

In order to analyze the effects of the heat convection during filling, a linear injection in
a heated cavity is considered. As depicted in Figure 6.19, the 0.5 m length rectangular
cavity has a constant thickness of 5 mm. Temperature is fixed at the top and bottom
surfaces of the mold at 350 °K and 330 °K respectively. A fiber reinforcement with an
isotropic permeability of 1e-10 m” is considered to fulfill the cavity with a fiber bed of
volume content 50%. The thermal properties of the fibers and resin are the same as in
the previous cases (see Table 6.2). The initial temperature of the fibers is 310 °K while
the resin is injected into the cavity at 300 °K with a constant pressure of 1e5 Pa. To
evaluate the pure heat transport, the resin viscosity is considered to be constant with
temperature at a value of 1 Pa.s. As a result of the linear flow in the rectangular cavity
and the transverse heat conduction, a non-uniform heat convection will appear across
the cavity thickness. In order to solve this heat transport problem, different models were
generated combining FE and FD formulations supported by 2D and 3D finite elements.
As shown in Table 6.3, six models are presented to account for various FE/FD
combinations. Models #1 and #2 are the standard solutions used in the previous LCM
simulation code for 2D and 3D analyses respectively. Model #3 is the new proposed 3D
pure FE solution based on prism6 elements, while models #4 to #6 are the new

simplified solutions combining FE with FD formulations.

Figure 6.20 shows the temperature evolution on a fixed position along the longitudinal
axis (x= 30 mm) for the six models tested. At the beginning, the temperature evolves
due to through-thickness conduction. At around 20 seconds, the flow front arrives to the
fixed position inducing a temperature increment due to the heat transport. While during
the conduction period the models are reasonably close to each other, in the heat
convection regime a maximum variation of 2 °K appears between the 2D solution of

model #1 and the FE/FD models #5 and #6. The simplest solution of one layer of 2D
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finite elements and through-thickness finite differences (model #4) shows a small
overheating at the flow front arrival, and then converges to the stabilized value of
models #5 and #6. Figure 6.21 depicts the temperature distribution in the cavity
midplane at the end of filling for the six models tested. Nearly the injection side, where
the heat flow is convection dominated, variations were found between models.
Combined FE/FD formulations on a coarse mesh show a delay in the temperature
evolution with respect to the 2D solution of model #1 obtained on a refined mesh. The
3D pure finite element solutions of models #2 and #3 are more accurate than the 2D
heat transport of models #4 to #6. For the same number of layers, the new prismé
element gives a better solution than the tetrahedrons model. Note that in the stabilized
regime, a temperature oscillation appears in the tetrahedron solution because the
velocity vector is outside the plane of the elements. This effect disappears in the prism6

solution because the velocity is aligned with the element plane.

Table 6.4 gives the computer times required to run each model on an IBM IntelliStation
Z-Pro PC with a Pentium IV (2.8 GHz) processor. While the standard tetrahedrons
solution took more than 4300 seconds to run, the new prism6 model required only 1700
seconds for an improved solution. The 2D FE/ID FD models #4 and #5 show an
important advantage | in terms of cpu times (simulations in 24 and 280 seconds
respectively). This analysis shows that even if the quality of the 2D FE/1D FD is not as
precise as the pure 3D finite element solution, the gains in computer time make the
simplified model reliable for a first approximation of the flow solution. Depending on
the complexity of the flow, the model quality can be progressively increased to
approach the solution. The simplified model can initially be used to evaluate the global
problem in order to optimize the filling and/or curing stages. As the numerical
optimization algorithm progresses, model complexity can be increased to improve the

accuracy of the local optimum.
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6.9 Case study — Automeotive {ront hood

To illustrate the advantages of the proposed models and of the extrusion methodology,
a non-isothermal filling and curing simulations of an automotive front hood have been
conducted. As depicted in Figure 6.22, the mid-plane geometry of the front hood is
discretized with a 2D finite element mesh containing 3000 triangular elements and
1600 nodes. The dimensions of the part are approximately 1.56 m length by 1.15 m
width with 5 mm thickness. During the non-isothermal filling, the resin is injected at a
constant pressure of 3e5 Pa at 330 °K. The mold cavity contains an isotropic fiber mat
with a permeability of 1e-9 m’ (V= 50%). The fibers are considered to be preheated at
350 °K while a fixed temperature 370 °K is set on the top and bottom mold walls. To
account for the resin polymerization during the filling flow, the resin viscosity was
modeled as dependent of the temperature and the degree of conversion (see Table 6.5).
The thermo-kinetic parameters used in the simulation are listed in Table 6.2. As
presented in Table 6.6, five models were selected to run the non-isothermal filling
followed by a curing phase. Pure FE solutions are calculated with a tetrahedron mesh
(model #1) and a prism6 mesh (model #2). Three combined FE/FD formulations are
proposed. The first two (models #3 and #4) are the simplest solution consisting of one
layer of 2D finite elements (triangles) to evaluate the in-plane fluid flow and heat
transport, coupled with 1D through-thickness finite differences to account for the
transverse conduction. Model #5 combines the 2D FE and ID FD heat conduction

(triangles) with 3D heat and flow transport in prism6 elements.

Figure 6.23 shows the flow front locations in time for the non-isothermal filling
simulation of models #1, #2, #4 and #5. A good agreement was found between the
models. A maximum predicted filling time of 590 seconds was obtained for the hybrid
3D FE/FD formulation of model #5 versus 540 seconds of the pure 3D FE solution with
prism6 elements (model #2). Figure 6.24 depicts the degree of resin conversion

calculated at the midplane of the cavity at the end of filling. As expected, the resin at
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the flow front has the longest residence time and has received the highest amount of
heat. As a result of this progressive heating, the maximum degree of polymerization at
the end of filling will be found in the latest filled regions and at the periphery of the
part. While a degree of cure of about 5e-3 was calculated for the pure 3D formulations
(models #1 and #2), a value close to 2e¢-2 was obtained for the hybrid FE/FD
formulations (models #4 and #5). Note that the transport of the degree of cure in the
pure 3D solutions shows a diffusion near the flow front. The maximum degree of cure
is not exactly at the flow front location as expected. This numerical diffusion is not
observed in the hybrid formulations. Table 6.7 summarizes the results obtained with the
five models tested for the filling and curing simulations. The theoretical degree of cure
was obtained by solving the kinetic equation at the mold wall temperature (assumed to
be the temperature of the resin particles on the flow front near the mold wall). The
comparison indicates that 2D heat transport models provide the best predictions of the

ultimate degree of polymerization at the end of filling.

Once the mold is filled-up, the simulation continues with a curing analysis until the part
is fully cured. Figure 6.25 shows the degree of resin conversion at 1500 seconds after
the beginning of the injection. A curing front from the perimeters of the part towards
the centre is induced by thermal effects during filling. Numerical diffusion in the 3D FE
formulation still appears as a consequence of the diffused cure transport during filling.
Table 6.7 resumes the curing times and exothermic temperatures for the five models
tested. The theoretical values were calculated in a 1D solution for the cavity thickness
at the averaged boundary condition between injection resin temperature and initial
fibers temperature (considering that injection gate is the latest region to cure). The
comparison demonstrates that the 1D FD model in the through-thickness direction is
well appropriate to solve this complex thermal problem. Figure 6.26 compares the
computer times required to run each model. While the tetrahedron solution tock more
than 44 hours, the model with the new prism6 element required only lThour 40 minutes,

and the hybrid 2D FE/ID FD models around 5 minutes. This study demonstrates the
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many advantages of the proposed hybrid formulation. The methodology presented here
to increase the level of coupling between the physical phenomena that govern the

solution is remarkably interesting because of the important time savings it brings.

6.10 Summary

In this study, a new hybrid finite element/finite difference approximation has been
developed to describe the chemorheological behaviors of non-isothermal resin flows
and the curing phase in LCM. The fluid flow was computed through the FE/CV method
described in Part 1, two numerical methods were implemented to solve the energy
balance and curing equations. A pure finite element formulation has been initially used
to calculate the heat exchanges and resin cure in three-dimensional parts. The method
consists of a mixed Galerkin/Lessaint-Raviart schema for heat conduction/diffusion and
transport respectively evaluated in a new prismatic prism6 element. The second
approach presented is the hybrid FE/FD scheme. In this case, a finite element
formulation used to evaluate the in-plane heat exchange in the part is coupled with a
one-dimensional finite difference approximation to calculate the through-thickness heat
flow. The latter numerical method is stable and showed much improvement in

performance in terms of precision and computational efforts, mainly for large parts.

Comparisons with analytical 2D and 3D heat flows have demonstrated the accuracy of
the numerical solutions. Based on the mesh extrusion concept, connected prismatic
elements (prism6) or non-connected parallel layers of triangles are generated
automatically by an extrapolation algorithm from a mid-surface mesh. The combination
of the extrusion methodology with the two thermal formulations results in different
levels of user defined through-thickness coupling. This allows the selection of
increasing levels of complexity to compute the coupled equations. Analysis of a case

test was conducted to illustrate the capabilities of the extrusion methodology and of the
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hybrid FE/FD formulation. A quick evaluation of the virtual process can be first carried
out by a simple FE/FD coupling. To obtain more accurate results, the level of coupling
can then be progressively increased with the same input mesh and process data. This
methodology is promising especially for numerical optimization when a large number
of evaluations are required. The optimization algorithm can begin with a simulation
model looking for a global optimum and then increase the quality of the model as
convergence progresses towards a refined optimum. Future research efforts will aim to

implement this possibility.
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Figure 6.3. Because conforming finite elements are used in the heat transfer
formulation, the coupling between 2D in-plane and 1D gapwise solutions is done via
the control volume of the FD nodes defined by the centroids and mid-edges of

connected elements.
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Figure 6.7. Schematic representation showing increasingly complex integration of flow,
conduction and transport solutions. Different levels degrees of coupling are obtained by

combining FE meshes and FD grids.
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The two dimensional solutions seems to better account for cure transport at flow front.
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Table 6.1. Different levels of integration of flow/thermal/curing formulations

depending on the level of mesh coupling.

Table 6.2. Kinetic model and thermal properties used in test case II1.

Kinetic Model %? = (A; : exp(:.??)a 7 J (1-ay
Property Units ReSin Fibers

Density Kg/m3 1000 2500
Specific Heat J/Kg °K 1500 800
Heat conductivity " W/m°K 0.25 0.25

Heat of reaction KJ 250 -

A 1/sec 1.0 -

E, °K 1400 -

m - i.2 -

p - 0.8 -

Model I Simp]e L. . el Cﬁﬁip}@}i |
Darey NE FE CFE NE FE CFE CFE CFE
Pressure
Fluid )
NEFE NE FE NEFE CFE CFE CFE
Transport
Heat NEFE NEFE CTE NEFE NCFE CTE
Ceonduction +FDT +FDT - +FDT +FDT
. . Averaged Averaged Averaged Averaged Averaged Averaged
Viscosity Thickness Thickness Thickness Element Element Element
Kinetic . .
. FDT FDT CFE FDT FDT CFE
reaction
NE FE : No mesh Extrapolation — Finite Element solution
NC FE : Non Coupled extrapolated mesh — Finite Element solution
C FE : Coupled extrapolated mesh — Finite Element solution
FDT : Through-Thickness Finite Differences solution
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Table 6.3. Combination of different formulations and elements used for test case V.

Model #1 #2 #3 #4 #5 #6
Formulation FE FE FE FE+FD FE+FD FE+FD
Finite Element triangles | tetrahedrons prismé triangles triangles | triangles+prismé
Heat solution 2D 3D 3D 2D+1D 2D+1D 2D+1D
Transport 2D 3D 3D 2D 2D 3D
Nbr. of layers 20 10 10 1 5 10
Nbr. of FD nodes - - - 10 10 12
Status in the code in use in use new new new new

Table 6.4. Computer times required to calculate for each solution of test case IV (times

are in seconds).

Model #1 #2 #3 #4 #5 #6
Finite Element triangles tetrahedrons prism6 triangles triangles | triangles+prism6
Flow cpu time 167.6 1135.1 1474.4 14.9 51 1184
Heat cpu time 668.1 3211.4 223.5 58 241.2 221.2
inJoutput time 2.9 1.1 3.4 1.2 9.2 6.8
Tolat cpu time 853.8 4378.2 1712 24.14 283.6 1439.3




294

Table 6.5. Rheological model used in the non-isothermal simulation of the automotive

front hood.

E
Rheological Model T, 0)= 4, -exp(?" +B, a)

Coefflicient Units Value
A, Pas 0.0001
E, °K 2500
B,, - 28

Table 6.6. Description of the five models used to compute the non-isothermal filling

and curing of the automotive front hood.

Model #1 #2 #3 #4 #5
Formulation FE FE FE+FD FE+FD FE+FD
Finite Element tetrahedrons prism6 triangles triangles triangles+prism6
Heat solution 3D 3D 2D+1D 2D+1D 2D+1D
Transport 3D 3D 2D 2D 3D
Nbr. of layers 5 5 1
Nbr. of FD nodes - - 3 5 7
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Table 6.7. Comparison of results obtained with the five models tested for the non-

isothermal filling and curing of the automotive front hood.

Model theoretical #1 #2 #3 #4 #5
Finite Element - tetrahedrons | prism6 triangles friangles | tiangles+prismé
Filiing time [sec] - 450 540.15 502.96 569 589
Cure at end of filling 0.001356 0.00045 0.00047 0.00114 0.00195 0.00167
Mass loss [%] - 14.8 -0.62 0.12 0.13 -0.63
Total curing time [sec] 1898 2091 1940 18063 1903 1845.53
Exothermic temperature [K} 377.35 380 380 375 377 378
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CHAPITRE 7
COMPREHENSIVE THERMAL OPTIMIZATION OF LIQUID
COMPOSITE MOLDING TO REDUCE CYCLE TIME AND
PROCESSING STRESSES

Présentation du chapitre

Dans les chapitres précédents, les propriétés thermomécaniques et la cinétique de
polymérisation de la résine ont été caractérisées et, des modeles numériques ont été
présentés pour évaluer les flux thermiques, le changement d’état du matériau et les
contraintes internes dans le composite générés pendant la cuisson et le refroidissement.
11 fut démontré que I’utilisation d’une température de moulage appropriée est un facteur
clé pour éviter des défauts dans le laminé ou des distorsions géométriques dans la piece.
Ce dernier chapitre est consacré a ’optimisation numérique des cycles de chauffage,
cuisson et refroidissement dans la fabrication des pi¢ces composites par injection sur
renfort. L’approche proposée concerne la minimisation du temps du cycle,
I'amélioration des propriétés mécaniques et la réduction des contraintes résiduelles
dans le composite. La minimisation des gradients thermiques et de cuisson & travers
I’épaisseur est fondée sur sept sous-fonctions objective. La fonction objective finale est
une combinaison linéaire de ces sous-fonctions. Un algorithme d’évolution fondé sur
les algorithmes génétiques, et appelé LeCoq (« Logical Evolutionary Curing
Optimization and Quenching »), est développé pour minimiser la fonction objective en
fonction de plusieurs parameétres. Pour évaluer la fonction objective a chaque itération
de I’algorithme génétique, I’analyse unidimensionnelle de la cuisson et des contraintes
résiduelles est incluse a Pintérieur du code LeCoq. Pour augmenter la vitesse de
convergence de I'algorithme d’évolution, les sept sous-fonctions objective sont définies

sous la forme de sigmoides unitaires. Pour démontrer les capacités de la méthode
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proposée des ¢tudes d’optimisation du cycle de cuisson pour des pi¢ces minces et

¢paisses sont présentées et discutées.
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7.1 Abstract

" Liquid Composite Molding (LCM) is a well established and flexible composite
manufacturing technology capable of producing large parts at a relatively low cost. In
this family of related injection processes, a large number of design variables have
strong impact on manufacturing performance. The determination of adequate process
parameters is key to yield successful molding conditions, and reduce cycle time. In
addition, properties and durability of composite parts are strongly affected by internal
stresses. Excessive stress levels may lead to important defects in the part at the curing

stage and after processing, when the part is cooled to room temperature. In this
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investigation, a comprehensive curing optimization algorithm is proposed to reduce
internal stresses during composite processing. This study focuses on the minimization
of the macroscopic residual stresses that appear during cure and cooling in thermoset
composite laminates as a result of temperature and degree of cure gradients. The
proposed fitness function to be minimized is based on the physics of the matrix material
transformation and on the mechanical behaviour of the composite material. An
evolutionary strategy based on Genetic Algorithms (GA) is implemented for the
minimization of the fitness function. Optimization is carried out for thin and thick
glass/polyester laminated composites. Different optimization schemes with thermo-
elastic and viscoelastic models of the composite mechanical properties are studied. The

advantages and drawbacks of each model are stated and discussed.

7.2 Introduction

Liquid Composite Molding (LCM) regroups a number of increasingly used
manufacturing techniques of fibre reinforced composite parts. This family of related
processes offer a great flexibility in terms of part dimension together with lower
production costs. The basic process consists of injecting under pressure a pre-catalyzed
thermoset resin into a mold cavity containing a fibrous preform. Once the cavity is
filled up and the preform has been completely saturated, the liquid resin system reacts
following an exothermic process. The polymerization reaction results on a three-

dimensional cross-linked polymer network that gives the solid shape of the part.

In liquid composite molding, a large number of design variables impact on process
performance. As depicted in Figure 7.1, the mold temperature and inlet pressure must
be appropriate to allow a proper fiber impregnation and avoid resin gel prior to fill up.
The determination of adequate process parameters is key to ensure successful molding

conditions. In addition, proper process parameters can reduce cycle time, heating



360

sources, mold deformation, and the requirements on the injection apparatus and mold
clamping systems. Minimization of the mold filling and curing times is equivalent to
reduce energy consumption during the molding cycle. Finally, and maybe this is the
most important point to consider in the processing of thick composites, an optimum
choice of process variables will result in minimum part defects, such as micro-cracks,
delamination, warpage, spring-in, etc. In composite manufacturing, the existence of a
sophisticated relationship between process parameters and measurable process issues
complicates the optimization problem (see Figure 7.1). Due to the complexity of the
interactions, most process engineers depend more often on their experience or
knowledge rather than on a systematic optimization based on virtual prototyping.
However, recent advances in LCM simulation and process optimization software are

beginning to change that situation.

It is well understood that the final mechanical properties of the composite are affected
by the processing of the part. Researchers have studied these relationships and
presented experimental investigations on the sensitivity of mechanical properties to
process parameters [1-4]. Most investigations agree that preheating of the mold helps to
wet out the preform, and consequently improves product quality. Preheating of the resin
at the injection gate has also lead to improved results in the mechanical analysis of fully
cured parts [5]. It is also reasonable that injection pressure and temperatures of the fiber
bed and mold during filling play a decisive role in processes for which the gel time is

close to the filling time.

