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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.



ix

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.



Xii

TABLE DES MATIERES
DEDICACE ...ttt iv
REME R CIEMEN T S ittt et et ettt v
RESUME ...ttt e e vi
AB ST R A C T i e e ix
TABLE DES MATIERES. ....ceitiiiiiiieeee it et xii
LISTEDES FIGURES. ...t e e xviii
LISTE DES TABLEAUX .ottt e XXXiIX
LISTE DES ANNEXES . . ot et XXXVi
INTRODUCTION ...ootieeereeteetiet et essesve e sv e est st ea et sbessseenesasssnesesenesnsssesnsnns 1
0.1 Les matriauX COMPOSIIES..ccuterierrrirereiitiniircrintssntisiesaresssersssenneeaseessesnssseansiases 1
0.2 Moulage liquide des COMPOSIIES ...ccveevurvuieiiiiiiiiiriiieiinn et cenerneneane i
0.3 Simulation numérique des procédés LCM......cociiiiiiiiie s 4
0.4 Objectifs de la recherche.......cooiviiiiiiniiiniiiiii e 5
0.4.1 Caractérisation thermique et mécanique des matériauX......coocoveevrecenneenns 5
0.4.2 Analyse unidimensionnelle de la cuisson et contraintes residuelles.......... 6
0.4.3 Simulation numérique d’un écoulement stratifié et cuisson .......coevrveennen. 6
0.4.4 Optimisation du chauffage du moule et de la cuisson du composite......... 7
0.5 Organisation de 12 theSe ..o 8
CHAPITRE 1. STATE OF THE ART REVIEW OF NUMERICAL SIMULATION
OF LIQUID COMPOSITE MOLDING PROCESSES ..o i2
101 ADBSITACT . oeeeieieeee et ser sttt ettt e eee et s st e e cseebnnesseeasaeshnsas o bbat s serarnssrnsnns 13
1.2 INFOQUCTION .ottt s sn e b s sae e s sa s smnesan e nneenae s 14
1.3 Model of fiber impregnation .......cccociviinnii e e sse e 16
1.4 Heat transfer AnalySIS....coevereerierriercriereeesieeeenreneecreeireserertessesessieseessansseriasensae s 24
1.5 RESIN KINETICS oovviiiiieieeiieeiesree et eete e st e et sese s s ne s nas 30
1.6 Resin mechanical properties ...ttt 40

1.7 Part quality and process residual SEreSSes .....oovviriiiiiniiiiei e 43



CHAPITRE 2. THERMO-MECHANICAL PROPERTIES DURING CURE OF
GLASS-POLYESTER RTM COMPOSITES: ELASTIC AND VISCOELASTIC

MODELING ..ottt esrree it e s reae s et et e snse s aesabe s r s s s e e be e nnsensaaneans 61
2.1 ADSITACE oottt r et e e sbas s s s n e e be s r e s e e e narea e 63
2.2 INPOGUCHION cueeurivecieerireencreieeen et eite e e st eestes st et e sat s se s e e s s s s s sn s e s e e s assnnannnons 65
2.3 Kinetic MOAElINg....ecveeeeerieiieriienteneieniereiencscenestecssseseersisenscssesiess st ssa s s re e sees 67

2.3.1 Identification of the Arrhenius factor Kj(T)..c.ccccvvvvvvvnvinninnciiininnne, 72
2.3.2 Identification of functions Ky(o} and K3(T,0) ceeeevvercceinievinniicniccnieiinee 73
2.3.3 Inhibitor decOMPOSIEION ..eceeiermeviiiiiriiiiiinre it eseenne 74
2.4 Thermo-mechanical Modelng ..o i 75
2.4.1 Physical analysis ..ccoccceveviirvniiinininiiiiiiiien e 75
2.4.2 Normalized parameters .....coeceevvevceirieniiiiiiniiece et 77
2.4.3 General semi-empirical model.........cccoooiiiiiiie 79
2.4.4 Shear MOQUIUS..cooiivivriecreeeeeeie e et e e e et see e see et baesssssessss s snrsssares 81
2.4.5 Composite effective Properties .......ccvvriiimnrrienieerisnciees e 81
2.5 Viscoelastic MOAEHNG .....coiirrieeieiec ettt 83
2.5.1 Modeling of stress relaxation......ccvoviiiciiininceieecie e 84
2.5.2 Cure dependent relaxation modulus......c.cooiiviiniiniiiieicin 86
2.6 Volume changes dUrNg CUIE ..coccereivreriieieiiriiciiccrn et r e ssnas 87
2.7 Longitudinal and transverse CTE ... 88
2.8 SUIMITIATY .evveeerreearonerennreenteseieeseseismeasnsssssesesssesasssssessnssssessssssssensssassesssnsssssonsesonnas 90
2.9 ACKNOWIEAZEIMENTS..c.veetiivecieee ettt st e en e 92
210 RETEIEICES c.vviiiieeirecetieeteercemecete e et e e et esvesantssre e saeesbeesasaa s bnsessasabes 92

CHAPITRE 3. INTERNAL STRESSES AND WARPAGE OF THIN

COMPOSITE PARTS MANUFACTURED BY RTM oo 117
31 ADSITACE 1 oeeieieeiieieeeeeirieee e ercnaeesines e seseeseessbssssssesssasessns s s b e s e sra e s rsea s nnsaesrsanaen 118
3.2 THTOAUCTION e tveiveieeetreeesreeeireeeseee e s et seemsese et eesanetensbeeetutssssssassssansssasnseronsnsans 119
3.3 Thermo-mechanical MOAEliNg cooveveveereeeeiciriec e 120

3.3.1 Thermo-mechanical MOUEl oo et ee e vveerrae e e anures 121



X1V

3.3.2 Model of vOIUmME ChANZES c.eevrerrcecerieecnceri et see e ts e e naen s 124
3.3.3 Coefficients of thermal €Xpansion ......cccovvevivnviniicncnicnnicceee e 125
3.3.4 Strain-stress MOdeling. ..o 126

3.4 Analysis of thin composite plates during coOlIng......ocvvveieniiininnee 126
3.5 CONCIUSION cuiieee ettt e e et st et sereens e san e nas e e annse e naensaes 128

CHAPITRE 4. NUMERICAL ANALYSIS OF CURE TEMPERATURE AND

INTERNAL STRESSES IN THIN AND THICK RTM PARTS ..o 126
BT ADSIFBCE oo enereeereeeeiieenrieseieeecerecicsesneenaeees st e seo st s ssr e sa s et a s e sr e s bre e ns e s nnees 137
4.2 TIEOGUCTION o vreenieetreeeiierane e ieersraren e sesineenneesobeesressasosireessransssnnansanssassensnsens 138
4.3 Thermo-mechanical analysis ....oeoveeorcrriiiriiienieccreris b 142
4.3.1 Heat transfer qUation ... veeeceereeneeneieeiiee e asaees 143
4.3.2 Chemical TEACHION .....vvveeireereeeeecercerreeesesrtessisssae e b be s sre e senee s esnsaans 144
4.3.3 TNCUCHON THNIE ceeeieerireeeiireeveceeeerencetee s ennrresetesnsnsessesina e s s e s arae s snenns 145
4.3.4 Thermo-chemical dependencies of mechanical properties........ccoceeen. 146
4.3.5 Composite effective mechanical properties.......oocvvvviicniiiiiiecnn. 149
4.3.6 VOIUME CRANEZES ..ccieerreeereecrerereeeceerteeieereeisesntcisaesniesanesranessassasannsenss 150
4.3.7 Longitudinal and transverse coefficient of thermal expansions (CTE). 151
4.3.8 Strain-stress Modeling.. ..o ceveeevcee et 152

4.4 Analysis of thin composite plate COOlNG ..o 153
4.5 Analysis and optimization of thick plate processing .......cceevvvnecreniiinrennnennes 155
4.5.1 Outside-t0-INSide CUTC..cvvicrveerveeeeneecimeesiiiieeecrcecessinieses et ee e e sesans 156
4.5.2 Inside—t0-OUISTAE CUTE c.eevveeeeiieeeoree ettt sttt 157
A4.5.3 ONE-SIHE CUTC .ooreireeecreeeeirensreeaerireecararne e dsesovessiaearbsssssranessnbsassssseesnenneenas 157
4.5.4 Optimization of cure CyCle...ccoeeciniiinniiiiiiinire e 158

4.6 SUIMITIBIY ceecereiieeveeeiacneeereeessnessssnssssssesssnssssinsssssssesntsossemsssssesassneasssnsesesosnsonssees 159
4.7 ACKNOWIEAZEMENLS ..eerieireerreeeerenieereeiee ettt re e sane e n e e s nasne e 160
4.8 RETEIENCES .ciirereeeriercierrieeeeeseert e ecenrectctenee st ie e s sae s s s s s sse s s e e e nss s e nneebaeannsaases 161

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 ..o 180

T 1 A DSIIACE coeeeeeeeeeeeeeeeeeteeeeoeeeessesnnnnaessseaannreassrarestateaaraeeestrann avasaabrrarrnnseraneanaeanaes 182



XV

5.2 IIEOGUCTION . i rveereirecrrieerereirres st ee it tessreesaenece s manaee sretre e bmntesrsbatassarssessranses 183
5.3 GOVErNing €UAIONS w.eeveeeiervereeriecereereeteseenetaaesaesassassnsssasesesssesseossnnsasssesanses 185
5.4 Potential formulation ......ovvciiieererieene et e 187
5.5 Finite elements diSCretiZation .....c.veveereeeveevieniniienereeecceeeniessteeiessssesecssuesnaenns 188

5.5.1 Mass conservation and div-conform approximation.........ccecveevennnnnn 189

5.5.2 Finite elements for LCM simulation.....c.coceevvinnrnninniniiinni e, 190
5.6 Flow front advanCement ....cooueecveeeerieeienrconeneceniecirenns e ssecessr s essen s saves 193
5.7 Application to 3-dimensional flows in LCM ..o, 193
5.8 Mesh generation for through-thickness flow analysis ... 195

5.8.1 Structure of the Iaminate......cceerreeveriererreecie oo 198
5.9 Experimental validation — €ase L. 199
5.10 Experimental validation —Case ..., 202
5.11 Case study — Truck fender ... 204
5.2 SUMMAETY woeeiiiiieeiceeee et sestesr it e sse s st seansssat e sbe s s san s saeeebesasnens 208
5.13 ACKNOWICAEEMENIS ...eeiiiiereerirenieeeererte s eeee e e atesbresbesssians s srbnenensaias 209
S04 RETOICIICES .o eiiieiieieieeecreeeeieeeeee st e e et e et s st e s e s s se e s sbasosabasssrss s s resenrnnes 209

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 ....oovniiiriiiircicsiiiinieinenans 234
6.1 ADSITACE cuivieieeciieeciceesrecerre e st rsessasrees e e s eesesme e s bmaaeesormareenaenanes sonmnesocorsassssssinss 236
6.2 INrOGUCHION .eeeeeeeiee e tcette ettt et sa e e acsete s sraesn s st es s s s b e sebeesornssnaeeaben 237
6.3 GOVErning SqUALIONS ....cuceerrereeerieeeruerentrertenresirmies it erssee s eseseaseeennanssseannnenss 243

6.3.1 MOomentum €qUAtION ..ccovrverieerrieriniieriirs i irnesttcsnrencerssreesssssaneenseense 243

6.3.2 Energy and chemical Species ....coccvveniciieniiinieniiiiciiiciccie e 245
6.4 Finite elements fOrmulation .....ocooerviiciiniianieecrrecir et vt 248
6.5 Solution of shell-lke geOmEetries ..oooreriiiierneriecierncreiereccntire e 251
6.6 Finite difference formulation ......ccccvoirieiieciieiceecnie oo canee s 253
6.7 Numerical implementation of the hybrid FE/FD model ... 258
6.8 Analytical validations ......coccoveveeniininniciicciiiec e 260