Historically, autoclave cure cycles have been developed by trial-and-error methods, but
this procedure is evidently inefficient as it depends on the knowledge acquired by a
limited number of experts. Many investigators have attempted to obtain optimal cure
cycles. The results of these trial-and-error methods have lead to the development of
various rule-based heuristic expert systems to guide process development. Xiao et al.

[6] developed an expert heuristic system for Resin Transfer Molding (RTM),
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comparing mechanical properties after cure with different curing conditions. Two
variables, injection pressure and mold temperature were studied. Rudd et al. [7] used an
expert heuristic system to optimize the injection temperature of the resin in RTM.
However, the applicability of heuristic approaches is often limited by specific material,
geometric and practical restrictions. These approaches cannot obtain an optimal design,
especially when a large number of process parameters and constraints that are not

always measurable came into play.

Spoerre et al. [8] proposed to use Genetic Algorithms (GA) in conjunction with a
cascade correlation neural networks architecture (CCA-NN) to establish a model that
predicts and optimizes part performance and quality in RTM. In this approach, the
authors did not use numerical simulation to construct the objective function to be
optimized, but preferred to rely on an experimental database. They concluded that
although the process optimization algorithm showed convergence to the estimated
optimum values, the use of this technique is restrained by the need to develop a resin
transfer molding database. Chen et al. [9] analyzed the effects of moisture upon the
optimal cooling temperature profile after post curing of a symmetric composite
laminate. They constructed a based gradient algorithm to found the optimum cooldown
temperature path that minimizes thickness-averaged residual stresses after post cure.
This technique is well adapted to the small number of parameters used on the one-
dimensional simulation, but it may be hard to implement for complex combination of

process parameters and evaluation functions.

Recently, Li et al. [10] used a methodology based on design sensitivity analysis to
optimize the autoclave temperature for a graphite/epoxy composite. Design sensitivity
information is extracted by an analytical and direct differentiation approach. The
sensitivities are then used with a gradient optimization technique to systematically
improve the curing process. In this work, the cure cycle is constrained to a maximum

temperature within the composite and a minimum degree of cure. To obtain the
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minimum cycle time, one, two and three dwell temperatures were proposed. Finally, the
optimization algorithm finds smooth cure and temperature profiles through the
thickness. The authors conclude that the method is most useful to improve designs that
are generated by less precise methods, such as design rules, expert system, and

heuristics approaches.

Ruiz [11] developed a one-dimensional optimization of non-isothermal filling in RTM,
and a temperature optimization of the cure cycle. In the one-dimensional filling
optimization, intersections between curves interpolated by kriging were used to obtain
adequate results between numerical evaluations. For the cure cycle optimization, the
heating ramp and dwell temperature were found by intersecting parametric kriging
surfaces. Although the method showed a high convergence rate, it can only be applied
to a small group of process parameters.

Young [12] used the GA method to search for the optimal gate locations and constant
injection pressure that minimize the filling time. The GA method converged to near
optimal global solutions in a large search space with many local maximums, but a poor
rate of convergence was found. A comparison with random search and hill climbing
shows that this latter yields the faster convergence, but because there are many local
solutions in the search space, this method usually converges to a local solution. On the
other hand, random search showed a lower rate of convergence than GA. In the last
year, Lin et al. [13] presented a RTM filling process optimization with an interesting
discussion over two different search methodologies to find optimum values. The
authors have tested and compared the convergence of gradient-based versus genetic
algorithms. Objective functions were based at the locations of the injection gates and a
simple design variable, the filling time, was used to determine the optimization. The
conclusion indicated that genetic algorithms are strong enough to find a near optimal
solution, although a poor rate of convergence was observed. Note that the authors used

a pure GA optimization without any method to accelerate convergence.



303

Michaud et al. [14] developed a robust simulation-based optimization procedure to
identify the optimal curing conditions for a thick RTM part. In that work, two design
parameters were used to account for the part quality and processing time. The first one
is a direct function of the extent of cure cross-over (i.e., the point where extent of cure
at the surface and in the core of the part have the same magnitude). The second design
parameter is a linear function of the curing time and ultimate extent of cure. Improved
average part quality was experimentally observed when this thermal optimization
methodology is applied to the cure of a 2.54 ¢m thick composite laminate. In this
investigation, the authors considered that the development of internal stresses depends
only on the extent of cure. This assumption does not consider the processing stresses
that result of the thermal gradients created across the composite laminate at the

exothermic peak and during cooling.

Up to now, the work on thermal optimization during cure for liquid composite molding
reported in the literature can be divided as follows:

e Reduction of cycle time.

e Reduction of cure gradients.

e Reduction of thermal gradients.

e Reduction of cooling stresses.

Although these optimizations were independently applied, no coupled optimizations
were found in the literature. This investigation aims at the development of a
comprehensive optimization methodology that considers each of these effects based on
a physical background. The study focuses on the minimization of the internal stresses
that appear during cure and cooling in thermoset composite laminates as a result of
temperature and cure gradients. The objective function (called fitness function) to be
minimized is constructed with physical considerations of the cure and temperature

gradients, the cure and cooling stresses, the cycle time and the maximum allowed
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exothermic temperature. An evolutionary strategy based on Genetic Algorithms (GA) is
implemented for the minimization of the fitness function. Optimization studies are
carried out for thin and thick glass/polyester laminated composites with thermo-elastic

and viscoelastic models of the mechanical properties.

7.3 Governing equations

In a non-isothermal LCM injection, the mold is typically at a higher temperature than
the resin and fibers. The heat exchanged between the preform, the resin and the mold
walls during resin injection produces temperature variations in the part. Sometimes,
curing is affected by the heat transfer in the cavity during the filling stage. However,
when thermal effects during filling have little influence on the initial polymerization
degree of the resin, it is possible to decouple filling and curing as two distinct stages of
the manufacturing process. In order to verify if the chemical reaction can be neglected
during mold filling, the adimensional number called the gelling ratio (Ge) is used. This
number relates the time required to fill up the mold (injection time) with the time
needed to cure the part (reaction time). For a small gelling ratio, it is possible to
decouple the curing process from the filling stage. In the case of polyester based resin
systems, the free radicals generated are initially deactivated by reacting with an
inhibitor, so the gelling number can be defined as the ratio of the filling time (#) over
the inhibition time (#;,) at mold temperature. From this definition, a gelling ratio smaller
than unity means that the curing process can be decoupled from mold filling, which is

the case assumed in this investigation:

Ge = mjection time (7.1)

reaction time

I ‘.
692M24<1 (7.2)
inhibition time ¢

in
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7.3.1 Energy balance equation

In the present work the curing of the composite laminate is analyzed through the
thickness of the part. If the lumped temperature approach is considered [15], the
transient absolute temperature 7(z,#) at position z and time ¢, through the total part

thickness H can be obtained by the one-dimensional Fourier’s heat conduction

equation:
- A2
el 79T, g 0<z<H (1.3)
ot oz

where the density p, heat capacity CN’p and conductivity k of the composite are defined

as the effective properties obtained by the rule of mixture. The source term Q represents
the instantaneous heat generated by the cross-linking polymerization of the resin, and it
is assumed to be proportional to the reaction rate. The Crank-Nicolson finite differences
formulation described in [16] was used to solve the one-dimensional energy equation
(7.3). The numerical methodology has an adaptative time step control based on
Fourier’s number and in the reaction rate to avoid computational inconsistencies. On
this approach, different thermal boundary conditions can be set at the mold surface or at

the position of the heating/cooling system inside the mold wall.

To properly simulate the heat exchanges across the mold cavity, thermal and kinetic
properties of the composite (and mold) must be appropriately characterized. Thermal
parameters in the energy equation may be affected by temperature, such as the thermal
conductivity and heat capacity of the resin. This implicates that the numerical solution
of the energy equation will be affected by the changes in material properties, thus close
loop iteration will be needed to yield adequate numerical results. Similar effects are
found in the chemical dependence of the resin properties during cure. The specific heat

of the resin varies with the cross-linking polymerization. It is then required, for a proper



306

thermal analysis during resin cure, to perform a careful characterization of the
composite properties as a function of temperature and degree of polymerization. Table
7.1 presents the dependencies of the thermal and kinetic properties used in this
investigation. The thermo-chemical characterization and modeling for a glass/polyester
composite are taken from [17]. Resin cure kinetics is modeled by an extended
autocatalytic equation that describes free-radical polymerization. The kinetic equation
accounts for the glass transition temperature effects on the reaction rate. The maximum

extent of cure and the inhibitor decomposition are also included in the model.

7.3.2 Strain-stress modeling

It is well known that the general properties and durability of composite parts are
strongly affected by internal stresses. Excessive stress levels may lead to important
defects in the part during the curing stage or after processing, when the part is cooled to
room temperature. A comprehensive cure optimization should then account for the
reduction of internal stresses that appear during composite processing. As demonstrated
in [15], processing stresses can be calculated with the Classical Laminate Theory (CLT)
in a one-dimensional analysis. To compute strain-stress levels through the thickness of
the part, the thermal and chemical volume changes of the resin and fibre reinforcement
are needed. In the same way, the mechanical properties of the resin must be modeled as
a function of temperature and degree of polymerization. Table 7.2 lists the models used
in this work to describe the temperature and degree of cure dependence of the
composite mechanical properties. More details on experimental characterization can be
found in [17]. In that work, two models were presented to evaluate the resin and
laminate elastic moduli. The first one is a non linear thermo-chemical elastic modeling
that considers fully relaxed material properties above the glass transition temperature.
The second one is a viscoelastic model with a time/temperature superposition to

describe the relaxation effects during resin polymerization. This investigation aims at
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comparing the optimization results obtained with these two models. The advantages

and drawbacks of each one will be stated and discussed.

7.4 Evolutionary algorithms

During the last years, Evolutionary Algorithms (EA) have received increasing attention
in research and industrial applications. Generally, EA outperform conventional
optimization algorithms for problems which are discontinuous, non-differential, multi-
modal noisy and not well defined [18]. EA possess the advantage of requiring less
expert knowledge of the optimization space and therefore are less case specific. When
compared to pure heuristic approaches, EA appear to be computationally more efficient
in the optimization of complex manufacturing processes. They use probabilistic
transition rules, not deterministic rules, and only require the knowledge of the objective
function, but not of their derivatives. EA belong to a category of stochastic search
techniques, in which only the fittest will survive during an artificial evolution process
based on the mechanics of genetics and natural selection. In an engineering design
problem, the surviving design variables represent the optimal solutions. These methods

have the potential to find near global optimal solutions in a large search space.

In the application to LCM optimization, EA are often coupled to numerical process
simulation. To evaluate the objective function (or fitness function) for a given set of
process parameters (called design variables), it is required to run a numerical simulation
of the process for these design variables. In the case of curing optimization of
composite parts, the energy and kinetic equations must be computed for a set of thermal
boundary conditions selected by the optimization algorithm. This can make
optimization infeasible if the numerical evaluation of the fitness function requires large
computational efforts. The use of one-dimensional process modeling presents the

advantage of being not time consuming compared to finite element two or three
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dimensional simulations. This permits a large number of evaluations in a relatively
short computer time. Despite the fact that in-plane thermal effects are not considered,
one-dimensional models can give important information of the process behaviour for
different boundary conditions. The finite differences model implemented in this
investigation and the application of the CLT for stress analysis have been developed in
a C++ code and improved to accelerate the evaluation of the fitness function. The
performance of the code was tested to simulate processing of a typical LCM part.
Coupled resin cure and composite strain-stress analysis were carried out for a 10 mm
thick laminate with 11 fabric layers. The simulation required between 0.5 to 3 seconds
(depending on the boundary conditions) to run on a IBM IntelliStation Z-Pro with a

Pentium IV (2.8 Gz) processor.

7.4.1 Problem identification

To formulate an optimization problem, one must identify the design variables, the
objective function and the constraints. The design variables represent the process
parameters that will be adjusted in the optimization procedure. The objective function
models quantitatively the goal of the optimization and the constraints represent the
physical limitations and practical considerations that must be accounted for in the
optimization process. Bogetti and Gillespie [2] presented a simple analysis of the
effects of processing history (autoclave temperature) on the evolution of process-
induced stress and deformation in thick glass/polyester and graphite/epoxy laminates
during cure. The results clearly indicate that the mechanical performance of thick
thermoset laminates is strongly dependent on processing history, and that optimization
should focus on process efficiency (i.e., consumed energy versus processing time) and
part quality (i.e., warpage, micro and macro-cracking). In the present investigation,

seven functions have been identified to describe the competing objectives of process
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efficiency versus part quality. The final fitness function to be minimized by EA will be

a weighted combination of a series of sub-objective functions.
7.4.2 Final extent of cure

The first objective to be studied concerns the ultimate degree of polymerization of the
part. To assure appropriate mechanical properties of the composite, the resin extent of
cure must reach a minimum value at the end of the curing stage before cooling and
demolding the part. A maximum of 100% cure (i.e., complete resin polymerization) is
desired after processing, but not always accessible. To account for the final resin
conversion, an objective can be stated from the minimum required extent of cure and

the last computed resin cure at any position through the thickness:

jfc — mnim (7 R 4)

where j, is the final resin cure objective attained, &, and a,, are respectively the

minimum required extent of cure (i.e., 80 % of complete polymerization) and the last
extent of cure calculated at position 7 through the thickness. It is usual in error
minimization to use square error functions to increase the convergence rate.
Optimization algorithms, particularly evolution algorithms, are well known to be very
time consuming in terms of computational resources. Optimization procedures based on
EA usually exhibit low convergence rates, requiring sometimes an exorbitant number
of evaluations of the fitness function. This situation is problematic when the calculation
of the fitness function requires long and complex simulations to be carried out, such as
finite element or finite difference simulations. It has been shown that the use of Gauss-

Sigmoid fitness functions strongly increases the learning speed of evolutionary
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algorithms [19]. The objective function of the final resin cure (/) can then be written

in the sigmoid form:

“&__ (7.5)

Jp=7———r  Wwith gfg:jfc'(a s

ult mimn

where «,,1s the ultimate extent of cure for which the resin is considered totally
polymerized (ie., a, =095). Parameters4,, B, and C, are coefficients of the
sigmoid function. Note that sub-indexes will be used in the future to identify the
function in which the coefficients 4, B and C of the sigmoid appear. Figure 7.2 shows a

comparison of the square error between «,,, and «_, and the sigmoid function of

equation (7.5). Note that the square error decreases from one when «,,, =0 until it

reaches a minimum when o,,,=¢a,;, . The sigmoid function assumes that a final extent

of cure below «;, is not appropriate and then /. =1. It also considers that a value of

a,,, =1 represents the optimum extent of cure (i.e., J, =0). Then, this function

and «,, =1 in a Gaussian form defined by coefficients

min

decreases between «a,,, =«

A, B and C of the sigmoid. In evolutionary algorithms, this sigmoid function returns a

low survival probability of the design variables if «,,, <0.6, increasing the

convergence rate for values of e, >

7.4.3 Maximum exothermic temperature

During the cure of thermoset resins, the exothermic reaction of the matrix increases the
temperature in the core of the part. In case of non-uniform curing of thick laminates
(i.e., when a curing front appears across the thickness), the maximum exothermic

temperature may be high enough to degradate the matrix. In order to improve the
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quality of thick composites, the maximum exothermic temperature needs to be
controlled to avoid polymer degradation. A temperature constraint may then be
expressed as a maximum allowable temperature inside the composite. The degree of
resin polymerization is temperature dependent then, a restriction of the maximum
curing temperature limits the ultimate extent of cure of the composite. Thus, even if the
polymer degradation temperature still constrains the cure process as an upward limit
temperature, a maximum curing temperature is desired to decrease processing time and
increase resin cure. For these reasons, it would be better to transform the constraint of
maximum curing temperature into an objective function. The maximum temperature
constraint can be written as an objective function of the maximum allowed exothermic
temperature to avoid matrix degradation and the desired temperature at which the resin

cure is complete. The objective J, can then be written using the following sigmoid

function:

/4’ ) 7w __»7n1nin
S e ith gy =T Te) o (7.6)
i B’/' +e T - (Texr)l - Te.rol ) "

max

where T is the exothermic temperature calculated during processing, and 7.0 and

exot

T™are respectively the maximum allowed exothermic temperature (i.e., the

exol
degradation temperature of the polymer matrix) and the minimum exothermic

temperature desired (i.e., 7" =120°C to totally cure composites with unsaturated

exor

polyester resins).

7.4.4 Cross-over at After Gel Point objective

The mechanical performance of a composite laminate with a thermoset matrix depends

on processing history. It has been demonstrated that the level of internal stresses in the
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processing of LCM parts is strongly influenced both, by the resin modulus and the
chemical shrinkage [15, 20]. In the elastic and viscoelastic characterization of
thermoset resins, it has been found that mechanical properties begin to develop after the
resin has reached an important degree of polymerization. For an unsaturated polyester
resin, the point at which resin modulus begins to develop (called the After Gel Point
AGP) was characterized at around 40 % of the total resin polymerisation [17]. In a
previous work [20], it was noted that the AGP point has a significant impact on the

magnitude of process-induced residual stresses.

The progression of the curing front through the thickness of the composite was also
identified as an important issue related to the development of processing stresses.
Progression of resin cure from the part surface towards the core (called outside-to-
inside cure) must be avoided in the processing of thick composites because of the high
level of residual stresses created. An inside-to-outside cure (i.e., when the cure front
progresses from the core towards the surface) is always preferable to reduce processing
stresses. As schematically shown in Figure 7.3, an inside-to-outside cure can be
achieved for low degrees of polymerization at the cross-over point. For optimization
purposes, the initiation delay (see zone I in Figure 7.3) should be minimized while

assuring a degree of cure at cross-over (o } close to the AGP level. This assures

CrosSs—over
that resin mechanical properties begin to develop at once all across the part thickness.

Instead of using the o definition of Bogetti and Gillespie [2], this objective can

be modeled by a sigmoid function of the degree of cure at the part surface and in the

core:

A,
Saor = — +Dyip (7.7)
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AGP—core
surface

where o, is the degree of cure at the After Gel Point as defined in [17], and «
is the degree of cure at the part surface when the core reaches the AGP level

Parameters 4, B, C and D are the coefficients of the./ ,,, sigmoid. Figure 7.4 depicts
the shape of the sigmoid of equation (7.7) and the square error of g, . Note that the

minimization of the J,, objective results in « = ,.p, but presents the

CruUss—over

advantage of higher convergence rates than a square error function.

7.4.5 Cure gradients after AGP

Once mechanical properties of the resin begin to develop, the chemical shrinkage
promotes the development of internal stresses. The polymerization shrinkage has been
characterized as a nearly linear function of the resin degree of cure [17]. Based on this
assumption, the variations of chemical shrinkage through the thickness are proportional
to the variations of the resin cure after AGP (see region Il in Figure 7.4). The apparition
of differential chemical shrinkage in the through-thickness direction results in increased
internal residual stresses. Then, to reduce internal stresses during cure, the mechanical
properties of the resin and the chemical shrinkage should increase uniformly through
the thickness. To account for the variations in the cure profile at a given processing
time, an analysis of the cure differences between the surface and core of the part can be
carried out. As shown in Figure 7.3, successive cure differentials can be evaluated after
the AGP level has been reached. The minimization of these cure differences results in a
uniform cure profile through the thickness of the part. For a desired degree of cure in
the core, the cure difference between the surface and the core of the part can be
computed as:

i i 1/2

o a

sirface core

(7.8)

& 4op
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and the sigmoid function of this error will be:

, A
. e

i
surface

where «'  denotes a desired degree of cure in the core and « the cure at the

core

surface of the part at time i. Parameters 4, B, C and D are coefficients of the sigmoid.

7
core

Defining a discrete number of « . values, the averaged sigmoid can be obtained in the

following form:

Np

7

2.8
=1

= 7.10
.]cure Np ( )

i
core

where Np is the number of points in the «, discretization. Finally, a sigmoid is

introduced to describe the averaged error:

4
= (7.11)

where 4 and B are the same coefficients as in sigmoid (7.9). Figure 7.6 depicts a

comparison of theJ,_,, objective function with the sum of the square error ¢,. While

the square error & has a constant smooth convergence, the sigmoid has the ability to

define a small zone of feasibility. In the graph, a maximum of 20% cure difference was

allowed for the construction of the minimization curve J

cure *



315

7.4.6 Curing stresses

Residual stresses do not result only of chemical shrinkage, but also of thermal
expansion and contraction. During cure, internal stresses (so-called curing stresses)

may result from thermal gradients through the thickness of the part. The J ;. and J

objective functions are not sufficient to ensure minimum curing stresses. To reacn that
goal, two approaches may be applied: the first one consists of minimizing the thermal
gradients in the through-thickness direction. Although the thermal evaluation is
computationally improved, it has the disadvantage of producing the slowest curing
cycle available (i.e., the smaller is the temperature, the smaller the exothermic reaction
and the residual stresses). The second approach consists of analyzing the internal
stresses developed during cure. Even if the numerical calculation is time consuming,
the evaluation of internal stresses permits to use higher thermal gradients (that reduce
processing time) if the composite mechanical properties are not important (such as in

the rubbery state of the resin [17]).

As demonstrated by Ruiz and Trochu [20], in the curing phase of thick composite
laminates, internal stresses can reach a peak generally related to the fast curing of the
core. In this investigation, curing stresses are considered as the maximum internal
stresses generated during resin polymerization at any composite layer. In the evaluation
of these stresses, the Tsai-Wu safety factor theory for composites was implemented.

The objective for curing stresses minimization J,, is written as the following sigmoid

stress

function:

A
— siress
J stress B te Corens S‘}:;”v (7.] 2)

siress
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where S;_, is the minimum Tsai-Wu safety factor at layer L, and 4, B and C are the

coefficients of the sigmoid.
7.4.7 Cooling stresses

Composites processing does not stop at the end of the curing phase. The part also needs
to be cooled to room temperature. If this process is not thermally balanced through the
thickness, differential material contractions will create internal stresses resulting in part
warpage or poor geometrical stability. If the cooling is balanced such that the same
transient temperature profile is applied to each composite layer simultaneously, then
internal cooling stresses will be negligible. For the minimization of the cooling stresses,
two conditions are required: a low curing temperature, and a small cooling ramp. These

conditions may be in conflict with the objective of final extent of cure (J ) and the

minimum curing time requirement (as in the case of thick composites processing by
LCM). The competition between these factors will depend upon the used desirable
objective to be reached (i.., minimum curing time, minimum residual stresses,
maximum final extent of cure, etc.). The role of the cooling path in the development of
residual stresses may be taken into account through the Tsai-Wu safety factors along

the path. Following equation (7.12), the objective function can now be stated as:

- Ac(mling (7 13)
C"cﬂulingSYIT«H' ’
B +e

* cooling

cooling

where S;_, is the minimum Tsai-Wu safety factor at layer L, and 4, B and C are the

coefficients of the sigmoid.
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7.4.8 Processing time

In the optimization of medium to high production cycles such as in the automotive
industry, the first goal is always to minimize the processing time. In the case of
composite manufacturing by liquid molding, the cycle-time required from the
beginning of the injection until the part is demolded is key for process optimization and
reduction of energy consumption. Although there is no ideal processing time (if no
other process parameters are taken into account), expert knowledge can be considered
to identify the characteristic cycle-time for a given part. The assumption of an expert

desired processing time is used in this investigation to define the time objective

function J,,, in the following quadratic form:
2
tcyc/e
J!ime = (7.14)
texp
cyele
where #77, is the expert desired cycle time and ¢, is the calculated cycle time for a

given set of design variables.

7.4.9 Design parameters

In most LCM applications, the mold is maintained at constant temperature without
heating/cooling control. Because the resin exothermic reaction increases the mold
temperature, the curing process becomes self-accelerated. A minimum quality of
molded parts is more often obtained by experimental trial and error than by using
numerical optimization procedures. In autoclave processing, the autoclave is heated
according to predetermined cure cycles. Usually this temperature profile is set by a
series of constant temperature levels (called dwell temperatures) connected by periods

of constant heating ramps. The autoclave allows a certain level of temperature control
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that permits to improve the quality of the part. One important difference between these
methods is related to the processing time. The goal of thermal optimization in LCM is

to minimize the cycle-time and increase mechanical properties and part quality.

As shown in Figure 7.7, the mold temperature profile containing heating and cooling
ramps is described by a series of design variables. In this assumption, at the beginning
of the cure process the part and mold are considered to be at the equilibrium
temperature. This temperature can be obtained from a non-isothermal filling
optimization [11]. Beginning with this equilibrium temperature 75, the transient
temperature profile can be divided into a discrete sequence of heating ramps ; and
dwell times df;. The design parameters of the optimization are then the sum of the (O,
dt;) pairs that describe the mold temperature profile. These parameters are subject to the

technical limitations of the heating/cooling system. The constraint can now be set as the

Y
max

maximum permitted heating ramp and the maximum cooling ramp allowed by the

mold (., , always subject to the initial mold temperature T5,; and the room

temperature Ty..m at the end of the process. The design variables can be regrouped to

form the design vector Vd written in the following way:

vd =[Q,.d1,.,0,.dt,....,0,.4t,] (7.15)
subject to the constraints vector (Cs):

C5 = [T T Oos O (7.16)

The advantage of evolutionary algorithms is that the number of design parameters used
for the optimization (i.e., the number of points of the discrete temperature profile) can

be more elevated than with other techniques, although slow convergence rates should
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be attained. In this work, seven pairs of parameters (Q;, df;) were selected to describe

the temperature profile, resulting in a design vector containing 14 design parameters.

7.5 Fitness function

As it was discussed in the previous sections, the quality of molded composite parts
depends upon a number of different factors such as resin mechanical properties,
maximum exothermic temperature, curing stresses, etc. In this investigation seven
objective functions were identified as directly related to part quality and process cycle-
time. The degree of success of a set of design parameters can be quantified by a

weighted function of these objectives. The cure~cycle optimization in LCM can thus be

stated as:
. 4,
minimize: F,(vd) = — et D, (7.17)
B, +e
F 0 = w fc'] fe + a)l'max ']7;mx + a)AGPJAGP + a)cure‘]cure + a)srresx‘]slress + a)cooling‘]moling + wn‘me‘]ﬁme
subject to: Vd € Cs (7.18)

where F, (Vd) is the fitness function to be optimized, and parameters @ are the

weighting coefficients for each sub-objective function. Note that the use of sigmoid
functions scaled between 0 and 1 avoids the complex setting of weighting coefficients.
In this case, the coefficients are implemented to allow the user to define their particular
interest regarding the optimization procedure. In fact, the default value of the weighting
coefficients is 1, indicating that the minimization of the fitness function considers

proportionally the effects of each one of the sub-objective functions. In the processing
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of thin composite laminates, the exothermic reaction is small and the heat generated is
quickly dissipated through the thickness. The temperature and degree of cure profiles
are wide uniform and no important thermal or curing gradients appear in the through-
thickness direction. If it is desired for this part to obtain a maximum degree of cure in
the minimum cycle-time while reducing cooling stresses, then the weighting

and w, = can be set to | and the others to a value of 0.5 or less.

time

coefficientsw ., @

cooling
In the processing of a thick composite part in a very low production volume, the cure
and cooling times are not important issues related to the process optimization. If the
aim is the minimization of the curing stresses while increasing the mechanical

and @  to 0 and the

time

coefficients can be setto 1, @

cooling

properties, the @, and o,

rest to a value between 0.5 and 1. The proposed fitness functions F,(Vd) accounts for

a variety of different LCM process optimizations based on the physics of the matrix

material transformation and on the mechanical behaviour of the composite material.

7.6 Results and discussion

In this section, the proposed methodology is used for the cure cycle optimization of
liquid composite molding in the cases of thin and thick parts. The numerical
implementation is based on a Genetic Algorithm with real-valued genomes (instead of
typical binary representation). The fitness function Fy for a given set of design
variables is calculated by running a curing cycle simulation coupled with a CLT stress
analysis [15, 20] and extracting the resulting sub-objective functions. The optimization
code called LeCoq (Logical Evolutionary Curing Optimization and Quenching) was
developed in C++ language with two libraries for the cure-cycle and stress analysis
simulation. This allows the information between the EA and the simulation libraries to

be transferred via flush memory avoiding time consuming file input/output tasks.
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In the next topics, three typical LCM curing optimizations will be studied. The first one
is a simple two heating ramps cure cycle of a thick bi-directional laminate. The second
one consists of optimizing the fast processing of a thin composite, and comparing the
effects of using elastic or viscolastic material characterization. Finally, the curing
optimization of a thick non-balanced composite is presented. In all cases, the
parameters used for the evaluation of the sub-objective functions were maintained
constants. A list of the sigmoid constants for each sub-objective function is presented in
Table 7.3. The variations between the cases are based on the proper selection of the
weighting coefficients (@) of the fitness function (Fy) to account for each sub-objective
function. The thermo-kinetic and thermo-mechanical characterizations of the materials

used in this analysis are those presented in a previous work [17].
7.6.1 Two ramps curing-cycle

The widely used two heating ramps curing cycle is now studied for a thick composite
plate. The composite is a bi-directional glass/polyester laminate made of NCS-82620
fabric from J. B. Martin and T580-63 unsaturated polyester resin from AOC Inc. [17].
The plate is 20 mm thick with 43% of fiber volume fraction. A fixed mold wall
temperature is considered as the thermal boundary condition. The two heating ramps
cycle is schematically shown in Figure 7.8. The curing cycle has two variables (the
design variables to be tested), the first heating ramp Q; and the first dwell time dr;
while the other parameters of the temperature profile are fixed. By changing Q; and d,
a bi-dimensional search space can be defined. The interest of this optimization is
centered on the minimization of the curing stresses avoiding excessive processing
times. Because the curing temperature (i.e., the higher temperature of the profile) is a
fixed parameter, the final extent of cure sub-objective function is neglected. The
process is ended after the second dwell temperature (T3) and for instance the cooling
stresses sub-objective function can also be neglected. In the first case, it is assumed that

residual stresses can be minimized by the minimization of the curing gradients. This
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means that only Jygp and J.,. sub-objective functions can be used to reduce curing
stresses. To account for excessive processing times and to avoid matrix degradation, the
Jyime and Jpug, sub-objective functions are included. The weighting coefficients of the

fitness function in this case will be:

O)AGP = 1 a)cure =1
By =075 @, =075 (7.19)
a)slres.x' = O a)coo/ing = O a)ﬂ‘: 0

while the design variables O and dr, will be subject to the following constraints:

0<Q; <1.5°C/min (7.20)
0 <dt, <85 min

A study is initially carried out to define the behaviour of the fitness function in the
search space. To do so, the design variables were progressively increased in a step of
1/100 times of their maximum limit. A total of 10,000 curing cycles were analyzed in a
period of 20 minutes of cpu time (at a rate of 0.12 seconds per simulation) on a IBM
IntelliStation Z-Pro with a Pentium 1V (2.8 Gz) processor. The resulting fitness
function is drawn in the contour plot of Figure 7.9. A ditch of near optimum values
vertically divides the fitness representation into two zones. At low values of the initial
heating ramp (zone 1), excessive processing times dominate the fitness function (i.e.,
Jime = 1). Increasing the value of (J;, the processing time decreases, but an outside-fo-
inside cure appears resulting in high cure restrictions of the fitness function (i.e., Jygp =
Jore = 1). For higher values of the initial heating ramp, the cure front is transformed
into an inside-to-outside curing (zone 2). In this zone, the Jyme, Jycp and Jope Objective
functions are all smaller than one (i.e., the contour plot of the fitness function is lighter
in zone 2 than in zone 1). Between these two regions of the search space, the minimum

of the fitness function can be found at the limit where the outside-fo-inside cure
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changes into an inside-to-outside cure profile (the dark vertical dish). A large number
of combinations of the two design variables will return a near optimal solution (i.e., the
nearest minimum of the fitness function). The two ramps temperature profile was then
optimized using the LeCoq code. Note that the optimization algorithm does not analyze
the discrete functional space of the contour plot. Instead of reading the output files of a
series of simulations, the fitness function is evaluated for a set of design variables by a
numerical simulation of the cure cycle. As depicted in Figure 7.9, an optimum value of
the first heating ramp and first dwell time was obtained at Q;= 0.9 °C/min and dt;= 26
min, a point that graphically corresponds to the minimum of the fitness function

(darkness contour plot).

In the second approximation, the internal stresses developed during resin cure are
considered in addition to the optimization of the cure profile. Because the objective of
the optimization is the reduction of these processing stresses, the Jy.ss function should
have a higher weighting factor than the rest of the objectives. In this case, the weighting

coefficients of the sub-objective functions can be expressed as follows:

Dy ™ 1 =075 @, =075
Dy =05 @y =075 (721)
a)cooling = O a)fc: O

A new set of design variables was run for coupled curing and stress analysis. The
10,000 curing/stress cycles simulated required 25 cpu minutes (a rate of 0.15 seconds
per simulation) on the same computer. Figure 7.10 shows the contour plot of the
evaluated fitness function. Important differences were found between the two solutions.
In this case, the time constrained region (zone 1) has a smaller fitness value than the
cure constrained zone 2 (seen as the lighter color of the contour plot). The main

difference with the previous non-stress fitness function resides in the higher fitness
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values of zone 2. It was before stated that increasing the first heating ramp makes the
cure front to develop as an inside-to-outside curing. Even if the cure profile uniformly
evolves through the thickness (i.e., Jygp < 1 and Je< 1), important thermal gradients
may be generated due to the high exothermic reaction of the resin. In a thick composite
laminate, the through-thickness thermal gradients induce internal stresses during cure
that should not be neglected. As a result of these thermal gradients, the fast inside-to-
outside curing produces high curing stresses. The right zone of the search space is then
constrained by the stress objective function (i.e., Jyess = 1), and near optimum solutions

are reduced to lie in the lighter knife-shaped region.

The temperature profile was then optimized for the set of weighting coefficients given
by equation (7.21). The minimum value of the fitness function was found to be at O/=
0.82 °C/min and dt;= 46 min (see detail in Figure 7.10). Note that the optimum value of
these two design variables has considerably changed from the previous solution (i.e.,
fitness function without stress analysis). While the first heating ramp was decreased
around 0.1 °C/min, the first dwell time increased almost 20 min. In other words, the
cure cycle was retarded to prevent the apparition of internal curing stresses. Figure 7.11
shows the result of the optimized cure cycle with stress analysis. The cross-over point
at 90 min is located at the AGP degree of cure (i.e., Jygp = 0). After that, the cure
profiles at the surface and in the core of the part uniformly increase until the resin is
fully cured (i.e., Joye = 0). From this cure cycle, maximum internal stresses of around
0.1 Mpa were calculated while in the previous optimization without stress analysis, a
value of 5.4 Mpa was obtained. This analysis clearly demonstrates that stress analysis is
key for the optimization of composites processing. If internal stresses are not
considered, the optimized parameters may even produce parts of low quality in terms of

mechanical properties and geometrical stability.

A comparison of the convergence of the LeCoq optimization for the two sets of

weighting coefficients tested is shown in Figure 7.12. In the case without stress
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analysis, the fitness function decreases progressively, jumping between local
minimums. Around 100 EA iterations were required prior convergence to the assumed
near optimal solution (a minimum of 0.035). In the second solution (that considers
curing stresses), a higher convergence rate is observed. This is mainly because the
search space consists of a plateau with a fall in the centre. The minimum of the fitness
function was found to be 0.045, and almost 50 iterations were required to converge. In
both cases, around 1100 cure cycle simulations were accomplished at the end of the 200

EA iterations with a total computer time of 106 seconds.

7.6.2 Thin part optimization

A thin composite laminate is now considered for the cure cycle optimization. The 2 mm
thick plate studied is made of 6 layers of NCS 82620 bi-directional glass fabric and T-
580-63 polyester resin with a fiber volume fraction of 43% [17]. When curing thin
composites in closed molds, the transient temperature profile through the laminate
thickness is nearly constant. This implies that the heat flow from the mold walls
uniformly increases the temperature across the thickness, and as a consequence the cure
profile remains constant through the thickness. In this case, it is not necessary to use a
two heating ramps curing cycle. Only a heating ramp followed by a constant dwell
temperature is enough to cure the thin laminate without the presence of cure gradients
though the thickness. As shown in the temperature profile of Figure 7.13, in this case,

the following five design variables are considered:

Heating: 0<Q; <30°C/min
Cooling: 0> Q3 >-30 °C/min (7.22)

Dwell times: 0 <df;, dt>, dt; <10 min

The processing optimization of thin composites is focusing on the minimization of the

cycle time, while ensuring an appropriate degree of cure and a minimization of residual
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stresses. Because no cure gradients appear through the thickness of the laminate, the
sub-objective functions Jycp and J.ue may not be included into the objective vector.