6.8.1 Case I: 3D heat conduction - steady-State.....coevvecverircrierenccnicnienrinnenns 260



xVvi

6.8.2 Case H: 3D heat diffusion - un-steady-sState ..c..cccovverievinvnnininciiinnnnees 262
6.8.3 Case II: heat diffusion with source term - curing analysis .....c.ceceeee.. 264
6.8.4 Case I'V: heat convection 1eSh. . i rereeecieenreceereceistesesccssssssssas 266
6.9 Case study — AULOMOLIVE FFONt ROO w...vv.vereeeeeeeieseeeeeeeee e eeress e esnsresnne 268
6.10 SUMIMIAIY cotereeieeiiiervcrie e siteeseeeseseeeeccesseneessmesessssneesensnereesraetessssassesesssnssssns 270
6.11 ACKNOWIEAZEIMEIIS oot ettt seer e e eassanes s srsnr s mensanes 271
6.12 ReTOIeNCES . ueiieeiieecteereeerceceetie e e e tessee e eeee s et e reesebossasa s ab e o nasns 271

CHAPITRE 7. COMPREHENSIVE THERMAL OPTIMIZATION OF LIQUID
COMPOSITE MOLDING TO REDUCE CYCLE TIME AND PROCESSING

STRESSES ... oottt ettt see s s e s e s e esecoresae s s oani sussonesatonssinessensssnsassesnmranss 296
Tl ADSIIACE .. eeeeieeeiieceee et ere s ee st e n e e et s s eeeers e ent e sasssas e e e aneens 298
7.2 INTOAUCTION ceuveeciiieeee et ceenre s e ee ittt se e sseesvee s e enseabessrnesasesansaneins 299
7.3 GOVErning SQUALIONS ...evveeereeeeretensereeeesereeessresiessiossisosesossssssssessnossessuresnsinnnns 304

7.3.1 Energy balance equation .....ccccccovcvvrniiniiniininiiinmin e 305
7.3.2 Strain-stress MOdeling.....c.coovveiiirvninnecen e 306
7.4 Evolutionary algorithms....c.eecvereeerrineeneeiincnercrieeicnenenie e s 307
7.4.1 Problem identification........cocccvvvervennicincenniniiecien s 308
7.4.2 Final €Xtent OF CUTE ceovvieeeeiieeeeeerte e cteeececec s sesenesrnesanne s 309
7.4.3 Maximum exothermic temperature.....c.ccvvvvvieniiiniieniiiesrre s 310
7.4.4 Cross-over at After Gel Point objective.....oocoviviiiiciinciicniinciciiiinnnnn, 311
7.4.5 Cure gradients after AGP........cooovvriiiniii e 313
T4.6 CUIINEZ SITESSES veveiieriernirirrenverorersseeseessnesnsessseessnssenresssessassessossssosasesssonss 315
7.4.7 COOHNE SIESSES ceuverrrerrerrerreeerirrerreneneinesnciresternes s issessaesnssnasssessessnssns 316
T.4.8 PrOCESSINZ TIME .oveeaeineirrierieeeieeeioieeioneeseneseeseseesassssesensessasasnssosnssnsens 317
7.4.9 DESigNn DATAIMIEIETS . ceveriirerieennireriinrerreesstessiueeststsessntessssssssssssesssnssnssneaes 317
7.5 FINESS FUNCHON c.oviiiieicecieeeecceiitorr et cerreeebe e ee raesn e esse s ecncsosnessnasnsansssnanssas 319
7.6 Results and diSCUSSION cucuvviieeiiiiieereeneriens it sineesnieenteetosoneesssassasesssiessasonanss 320
7.6.1 TWO ramps curing-cyCle ...t e 321
7.6.2 Thin part OptMIZatioN...c.ccvirrrireccniencienr s 325
7.6.3 Thick part OptimizZation......cccccvrveeeeerinciriircene e 327

7.7 SUITITIATY weierereeeeetere e eece e et re s tcesant e saeeereesseserseustessntessanesesntesnsessesssbesbosssnnerssns 332



7.8 ACKNOWIEAGEMEIITS o verriieeieeree e eeerreote s eeeeereneeseree s toesontrateseseasnenesnassneas 334
7.9 RETCICIICES cueeieericeieriiieeeeeieeeeere e eer e eeas st e s besss e st e saassereenrensesenenmeesesnnesaros 334
CHAPITRE 8. DISCUSSION GENERALE ET PERSPECTIVES ....ooeeveveieeennnee 351
8.1 DDiSCUSSION ZENETAIC .ovreriiireeiieeiee ettt st ceee st oo c e e e emeseseses 351
B2 P OrSPECTIVES.c.utiieeeeeaesceseceestensreeaesse e s anesvassrtss e s aseseres s e nessaasessaaneeanntenaeasnenens 358
8.3 Importance des travaux pour I'industrie canadienne .......ccceveervermevccccevrenenens 362
B84 MatériatX UHTISES oot eecereee s ceree et e s e er et en s eeeesanansesannessseransens 362
84T RESINE ittt ettt eee s ee et e set e s e seesanesene e s e e sansats 363

8.4.2 RENTOTES o eeieeeeicmreriir et eeeee e et et e s eesiaansssees e nanesonersanes sransscnensen 363

8.5 Instruments de CaracteriSAtiON.....cvveveterirerreieierrreereeerreesreresertesseesreseesesesnsnee 364
8.6 Statistiques du IrAVAIL..ovveeciieie ettt 367
CONCLUSION (et et ea st sr s ese s ae s s v s s e s 371
BIBLIOGRAPHIE ...t eeereeeeteeesctteerescne et st s e sese e st et sas st sevea e s 373

ANNEXES .o et 381



xviii

LISTE DES FIGURES

Figure 0.1. Le proc€dé RTM......coomiii s 3
Figure 1.1. Resin transfer molding process for manufacturing of composite
TAEETIAIS 1 cee ettt ettt et r e et s e s e et a e bbb re e s bbb s nne 15
Figure 1.2. Filling algorithms to analyze the flow development depicted in a): b)
Lagrangian solution, c) MAC, d) Control Volume methods. ..o 19
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

oM FIIHING PIESSUIES «.ueeveirieiiceiietecreesei sttt er s b s 21
Figure 1.4. Re-meshing algorithms applied to RTM injection [34] .cocoeireieiviiiencnnnne. 23
Figure 1.5. Coupling of phenomena present in the LCM process. .....oevevenniccnicnn 26