The weighting coefficients of the fitness function for thin parts will be:

mﬁtrexs = 1 wﬂooling =1 a)fc =1
B, = 1 @, =0.75 (7.23)
a)AGP = O a)cure = 0

In a previous work [17], two models were presented for the prediction of the composite
mechanical properties during processing. The first one is a thermo-elastic modeling
based on relaxed/unrelaxed elastic properties, while the second one is a viscoelastic
modeling that depends on relaxation time. The two models are tested in this case to
asses the differences on the optimized temperature profile. Figure 7.14 shows the
resulting temperature and cure profiles for the elastic and viscoelastic models of
composite mechanical properties. Note that in both cases, no relevant cure gradients
appeared between the surface and middle-thickness of the part, and that small thermal
gradients trough the thickness are generated during the exothermic reaction. Thermo-
elastic and viscoelastic optimizations resulted in similar processing times and final
degree of cure. While the curing temperature is very close between models, the main
difference is related to the heating and cooling ramps. The thermo-elastic model of
mechanical properties considers a full stress relaxation for temperatures above the glass
transition temperature. The viscoelastic model extends this concept to the progressive
relaxation when the material is in a rubbery state. As a consequence of this viscoelastic
behaviour, the first heating ramp can be increased without creating more internal
stresses. In a similar but inversed way, after cure the viscoelastic model resulted in a

smaller cooling ramp compared to the thermo-elastic model.
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Table 7.4 lists the optimized parameters obtained with the thermo-elastic and
viscoelastic models, and compares the results of two cure cycles commonly used for
thin parts. These typical cure cycles where chosen for fast or slow processing and both
were run with the viscoelastic model. The fast cure is carried out with the maximum
heating and cooling ramps, and a curing temperature of 130 °C. With this curing cycle,
a final degree of cure of 0.92 and a plate curvature along the x-axis of 4.51 m’' were
obtained after more than 11 minutes of processing time. The slow curing has smaller
heating and cooling ramps and a processing time of 23 minutes. The result is a degree
of cure of 0.88 and an x-curvature of 3.13 nr”’. Process optimization with the thermo-
elastic and viscoelastic models resulted in a processing time of around 15 minutes and a
final degree of cure of 0.91. The optimized cycle with viscoelastic modeling has an x-
curvature of 3.32 m’', which is close to the curvature obtained for the slow processing.
This indicates that even in the simple case of a thin laminate, optimized heating and
cooling ramps exist so that processing time as well as residual stresses can be
minimized. The optimization with the thermo-elastic model resulted in a similar
optimum temperature profile although the x-curvature was 4.14 m™'. In conclusion, the
thermo-elastic model gives enough information on the evolution of mechanical
properties for the cure cycle optimization of thin parts. Even if the resulting level of
internal stresses is not quantitatively appropriate, the quality of the optimization is

comparable to that of the viscoelastic model.
7.6.3 Thick part optimization

The proposed optimization methodology is now applied to the reduction of thermal and
cure gradients in a thick composite plate. The 25 mm thick laminate is made of NCS
82620 glass fabric and T580-63 polyester resin with a 43 % of fiber volume fraction.
To cure this thick part, the temperature profile of figure 7.7 is used with two heating
and two cooling ramps. The constraints on the design variables that define this

temperature profile are:
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0<0;,05< 8°Clmin
0>0;, 05> -3 °Clmin (7.24)
0<dt;,di>, dt;, diy, dts, dtg < 80 min

Two optimization criteria were selected to asses the differences between a simple cure
gradient minimization and the complex cure/stress minimization proposed in this work.
The first criterion intends to minimize the cure gradients and processing time while
assuring a desirable final degree of cure. In this curing cycle optimization, the
minimization of the cure gradients is assumed to be equivalent to the reduction of
internal stresses developed during processing. Indeed, processing stresses are not
considered in this optimization. The weighting coefficients of the fitness function for

this case will be:

a)AGI’ =1 a)cure: 1 a)fc: 1
a)lime = ] a)’l;mx = 1 (7‘25)
Wy = 0 W =0

siress cooling

The second criterion is the full optimization stated in this investigation, which considers
the inclusion of the processing stresses in the fitness function. For this cure and stress
minimization, two optimization are carried out with the thermo-elastic and the
viscoelastic model of mechanical properties. The weighting coefficients in this case are

written as follows:

D= 1 D e = 1 0= 1
@, =1 w, =1 (7.26)
Dy = 1 @ =]

stress cooling
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Figure 7.15 depicts the optimized temperature profiles for the three analyses presented
above and denoted as follows: cure gradients minimization (no stress), cure/stress
minimization with thermo-elastic modeling (elastic) and cure/stress minimization with
viscoelastic modeling (viscoelastic). Table 7.5 lists the optimized design parameters for
the three temperature profiles. These three optimized profiles have practically the same
curing temperature (close to 116 °C) and a similar final degree of cure (between 0.97
and 0.99). Although the final mechanical properties of the part seem to be optimized in
the three cases, some important differences must be noticed. The first difference is
related to the cycle time. If processing stresses are not considered in the fitness
function, the resulting cure cycle lasts around 150 minutes. The cure/stress
minimization with thermo-elastic model required an increased cycle time (around 205
minutes) to avoid the development of internal stress. The optimization with the
viscoelastic modeling needed even longer processing time (a cycle time close to 250
minutes was obtained). Note that the cooling ramp to room temperature ({J;) decreases
with the complexity of the model of mechanical properties, from -3 °C/min for the no
stress optimization to -1.2 °C/min for the thermo-elastic model and -0.8 °C/min for the
viscoelastic model. This decrement between the last two optimizations is directly
related to the time required for stress relaxation. The thermo-elastic model is based on
relaxed/unrelaxed properties that depend on glass transition temperature, while the

viscoelastic model is based on time/temperature relaxation.

A proper second heating ramp (Qs) called curing ramp is essential for the minimization
of the cure gradients, and it is clearly understood that its value is mainly defined by the

J

cure

sub-objective function. When attained, the optimized curing ramp is nearly the

same for the three criteria analyzed (an averaged value of 4.26 °C/min with a variation

of £25 °C/min was found).
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Figures 7.16 to 7.18 show the temperature and cure profiles for the three optimizations
studied. In all cases, the exothermic peak temperature was maintained below 125 °C,
avoiding possible matrix degradation and excessive cooling from high temperatures. As
can be seen in the three optimized cycles, the first overheating composed by heating
and cooling ramps (i.e., until 74 in Figure 7.7) is needed to initiate resin polymerization
in the core of the part. Because of the low thermal conductivity of the composite and
the exothermic reaction of the resin, the surface of the part must be heated and
maintained above 60 °C until the core begins to react. At this time (i.e., at ¢, in Figure
7.7), the mold is cooled to release the exothermic heat from the core and slow down the
polymerization reaction at the part surface. When the resin reaches to a degree of cure
close to the AGP at any position through the thickness, the mold is heated by the curing

ramp.

In the three optimizations, the cross-over point was obtained at the AGP (i.e., Jygp= 0)
at the beginning of the curing ramp. The cure gradients developed during this heating
are also minimized in all cases (i.e., Joue =~ 0). An important difference can be noted
between the optimized cure cycle with no stress analysis and those optimized with
internal stress reduction. In the first case, an important curing reaction is allowed prior
to the cross-over at AGP (see Figure 7.16 at 60 to 90 minutes). In the optimization with
stress minimization, the degree of cure at the core is not developed prior to the AGP as
in the previous case (see Figures 7.17 and 7.18 between 50 and 110 minutes). This
increment in the mechanical properties of the composite prior to the AGP has relevant

consequences on the evolution of the internal stresses.

Figure 7.19 depicts the evolution of the processing stresses when the optimized
temperature profile with minimization of cure gradients is applied (i.e., the temperature
profile of Figure 7.16). The viscoelastic modeling was implemented to calculate the
processing stresses generated in this curing cycle. Once the resin reaches the AGP, the

mechanical properties begin to grow and internal stresses develop. Internal stresses
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developed during cure (called curing stresses) show a peak prior to 100 minutes. This
peak coincide with the thermal gradients generated during the curing ramp, and these
thermal gradients are a consequence of the low reactivity remaining in the core after the
cross-over at AGP. The peak on the curing stresses has a maximum value of -10 Mpa at
around 98 minutes at the middle thickness and then decreases because the thermal
gradients are inversed prior to 100 minutes (see Figure 7.16). The inversion of the
thermal gradients induces an inversion of the internal stresses, which is noticed by the
stress evolution at the part surface. At the curing temperature between 100 and 115
minutes, the internal stresses are slightly relaxed. Finally, the processing stresses
increase up to 6 Mpa due to the cooling ramp until the composite reaches the room

temperature.

Figure 7.20 shows the evolution of the laminate stresses when the optimized
temperature profile is applied with the thermo-elastic model. Because this model
considers fully relaxed properties above the glass transition temperature, no stresses are
developed during the curing ramp (prior to 110 minutes). Stresses begin to grow due to
the inversion of the thermal gradients at around 111 minutes, with a maximum below
1.3 Mpa. Then, internal stresses are inversed during cooling to room temperature.
Figure 7.21 depicts the processing stresses for the optimized temperature profile with
viscoelastic modeling. The behaviour of internal stresses is similar to the previous case,
although with significant differences in value. In this analysis, stresses are not fully
relaxed during cure showing a peak of -5.3 Mpa in the core before 102 minutes. Then,
stresses decrease due to the inversion of the thermal gradients. Finally, internal stresses
develop during cooling. A maximum of -3 Mpa was obtained at the end of cooling.
Note that these values are about half of the values obtained with the optimized cure

cycle without stress analysis.

From the above results, it can be concluded that the minimization of the cure gradients

is not enough to optimize the cure cycle. The evolution of processing stresses must
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necessarily by considered for a proper minimization of residual stresses. Moreover, to
avoid the risk of delamination, the analysis of curing stresses is fundamental.
Minimization of the internal stresses developed during the inversion of thermal
gradients is key to avoid matrix degradation and composite delamination. After curing,
the cooling ramp needs also to be optimized to reduce cooling stresses. Even if the
thermo-elastic model gives smaller internal stresses than those obtained with the
viscoelastic one, the optimized temperature profile showed a good agreement with that
of the viscoelastic model. This indicates that the consideration of relaxed/unrelaxed
behaviour of composite properties gives enough information for process optimization.
When processing stresses are not included into the optimization criteria, the resulting
cure cycle is shorter than the cycle optimized with the elastic or viscoelastic analyses.
The longer cycle times are directly related to the initial heating ramp and the final

cooling ramp required for internal stress reduction.

7.7 Summary

In this investigation, a methodology is proposed for the optimization of the curing cycle
in LCM manufacturing. Seven optimization criteria are presented for the minimization
of the thermal and cure gradients and for the reduction of the processing stresses. These
criteria are considered as sub-objective functions that each take into account the cycle
time, the final degree of cure, the maximum exothermic temperature, the degree of cure
at cross-over, the cure gradients after gel point (AGP) and the curing and cooling
stresses. To increase the convergence rate of the search algorithm, the sub-objectives
are constructed with sigmoid functions. The fitness function to be minimized is a
weighted combination of the seven sigmoid functions. The temperature profile to be
optimized is discretized in a series of heating/cooling ramps and dwell tines that are

called the design vector.
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The search algorithm is an evolutionary strategy based on genetic algorithms
implemented in C++ code denominated Logical Evolutionary Curing Optimization and
Quenching (LeCoq). For the evaluation of the fitness function, a one dimensional
curing simulation with stress analysis is included in LeCoq. The calculation of internal
stresses is carried out with the classical laminated plate theory. Because of the high
number of iterations required for convergence of the evolutionary strategies, the
curing/stress analysis was optimized to decrease the computer time of the simulation
(i.e., computer time for an evaluation of the fitness function). For a typical thick
composite part, 10,000 curing cycles were evaluated in 20 minutes of computer time (at

a rate of 0.12 seconds per simulation).

The proposed methodology was used to minimize the processing time and residual
stresses in a thin composite laminate. It was found that even in the simple case without
cure gradients through the thickness of the laminate, an optimized temperature profile
can improve curing while reducing processing stresses. In thin laminates, the reduction
of internal stresses developed during cure and cooling is directly related to the

geometrical stability of the molded part (i.e., curvature of a flat plate).

Finally, a 25 mm thick part was studied to demonstrate the capability of the proposed
algorithm to optimize the processing of thick composites. Three optimizations were
carried out. The first one is a minimization of cure gradients without stress analysis.
The second optimization is a cure/stress minimization with a thermo-elastic model of
mechanical properties, and the last one is a curing/stress minimization with a
viscoelastic model. The thermo-elastic model is a non linear thermo-chemical elastic
model that considers fully relaxed material properties above the glass transition
temperature. The viscoelastic model is based on time/temperature superposition and
describes the relaxation effects during resin polymerization. These analyses showed
that the minimization of cure gradients only is not enough for thermal optimization of

the cure cycle. The evolution of processing stresses must necessarily be considered for
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a proper minimization of internal stresses. In the comparison between the thermo-
elastic and viscoelastic models, the consideration of relaxed/unrelaxed material
properties provides enough information for process optimization. The optimized
temperature profile obtained with both models was nearly the same, although the

viscoelastic model gave longer cycle times.
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Figure 7.1. Process parameters and issues in LCM optimization.
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Figure 7.7. Discretization of the temperature profile into a series of dwell times and

heating/cooling ramps.
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Figure 7.8. Two step curing cycle used for the evaluation of the fitness function.
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Figure 7.9. Contour plot of the fitness function F for the curing cycle with two heating

ramps (without considering internal stresses).
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Figure 7.10. Contour plot of the fitness function Fy for the curing cycle with two

heating ramps (considering the effects of internal stresses).
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Figure 7.21. Processing stresses for the 25 mm thick laminate with the optimized

temperature profile and viscoelastic modeling of mechanical properties.
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Table 7.1. Characterized material properties to evaluate the energy and species balances

during processing. Models are described in |/

Temperature Chemical Model Measurement
dependence dependence method
Resin kinetics v v Complex DSC
Initiator
o v Complex DSC
decomposition
Resin thermal conductivity 4 v Lineal Thermal
measure
Resin specific heat v v Lineal DSC
Fiber preform thermal
conduetivity & specific heat Constant Data
Mold thermal conductivity
& specific heat Constant Data
Heatmg_/CooImg S){stem v Lineal Thermal
effective convection measure

stresses. Models are described in [ A

Temperature Chemical Model Measurement
dependence dependence method
Refm thermal . v v Lincal Dilatometer &
expansion/contraction T™MA
Ultrasound-
Resin shrinkage v Lineal dilatometer &
TMA
Resin mech-amcal v v Complex DMTA
properties
Fiber preform then'naﬁ Constant Data
expansion/contraction
Fibe.r preform . Constant Data
mechanical properties

Table 7.2. Characterized mechanical properties for the analysis of internal processing
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Table 7.3. Coefficients used in for the construction of the sigmoid of sub-objective

functions and fitness function.

4 B c D
J . | 1 100 0 a,, =095 o = 0.80
Jr. 1 1 2000 0 T = 450°K T = 430°K
Jacr 0.75 0.5 15 0.5 & o =045
e 0.005 0.005 1 0 Np =30
S iress 1 1 3 0
S cootng 1 ] 3 0
- 155, =5000
£, 0.75 05 1 0.5

Table 7.4. Comparison

composite laminate.

of standard cure cycles with optimized cycles for the thin

Processing | Heating ramp | Cooling ramp Curing Final degree | X-curvature
time jmin] {°C/min] [PC min] Temperature [°C] of cure [1/m}
Fast processing
. . 116 30 -30 130 0.92 4.51
Viscoelastic
Slow processin
ProCessimg | o35 15 5 120 0.88 3.13
Viscoelastic
Optimized 15.0 215 162 127 0.91 4.14
FElastic
Optimized 14.8 293 153 124 0.91 3.32
Viscoelastic
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Table 7.5. Summary of the optimized cure cycles for a 25 mm thick composite

laminate.
Processing Q, Q; Q, Curing Final degree
time Jmin] °C/min] [°C/min} [°C/min] Temperature [°C] of cure
'()ptlmlled 149 3.02 4.07 3 117 0.968
without stress
Optlml.led 206 1.50 4.20 -1.29 116 0.985
Elastic

Viscoelastic
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CHAPITRE 8
DISCUSSION GENERALE ET PERSPECTIVES

8.1 Discussion générale

L objectif de cette thése était de développer des équations caractérisant le
comportement thermomécanique et le changement de phase des matériaux composites
thermodurcissables, des modéles numériques pour simuler la mise en forme et
optimiser le cycle de cuisson et le refroidissement des composites fabriqués par
injection sur renfort (LCM). Dans ces procédés, le renfort fibreux est progressivement
saturé par la résine a I'état liquide. Une fois la cavité du moule rempli, la résine
thermodurcissable réagit en chaine selon un phénomene appelé polymérisation (« cross-
linking polymerization reaction »). Pendant la réaction de polymérisation,
habituellement nommée « cuisson », 1a résine se solidifie et donne sa forme finale 4 la
piéce. Du point de vue de la simulation numérique, le procédé de moulage liquide des
composites peut étre divis€ en trois étapes : (1) le remplissage, (2) la cuisson et (3) le
refroidissement et démoulage. La caractérisation, la simulation et finalement
’optimisation de ces étapes font partie des contributions nouvelles présentées dans

cette these.

La premiére partie de I’étude a fait le point sur la caractérisation de la cinétique de
polymérisation et du comportement viscoélastique d’un composite verre/polyester. La
cinétique de polymérisation d’une résine polyester insaturée commerciale a été étudiée
a aide d’un calorimétre différentiel DSC (« Differential Scanning Calorimeter »). Un

modéle semi-empirique a été développé pour tenir compte des effets de I’inhibiteur et
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de la transition vitreuse du matériau dans la cinétique de polymérisation. Le modele
permet aussi de calculer le degré de polymérisation maximum atteint pour une
température de cuisson donnée. L’évolution des propriétés mécaniques de deux
composites verre/polyester a €té étudiée par la suite au moyen d’une analyse mécanique
dynamique avec un appareil DMTA (« Dynamical Mechanical Thermal Analyzer ») et
une analyse thermomécanique dans un appareil TMA (« Thermo-Mechanical
Analyzer »). Deux modéles différents ont ¢été proposés pour décrire les effets
thermiques et chimiques sur les propriétés mécaniques du matériau. Le premier est un
modéle thermochimique élastique non linéaire qui considére la relaxation totale du
matériau a 1’état caoutchoutique, en haut de la température de transition vitreuse. Le
deuxiéme est un modele viscoélastique complexe fondé sur une mesure de la relaxation
des contraintes et sur le principe de superposition temps/température. La caractérisation
viscoélastique de la résine polyester étudiée, a montré que le module de relaxation est
brusquement affecté par le degré de polymérisation. La comparaison des essais
mécaniques et calorimétriques, a permis de démontrer P'existence d’un degré de
polymérisation en bas duquel les propriétés mécaniques sont négligeables. Ce degré de
polymérisation, nommeé « After Gel Point » (AGP), est beaucoup plus important que le
degré de polymérisation a I’¢tat de gel. Le concept d’AGP est fondamental pour la suite
des études présentées dans cette thése. Les analyses thermomécaniques menées avec la
TMA ont permis de générer un modele smple de I'expansion thermique du composite
en fonction de la température, du degré de polymérisation et du contenu en volume des
fibres. A la fin de 1’étape de caractérisation, le retrait de polymérisation de la résine a
été mesuré et modélisé en fonction du degré de polymérisation. Les modeles de
comportement thermochimique viscoélastique ont permis d’approfondir les
connaissances des phénomeénes mécaniques et volumiques reliés & la réaction de

polymérisation d’une résine polyester insaturée.