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 MOoSt aCCUrate. ...ovevivrierrienincceeccee 40
Figure 1.7. Resin modulus development during Cure ... 41
Figure 1.8. Linear variations of the resin mechanical properties with cure degree. ....... 43
Figure 1.9. Shrinkage defects in a fiber-reinforced composite part........oeeeveveverercncnee. 44

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 MOl tEMPETATUTE. ...ccviviiiirieeccn et 45
Figure 1.11. a) typical processing stresses within a composite laminate, b) macro
and micro levels of internal SIrESSES ..ccoviiviriiniiiie e 45

Figure 1.12. Process design parameters and iSSues t0 OPUMIZE ....veeervecrenennetriceriiecennans 48



Xix

Figure 1.13. RTM optimization methods, a) optimization curve of filling time

versus mold temperature, and b) parametric Kriging surfaces intersection to

optimize cure temperature, by RUWZ [77] e 52

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. ..o 95

Figure 2.2. Thermographs obtained from DSC data during dynamic cure for several

REATING TALES. «oneceneiiereeriieientscreenteenesie st et e raa s se e sa e b v e s an et et s e st e s ree b e s bsaansans 95

Figure 2.3. Reaction rate at peak and time to peak obtained from DSC
measurements. Logarithmic functions relate both parameters with peak temperature...
Figure 2.4. Temperature dependence of factor K; and parameter n of the power
function K; for the kinetic modeling of equation (2.5). While » seems to be
constant, K; exhibits an Arrhenius type of temperature dependence..........cccecveininnnn.
Figure 2.5. Kinetic factor K as a function of polymerization degree fitted by a 6"
degree pOlyNOMIAl CUIVE. c..coveeiiviiiciiriierccr ettt
Figure 2.6. Maximum degree of polymerization and induction times as a function of
curing temperature. Experimental data comes from DSC measurements. Fitting
curves are polynomial for the degree of cure and an integral equation (2.13) for
TNAUCHION TIMIES. c1viiveeiieieieerseeree e sreetseree st e e et e seesee s neeeneessstone s s ssesssnasesonssasssnsessnrans
Figure 2.7. Comparisons of the degree of polymerization from DSC with
predictions of three kinetic models for a constant heating ramp of 10 °C/min.
Autocatalytic equation diverges at the end of curing. Kamal-Sourour equation
approaches the measured data although some differences are noticed. The proposed
model of equation (2.8a-d) is the most accurate. ...,
Figure 2.8. DSC measurements of the degree of polymerization and predictions of
the proposed kinetic model of equation (2.8a-d). A good agreement between the

model and experimental data is observed for all heating ramps measured...................

96

98



XX

Figure 2.9. DMTA measurements of fully cured resin elastic modulus as a function
of temperature and curve fitting of the experimental data. Isothermal values are
reported for each teMPEratUre. ......cc.ooviriririneiee e s ebee s 99
Figure 2.10. Measured degree of polymerization and elastic modulus versus time
during isothermal curing cycle. DSC and DMTA runs were carried out at 75 °C.
While DSC measures are reproductive, DMTA data show important variations...........99
Figure 2.11. Evolution of elastic modulus during resin cure for runs at constant
heating ramp. Initial temperature was set to 75 °C and the heating ramp to 3 °C/min.
Elastic modulus increases with the polymerization reaction, but decreases
afterwards With teMPerature. .....coccoveeveeviiiriicinciiicie b 100
Figure 2.12. Description of the methodology used to determine the normalized
elastic modulus during cure. DMTA measures of partially cured samples are
stabilized at 70 °C and then heated at 3 °C/min. The normalized elastic modulus is
calculated as the difference between measured value (3) and modulus at AGP (2) in
percent of the fully cured modulus (1), see equation (2.14). ..o 101

Figure 2.13. Comparison between degrees of polymerization and normalized elastic

modulus £’ during a specified curing cycle. Thermal (DSC) and mechanical

(DMTA) measures differ. ....coceoceveverineceiicininesintcires et reens 102

Figure 2.14. Quasi-linear relation between the logarithms of E' and of the

normalized degree Of CUTE....c.ccciveiririviic s 102

Figure 2.15. Logarithmic approximation and extended model of E' a5 a function of
the degree of polymerization. Extended model of equation (2.19b) is in good
agreement with DMTA/DSC measures. ...t 103
Figure 2.16. Temperature shift factor as a function of temperature for various
degrees of polymerization. Also glass transition temperature T is plotted as a
function of degree Of CUIE. ..o iciieiireee vt ere s 103
Figure 2.17. DMTA measurements of E’ for partially and fully cured samples of

T580-63 polyester resin. Lines represent predictions of the elastic model of



XXi

equation (2.18). For all tested degrees of cure, the model predicts with reasonable
accuracy the resin elastic MOAUIUS. ...cocoiveeviirinier et 104
Figure 2.18. Measured and predicted £° in both directions for a NCS-82620
composite with V= 42%. Fully and partially cured composite samples were tested
in principal directions (i.e., £, E,). Predictions of elastic model of equation (2.21)
are in good agreement with measured values. ... 104
Figure 2.19. Measured and predicted £ 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}. cccoceovvcrriccnnecvnicnnnne. 105
Figure 2.20. Rule of mixture for E* as a function of fiber volume fraction. Intervals
A and B represent the validity range of ¥, for U101 and NCS-82620 materials
FESPECHIVELY. coiiriieiiicirtnt e e s 105
Figure 2.21. Measured £” in DMTA relaxation test. Fully cured sample of T580-63
POIYESIET TESIN. ..ttt e 106
Figure 2.22. Stress relaxation profiles for the fully cured resin samples at various
isothermal temperatures, from 30 t0 170 °C. ...oocvniiniiniiiiiicre 106
Figure 2.23. Relaxation modulus master curve for the fully cured resin samples.
Relaxation spectrum is also shown as a function of reduced time. ....cccoocovirenniinnnnne 107
Figure 2.24. Shift function used for the time-temperature superposition to construct
the MASTET CUTVE. 1eeiriieeiiriieiereeit et sne et sae s sesee s s e bs s s nsn s ressvbenrnnnnsae e 107
Figure 2.25. Curve fitting of relaxation modulus by the proposed viscoelastic model
for the fully cured samples of T580-63 polyester 1esin. ..occoovivnnicvriinicciniiieein 108
Figure 2.26. Model fit of stress relaxation profiles for the fully cured resin samples
at various isothermal temperatures after applying TTS shift function ay. .ccoevvrvieeenns 108
Figure 2.27. Measured £’ in DMTA relaxation test at some polymerization degrees
for the T580-63 POIYESIEr TESIN. ceuueiieiiiircieiiiriiiiit et e 109
Figure 2.28. Linear interpolation of €, and ©; parameters used in equation (2.17)
for viscoelastic modeling as a function of polymerization degree. Also unrelaxed