L’étape suivante de ["étude a été orientée sur la mise au point de ia solution numérique

par une nouvelle approche de I’équation de ['énergie couplée & une analyse des



353

contraintes 4 travers 1’épaisseur du composite. Ce travail a permis de simuler les effets
thermiques, chimiques et mécaniques pendant la phase de cuisson des matériaux
composites fabriqués par injection sur renfort. Une formulation de différences finies de
type Crank Nicolson avec terme source (et adimensionalisée avec le nombre de
Fourier) a été développée pour évaluer les variations de température et du degré de
polymérisation a travers I’épaisseur de la piece. La théorie classique des laminés a ét¢
utilisée pour calculer les contraintes internes dans le stratifié. Pour valider les
caractérisations physiques et les modeles numériques, une série d’échantillons de
verre/polyester ont été fabriqués. Pour forcer une déformation hors du plan, les
échantillons ont ¢été laminés asymétriquement. Aprés la mise en forme, les plaques
minces ont été chauffées en haut de la température de transition vitreuse. Par la suite, la
déformation des plaques pendant le refroidissement a été mesurée a I’aide d’'un LVDT
(« Linear Variable Displacement Transducer »). Les prédictions du modele

thermomécanique ont pu étre vérifiées avec une erreur de moins de 2%.

L’analyse de contraintes résiduelles a été poursuivie dans le cas de la mise en forme de
plaques épaisses. L’étude a porté sur ’évaluation des contraintes internes pendant les
cycles de cuisson et de refroidissement de plaques de 15 mm d’épaisseur. Les résultats
ont été comparés pour différents profils de température du moule typiquement utilisés
“dans P’industrie. De cette étude numérique, on a conclu que le degré de polymérisation
au point de croisement entre le profil de polymérisation & la surface et au coeur du
laminé est fondamental pour la génération des contraintes internes. Egalement, des
contraintes internes importantes apparaissent en présence de gradients thermiques ou de
cuisson. Différentes sources des contraintes internes peuvent étre identifiées dans les
phases de cuisson et de refroidissement respectivement. Autant dans la premicre phase
les gradients thermiques et de cuisson sont importants, dans la derniére, ’effet de la
transition vitreuse du matériau est primordial. Un profil de température du moule
optimisé a été appliqué dans le cas d’une plaque épaisse pour démontrer I’intérét d’une

telle optimisation. On peut conclure que Tutilisation d'un profil de
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chauffage/refroidissement optimal permet de réduire les contraintes internes, et donc les

défauts de fabrication, dans le moulage de piéces composites par injection sur renfort.

Les études thermiques, rhéologiques et mécaniques précédentes ont été développées au
cours de la cuisson de la résine dans le cas idéal d’uniformité de la température et du
degré de polymérisation partout dans la piece. L’expérience a révélé que I'histoire
thermique et rhéologique pendant la phase de remplissage de la cavité du moule a une
influence décisive sur P'uniformité du degré de polymérisation et des propriétés
mécaniques de la piece. Pour étudier ces variations, une modélisation numérique du
remplissage non isotherme et de la cuisson des piéces tridimensionnelles a éié
présentée. La premiére partie de ce travail numérique est consacrée au développement
d’une méthode d’extrapolation de maillage selon la stratification des couches de
renfort. Partant d’un maillage d’éléments finis bidimensionnels, un maillage 3D
stratifié est créé pour représenter la cavité du moule. La méthode d’extrapolation est
fondée sur la définition du laminé et la connaissance des directions transverses dans les
éléments. Des propriétés ou directions différentes peuvent étre définies dans chacun des
plis, et les conditions limites extrapolées sur les surfaces supérieure ou inférieure de la
piéce pour représenter les effets du moule. La méthode a démontré son efficacité et son

utilité dans la génération de divers types de maillages tridimensionnels.

Pendant le remplissage, les fibres sont progressivement saturées par la résine. La loi qui
gouverne I’imprégnation d’un milieu poreux est la loi de Darcy. Dans ce travail, une
formulation d’éléments finis qui résout le probléme de Darcy pour chaque pas de temps
a été utilisée pour évaluer 'avancement de la résine pendant la phase de remplissage.
Dans la fabrication des composites par injection sur renfort, les picces ont généralement
une épaisseur faible comparée aux autres dimensions. Par conséquent, le flux de résine
pendant le remplissage de la cavité du moule se produit principalement dans le plan de
la piece. Pour améliorer la rapidité et la qualit¢ du calcul du flux de résine pendant le

remplissage, un nouvel élément fini tridimensionnel discontinu a été développé. Cet
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élément de forme prismatique contient des fonctions de forme non conformes pour
assurer la conservation de la matiére dans le plan de la piéce. Diverses comparaisons
entre les simulations numériques, des solutions analytiques et des résultats
expérimentaux ont été présentées pour valider I'intérét d’utiliser ce nouvel élément fini.
Cet élément prismatique a ¢été comparé a un élément tétraédrique non conforme
actuellement utilisé dans le programme commercial Pam-RTM de la compagnie
ESI Group. Dans tous les cas testés, le nouvel élément fini a produit de meilleurs
résultats avec des temps de calcul trés inférieurs a ceux de D'ancien élément. Pour
démontrer la souplesse de cette méthode d’extrapolation de maillage et la génération
des éléments prismatiques stratifiés, une piece industriclle a été traitée dans le cas d’un

remplissage isotherme.

L’intérét de cette méthode d’extrapolation et du nouvel élément fini 3D concemne aussi
le calcul du remplissage non isotherme et les variations du degré de polymérisation a la
fin de I’injection de résine. Pour évaluer les flux thermiques dans la cavité du moule,
une approche mixte couplant éléments finis et différences finies a été proposée. Cette
approche consiste a calculer les variations de température par conduction et convection
dans le plan de la piéce avec la formulation des éléments finis, tandis que le flux de la
chaleur & travers D’épaisseur du composite est évalué par une approximation par
différences finies. La combinaison de la méthode d’extrapolation de maillage 3D en
couches paralléles avec cette formulation thermique hybride donne la possibilité de
définir différents niveaux de couplage entre I’écoulement et P'analyse thermique. La
méthodologie proposée dans ce travail permet a Pusager du code de définir, a partir du
méme maillage 2D initial, le niveau de complexité qui doit étre utilisé par le modele
numérique. Une série de comparaisons analytiques a eu pour objectif d’estimer les
erreurs de calcul de la formulation hybride et d’évaluer la performance numérique de
chacun des niveaux de couplage. On arrive a la conclusion que I’approximation mixte

donne de meilleurs résultats que les ¢léments finis tridimensionnels et ce pour des
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temps de calculs trés inférieurs. La performance numérique de la nouvelle approche a

¢été toujours supérieure 2 celle de la méthode des éléments finis pur.

Une piéce industrielle tridimensionnelle a été traitée pour démontrer les capacités
réelles des différents couplages proposés. La phase de remplissage non isotherme de Ia
piece avec transport du degré de polymérisation a été simulée suivie par la phase de
cuisson. De la comparaison des résultats avec I’ancienne approche, on en déduit que la
qualité des calculs a été améliorée en raison de P'utilisation des éléments prismatiques
et que le temps de calcul était devenu environ 4% du temps requis précédemment. Les
solutions obtenues avec des niveaux de couplage simples entre les formulations ont été
trés satisfaisantes, puisque le temps de calcul a été divisé par 500 par rapport au temps
de I’ancienne formulation par éléments finis tridimensionnels. Les études présentées
ont permis aussi d’identifier le niveau de non uniformité de la température et du degré
de polymérisation dans la piece qui affectera I’évolution des propriétés mécaniques et

entrainera la génération de contraintes résiduelles.

A la fin de la these, la recherche a porté sur le développement d’une méthode
d’optimisation de la mise en forme des pi¢ces composites. Il s’agit d’une optimisation
compléte des cycles de chauffage, cuisson et refroidissement dans la fabrication des
piéces composites par injection sur renfort. L’approche développée concerne la
minimisation du temps du cycle, ’amélioration des propriétés mécaniques et la
réduction des contraintes résiduelles dans le composite. La minimisation des gradients
thermiques et de cuisson a travers I’épaisseur a été formulée au moyen de sept sous-
fonctions objective. Ces fonctions sont fondées sur la compréhension des phénomeénes
de polymérisation et de génération des contraintes internes dans un composite laminé.
Les criteres étudiés, tel que le point apres gel (AGP), le degré final de polymérisation
ou la relation entre le retrait et les contraintes internes, ont €t¢é, dans cette étape du
travail, fondamentales pour la création des fonctions objectives relatives a la

minimisation désirée. La fonction objective finale a ¢été obtenue comme une
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combinaison linéaire des sous-fonctions. Un algorithme d’évolution fondé sur les
algorithmes génétiques, et appelé LeCoq (« Logical Evolutionary Curing Optimization
and Quenching »), a été développé pour minimiser la fonction objective a plusieurs
parametres. Pour évaluer la fonction objective a chaque itération de Palgorithme
génétique, I'analyse unidimensionnelle de la cuisson et des contraintes résiduelles a été
incluse a P'intérieur du code LeCoq. Pour augmenter la vitesse de convergence de
I’algorithme d’évolution, les sept sous-fonctions objective ont ét¢ définies sous la
forme de sigmoides unitaires. En raison du grand nombre d’itérations requises pour la
convergence des algorithmes génétiques, la vitesse de calcul du code thermomécanique
unidimensionnel a du étre optimisée. Pour une simulation de cuisson et refroidissement
d’une piece composite de 15 mm d’épaisseur, 10,000 cycles de cuisson ont été évalués
en 20 minutes (soit environ 0.12 secondes par simulation) avec un ordinateur IBM

IntelliStation Z-Pro munie un processeur Pentium 1V a 2.8 Gz.

La méthodologie développée par la suite a été utilisée pour optimiser le cycle de
cuisson de pieces composites minces. Méme dans le cas simple de la mise en forme
d’une telle piece, sans gradients de cuisson a travers !’épaisseur, un profil de
température du moule optimisé peut améliorer les propriétés mécaniques de la piece
tout en minimisant les contraintes résiduelles. Dans les composites minces, ces
contraintes sont directement reliées 4 une distorsion géométrique de la picce. Dong, la
minimisation des contraintes internes dans la pi¢ce indique une réduction de ces

instabilités géométriques.

L’étude finale a été orientée vers 'optimisation numérique du cycle de cuisson de
piéces composites épaisses. La cuisson d’un composite verre/polyester de 15 mm
d’épaisseur a été optimisée avec |’algorithme LeCoq. Les modéles thermochimique
glastique et viscoélastique développés dans ce travail pour une résine polyester
insaturée, ont été utilisés pour comparer les résultats d’optimisation. Les résultats ont

démontré que la minimisation des gradients de cuisson n’est pas suffisante pour assurer
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Pabsence de contraintes résiduelles. L’évolution des contraintes internes doit
nécessairement étre incluse dans [optimisation pour obtenir une minimisation
appropriée des contraintes et des défauts possibles dans la piéce. On a constaté que le
modéle thermoélastique simple donne suffisamment d’informations pour I’optimisation
du procédé. Donc, une caractérisation simple du comportement élastique
relaxé/nonrelaxé du matériau peut étre utilisée pour optimiser les cycles de cuisson et
refroidissement dans les procédés d’injection sur renfort. Le profil de température du

moule optimisé a ét¢ similaire pour les deux modéles utilisés.

Cette derniére étude met en valeur tous les travaux réalisés dans le cadre de cette thése.
La caractérisation des matériaux est nécessaire pour la compréhension des phénomenes
reliés a la réaction de polymérisation de la résine et pour la validation expérimentale
des simulations. La modélisation numérique des transferts thermiques, de la réaction de
polymérisation et des contraintes internes est fondamentale pour évaluer les effets des
paramétres de moulage (tel que la température) sur la mise en forme d’une piece
composite. Toutes les connaissances acquises dans le domaine du comportement du
matériau ont permis de formuler les fonctions objectifs qui définissent les critéres
d’optimisation. Finalement, [Dutilisation d’un algorithme d’évolution pour Ia
minimisation de la fonction objectif a permis d’appliquer la méthode d’optimisation en

fonction d’un grand nombre de parametres de design.

8.2 Perspectives

Le travail présenté dans cette thése constitue le début d’une méthodologie originale sur
la caractérisation, d’une modélisation numérique et ’optimisation des cycles de cuisson
et de refroidissement de piéces composites fabriqués par injection sur renfort
(LCM). Les trois domaines mentionnés, sont des champs de recherche encore fertiles.

La caractérisation des propriétés viscoélastiques peut étre étendue en ajoutant aux
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modeles proposés les effets du taux de cisaillement. Pour des analyses plus fines, le
modele linéaire de retrait de la résine peut étre amélioré, quoique ceci implique la

fabrication d'un moule spécial.

Bien que la théorie classique de laminés utilisée dans cette recherche donne une bonne
idée du niveau des contraintes internes, cette analyse est limitée pour I'instant a une
dimension d’espace & travers I’épaisseur du composite. De plus, les contraintes
transverses (dans la direction de I’épaisseur du laminé) ne sont pas prises en compte
dans cette approche. Dans ’analyse unidimensionnelle, il est recommandé d’étendre la
théorie classique des laminés pour considérer les contraintes transverses. Aussi, un
modéle tridimensionnel des contraintes servira a observer les déformations mécaniques
dans la piece due a la non uniformité du degré de polymérisation a la fin du
remplissage. Les conséquences sur la géométrie de la picce d’un profil de température

du moule optimisé peuvent étre aussi calculés par un tel modele.

Maintenant que les temps de calcul des simulations de remplissage non isotherme ont
été fortement diminués grace & la formulation hybride présentée, et que un algorithme
d’évolution a déja été¢ implémenté, il est opportun d’étudier I’optimisation du cycle de
remplissage. Diverses optimisations ont ¢été rapportées dans la littérature pour cette
phase du procédé, dont I’objectif principal était de minimiser le temps d’injection de la
résine. Une optimisation de grand intérét concerne la réduction des gradients
thermiques et de cuisson dans le plan de la piéce pour minimiser les variations
géométriques dues a la non uniformité du degré de polymérisation a la fin du
remplissage de la cavité¢ du moule. Une optimisation simplifiée est possible a partir de
la modélisation numérique du remplissage non isotherme en une dimension.
Inévitablement, I"optimisation thermique du remplissage aura une influence sur la
phase de cuisson de la résine. Une optimisation globale du procédé peut étre envisagée

pour réduire les effets couplés de I"optimisation de ces deux phases. Le graphique
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suivant dorne une vision schématique de la démarche d’optimisation gui peut étre
p

développée a partir de cette these.
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Figure 8.1. Couplage possible des optimisations unidimensionnelles

Comme cette approche utilise deux simulations numériques unidimensionnelles pour

obtenir les profils de température optimaux, des variations importantes peuvent

apparaitre dans la piéce tridimensionnelle. Une maniére de tenir compte de ces

variations est de choisir le point de la piece le plus représentatif pour créer les modeles

ID. De cette fagon, un cycle complet d’optimisation tridimensionnelle peut étre

développé si une boucle est effectuée pour chercher le point le plus représentatif dans le

maillage tridimensionnel. Des itérations entre les optimisations unidimensionnelles et la

sélection du nouveau point représentatif seront suffisantes pour converger vers un

optimum. Le graphique suivant schématise le diagramme possible d’une optimisation

compléte des procédés d’injection sur renfort.
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Figure 8.2. Algorithme d’optimisation globale des procédés d’injection sur renfort.
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8.3 Importance des travaux pour Pindustrie canadienne

La qualité et la reproductibilit¢ des piéces composites exigées par les différentes
normes de fabrication demandent de plus en plus aux compagnies, de maitriser des
technologies de fabrication avancé. Le RTM a moule rigide commence a étre utilis¢ au
Canada dans le domaine aérospatial (Bombardier, Bell Hélicoptére, Composites
Atlantic) et automobile (SLP Automotive, Locus Speech, etc.). Les nouvelles variantes
légéres du RTM sont déja employées par nombreuses petits et moyennes entreprises
canadiennes comme Fibres Design, Fibre CNC ou Vézina Composites entre autres.
Autant que les technologies de fabrication avancent, les demandes sur les modéles
numériques de simulation sont aussi croissantes. Divers entreprises multinationales
comme General Motors, Ford, Honda, Toyota et plusieurs autres, intéressées par la
conception de nouveaux véhicules de transport routier (voitures, camions) se sont
récemment lancées dans le développement d’un réseau scientifique au Canada. Ce
réseau, appelé Auto 21 pour I'automobile du 21™ sidcle s’intéresse particuliérement
aux applications industrielles des méthodes de simulation numérique afin de disposer
dans un futur proche des outils indispensables pour réduire les colits de fabrication. Les
développements réalisés dans le cadre de cette thése ont un impact direct au niveau de
la simulation et de I’optimisation numérique des procédés LCM. Ce projet est donc
important afin de répondre & court terme a ces besoins, et de faciliter de facon indirecte

le transfert de connaissances scientifiques dans le domaine de la fabrication des

composites par injection vers I'industrie locale.

8.4 Matériaux utilisés

Cette thése a porté sur I’étude et optimisation du moulage des pieces composites a

matrice thermodurcissable. Les propriétés thermomécaniques et la cinétique de

polymérisation de la résine ont été caractérisées et modélisées selon la méthodologie
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décrite dans ['article du chapitre 2. Cette partie présente les matériaux utilisés dans le

cadre de cette étude.

8.4.1 Résine

La matrice a été choisie afin d’étudier les résines les plus couramment utilisées par
’industrie dans notre domaine d’intérét (principalement le transport). Une résine
polyester insaturée orthophtalique de faible viscosité a ét¢ finalement choisie. La résine
T-580-63 est fabriquée par la compagnie AOC Canada Inc. (au prix de 18% CAD par
Kg). Cette résine posséde une viscosité de 181 cPo a température ambiante, ce qui est
idéal pour la production de piéces par le procédé RTM a haute température afin de
réduire la viscosité et accélérer le remplissage des moules. L’ inhibiteur inclus dans la
résine possede une vie moyenne de six mois avant sa décomposition, afin de permettre
le stockage du produit. Le catalyseur utilisé est le Norox Pulcat A, fabriqué par Norac,
un peroxyde organique ¢ base de Méthyl Isobutyle Cétone Peroxyde (MIBKP). Ce
catalyseur 4 basse réactivité possede une demi-vie de 10 heures & 70 °C. 1I est
principalement congu pour la production des piéces a haute température (car il permet
de démarrer la réaction en chaine a partir de 75 °C). Un pourcentage de 1.5% en poids
de Norox Pulcat A a été fixé pour la formulation de la résine. Les fiches techniques de

ces matériaux sont données a 'annexe IV,

8.4.2 Renforts

Pour la fabrication des plaques composites, deux renforts fibreux ont été sélectionnés.
Le premier est I’Unifilo U101 de la compagnie Vetrotex, un mat en fibres de verre
continues de type E de structure aléatoire avec une densité surfacique de 600 grammes
par metre carré. Il est communément utilisé dans la fabrication de panneaux sandwichs
pour véhicules ou comme renfort de peau. 1l permet une trés bonne imprégnation des

fibres, qui donne un bon niveau de transparence des picces fabriquées. La fiche
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technique de ce matériau peut étre trouvée a 'annexe 1V. Le deuxieéme renfort choisi
dans ce travail est le NCS-82620-A, de la compagnie J.B. Martin, un renfort
bidirectionnel en fibres de verre de type E. Les fibres non tissées sont cousues par un fil

de poly¢thyléne. Le renfort posséde une densité superficielle de 300 grint’.

8.5 Instruments de caractérisation

Pour caractériser la cinétique de polymérisation d’une résine thermodurcissable, une
mesure calorimétrique peut étre réalisée. Les variations du flux de chaleur d’un
échantillon pendant la réaction peuvent étre reliées au nombre des chaines de polymeére
créées. Pour réaliser ces essais, un calorimetre différentiel DSC (« Dynamic Scanning
Calorimeter ») est essentiel. Le modele DSC 910 de la compagnie DuPont a été utilisé

(voir figure ci-dessous).

Figure 8.3. Calorimétre DSC 910 et ordinateur de traitement des données.
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Cet instrument travaille dans une gamme de température entre -170 °C et 725 °C, avec
des échantillons entre 0.5 mgr et 200 mgr. Pour controler Penvironnent de la chambre
d’essai, I'appareil est connecté & une bouteille de gaz neutre (azote) pour permettre
I’évacuation des gaz qui pourraient éventuellement s’échapper de I’échantillon. Le

refroidissement est contr6lé par injection d’air pressurisé autour de la chambre d’essai.

La caractérisation des propriétés viscoélastiques a ¢été réalisée avec une DTMA
(Dynamic Mechanical Thermal Analyzer). L instrument DMTA 2980 de la compagnie
TA Instrument a été utilisé. Cet appareil (voir image dessous) contient une chambre
fermée pour assurer ’isolation de I’échantillon dans un environnement contr6lé (I’azote
peut €tre utilis€¢). Un contrdle de température permet de chauffer les échantillons

jusqu’a 600 °C a une vitesse de 20 °C /min.

(a) (b
Figure 8.4. Instrument d’essais mécaniques dynamiques: a) DMTA 2980 de TA

Instrument, b) montage typique d’un échantillon en flexion double cantilever.
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Diverses méthodes de mesure sont possibles avec cet appareil, comme la compaction,
traction, flexion en trois points, flexion de barres fixées, etc. Dans cette étude, le
montage de flexion en trois points a &té utilisé pour des échantillons de 50 mm de
longueur, 15 mm de largeur et 3 mm d’épaisseur. L’instrument est capable de varier la

fréquence d’excitation de 0.01 Hz a 200 Hz pour une force maximale de 18 Newtons.

La caractérisation thermomécanique des matériaux utilisés dans cette thése a &t
effectuée a I'aide d’une machine TMA 2940 de la compagnie TA Instrument (voir la
figure suivante). Cet instrument mesure les changements dimensionnels dans
I’échantillon en fonction de la température ou du temps. Il permet la détermination
précise des variations de longueur, d’épaisseur ou de volume d’un matériau. Les

coefficients d’expansion thermique des composites ont ét€ mesurés avec cet instrument.

(b
Figure 8.5. Instrument d’essais thermomécaniques : a) TMA 2940 de TA Instrument, b)

montage d’expansion thermique.

L’appareil est constitué d’une chambre fermée de similaires caractéristiques a la
DMTA. L azote est utilisé pour contrdler "environnent de la chambre et I’air pressurisé
utilisé pour la refroidir. La fixation employée dans ce travail est un montage
d’expansion thermique qui nous a permis de mesurer les variations d’épaisseur

d’échantillons de 5 mm de diametre et 3 mm d’épaisseur.



367

8.6 Statistiques du travail

Les recherches entreprises dans le cadre de cette thése avaient une durée
d’approximativement quatre ans, considérant un passage direct de la maitrise au
doctorat au début de I’année 2001. Un échéancier des développements réalisés pendant
cette période est présenté a la figure 8.6. Une division de ces travaux devient pertinente
pour mieux exprimer les statistiques du projet. On pourra donc regrouper les tiches
comme suit: le travail numérique pour le volet simulation, et le travail expérimental
pour le volet validation. Par la suite, les statistiques seront données pour chacun des

volets.

Pour les travaux numériques, un ordinateur de haute performance est requis en raison
du temps de compilation et d’exécution des codes d’éléments finis complexes. Dans
I’étape de simulation d’une pic¢ce réelle. la minimisation du temps de calcul devient
aussi importante afin d’étre capable de tester le code d’optimisation dans un délai
acceptable. Pendant les quatre années du projet, trois ordinateurs ont ¢t€

progressivement utilisés. 1ls sont listés ci-dessous :

® PC IBM compatible. Processeur Intel Pentium I & 500 MHz.
® IBM IntelliStation M-Pro. Biprocesseur Intel Pentium 11l 2 1.0 GHz.
e IBM IntelliStation Z-Pro. Biprocesseur Intel Pentium IV 4 2.8 GHz.

Tous les codes présentés ont ¢été développés dans le langage C++, et le compilateur
utilisé a été Visual C++ v5.0 et v6.0 de la compagnie Microsoft. Le tableau de la figure
8.7 donne des statistiques sur les codes développés. Douze programmes ont été produits
pour I’analyse des données provenant des instruments de caractérisation, la génération
des modéles mathématiques, la simulation et "optimisation numérique. De ’addition

de ces douze programmes, un total de 27800 lignes de code ont été écrites pendant les
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quatre ans de ce travail. Trois librairies générées en code C++ sont reliées & ces
programmes. La librairie de krigeage appelé LibKrig est un utilitaire d’accés publique
généralement utilisé dans le cours MEC 6310 Krigeage en CAO et FAO, donné par le
professeur F. Trochu & I’Ecole Polytechnique de Montréal. La librairie de algorithmes
génétiques implémentée dans les codes d’optimisation et de génération des modéles,
appartenant au domaine publique GALib écrite par Matthew Wall au MIT
(Massachusetts Institute of Technology). Finalement, la librairie Proflot d’ESI-Group a
été utilisée pour les calculs des flux de fluide et de chaleur dans les calculs par éléments

finis.

Dans le volet validation expérimental, la résine et les fibres sont requises pour la
fabrication des plaques. La résine T-580-63 de la compagnie AOC Canada a été
commandée en conteneurs de 5 gallons (20 Kg) au prix de 183 CAD par Kg. Le
catalyseur Norox Pulcat A et PPagent démoulant étaient déja disponibles dans le
laboratoire du CRASP (des faibles quantités ont été utilisées). Les deux renforts de
verre utilisé étaient aussi disponibles au CRASP. Des quantités de moins de 5 meétres

carrés de chacun des matériaux ont été requis.

Pendant la recherche, des anciennes théses, des rapports internes et des publications ont
été indispensables pour amener des conclusions valables dans divers sujets. Dans les
quatre ans d’investigation, un total de 690 (£20) articles scientifiques ont été collectés
et classifiés par sujet. Les revues de la bibliothéque de I'école et ses ressources
¢lectroniques ont été fondamentales pour la recherche, acquisition et organisation de

ces documents.
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CONCLUSION

Cette thése a demontré ['utilit¢ des modeles appropriés des propriétés
thermomécaniques et des méthodes numériques appliquées a la simulation et a
Poptimisation de la mise en forme des matériaux composites & matrice
thermodurcissable. Des modéles semi-empiriques ont été développés pour caractériser
la cinétique de polymérisation et le comportement viscoélastique d’un composite
verre/polyester. Afin de caractériser les propriétés de la résine et du composite, des
mesures calorimétriques avec un appareil de calorimétriec différentielle DSC
(« Differential Scanning Calorimeter ») et des mesures thermomécaniques avec
appareils DMTA (« Dynamical Mechanical Thermnal Analyzer ») et TMA (« Thermo-
Mechanical Analyzer ») ont été réalisées. Un code de calcul de la cuisson et de la
déformation des plaques composites a été développé et validé expérimentalement. En
fin, une ¢tude préliminaire sur les évolutions des contraintes internes pendant la
polymérisation de la résine et le refroidissement de pieces composites €paisses a €té
présentée et la possibilité d’optimiser la cuisson au moyen de I'analyse numérique

démontrée travers divers exemples.

Pour améliorer la rapidité et la qualité du calcul du flux de résine pendant le
remplissage des pieces tridimensionnelles, une méthode d’extrapolation de maillage et
un nouvel élément fini discontinu ont ¢été développés. Pour évaluer les flux thermiques
dans la cavité du moule, une approche originale couplant éléments finis et différences
finies a également été proposée. Au niveau du remplissage non isotherme, on a pu
constater que la performance de cette nouvelle approche mixte a été toujours supérieure

a celle de la méthode des €léments finis tridimensionels. L.a comparaison des résultats
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obtenus avec le nouvel élément fini montre que la qualité des calculs est améliorée et

que la durée du calcul devient environ 4% du temps requis par la version précédente.

Pour terminer, un code de calcul fondé sur les algorithmes génétiques a été développé
pour optimiser le cycle de cuisson des piéces composites fabriquées par injection sur
renfort. Une étude de la cuisson des pieces minces a démontré I'importance de
’optimisation multicritéres proposée par rapport & la minimisation des gradients
thermiques qui est couramment utilisée. Les analyses d’optimisation ont mis en valeur
Pensemble des travaux réalisés dans le cadre de cette thése : la caractérisation des
matériaux qui est indispensable pour comprendre les phénomeénes reliés a la
polymérisation de la résine, la modélisation numérique de la cuisson et des contraintes
résiduelles, qui est fondamentale pour évaluer les effets des paramétres de moulage sur
la mise en forme des pi¢ces. En fin, toutes les connaissances acquises dans la
simulation et validation expérimentale ont permis de formuler les critéres

d’optimisation utilisés dans cette étude.

Les travaux futurs qui découlent naturalement de cette thése portent essentiellement
sur I’optimisation du procédé : optimisation de la position des points d’injection et des
évents, optimisation de la pression ou du débit d’injection, minimisation du temps de

remplissage et optimisation des contraintes résiduelles dans toute la picce.
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ANNEXE I
CODES C++

Cette annexe présente, les codes développés pour la solution analytique des exemples
décrits dans ce travail. Les codes sont écrites en langage C++ et compilés en Microsoft

VisualC++ v6.0.



One dimensional diffusion problem

/*

Analytical solution of transient heat conduction equation

Program by Edu Ruiz - July 2001
Copyright Ecole Polytechnique de Montreal
All rights reserved.

T TO,0)+2/L-T(0,H) sum{n=1,inf; exp(-Ld"2*t*sin(Ld*x)/Ld) )

where:

L= length og the domine (=1)

T(0,ty= thermal boundary condition (=1)
Ld= (2*n-1)*pi/(2*L)

n= sum number

x= any position in the length

the better comparison is to fix a position x and calculate T(x,t)

#include <stdio.h>

#include <math.h>

int main(} {

/* first solution:
- fix a position x and calculate T(x,t)
- boundary condition T(0,t)=1
-1L=4
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*/
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-x=0.5

*/

float L=4;

float x=4;

int n=500;

double pi= 3.1415926535897932384626433832795;
floatT 0 t=1;

int time_steps=120;

// loop in time
for (int i=0; i<=time_steps; i++)
{

double time=i/4;

double suma=0;

//loop inn
for (int j=1; j<=n; j++)
{
double Ld= (2*j-1y*pi/2/L;
suma += exp(-pow(Ld,2)*time)*sin{Ld*x)/Ld;

double T x t=T 0 t+2/L*(-T_0 t)*suma;

{ // save datas
printf(" step : %4d, time : %6.0f, T(x,1) : %68.40n",1, time, T _x_t);

FILE *fp=NULL;
if(i==0)
{
fp = fopen("otput.sal”, "wt");
} else {
fp = fopen("otput.sal”, "at™);
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3
if (fp)
{
if(i==0)
{
fprintf{fp,” Analytical solution of transient heat
conduction equation\n");
fprintf(fp,"\n");
fprintf{fp," Program by Edu Ruiz - 08-2001\n");
fprintf(fp,"\n"),
fprintf{(fp,” values are: iteration id, time ,
temperature \n");
fprintf{({p,"\n");
3
fprintf(fp,"” %4d %6.2f %8.4fn" i, time, T x t);
felose(fp);
}

}
} // end of time loop

4//"end first solution

/* second solution:
- fix a position x and calculate T(x,t)
- boundary condition T(0,t)=1
-1L=4

*/

float L=4;

float x=0;

int n=500;

double pi=3.1415926535897932384626433832795;
float T 0 =1;
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int time_steps=60;

// loop in time
for (int i=0; i<=time_steps; i++)
{

double time=(tloat)i/2;

// loop in thickness
for (int k=0; k<=8; k++)
{

x=k*L/8;

double suma=0;

// toop inn
for (int j=1; j<=n; j++)
{
double Ld= (2*j-1)*pi/2/L;
suma += exp(-pow{Ld,2Y*time)*sin{Ld*x)/Ld;
}
double T x t=T 0 t+2/L*(-T_0 t)*suma;

{ // save datas

FILE *fp = NULL;
if((i==0) & (k==0))

{

p = fopen("otput2.sal”, "wt");
} else {

fp = fopen("otput2.sal”, "at");
H
if (fp)
{

if((i==0) & (k==0))



conduction equation\n");

temperatures in thickness \n");

¥// loop in thickness
printf(" step : %4d, time:
} // end of time loop

}

return 1; };
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{

fprimif(fp," Analytical solution of transient heat

fprintf{fp,"\n");

fprintf(fp,” Program 'by Hdu Ruiz - 08-2001\n");

fprintf{fp,"\n");

fprintf(fp,” values are: iteration id, time ,

fprintf(fp,"\n");

/I save x position

fprintf(fp,"™\n X positions:");
for (int kk=0; kk<=8; kk++)
{
float xx= kk*1/8;
fprintf{fp,”  %06.4f ", xx );
b

H
if (k==0) {

fprintf{(fp,"\n %4d %6.3f".1, time };
}
forintf(fp," %8.4f", T x t);
fclose(fp);

%6.2f\n" i, time);
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Two dimensional diffusion problem on a rectangle

/*

Analytical solution of transient heat conduction equation

For a bidimensional space, a rectangle of X=Y=1 is considered here

Program by Edu Ruiz - 10-2003
Copyright Ecole Polytechnique de Montreal
All rights reserved.

The analytical solution for 2D is the combination of the 1D solutions

{T-Tbe)/(To-Tbe)=(Tx-Tbe)/(To-Tbe)*(Ty-The)/(To-The)

where Tx and Ty are the 1D solutions
To is the initial temperature To=0

Tbe is the boundary condition temperature Tbe=1 for two sides of the rectangle

for 1-D solution it is:

T0= TO,0+2/L*(-T(0,t)* sum{n=1,inf; exp(-Ld"2*t*sin(Ld*x)/Ld) )

where:

L= length og the domine (=1)

T(0,t)= thermal boundary condition (=1}
Ld= (2*n-1)*pi/(2*L)

n= sum number

x= any position in the length

the better comparison is to fix a position x and calculate T(x,t)




#include <stdio.b>

#include <math.h>

int main() {

/¥ solution:

*/

- fix a position x,y and calculate T(x,y,t}
- boundary condition T(0,t)=1
-L=W=]

- X=y= 1

float L=1;

float x=1.;

int n=1000;

double pi=3.1415926535897932384626433832795;
float T 0 t=1.;

float time _tot=2.;

int time_steps= 1000;

// loop in time

for (int i=0; i<=time_steps; i++)

{

double time=time_tot*i/time_steps;

double suma=0,

// Toop-in n
for (int j=1; j<=n; j++)
{
double Ld= (2.%j-1.)%pi/2./L;
suma += exp(-pow(Ld,2)y*time)*sin(Ld*x)/Ld;
}
double T x =T 0 t+2/L*%-T_0 t)*suma;
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{ // save datas

printfl” step : %4d, time : %6.0f, TOt) : %8.40n" i, time, T_x_t);
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FILE *fp = NULL;

if(i==0)

§
L3

fp = fopen("otput.sal”, "wt"};

}else {
p = fopen("otput.sal”, "at");
)
if (fp)
{
if(i==0)
{

conduction equation in a rectangle\n™);

temperature \n");

YT x 1)1+

}

} // end of time loop

return 1;

b

}

fprintf{(fp,” Analytical solution of transient heat

fprintf(fp,"\n");
fprintf(fp,"” Program by Edu Ruiz - 10-2003\n");
fprintf(fp,\n");

fprintf(fp,” values are: iteration id, time ,

fprintf{fp,"\n");

fprinti{(fp,” %4d %12e %I12ewn",i, time, -((T_x_t-1.)/-

fclose(fp);
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Three dimensional diffusion problem on a cube

Analytical solution of transient heat conduction equation
Program by Edu Ruiz - July 2001

Copyright Ecole Polytechnique de Montreal

All rights reserved.