modulus are presented as a function of CUre. ..o 109



xXii

Figure 2.29. Model fit of the relaxation modulus for some polymerization degrees
for the T580-63 POIYESLEr FESIN. cevuveieeiirciericrieieirertene ettt ae e e 110
Figure 2.30. Shift functions data and linear modeling for some resin polymerization
EEICES. wecurrutenrcerriiiee et s et s a bbb e bRt e R b e et eeas e ene 110
Figure 2.31. Viscoelastic modeling of stress relaxation profiles for the resin sample
cured at 93%, for various isothermal temperatures. ..c..ccocccvvvevviiiciecinncnnncccnne 111
Figure 2.32. Viscoelastic modeling of stress relaxation profiles for the resin sample
cured at 45%, for various isothermal temperatures. .......cccccevvveivininereeieinnicneininenns 111
Figure 2.33. Viscoelastic modeling of stress relaxation profiles as a function of time
for the glass/resin composite sample (direction 1 at VE45%). e 112
Figure 2.34. Viscoelastic modeling of stress relaxation profiles as a function of time
for the glass/resin composite sample (direction 2 at VAE40%)..covcvviivinccninninnne, 112
Figure 2.35. Linearization of chemical shrinkage induced by resin polymerization
(TMA versus DSC measures). c.cooeeeniciciniieniiniiiiiiiinin e eane s e 113
Figure 2.36. Coefficient of thermal expansion for partially and fully cured resin
samples (from TMA MEASUIES). ..ccocoeiruriiiniiiiiriiniiciiie e esserens 113
Figure 2.37. Coefficients of thermal expansion for fully cured composite samples of
NCS-82620 fabric. Symbols d1 and d2 indicate the principal planar directions of the
fabric, while T refers to the transverse direCOM. ..viviiiiririeireriee s eereseeeereressesireesnanee 1i4
Figure 3.1. Comparison of polymerization degree and £’ during specified curing
Loy 52 = OO OO USRS ONUOUREOFSOUEOTRRONt 130
Figure 3.2. DTMA measures of E’ for partially and fully cured resin samples (lines
presents model prediCtions). ..o 130
Figure 3.3. Measured and predicted £’ in both directions for composite with V;42%
of NCS-82620 (fully and partially cured samples). c.c.oovereininiiniininiiiiiieens 131
Figure 3.4. Measured and predicted £’ for different V. Fully cured composite
samples of NCS-82620 fabric and UT01 mat. ... 131
Figure 3.5. Rule of mixtures for £’ as function of Vz A and B represent validity

range of Vyfor U101 and NCS materials respectively. ..o 132



Xxii

Figure 3.6. Coefficients of thermal expansion for fully cured composite samples of
NCS-82620 fabric. dl and d2 indicate principal planar directions of the fabric,
while T refers to transverse dir€Ction.....c.cecvvveeiiviivininiiiniini et 132
Figure 3.7. A) Stacking sequence for thin plates. The number of NCS plies was
changed while mold thickness was maintained constant and 2 plies of U101 where
used in every cases. B) Warpage appearing in thin composite plates afier
manufacture, Total deflection at the center is the sum of longitudinal and transverse
8155 1 [0 £ (o) 11T OSSOSO 133
Figure 3.8. Measure of typical plate deflection during cooling from above the glass
transition temperature. The sample has 2 plies of NCS-82620 fabric and 2 plies of
UTOT M8ttt me e ce et s eaess s b e b e sa s e s e e ss s beebbene e b e s sunsaneseabas 133
Figure 3.9. Comparison of measured plates deflections with numerical predictions
of the thermo-mechanical model. ... 134
Figure 4.1. Scope of works related to part quality in RTM manufacturing. The
global problems need to be defined, requirements of material characterization stated
and appropriate objective functions derived for processing optimization. ........c..c...... 163
Figure 4.2. Comparison of DSC measurements of the resin degree of
polymerization with predictions of the resin cure kinetics model. Heating ramps
from 5 to 35°C/min are compared and shown a good agreement with model
PrEQICHIONS. ..viiiiiiiietnis et et 164
Figure 4.3. Curves of resin maximum degree of polymerization and induction time
as a function of curing temperature. These results were obtained from DSC
measurements data after applying the isoconversion methodology. ..o 164
Figure 4.4. Comparison of the resin Young’s modulus (£°) and degree of
polymerization during a specified curing cycle: £” is measured with a DMA while
the degree of polymerization comes from DSC measurements. .....ccoveveiencniniennn 165
Figure 4.5. A non-linear correlation between £’ and the degree of polymerization
was found for the polyester resin tested. Here DMA measurements of £” are plotted

as a function of degree of polymerization obtained from DSC results.......ccccocooeenee 165



XX1V

Figure 4.6. Temperature shift factor as a function of temperature for various degrees
of polymerization. The glass transition temperature 7g is also drawn as a function
of the degree of POlYMEriZation. ......coceeoeviiviieiccce s 166
Figure 4.7. Comparison of the model predictions and DMA measures of Young’s
moduli £” for partially and fully cured resin samples (the lines present model
PrEQICHIONS). oviiiiiiiiciicin ittt e bbb 166
Figure 4.8. Measured and predicted Young’s modulus £’ in both directions for a
composite with volume fraction V/=42% of NCS-82620 (fully and partially cured
SAIMPIES). ceiiriiniiiiiiitiec e e e ettt eans 167
Figure 4.9. Measured and predicted E’ for different fiber volume fractions V. of
fully cured composite samples made of NCS-82620 fabric and U101 mat.................. 167
Figure 4.10. Rule of mixtures for £ as a function of fiber volume fraction V.
Regions A and B represent the experimental domain of validity of ¥ for U101 and
NCS materials respectively ..ot 168
Figure 4.11. Linearization of chemical shrinkage induced by resin polymerization
(TMA versus DSC mMeasUures). «..c.ccviviircniiriniiinci ettt 168
Figure 4.12. Coefficients of thermal expansion for partially and fully cured resin
samples (from TMA mMeasurements). .....cccoovieivieirininniniinisies e eesas 169
Figure 4.13. Coefficients of thermal expansion for fully cured composite samples of
NCS-82620 fabric: d1 and d2 indicate the principal planar directions of the fabric,
while T refers to the transverse direCtioN. ......o.cveeruiericciieeiiecciec e 169
Figure 4.14. Stacking sequence for thin plates: the number of NCS plies was
changed while mold thickness remained constant; two plies of U101 were used for
all the teSt SAMPIES. .ereieeiriieiieecee st sbe s sre s re e sree s 170
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 AefleCtioNS. .o e ir ettt 170
Figure 4.16. Measure of typical plate deflection during cooling from above the glass

transition temperature. The sample has 2 plies of NCS-82620 fabric and 2 plies of



XXV

U101 mat. While temperature decreases from 140°C to room temperature, plate
deflection increases from 510 17 M. covvveveecvicieeecinccnetceecer e scseve et 171
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
VAIES. certieieeiteeiert it sttt eet st et st e see e ae e sae et esseesutesatensceabesobe e basenresabenaesanenntesaeenaes 172
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. .....coccoueioieeieeeeee e et e 173
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
CONSIABTEA. 1ottt ettt s s st st st e eaee 173
Figure 4.20. Numerical calculation of temperature and Young’s modulus £” for a 15
mm thick composite cured at a mold temperature of 120 °C: high exothermic
temperature peaks are ObServed. ... 174
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 and middle thickness respectively. .o..oceceeinneineiiieneeniecreeeeeee e 174
Figure 4.22. Calculated stresses developed during outside-to-inside cure. Internal
stresses rapidly develop during cure after 10 min., due to resin shrinkage in the core.175
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. ..o 175
Figure 4.24. Numerical calculation of temperature and through-thickness degree of
polymerization for an inside-to-outside cure. The thick plate is processed at a
temperature OF 70 OC. oottt et s s e 176
Figure 4.25. Computed internal stresses during inside-to-outside cure (plate
processed at 70 °C). While no stresses are developed during the cure phase,

contraction stresses appear in the core due to thermal variations. ......ceeecveeevervrireenenn. 176



XXVi

Figure 4.26. Calculated temperature and degree of polymerization during one-side
cure. Resin polymerization evolves from the hot to cold surface, resulting in a high
exothermic peak in the regions close to the cold surface......ooeevevneneninicciinnne, 177
Figure 4.27. Numerical internal stresses during one-side cure. Internal stresses grow
up in the regions close to the cold surface during resin polymerization (after around
24 ETHTIUTES urreeiivreeeeiaeesteresnnenesessarssssseessesasenssasssessisaseensnntessassessonssenssesesssseeeeonnasosssnes 177
Figure 4.28. Numerical calculation of temperature and degree of cure for an
optimized curing cycle. Initial mold overheating and appropriate heating ramps
result in a quasi-constant through-thickness progression of polymerization and
minimization of temperature gradients. ........cocvectiirnrercniinien et 178
Figure 4.29. Calculation of through-thickness internal stresses during optimized
curing cycle. Low residual stresses are found after processing while final
polymerization degree is MaximizZed. ......ooivirivrniiniieiic s 178
Figure 5.1. Schematic representation of the domain Q representing the mold cavity.

The boundary is defined by 0Q =T, UI', UT,. (Note that I', was deliberately

removed fOT CIAITEY.) vivivi et e et e 212
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
a8S0CIAtEd 10 €AZE Elurriiiiniirieiiecie ettt aen 213
Figure 5.3. Triangular and prismatic (6 nodes) non-conforming finite elements. The

degrees of freedom are assigned at the middle edges; ¢, 77 and 7 denote the local

coordinates in the reference element.......cocov vt 213
Figure 5.4. Extrusion of a midplane mesh through the thickness of the composite.
From 2D finite elements, a solid mesh consisting of N/ layers may be constructed to
CAlCUIALE 3D TIOWS et et e e s 214
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. ......ccccocceevrniiniiiiiiininiincnee 215



XXVii

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........coiveeennerciiviencc e, 216
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. .....coevererieerne st 216
Figure 5.8. Data structure used to relate zones of PamRTM [11] 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 MALETIAL 1oveeirreiieiene ettt et ebe s s as e e an e e eas et e eae e 217
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
SEEUCTUFE cveenvveereeterererrenerestessseenseessaesasessessestenteesanesentensesestossassanessasrsiessbenssssasnsnbeernsennen 218
Figure 5.10. Schematic diagram of the through-thickness flow front shape
measurement system used by Diallo et al. [14]. .c.ccooiniiinii 219
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 prism6 finite elements in
the through-thickness direction. ..o 219
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...........cccccooincn. 220
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

prismé6 solutions predict well the filling at the interface.........cooovre 221



KRXVIii

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 riangle SOIUTION...evciiiir ettt 222
Figure 5.15. The distortion of the through-thickness flow front profile for prismé
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.....223
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
TG FJOW ettt a e ene e e ease e ebeeere et 224
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. ........cccocviiiiiiniiniiniennn, 224
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. ............ 225
Figure 5.19. Convergence of mesh refinement for the elliptic flow through an
isotropic material. For the same number of elements on radius, the prism6 solution
yields better results than the tetrahedron one.......cooovviiiininn 225
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 comers, 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. ............... 226