Heat diffusion on a cube T(x,y,z)

T(x,y,z)= equation on Annex D of E. Bohr (2000)

#include <stdio.h>
#include <stdlib.h>

#include <math.h>

const double pi= 3.14159265358979323846;

void main(void) {

int 1.,j,k,0,m,N;
double x,y,z,s0l[5][5}{21],L,W H;

N=80;
=1
W=1.;
H=1.;

x=y=z=0.;



for (i=0; i<4; i++)

{
x= L*{(i+1)/6.);

for (3=0; j<4; i++)

{
y=W*(({+1)/6.);

for (k=0; k<21; k++)

{

7= H¥(k/20.);
sol[iJ[i1Ik]= 0.0;
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for (n=0; n<=N; n++)

{

for (m=0; m<=N; m++)

{

(2*m+1)*2*m+1)/W/W ),

(2*n+1)*(2*m+1)*sinhl(pi*H*c) );

double a= sinl((2¥*n+1)*pi*x/L);
double b= sinl((2*m+1)*pi*y/W);
double c¢= sqrt( (2FnrD*(2%a+1YL/AL +

16./pi/pi*a*b*sinhl{pi*z*cy/(

fi

solfilfj]k} +
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H#*=72.;

// print out
FILE *out= fopen("cube.sal","w");

fprintf{out,"Heat diffusion on a cube T(x,y,z)= equation on Annex D of E. Bohr (2000)\n\n\n");
fprintf{out,"For Y=W/2 :\n"});

fprintflout,” Z X1 X2 X3w");

fprintf{out,"%f, %f, %f, %fin\n",0.,L*(1./6.),L*(2./6.),L*(3./6.));

for (k=0; k<21; k++)

{
7= H*(k/20.);
fprintf{out,"%12.5E %12.5E %12.5E %I12.5E\n",
zsol[0][2][k],sol[1][2]{k],sol[2}{2]{KD);
¥

fprintf{out,"\n\n\nFor X=1/2 \n");
fprintflout,” Z Y1 Y2 Y3 Y4n")
fprintf{out,"%f, %f, %f, %f\n\n",0.,W*(1./6.),W*(2./6.), W*(3./6.));

for (k=0; k<21; k++)

{
z=H*(k/20.);
fprintf{out,"%12.5E %12.5E %12.5E %12.5E\n",
z,s0l{2}{01(k].sol[2][ 1 ]{k],sol[2][2]{kD);
}
fclose(out);



393

ANNEXE II
ALGORITHME UNDIMENSIONNEL DE CONTRAINTES
RESIDUELLES

Cette annexe présente l'organigramme de [algorithme de calcul de contraintes
résiduelles unidimensionnelles pendant la cuisson et refroidissement du composite.
L organigramme correspond aux codes de différences finies de Crank-Nicolson et

contraintes du composite par la théorie classique des laminés.
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ANNEXE III
COURBES DE CARACTERISATION DE LA CINETIQUE DE
CUISSON

Dans cette annexe pourront étre trouvés les courbes détaillées de la caractérisation
cinétique de la résine, les résultats de la méthode d’isoconversion de temps/température

et les comparaisons apres la modélisation.
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Figure A-II1.2. Dynamic resin reactions at different heating rates after treatment of

DSC data.
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Figure A-IIL.3. Dynamic resin reactions at different heating rates as a function of DSC

temperature.
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Figure A-111.4. Extraction of reaction rates at peak and times to peak from dynamic

measurements.
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Figure A-IIL5. Extraction of maximum degree of cure after isoconversion and

induction tinres for isothermal cures.
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Figure A-111.6. Dynamic curing profiles after DSC data treatment, also RUIZ kinetic

modeling is compared.
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ANNEXE IV

DIAPOSITIVES DE LA PRESENTATION DE SOUTENANCE
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ECOLE

£ R

MOMTREAL Plan

Introduction

2. Objectifs

3. Caractérisation des matériaux

4. Analyse unidimensionnelie de la cuisson
5. Simulation du remplissage non isotherme
;. Optimisation de la cuisson

7. Conclusions

W Centre de Appliquée sur les Polymé
¥ Edu Ruiz

©  Introduction — Matériaux composites
USA TODAY - 02/06/2002

Man's evoiution has been tied to his progress in materials. Yesterday it was the Stone;
Bronze and Iron Ages. Today it is the Age of Composites. However, even in these earlier
ages man experimented with and learmed to use composite materials. ...

Fibers

Composite (ASTM) : A multiphase materia! formed from a combination of materials which
differ in" composition or form, remain bonded together, and retain their
identities and properties. The combination resuits in a-material that maximizes “
specific performance properties. ___Matrix

Aujourd’hui, les composites synthétiques les plus communs peuvent étre divisés dans trois groupes principaux:

Metal Matrix Composites Ceramic Matrix Composites Potymer Matrix Composites

- \§ \\\\\;@ .

Reinforced plastics demand in US is projected to grow 2.5% annually for 2007, while for
Composites thermodurcissables? thermosetiting composites, a growth of 7% per year is expected, mainly in the transport
and construction industries (New Materials International 2000)

Cm Ceritre de Recherchs Appliquée sur les Polyménes
A Edu Rufz
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Introduction aux procédés d’injection sur renfort

Liguid Composite Molding (LCM): RTM, VARTM, VARI, SCRIMP, etc.

PO

208 Gans

est ferme et serré.

e
[
]
]
&
&

« Lapidce est demoulés,

SN

CYNEP Coir dc Rechershe Applguse s jos Polyrires
Al Edu Rufz

MONTREAL Plan

K

W Centre de Recherche Appiquée sur Jes Polyméres
¥ Edy Ruiz
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Objectif global

MONTREAL

Ee. B 0o 1 1 PR

”y5fé~' :
o Ry

}Olpktimiéat’ion thermi”i-due du pmcédé

GNP Contr de Rechircha Appiguée sur los Polyméres
Y Edu Ruiz

POLTECHMOUE Objectifs spécifiques de cette thése
Polymérisation

1) Caractérisation thermique et mécanique des matériaux. Module élastique

™ Dilatation et retrait
<l
2) Modélisation unidimensionnelle de la cuisson et des contraintes o
résiduelles a travers 'épaisseur. [ammnsE

I

3) Simufation numérique d'un écoulement siratifié dans une piéce
composite.

4) Optimisation thermigue du cycle de cuisson et refroidissement a
travers I'épaisseur.

Nécessité d’étudier les phénoménes thermiques 2
travers P'épaisseur du composite afin d’optimiser le cycle
de fabrication et les propriétés mécaniques des piéces

Cm Centre de Recherche Appliquée sur les Polyméres
v Edu Ruiz
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. . - . 8
roLrTocnE Organisation de la thése s £

T 85 %% &,

= gL 88 ®3

. . opr ° 2 Be L

Sept articles scientifigues T 58 2£ € g
5 o2 EE %3

O Z8 »® OE

1. State of the art review of numerical simulation in LCM processes. Recent Research
Developments in Material Sci. & Eng., soumis Déc. 2003

2. Thermo-mechanical properties during cure of glass/polyester RTM composites. J. of
Composite Materials, scumis Nov. 2003

3. Internal stresses and warpage of thin composite parts manufactured by RTM.
Advanced Composites Lefters, accepté Sept 2003

4. Numerical analysis of cure temperature and internal stresses in thin and thick RTM
parts. Composites Part A, soumis Déc. 2003

5. Coupled non-conforming finite element and finite difference approximation based on
laminate extrapolation to simulate liquid composite molding processes Part I
isothermal flow. Int. J. for Numerical Methods in Eng., soumis Nov. 2003

8. Coupled non-conforming finite element and finite difference approximation based on
laminate extrapolation to simulate liguid composite molding processes Part I:
non-isothermal-flow. Int. J. for Numerical Methods in Eng., soumis Nov. 2003

7. Comprehensive thermal optimization of liquid composite. molding to reduce cycle
time and processing stresses. Polymer Composites, soumis Déc. 2003

CW? Centre de \epiiguée sur les Poly
¥ Edu Ruiz ArticlefChapitie X, ..

MONTREAL Plan

m? Centre de Recherche Appliquée sur Jes Polyméres N . L o
Al Edu Ruiz Article/Chapitre 2, Caractérisafion des matériaux
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Cinetique de cuisson Moduie élastique Dilatation / retrait
do/dt => dH/dt - E' =f(T,ote) dV/dt f(T,0,1) => CTE, retrait

CUN Coritro de pliguée surlos Poly
Edu Ruiz

Mécanisme de polymeérisation

Résine Polyester = Monomeére polyester + Monomeére styréne + Peroxyde
( agent de croissement) = (initiateur )

Réaction exothermique

C=¢C
- AH
c-C

Catorimeire différentiel
DSC

\\i\\\\\\‘\

W Centre de iquée sur fes Poly i o . i L
Y Edu Ruiz Article/Chapitre 2, Caractérisation des matériaux : cinétique de polymeérisation
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) >

MONTREAL Modéle de la cinétique de cuisson

da :
Nouvelle modéle cinétique *;i;‘ =K (f) Ky (‘Z)' K (T, a)' Ky (]d)
1.0 — S
0.9 DSC Measures /
08 - AQC Polyester Resin
» 07 5 °Cimin
?n 7 °Cimin
2 061 o 10 °C/min
H 1 5 12 %Chmin
3 059 s 17 *Clmin
£ % 20 °Cimin
g 0 o 25°Cimin
2 o
£ ozd 35 °C/min
—~model
02
0.1]
0.0 4 i
1 100
curing time  [min]
Centre de Recherche 'Appquuee sur s Pni)/:;wras

CW? Edy Ruiz Article/Chapitre 2, Caractérisation des matériaux : cinélique de polymérisation

« ECOLE »

montréar Caractérisation des propriétés mécaniques

Module élastique du composite=E’ ({ T, a, ...}

Deux modeéles proposés:

1.- Modéle relaxé/nonrelaxé E( T, a, Tg)

simple (sans intégration temporelie)

2.- Modéle viscoélastique E(f, T, a)

complexe (requiert intégration temporelle)

W Centre de sur fes s A
Y Edu Ruiz Articie/Chapitre 2, Caractérisation des matériaux : propriéiés mécaniques




Modeéle relaxé/non relaxé E(T,a,Tg)
ﬂ Force,
& i, doplacemen) ©DMTA 2980 TR VStNS
Ssr\n;ﬂlseions @—7\\f\‘;\\\\\\\\&\\5§\\\;§§§\>\§\\\&w¥§
S5 50 mm

4000
& E=f(T)
a=1.0

3500

3000
fitling curve

2000

1500

Elastic modulus  [MPa]

1000 DMTA measures fully cured
T580-63 resin sample

500

10 30 50 70 90 110 130 150 170 180 210

Temeprature {[°C}

C?/\SP Centre de Recherche Appliqués sur fes Polymérss . . L . o
A Edu Ruiz Article/Chapitre 2, Caractérisation des matériaux : modéle thermo-élasfique

Modéle relaxé/non'rélé‘)ié E(NT,a, Tg)

E ~E(T) =FAa)-W.(T,)

Vérification du modéle —_— =
EAT)~E, (1)

4
cured 100%
3.5 cured 93%
= cured 88%
3 / /~ cured 67%
] - cured 55%
'_.2.5 / ~ cured 45%
&
a. — proposed madel
e 2
i
1.5 4
1]
0.5
s} g i i i T 7 7 T T
20 40 60 80 100 120 140 160

Temperature [°C}

C‘N‘P Centre de Rechaiche Appliqués sur les Polymires } . o . . L
A Edu Rufz Article/Chapitre 2, Caraciérisation des matériaux : madéle thermo-élastique
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Chemical shrinkage { %}

407

Modéle relaxé/non relaxé E(T,a,Tg)

Evolution des propriétés mécaniques pendant la polymérisation
Mesures de DSC vs. DMTA

AGP Point 16
a=04 1
" , 14 .
E’ £ 200 £(a=1) + E' measure #1
« E' measure#2
1.2 4 - Logarithmic model F®
&
w 1
¥
=~
0.8
056 - - .
1 Log{£"y/ Logla)y= Cre.
or
AL
0 0.05 0.1 0.15 0.2 0.25 03 0.35
m Centre de \ppliquée sur les Poly
¥ Edu Ruiz ArticlefChapitre 2, Caractérisation des matériaux : modéle thermo-élastique

ECOLE

POLYTELMNIOUE =
wontaeat  Equation des changements de volume
) e
o Vo dl Jpemi,
e T av da 14V dr . dr
L =2, 22 ERia =CTE gy S A UCTE o ~ CTE o)} - "=
: (z" dt }H o iy (Vg at }mmml wol g T hewrea = CTE gl e
TME JOAD T msiravients i Shrmkoge Contribuiion
: : 4
¥ ¥
T o 40
6 2,7 mm thickness sample 3513
: Isothermally cured at 75°C - : 30 1
54 =
£25]
4 E
=20
3 TMA measures 2
Lineal model ... o1 .
[ s = liquid resin
23 ©1g P cured 45%
o5 = cured 80%
1 5 a cured 300%
= : —model
LR e
o 02 0s 08 08 p 30 50 70 ) 110 130 150
Polymerization degrae Temperature °C}

CW? Centre de Recherche Appliqués sur les Polyméres
Al Edw Ruiz
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Résumé des caractérisations

1.- Cinétique de polymérisation

%=K1(T)'Kz(“)'K3(7=“)'-K4(1d)

2.- Modeéle relaxé/non relaxé EX( T, a, Tg, Vf)
ETay=E(T)+ [E - E,,W(T)]- F Ay W (T,)
3.- Modéle viscoélastique E'({ 7, a, Vf)

i
E(f):En -e,\'pl:-*Q] '(;“LTU)QT]@'*T())*Q} 'E:‘!;lr_dl

4.- Equation des changements de volume

Ld’”] (i (Lav
y, 4t - V, . dt jrema V., dt Jrosmercation
Shinkage

A Overalt Conribution

W entre de Recherche Appli 7 les Polyméres . . .
A Edu Rufz Article/Chapitre 2, Caractérisation des matériaux

Ry S Plan

4. Analyse unidimensionnelle de la cuisson

sur fes Poly

Articles/Chapitres 3 et 4, Analyse unidimensionnel de Ia cuisson

RSP s
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wonizeri  Objectifs de la simulation numérique

Equation de contraintes

o j=lc ] -ae))

Equation de I'énergie
oTfor=aVT+Q

Centre de Recherche Appliquée sur fes Polyméres
Edu Ruiz

Articles/Chapitres 3 et 4, Analyse unidimengionnel de la cuisson

Validation - plaques minces

/ Lt':vgrf; 50

Thermucouples § e

ﬁ\i VIO mat ghies . meal e
T Longitedinal deflection 1,/

N __J *x \ )
Plate thickness 2 | Tosat

deflection

o,
£ 73 Transverse
! defiection

18 . r 160
186 . o I 140
14 ] 7
= E 120
E . M VDT displacement -
/ £12 T
i = S - top tamperature L 100 £
. S0 ,\‘\ { -+ centar termperature g
! . ] TN — bottom temperature r8s
! : 581/ R g
t = e z : i Feo g
£°7 \\\ *
& 47 S P40
2 20
o . —to
o 5 10 15 20 25 30

Cooling time [min]

CN? Edy Ruiz Articles/Chapitres 3 et 4, Analyse unidimensiannel de la cuisson



Plate deflection [mm]

Validation - plaques minces

Comparaison des mesures de déflection (LVDT) avec
e modeale numérique des contraintes résiduelles.

16 1
14 A
Test measured | numerical Error
127 number | Deflection | deflection (%3]
Lo [
2 128 3.0 179
10 - X 5 150 4.8 127
~=numerical & 127 129 1.09
8 - « plate 09 7 144 14.4 013
+ plate 11 £ 126 12.7 037
s T 7
4 g 5 T y
0 200 400 600 800 1000

QAP s

Cooling time [sec)

Probléme de cuisson.de
plagques épaisses

Fissure de la mafrice et délamination du
composite apparaissant généralement dans
piéces composites épaisses traitées 3 haute
ternpérature de cuisson.

Centre de Recherche Appliquée surles Polyméres
Edu Ruiz

Articles/Chapitres 3 et 4, Analyse unidimensionnel de la cuisson

Analyse de plaques épaisses

Stratégies de cuisson

Rigid material

Part
thickness

Gelled core

Curlite Cntution
s

Rigid material

Gelled surface
Rigid core

Gelled surface

Gelled surface

Rigid material

{C} One-side cuse

Article/Chapitre 4, Analyse unidimensionnel de 1a cuisson

410



Cuisson 1D

MONTRERS pgan

(‘_m Centra de pliquée sur les Polyms . : . i )
A Edu Ruiz Asticles/Chap Sets, 0 du remp 16 o

Simulation du remplissage 3D

Uniformité de température
dans le plan de ia piece

T

Simulation de remplissage:

1.- Pieces minces (épaisseur << surface)

2.- ‘Maillage du ptan moyen 2D (riangles)
3.- Maillage extrudé 3D (nouvel élément)

/ Midplane mesh

Extruded mesh

¥ e
Ei/ !
05 -
Referenee prismatic finjte elenrent .
6 modes)

tayer #Nt

e

Prism6 - tayer#2
fayer#il

W Centre de pliquée sur jes Poly
T Edu Rulz Article/Chapitre 5, Extrapolation de maillage




Flow front location {mm)

Two-dimensional Mesh

zones

zones

R

Centre de
Edu Ruiz

MONTREAL

injection pressure 1.89x10° Pa

50 -
< Experimental - Bréard atal. {15]
- Numerical - prismb
o ——
e e
30
Fie i z
20 gz e
s s oo
UL
10 a
o
° 2 4 5 8 10 12 14

Filling time [sec]

Centre de
Edu Ruiz

e sur fes Polymé

Error in flow frant prediction %]

Vérification expérimental du Prism6

Injection centrale dans une préforme anisotrope

Flux elliptique 3D (cas isotherme)

Résultats du code d’extrusion

Extruded Mesh

zomes

zomes

Silicon oil viscosity = 0.1 Pa.s
Fiber volume fraction = 22%
Ky = Ky.= 3.95x10°% m?

K, =9.3x101 m?

-+ prismé elements

< tetrahedrons

100 1000

Number of elemants in radius

Article/Chapitre 5, Simulation du remplissage isotherme
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wontrisi Effets thermigues pendant le remplissage

Heat flow from
top/bottorn motd walls 3D Resin flow

o
Pressure

Temperature profile

Energy equation

- e T
Py T TN =AY T 0
é /; / ‘\\

Extrusion et

\
{ remplissage non-isotherme

/ I
/ ;,Any,équatlo\

i

| ——{K ]‘Vﬁ ; ~7500 fignes de code
\ N i
5 fe i /
p i s
N 2 <
da N B Z N\ I
— =W, +k e FI-a)"
ot
e R T S R BT A R P R e
W Centra de Appliquée sor les Poly
A Edy Ruiz Article/Chapitre 6, Simulation du remplissage non-isctherme

Approximation des effets fhermiques
travers I'épaisseur

Eléments prismatiques extrudés

1.- Mailiage tridimensionnel

maillage 3D de Prismé6

} FD nodes
{ ps_nades )

2.- Maillage bidimensionnel
maillage 2D (triangles)

+ différences finies 1D

iqués sur les Polymé
Articie/Chapitre 6, Simulation du remplissage non-isotherme
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Niveaux de couplage des EF et DF

Flove mesh Hest conduction/curing Mesh » Transport mash

CN? Csntre de Recherche
T Edu Rujz Article/Chapitre §, Simulation du remplissage non-isotherme

Solution d’un cas typique

T injection gate (3.0x10° Pa)

Resin injectior temperature= 330 °K

initial fibers temperature= 350 °K

Mold wall temperature= 370 °K

CY = Cars - Redherche Appliquée sur les Palyméres R . o ) .
Y Edu Rufz Articte/Chapitre 6, Simulation du remplissage non-isotherme
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W Centre de Recherche Appliquée sur jes Polymsres
Edu Ruiz

@
£
T
N
o
T
2.5- £
2
- 51 T —
5 = @ Flow solution
L:i 27 Heat solution
@ {Curing sohwtion
£
T 157
1
g
4
o
§
o
0.5+

#1 #2 #3 #4 #5 Model

Tetrahedrons Prismé Triangtes+DF Triangtes+DF (muliilayer)

Prism6 (transport)

# Centre de Jigué 2
m Edu Ruiz Article/Chapitre 6, Simulation du remplissage non-isotherme



416

MONTREAL
“%
A
‘w: v
[
w3
AR S E i el e R i ks R T
CW‘P Centre de Appliquée sur fas Polyrms, 5 .
A Edu Ruiz Articie/Chapitre 7, Optimisation de fa cuisson

MONTREAL

Obijectifs de 'optimisation multicritéres

Obiectifs:
Maximiser le degré de polymérisation

Minimiser le temps du cycle . L
peducy 7 fonctions sous-objectifs

Minimiser les contraintes de cuisson du type sigmoide
Minimiser les contraintes de refroidissement :

Minimiser ia température exothermique o

_~ Fonction objectif multicritéres .

_avec des poids pour tenir )
-._compte de plusieurs critéres

Autres chercheurs ;

Minimisation des gradients thermiques

ou minimisation des contraintes

ou minimisation du temps du cycle

Centre de iqus me
W Ed Rusiz Article/Chapitre 7, Optimisation de la cuisson



417

¥
MONTREAL

N .
§ T ':7
@2 /
o
£
2
=
S T,
133
TZ
Tini \__room temperature
t t, ¢ 8
! T ¢ & s curing time
a,  dt, dy, dy, dt,  dt, dt, Code « LeCog »

Fonction objectif
Variables de conception Vd = [Ql,dtl .0, .dt, ,...,Qn,dtn] :

{ design vector )

g i

2N |
gorithy

evolnty //"

. + -]
Contraintes Cs = [Tm,»f T room > Omax s D }

W Centre de iquée sur fas P
Edv Ruiz

Optimisation de la cuisson de piéces
minces — deux rampes de chauffage

Comparaison des optimisations : Avec contraintes résiduelles

A) sans contraintes résiduelles

B) avec contraintes résiduelles
(multicritéres)

Qe18°Cmin  dt<85min.
= 30°C
T,5130°C
Q=8 °Cimin
Q,=q,=0

First dwell ime {min}

Mold temperature

dt,= &1 min,
= 60 min.
T,ET,4 Q0
A= (TT )10

4 [} 5 Y

curing Sme.

First heating ramp [Clmin]

CUNGP o do ppliquée sur les Poly o )
¥ Edu Ruiz Article/Chapitre 7, Optimisation de la cuisson
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e g

MONTREAL Plan

Congclusion

Certtriz de Recherche Appliqués Sur l6s Polyméras

QRGP L

MONTREAL Conclusions

Uobiectif de cetie thése était de développer les points suivanis :

= Equations caractéristiques du comportement thermomécanique et le changement de phase des
matériaux composites thermodurcissables.

= Modéles numériques pour simuler fa mise en forme du procéde d'injection sur renfort (LCM).

= | ’optimisation du cycle de cuisson et de refroidissement des composites fabriqués par LCM.

Contributions scientifiques

1) Connaissances sur la caractérisation des matériaux :

Articles . Conférences |

N . . . - N 1 1
- nouveau modéle de la cinélique de cuisson incluant la transition vitreuse

- concept d’'AGP et de {'évolution des propriétés mécaniques pendant la polymérisation
- modéle élastique relaxé/non relaxe

- modéle viscoélastique

- modéle de dilatation et retrait de polymérisation

2) Modéle numérigue pour résoudre le couplage cuisson/contraintes résiduelles
3) ‘Modéle numérique pour simuler le remplissage multicouches non-isotherme
4) Optimisation complidte du cycle de cuisson et refroidissement

= NN
5

Total :

= Une partie des développements numérigues réalisés sous contrat indusiriel.
= Ce travail a débouchs sur deux maitrises en cours au CRABP,
» Participation 3 4 articles, 5 rapports technigues et 2 conférences non incluses,

W Centrs do ppliquée sur fes Polymé
Edu Ruiz
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1)
2)

3)

5)

6)

419

Recommandations

Vérifier expérimentalement la procédure d’optimisation multicritére.
Obtenir un méthodologie pratique pour ia détermination d’AGP.

Développer une Théorie Classigue de Laminés avec contrainte transverse et
un modéle de contraintes tridimensionnelles.

Améliorer les modéles mécaniques en ajoutant ['effet du taux de cisaillement.
Travailler avec une méthode d'optimisation multicritére.

Développer une méthodologie d’optimisation globale a partir des optimisation
unidimensionnelle a travers Pépaisseur.

W Centre de Appliquée sur les Polyiné
il Edu Ruiz

Optimisation des points d’injection

Code d’optimisation

/ Solution inverse

(algorithme one-shof) v = pLel Vp Darcy
#H

par Viacent Achim

Temps de remplissage

Position des

points dinjection

© Algorithme
1, d'évolution

&2 1 point dinjection

8 2 poinis dlinjection

¥ 3 points dinjection

% Certre de Recherche Appliquée sur les Pofyméres

Edu Ruiz
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MONTREAL Aﬁgagithme génétique

Genetic Algorithms are adaptive heuristic search algorithm premised on the evolutionary
ideas of natural selection and genetic. First pioneered by John Holland in the 60s.

individuals Initial poputation Envirormental

constraints Selected poputation

9}*«%

Evoived £

population gj&

Development space

New individuals

CHNGP Corve de Rocharche Appiauée sur fes Palymires
Y Edy Ruiz

MONTREAL Formulation d’éléments finis

Convergence d'un ensemble d'éléments (paich test)

Sohution de Péquation de Darcy Number of elements
5 20 80 180
) L [ - -
V('-v[K],V[)] =0 |
U 141
4 i + conforming
124 » non conforming 18 %
PR -
Géométrie radiat divergente convesgence order = 0,98
Cavité remplie 14 10%
" . 8 = - convergence onter = 0.83
Element prismatique <3 5 08 5%
N . 3
Erreur sur la variable secondaire 5 06
g 5%
04
2%
02 |
o 1%
i
02
[ 05 1 1.5 2 25

Log (k)

Cm ‘Caritre 38 TESherche Appliquée sur les Polyméres
Al Eo Ruiz
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ANNEXE V : FICHES TECHNIQUES DES MATERIAUX

Cette annexe contienne les fiches techniques de des matériaux utilisés pour la

caractérisation et validation expérimentale.
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N MATERIAL SAFETY DATA SHEET

V7

NORAC® ) T
HORAC, G, N 0 ROX P U L CAT A Responsible Care’
Azuda, CA Gotd Chemistry ot Work
SECTION 1 - IDENTIFICATION OF THE PRODUCT AND THE COMPANY
PRODUCT NAME NOROXT PHLCAT™ AW TELEPHONE {626 334-2908
MANIFACTURER Merac, Ing, CHEMTREC (24hn) 1-BO0-424.9300
ADDRESS 405 8. Motor Ave., Awusa, CA 91702 CASNO, See Section 11

CHEMECAL XAME Methyl Ispbutyl Ketone Peroxide (MIBKP) CHEMICAL FORMILA Misture
CHEMICAL FAMILY  Organic Peroxide - Ketone Peroxide

CASNO. %

Wethyl Isobutyl Ketone Peroxide 37206-20-5 45
Diisobuty] Phihatate 84-69:3 36
Methy! Isobutyl Ketone 1HR-10-1 14
2.2,4-Trimefhyl-1 3-pentanediol ditsobutyrate HR46-50-0 3
| SECTION 3- HAZARD IDENTIFICATION OF THE PREPARATION
PHYSICAL HAZARDS Organic Peroxide. . Decomposition
HEALTH HALARDS Severe Irritant
EXPOSURE LIMITS TLV: 30 PPM for MIBK
ROUTES OF EXPOSURE
Skin Contact Severe skin irritan, causes redness, Distering, and edema,
Eve Contact Fye contact causes severe gorrosion and may cause hlindness,
Jagestion Huyman svsternic effects by ingestion: changes in structure or fimetion of esophagus,
naused, or vomiting, and otér gastrotutesiinal effects.
Inbalation Moderately toxic by inhalation,
EFFECTS OF OVER- Protonged inhatation of vapors may canse roucows membrane irritation and vertigo.
FEXPOSURE There are no known medical conditions, which are recognized as being agpravated by
EXPOSULE.

, ;« SECTIONA-FIRSE-AIDMEASIRES @
Skin Immediately remove any contaminated clothing. Wash contamutated grea thoronghly
with sonap axd coplons amounts of water for at Jeast 15 munwtes, I irrition or
adverse symptoms develop seek medical atiention,
Eyes Remove any contact lenses at once, Flush eyes with water Tor at léast 15 minutes.
Ersure adequate flushing by separating the eyetids with ingers. If friation or
adverse symptoms develop seek medical attention,

Ingestion Do Neot induce vonuting, Drink plenty of water. Imimedistoly coll a physician, For
sid 1o physieian, suggest local Poison Control Center.
Inhalalinng Remove to fresh air, if voughing, breathing becomes labored, svitation develops or

other symptoms develop, seck medical atiention a1 once, even iT sympioms develop
several hours afier the exposure,

SECTION 5 - FIRE-FIGHTING MEASURES

FLASH POINT FIPF A1 0.0.0

FLAMMABLE LIMITS Unknown

AUTOIGNITION POINT Tinknown

EXTINGUISHING MEDIA Witer from a safe distanie - preforably with a fog nozele. Tncase of very small fires,

other mdans such as carbon dioxide, foam or dry chemical extinguisbiers may bhe
cffeetive. Dry chemical combined with MIBKP may re-ignite. Light water additives
may be particulardy effective at extinguishing MIBKP fires.

Revised ont 1/24/02 Printed On: 7/8/2002 Page 1of4
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® MATERIAL SAFETY DATA SHEET
NOROX® PULCAT™ A
SPECIAL FIRE FIGHTING Firemen should be equipped with protective clothing and SCBA’s. In case of fire near
PROCEDURKES storage area, cool the containers with water spray. If dry chemical is used to

extinguish an MIBKP fire, the extinguished area must be thoroughly wetted down
with water to prevert re-ignition,
UNUSUAL FIRE AND ‘The heat of decomposition of the peroxides adds o the heat of the fire. Dry cheinical
EXPLOSION HAZARDS fire extinguishing agent may catalyze the decomposition.

- SECTION 6 - ACCIDENTAL RELEASE MEASURES ;
STEPS TO BETAKEN IN Dike spill to: prevent ranoff fiom entering drains, sewers, streams, etc. Wet spilled
EVENT OF SPILL OR material with water and absorb with an inert absorbent material such as perlite,
RELEASE venmiculite, or sand. Sweep up using non-sparking tools and place in a clean

polvethyléne drum or a polyethylerie pail. DO NOT place inte a sted container,
lined orunlined, as a decompeosition may eccar. Treat any cortaminated cardboard
packaging as hazardous waste. ‘Wet container contents with sdditional water
prior to sealing.

. . SECTION 7 - HANDLING AND STORAGE

HANDLING Keep containers closed to prevent contamination. Rotate stock using the oldest
material first. The activity and stability of MIBKP is directly related to the shipping
and storage temperature history. Cool storage at 80°F or below is recommended for
longer shelf life and stability. Prolonged storage at elevated temperatures of 100°F
and higher will cause product degradation, gassing and potential container riptare
which canresult in a fire and/or explosion.

STORAGE MIBEP should never be added to hot solvents or monomers as a violent
decomposition and/or reaction thay result. ‘'When using spray equipment; never spray
raw MIBKP ontp caring or into raw resin or flaes. Keep MIBKP in its original
container. DO NOT STORE WITH FOOD OR DRINK. DO NOT USENEAR

FOOD OR DRINK.

OTHER PRECAUTIONS Unmixed, uneontam inated material, remaining at the end of the day; shallbe returned
to.d proper organiv peroxide storage area’. Under no citcumstanees should material
be retumed to the original container.”

 SECTION 8 - EXPOSURE CONTROL/PERSONAL PROTECTION

VENTILATION Mechanical, general.
RESPIRATORY PROTECTION  If aiborne . concentrations are expected. to excesd acceptable levels wear &z
NIOSH/MSHA. approved air-purifying respirator with an organic vapor cartridge or
capister. When using respirators referto OSHA’s 29CFR 1910.134.

EYEPROTECTION Safety goggles recommended. Permanent eyewash is highly recommended.

HAND PROTECTION Protective gloves recomimended, solvent resistant, such as butyl rubber, nitrile ov
nEoprene.

OTHER Assafety shower and eyewash is recommended when the risk of a significant exposure
exits.

P SECTION 9 - PHYSICAL AND CHEMICAL PROPERTIES

APPEARANCE AND ODOR: Water white liquid with a slight odor.

BOILING POINT: Uknowri SPECIFIC GRAVITY: 1.0

VAPOR PRESSURE: Unknown FLASH POINT: >140°F (60°C) C.0.C

VAPOR DENSITY: >1 FLAMMABLE LIMITS: Unknown

EVAPORATION RATE: Unknown SADT: >60°C {140°F)

%% YOLATILE BY VOLUME: Urkniown pH: Not applicable

SOLUBILITY IN WATER: Slightly soluble in water.

! gee COR Title 8 Section 5461, NFPA 432, and UFC {91) Set. 80.307.
2 Bee NFPA 14-3

Norac, Inc. Page 2 of 4
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MATERIAL SAFETY DATA SHEET

NOROX® PULCAT™ A

[ SECTION 10 STABILITY AND REACTT ,

STABILITY Stable when kept in original, closed container, out of direst sunlight at temperatures
below 80°F (27°C).

CONDITIONS TO AVOID Contamination. Direct sunlight. Open flames. Prolonged storage above 100°F
(38°C). Storage above SADT. Storage near flammable or combustible materials,

MATERIALS TO AVOID Dimethylaniline; cobalt napthenate and other promoters, promoted resins,
accelerators, oxidizing and reducing agents, strong acids, bases, metals, metal alloys
and-salts, sulfor compounds, amines or any hot material.

HAZARDOUS Decomposition produsts are flammable. Acrid smoke and irritating fumes.
BDECOMPOSITION PRODUCTS

HAZARDOUS Will not ocow.

POLYMERIZATION

SECTION 11 - TOXICOLOGICAL INFORMATION

Methyl Isobuty] Ketone Peroxide
Hazard Data:
Inhalation: Rat--1.Cse: 1.5 mg/1-4hr;
Oral: Rat--LDs: 1700 mgkg;
Drisobutyl Phthalate
Hazard Data;
Oral: Rat-LDg: 15 ghkg..
Methyl Isobutyl Ketone
Hazard Data:
Dermal; Rabbit-LDy: >20,000 mg/ke;
Inhalation: Mouse—-LCsq: 23,000 mg/;
Oral: Rat--LDs: 2080 mgkg
2,2 A-Trimethyl-1,3-pentanediol diisobutyrate
Hazsrd Data:
Oral: Rat«-LDgo: 3200 mg/kg

SECTION 12 - ECOLOGICAL INFORMATION

No data is available on the preparation itself. The product should be prevented from entering drains, sewsrs, sn'eams etc

SECTION 13 - DISPOSAL CONSIDERATIONS

Prevent material from entenng drains, sewers, streams, efc.

Immediately dispose of waste material at a RCRA approved hazardous waste management facility in accordance with federal,
state and Jocal regulations.

SECTION 14 - TRANSPORT INFORMATION

DOT Shipping Name: ORGANIC PERCXIDE TYPE D, LIQUID,
METHYL ISOBUTYL KETONE PEROXIDE, <45%)

POT Hazard Class: 52

UN/NAID Ne.: UN3105

DOT Packing Group: PGH

Liabels: 3.2 (Organic Peroxide)

2000 KRG GUIDENO,: 145

SECTION 15 - REGULATORY INFORMATION

The followmg chemicals are subject to the reperiing requirements of Section 313 of Title Il of the Superfmd Amendments
and Resuthorization Aet of 1986 and 40 CFR Part 372,

Chemical Name CAS Number Percent
Dimethy! Plihalate 84:89.5 38
Methyl Isobutyi Ketone 108-19-1 14

Norac, inc. Page 3of4



MATERIAL SAFETY DATA SHEEY

NOROX® PULCAT™ A

TSCA Status

The ingredients in this product are listed in-the US Toxic Substances Conirol Act (TSCA) Inventory.
Status of Careinogicty

Not.recognized as & carcinogen by the IARC, NTP or OSHA.

SECTION 16 - OTHER INFORMATION

VO Information
Using ASTM Tesi Method D:2362-87, but-at 40°C (since MIBKP decomposes rapidly above 100°C and is not a VOC),
PULCAT™ A contains 13.8% VOC, by weight, or 134 grams per liter. For more information call Norac.

NFPA 432 Organic Peroxide Classification

Class'TIL
NEFPA 704 Rating HMIS Rating
Health Flammability Reaotivity Health Flainmability Reactivity
3 2 2 3 2 2

HISDS Reference: Pulkcat A 02011

BISCLAIMER OF LIABILITY
The toanbon in this MEDS Wiz obleind 15m sOwoes, whivh we bakive ere rekabl, Howey o, tia information is provided without any. warranty, éxpress of. implied, regerding its cosmetness.

The soiditions or mathods of tendiing, dorage, use and disposal of the prdurt s teyond owcontroland may te teyoadiowr knowledse, £arthis and-Gher reasons, we do fctassume responsibiity snd expressty
dischim Nablity fortors, damag ¢ or expenss avising out of or in apy way connectad with the har dling, storage, use or disposal of the product,

This MSDS e preparad acd i to be-tsett only for this pidduct  If-the, procuct is ussd s & component inamtber prducd this MSDS intormation may not b applibable.
e e e D e A T st

Morac, Inc. Page 40f4
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