XXIX

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...227
Figure 5.22. Three-dimensional model obtained after mesh extrusion. The mesh
contains 60,000 prism6 elements and 40,000 nodes. ... 228
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.....o.cvevieveeriiieciiseiciiicrcti e 229
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........oco i 230
Figure 5.25. Predicted flow front positions with the triangular mesh with the botrom
foam skin permeability. A filling time of 23.5 sec was obtained. ...........cccoceervinnnn. 231
Figure 5.26. Predicted flow front positions with the triangular mesh with the top
foam skin permeability. A filling time of 27.2 sec was calculated. ... 231
Figure 6.1. Coupling of physical phenomena in Liquid Composite Molding (LCM)..274
Figure 6.2. Cross-section of the mold cavity showing the three-dimensional heat
and fluid flows. The trough-thickness temperature profile results in variable resin
viscosity and transverse fluid flow. ... 274
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 GIEMENLS. .ouvi ittt et 275
Figure 6.4. Control volume of the one-dimensional finite difference approximation..275
Figure 6.5. One-dimensional finite difference grid through the part thickness. The
mold walls are heated or cooled by duct pipes maintained at a known reference
temMPErature Zref coveereveieiieiccienneeice s OO O OO URPRRCIOOs 276
Figure 6.6. Different levels of inter-layer coupling with the mesh extrapolation

algorithm and the 1D finite difference grid. ..o 276



XXX

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. .c...cccocceevievvvinnninvininiinninninne. 277
Figure 6.8. Flow chart of the numerical algorithm for the non-isothermal analysis. ...278
Figure 6.9. Domain used for the validation test I ..........cocovns 279
Figure 6.10. Two meshes used for test case I: extrapolated parallel layers coincide
with the midplanes of each connected layer. ..., 279
Figure 6.11. Comparison of pure FE and hybrid FE/FD solutions with theoretical
values fOrtest Case Lo 280
Figure 6.12. Maximum error of both formulations obtained for different mesh and
2rid SIZes 1N tESL CASE L. wevveicniricieiic et 280
Figure 6.13. Rectangular domain used for validation test II and display of the 3D
and parallel layers meshes. ......oovviiiiciiniii s 281
Figure 6.14. Comparison with analytical values of adimensional temperature at
point X=Y=1 for pure FE and hybrid FE/FD solutions (test case IL). .....ccccooorveiennnnis 281
Figure 6.15. Convergence for 3D mesh refinement and parallel layers increment.
The rate of convergence increases more with the number of layers (FE/FD solution)
than with the number of nodes (FE solution). Note that the number of finite
difference nodes is twice the number of 1ayers. ...t 282
Figure 6.16. Evolution of temperature and cure profiles at the cavity centre is
depicted for pure finite elements and hybrid FE/FD solutions. The 2D FE solution is
USEA S TEIETETICE. cvrvieerirctieiree ettt s sb e b v eas s e nm e nraens 283
Figure 6.17. Comparison of error in the estimation of curing time for different mesh
sizes. The hybrid formulation gives a better approximation than pure finite elements
for the same number of trough-thickness layers. .....ccccvvvvnniciiiniiiiniiicen 284
Figure 6.18. The performance of diver solutions is compared for various meshes
with increased number of through-thickness layers of finite differences nodes. The

hybrid formulations seem to give a better performance for curing analyses................ 285



XXX1

Figure 6.19. Rectangular cavity used for the 2D convection test with different top
and bottom mold wall tempPeratures. .....co.coevvvercininiiiinciice e 286
Figure 6.20. Temperature evolution at the control point for the six solutions tested. ..286
Figure 6.21. Temperature distribution at the end of filling along the cavity midplane
for the Six SOIHONS tESIEd..cerveviricie et 287
Figure 6.22. Midplane geometry and finite element discretization of the automotive
hood used for the case StUAY. urvveeeeeieieceeeeeeeeer e 287
Figure 6.23. Flow front position in time for the non-isothermal mold filling of an
automotive front hood. The solutions of four solution tested are depicted. ................ 288
Figure 6.24. Degree of conversion at the end of filling in the automotive front hood.

The two dimensional solutions seems to better account for cure transport at flow

Figure 6.25. Evolution of the degree of conversion after filling for a curing time of
1500 sec. A curing front from the part perimeter to the center is induced by the non-
1SOthermal fIHHNG. ..o et 290
Figure 6.26. Comparison of computer times required for each model tested. While
previous 3D solutions with tetrahedrons required more than 44 hours, the new
prism6 runs in 1 hour 40 min and the hybrid FE/FD solutions in 5 minutes................ 291
Figure 7.1. Process parameters and issues in LCM optimization. .........cccoveeeeieenene. 336
Figure 7.2. Square error versus sigmoid function for the final extent of cure sub-
objective function. The sigmoid permits to increase the learning speed of the
evolutionary algorithm (EA) near the desired optimization Space. ........coeeveeeeveerecnenn. 336
Figure 7.3. Schématic of the through-thickness curing front in a typical thick

composite laminate. The cross-over point o must approach the a ., level to

Cross—over

decrease the Initiation delay.. ..ot 337

Figure 7.4. Comparison between the square error of g, and the sigmoid objective

J4GP OF €QUALION (7.7 ). cureeiieieieie ettt s sone s 337



XXX

Figure 7.5. Schematic representation of the cure differentials between the part
surface and the core. The sum of differentials is used to construct the objective

SIGIMOTIA Jurer wevemeermemerimeminiirisi ittt bbbttt b 338

Figure 7.6. Comparison between the square error of £, and the sigmoid objective

Joure 05 €QUAtION (711} ceoviiiiinieiiiii it eb e 338
Figure 7.7. Discretization of the temperature profile into a series of dwell times and
heating/CoOOINE TAIMIPS. .eoveurverieiieteimeiei ittt sttt eb e 339
Figure 7.8. Two step curing cycle used for the evaluation of the fitness function. ......339
Figure 7.9. Contour plot of the fitness function Fy for the curing cycle with two
heating ramps (without considering internal SIresses). c.ooveveeeiiieiniiiiniice 340
Figure 7.10. Contour plot of the fitness function Fj for the curing cycle with two
heating ramps (considering the effects of internal Stresses). ....ooovviiiiiivieninicnnces 341
Figure 7.11. Cure cycle of the optimized temperature profile (with stress analysis)
for the two heating ramps: Q= 0.82 °C/min and di;= 46 min. ....ccoovrvevieceeeenrieeeee 342
Figure 7.12. Convergence of the fitness function for LeCoq optimization for the two
heating ramps with and without curing SIresses. ..ot 342
Figure 7.13. Typically temperature profile used for the curing optimization of thin
COMPOSILE JAMINALES. ..oviiiiieiie e s 343
Figure 7.14. Optimized temperature and cure profiles for the elastic and viscoelastic
modeling of mechanical Properties. ...t it 343
Figure 7.15. Temperature profile used for the curing optimization of thick
COMPOSItE JAMINGALES. ..c.oviniiiirieiei e e 344
Figure 7.16. Optimized temperature and cure profiles for the 25 mm thick laminate
with cure gradients minimization (i.e., no stress analysis). ..o 344
Figure 7.17. Optimized temperature and cure profiles for the 25 mm thick laminate
with elastic modeling of mechanical properties.........oovvvviiriveieiriciciereieene 345
Figure 7.18. Optimized temperature and cure profiles for the 25 mm thick laminate

with viscoelastic modeling of mechanical properties. .....coovvoeevvenininniiiee 345



Xxxii

Figure 7.19. Processing stresses for the 25 mm thick laminate applying the
optimized temperature profile with minimization of cure gradients (i.e., no stress
analysis). The viscoelastic modeling was used for the stress calculation.........c......... 346
Figure 7.20. Processing stresses for the 25 mm thick laminate with the optimized
temperature profile and elastic modeling of mechanical properties. ......c.cooovverinines 346
Figure 7.21. Processing stresses for the 25 mm thick laminate with the optimized
temperature profile and viscoelastic modeling of mechanical properties.....c...cooeeuve. 347
Figure 8.1. Couplage possible des optimisations unidimensionnelles......ooeneineneee 360
Figure 8.2. Algorithme d’optimisation globale des procédés d’injection sur renfort...361
Figure 8.3. Calorimetre DSC 910 et ordinateur de traitement des données. ................ 364
Figure 8.4. Instrument d’essais mécaniques dynamiques : a) DMTA 2980 de TA
Instrument, b) montage typique d’un échantillon en flexion double cantilever. .......... 365
Figure 8.5. Instrument d’essais thermomécaniques: a) TMA 2940 de TA
Instrument, b) montage d’expansion thermique. .......cccvvirveniieneninieniereeenecrenees 366
Figure 8.6. Echéancier des travaux 1éalisés. ..o 369

Figure 8.7. Statistiques des codes développes ..o 370



XXKIV

LISTE DES TABLEAUX

Table 1.1. Mathematical models for phenomena present in the LCM process.............. 26
Table 2.1. Values obtained for the kinetic parameters used in the cure modeling of
T580-03 POIYESIET TESIN. .eoveireerieieiiiieieie et cte e e e s e st e be st e be b asnaesesassens 115
Table 2.2. Parameters of the model of thermo-mechanical properties of T580-63
TESIM. 1 enniiireii ittt et st es b e e eee s te e b e ebae e u e bt e s e bt e s saesat e sed s saensbeere e e s enannesonesrennnas 115
Table 2.3. Values obtained for the modeling of the mechanical properties of T580-
63 resin, NCS-82620 fabric and U101 mat cOmpoSIte. ....coceovirvreiiinieeciesr e 116
Table 2.4. Parameters obtained for equations (26) to (28) to fit viscoelastic data of
TS580-63 FESITL oottt ettt et es e s etere st e e e et e s e ase st e s asabe s aseassansensess 116
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. ....... 135
Table 3.2. Ultimate plate deflection when cooling after re-heating at 150°C. Both,
numerical and measured deflections are at room (EMPEratUre. . ..cvveereeeieeeinrersresereenens 135
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. ................ 179
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. ............ 179

Table 5.1. Series of test carried out to quantify the resin mass loss when using

prism6 fiNIe EJEMENTS. ..c.ooiriiiiiiciiie ettt et 232
Table 5.3. Permeability and porosity for each zone of the truck fender model. .......... 233
Table 6.2. Kinetic model and thermal properties used in test case Il........ccveverunnns 292

Table 6.3. Combination of different formulations and elements used for test case
TV ettt e s s s ittt e s s e e s s e s st et e s e e e e aseatatare s e ta s amanntaaaeenesaneen et anesanaeaien 293
Table 6.4. Computer times required to calculate for each solution of test case 1V

(1IMES AT€ IN SECOMASJ.uveeeireriireteerie e reresteeetenreereereesessaastesssesisssssesnrassesssessassenssesseeans 293



XXXV

Table 6.6. Description of the five models used to compute the non-isothermal filling
and curing of the automotive front BOOd. .. e vveeieiinecceeececc e 294
Table 6.7. Comparison of results obtained with the five models tested for the non-
isothermal filling and curing of the automotive front hood. .....ccoovvcninnnienincnnenne 295
Table 7.1. Characterized material properties to evaluate the energy and species
balances during processing. Models are described in [A2]. .o 348
Table 7.2. Characterized mechanical properties for the analysis of internal
processing stresses. Models are described in [A2]. ..o 348
Table 7.4. Comparison of standard cure cycles with optimized cycles for the thin
COMPOSTIE JAMINATE. (.oviiiiiciiiicicc s ebe s e 349
Table 7.5. Summary of the optimized cure cycles for a 25 mm thick composite

I ITIAEC e eeeieeitee e eeee e s e tesetaanse s aresseseeaaemeanssesssesestasnrannerosssssanseensnrnnsanassesseninnrnne 350



XXXVi

LISTE DES ANNEXES
ANNEXE I CODES Cr it 381
ANNEXE 1. ALGORITHME UNDIMENSIONNEL DE CONTRAINTES
RESIDUELLES ..ottt bs s 393
ANNEXE [I. COURBES DE CARACTERISATION DE LA CINETIQUE DE
CUISSON Lttt s b e sas st s b sansa s s b seneannane e 395
ANNEXE IV. DIAPOSITIVES DE LA PRESENTATION DE SOUTENANCE ......399

ANNEXE V. FICHES TECHNIQUES DES MATERIAUX .....vvnrrirrvreereesesiorerenn. 421



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
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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]:






