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Matériaux composites aéronautiques hautes températures a ma-
trice bismaléimide renforcée

Le domaine aéronautique fait de plus en plus appel aux matériaux composites pour
alléger les structures dans le but d’améliorer leurs performances et de limiter la consom-
mation de carburant. Les composites a matrices organiques représentent aujourd’hui plus
de 50% de la structure des avions civils de derniére génération (A350 et B787). Les matéri-
aux utilisés sont essentiellement des composites a matrice époxy avec des températures
d’utilisation en service continu pour de longues durées ne dépassant pas 110°C. Contin-
uer a augmenter cette part de matériaux composites passe par leur introduction dans des
zones plus chaudes, proches des réacteurs ou des turbines.

Les matériaux composites a matrice bismaléimides sont compatibles avec des tempéra-
tures d’application d’au moins 200°C, mais sont tres sensibles aux impacts et présentent
une fragilité beaucoup trop importante pour des pieces de structure. Les composites a
matrice époxy ont fait 'objet de développements pour améliorer ces propriétés, en incor-
porant dans les formulations des thermoplastiques solubles et insolubles qui ont pour effet
de freiner la propagation des délaminages induits par des impacts.

En s’inspirant des méthodologies et des connaissances acquises sur les formulations
époxys, l'objectif de ces travaux est de développer des systémes réactifs de type bis-
maléimide a propriétés optimisées et d’identifier les parameétres clés pour y parvenir.

Mots clés : composite, thermodurcissable, bismaléimide, ténacité.

High temperature and toughened bismaleimide composite mate-
rials for aeronautics

Aeronautics use more and more composite materials to reduce structures weight, in
order to improve performance and to limit fuel consumption. Polymer matrix composite
materials represent today more than 50% of last generation civil aircrafts structure (A350,
B787). Most of thermoset matrices are epoxies with service temperatures below 110°C for
long time services. To further optimize the composite part ratio, it is now necessary to
use those materials in structural parts exposed to higher temperatures, for instance, near
engines.

Among high performance thermoset matrices, bismaleimides offer potential in service
temperature up to at least 200°C, but their brittleness makes them non-suitable for struc-
tural applications. Epoxy-based composite materials have gone through improvements,
increasing their toughness by mixing with soluble and non-soluble thermoplastics to hold
in delamination crack propagation.

Starting with methods and knowledge from epoxies toughening strategies, this work is
dedicated to develop toughened bismaleimide systems and to identify relevant parameters

to reach this aim.

Key words : composite, thermoset, bismaleimide, toughness.



Résumé étendu

Introduction

Le domaine aéronautique est tres exigeant, tant en aérodynamique qu’en électronique, en
mécanique et en chimie. Les sciences des matériaux demeurent un élément fondamen-
tal dont l'ingénierie aéronautique ne saurait se passer. Les matériaux utilisés pour la
conception des aéronefs ont beaucoup évolué depuis 'apparition des premieres machines
volantes. Les premiers avions du début du 20°™¢ siécle, étaient principalement faits de
bois et de toile, directement hérités de la structure des machines volantes du 19°™¢ siecle.
La premiére moitié du 20°™¢ siecle a vu le perfectionnement des systémes de propulsion et
des structures aller de pair avec un usage grandissant des matériaux métalliques. Pendant
la seconde moitié du 20°™¢ siecle, les moteurs plus puissants ont permis le vol & plus haute
altitude, engendrant de nouvelles contraintes pour les matériaux et les structures, comme
la nécessité de pressuriser les habitacles. Dans les années 1960, 1’essor du transport aérien
et le développement d’avions plus volumineux pour transporter des passagers a rendu
nécessaire la recherche de matériaux plus légers. Les alliages d’aluminium ont rempli ce
role. A partir des années 1970, les matériaux composites ont été progressivement intro-
duits dans la conception d’appareils volants (Figure I). Méme si les premiers radomes a
base de fibre de verre sont apparus des les années 1940, c’est 1'utilisation de la fibre de
carbone qui a mené au développement d’une nouvelle classe de matériaux a la fois rigides
et légers.
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Figure I : part des matériaux composites a matrice organique dans la structure de
différents appareils.

Le terme composite désigne ’ensemble des matériaux fait d’au moins deux composants
distinguables. Pour un simple composite a deux composants, I'un, appelé matrice, assure
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le maintien de 'intégrité du matériau, ainsi que le transfert des efforts. L’autre appelé
renfort amene généralement les propriétés d’intérét. Les matrices peuvent étre de di-
verses natures, comme des métaux, des céramiques ou des polymeres. Les renforts les
plus communs sont constitués de métaux, de céramiques et de divers types de fibres et de
particules. Matrice et renfort peuvent étre faits du méme matériau, comme dans le cas
des composites SiC/SiC ou C/C ou fibres et matrice sont fait respectivement de carbure
de silicium ou de carbone. Dans ce cas, les propriétés intéressantes sont apportées par
la forme du renfort. En général, ce sont deux matériaux de nature différentes qui sont
associés.

Les matériaux composites dont il sera question par la suite sont constitués d’une
matrice polymere et de renforts en fibres longues. Ce type de composite est largement
utilisé dans les structures aéronautiques. Deux classes de matrices polymeres sont ren-
contrées, les thermoplastiques et les thermodurcissables. Les thermoplastiques sont con-
stitués de longues chaines moléculaires et nécessitent d’étre chauffés pour étre mis en
forme. Les thermodurcissables sont constitués de petites molécules qui réagissent pour
former un réseau macromoléculaire tridimensionnel. Ils sont également communément
appelés résines, un terme ambigué pouvant désigner a la fois ’état initial non réagi et le
matériau polymere solide dans son état final. Les matériaux composites aéronautiques
sont principalement fait a partir de résines de type époxy. Les résines phénoliques sont
plutot destinées aux habitacles, en raison de leur résistance au feu. Les thermoplastiques
sont encore peu utilisés mais quelques applications ont été retenues, comme le plancher
du cockpit de ’A400M a matrice polyéther cétone cétone.

Plusieurs natures de fibres peuvent étre rencontrées (Figure II), chacune destinée a des
applications précises. Les fibres de carbone sont utilisées dans les structures primaires, les
fibres de verre pour les planchers et les structures secondaires. Les radomes contiennent
des fibres de quartz ou de verre, alors que les fibres de bore sont de moins en moins utilisées
(des parties d’empennage sur de vieux modeles d’avions militaires en contiennent encore).

Figure II : fibres communément rencontrées dans les matériaur composites a matrice
organique. A) carbone ; B) verre ; C) aramide.

Les propriétés mécaniques des matériaux composites dépendent de 'orientation spa-
tiale des fibres. Les laminés sont constitués de couches de fibres et de matrice ap-
pelées plis. La séquence d’empilement détermine les propriétés suivant les différents axes.
L’empilement le plus simple est constitué de plis dont toutes les fibres sont paralleles (uni-
directionnel). Les propriétés dans 'axe d’alignement des fibres sont excellentes mais au
détriment de I'axe latéral. Les plis de fibres paralléles peuvent étre orientés différemment,
de sorte a obtenir des fibres alignées dans plusieurs directions. Un tel empilement est
appelé quasi-isotrope. Des plis de fibres tissées sont également souvent utilisés.

ii
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Figure 111 : séquences d’empilement. A) unidirectionnel ; B) quasi-isotrope ; C) tissus.

Le succes des matériaux composites dans un domaine aussi exigeant que celui de
I’aéronautique s’explique par les nombreux avantages qu’ils offrent. Avec une faible den-
sité, ils permettent d’alléger les structures en se substituant aux matériaux métalliques.
Ceci impose de nouvelles conceptions pour adapter la géométrie et la structure compos-
ite a la distribution des efforts. Un gain non négligeable peut étre accompli grace a des
procédés de fabrication efficaces. Les pieces composites sont en effet réalisées a partir
d’ébauches tres proches de leur forme définitive, réduisant les usinages nécessaires et la
perte de matiere. Ces pieces peuvent d’ailleurs étre de trés grande taille, réduisant le
nombre de raccords (rivetage ou boulonnage). Ces matériaux composites sont de plus
tres résistant a la fatigue et a la corrosion.

Un nombre conséquent de limites accompagne ces avantages. Si l'usage intensif des
composites en aéronautique a entrainé une dynamique de production de masse, réduisant
le colit des matiéres premieres, les matériaux de haute performance demeurent assez chers.
De plus, par certains aspects, leur mise en forme est cotiteuse (hautes températures, cycles
de cuisson longs...). Un des problemes majeurs apparaissant lorsqu’une piece métallique
est remplacée par une homologue composite, est la différence de conductivité électrique.
Bien que les fibres de carbone conduisent le courant, les matiéres plastiques constituant
les matrices sont de bons isolants. L’impossibilité d’évacuer convenablement les charges
provoque 'endommagement du matériau en cas d’impact de foudre. La faible conductivité
électrique va de pair avec une faible conductivité thermique et 'accumulation de chaleur
est néfaste pour des matériaux limités a une gamme de faibles températures (les compos-
ites & base époxy ne peuvent en général pas dépasser 140°C). Tout comme le vieillissement
thermique, I’humidité nuit au maintien de bonnes propriétés. Enfin, les matériaux com-
posites sont assez sensibles aux impacts et résistent mal a ’endommagement.

Un des axes de développement des composites a matrice organique pour I’aéronautique
concerne 'introduction de pieces dans des zones chaudes. Les matériaux doivent alors pou-
voir subir des températures élevées pendant toute la durée de vie de I'appareil. Parmi les
matrices satisfaisant ce critere, les résines bismaléimides ont déja connu plusieurs appli-
cations en environnement moteur. Cependant presque aucune ne concerne des structures
primaires, devant supporter des contraintes mécaniques importantes, la raison étant la
trop grande fragilité de ces matériaux.

Ces travaux visent a développer des matériaux composites a matrice bismaléimide,
ayant une ténacité augmentée. La stratégie adoptée est celle qui a porté ses fruits pour
les matrices époxy, a savoir I'introduction de thermoplastiques dans les formulations.

1ii
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Chimie des bismaléimides

Trois générations de résines bismaléimides ont été employées. La premiere n’implique pas
d’autre composant que des molécules de la classe des bismaléimides. En effet, portés au-
dessus de leur point de fusion, celles-ci réagissent entres-elles (homopolymérisation) pour
former un réseau tridimensionnel densément réticulé. Leurs difficiles conditions de mise
en forme (réaction rapide, fusion au-deld de 150°C) et leur grande fragilité ont amené
a mélanger les bismaléimides avec d’autres composés. La deuxiéme génération de bis-
maléimides a introduit I'usage d’amines qui copolymérisent avec les bismaléimides par
réaction de Michael. L’amine écartant les noeuds de réticulation, le réseau formé est
moins fragile. La troisieme génération de résines reprend le méme principe en remplacant
les amines par des bisallyles. Les résines alors obtenues ont une facilité de mise en forme
similaire a celle des époxys, rendant possible I'utilisation des mémes outils pour la fab-
rication de pieces composites. C’est un de ces systemes qui a été sélectionné pour cette
étude (Figure IV).

A B
0 0]
M CH N
Lo O,
8] 8]

Figure IV : composants de la résine bismaléimide sélectionnée.
A) 1,1°-(methyldi-4,1-phényl)bismaleimide (BMI) ; B) 2,2°-diallylbisphénol A (DBA).

La réactivité des résines bismaléimides/bisallyles a fait I’objet de nombreuses études,
desquelles se dégagent deux principaux mécanismes réactionnels. La premiere étape est
commune aux deux, il s’agit d’'une réaction de type Alder-éne entre les deux monomeres
pour allonger linéairement les chaines polymeres. La seconde étape, celle responsable de
la réticulation du réseau, est soit ’lhomopolymérisation des groupements maléimides, soit
un ensemble de réactions d’addition (Diels-Alder ou Wagner-Jauregg) et de réarrange-
ments, impliquant les fonctions maléimides et ’adduit de la réaction d’Alder-éne.

La premiere étape a été confirmée par RMN en solution de systemes modeles re-
produisant la réactivité des monomeres tout en évitant la réticulation. Les produits de
réaction de la seconde étape n’ont pas été identifiés avec précision a cause de leur trop
faible solubilité. L’étude des systemes modeéles permet cependant de suggérer que les
deux mécanismes sont possibles dans la résine choisie. Les analyses chimiques n’ont pas
été poussées plus loin, mais de nouveaux éléments sont apparus lors de 1’étude physico-
chimique du mélange réactif. La mesure du temps de gel en condition isotherme, avec
et sans inhibiteur de radicaux, a mis en évidence un retard conséquent du gel lorsque les
réactions radicalaires sont inhibées (Figure V). Ceci tend a prouver que le mécanisme de
réticulation (lié a I'obtention du gel) est de nature radicalaire.

iv
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Figure V : courbes de gel du systéme réactif BMI/DBA avec et sans inhibiteur de
radicauz.

Les conséquences de cette observation sont multiples. Les résines bismaléimides-
bisallyles se distinguent par cette réactivité radicalaire en chaine, des résines époxys qui
ont un mécanisme de croissance par étapes. Comme conséquence directe, les parametres
de controle des cinétiques de réaction ne seront pas les mémes. Le mécanisme radicalaire
amene également une inhomogénéité dans le réseau, notamment en terme de densité de
réticulation. En effet, la polymérisation est active autour des radicaux, formant rapide-
ment des micro-gels réticulés baignant dans des monomeres n’ayant pas encore réagi. Ces
inhomogénéités peuvent étre limitées par 'ajout d’inhibiteurs de radicaux, permettant
ainsi un controle relatif sur la structure du réseau, a travers les différents mécanismes
réactionnels.

Modification par des thermoplastiques

Les mélanges bismaléimides/thermoplastiques ont été étudiés pour des polyéthersulfones
(PES), des polyétherimides (PEI), des polyesters, des polyimides et des polyaryléther
cétones. Seuls les PES et les PEI ont été retenus pour cette étude, pour leur haute tem-
pérature de transition vitreuse (225°C), leur disponibilité a 1’échelle industrielle et leur
utilisation connue dans des mélanges avec des résines époxy/amine. La littérature prévoit
des morphologies particulaires a faible taux de thermoplastique, puis des morphologies
co-continues et en phase-inverse, en augmentant ce taux. Seules les morphologies de par-
ticules de thermoplastique dans une matrice réticulée sont souhaitables, pour une bonne
conservation des propriétés thermomécaniques.

Le suivi par microscopie optique a platine chauffante des différents mélanges, a mis
en évidence une séparation de phase pendant la cuisson, suivant un mécanisme de dé-
composition spinodale. Ce mécanisme n’est pas modifié par le taux de thermoplastique
ou la vitesse de chauffage. Les morphologies particulaires sont obtenues jusqu’a des taux
de 5 & 10 per (parts pour cent parts de résine), selon le thermoplastique utilisé. Lorsque
la concentration de thermoplastique augmente, des objets plus complexes apparaissent,
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d’abord de grosses particules a morphologie en phase-inverse, puis des globules plus gros,
puis de multiples échelles de séparations de phases (Figure VI).

Figure VI : morphologie d’un mélange BMI/DBA/PEI a différents taux de PEL
A) résine pure ; B) 1 per ; C) 5 per ; D) 10 per. Echelle commune 100 pm.

Dans le cas des morphologies particulaires, ’observation a petite échelle a révélé des
sous-structures au sein des particules, méme des plus petites. Celles-ci sont particuliere-
ment visibles dans le cas du PES, ot les particules ont une morphologie en phase-inverse.

En plus des PES et PEI qui sont initialement solubles dans les monomeres de la
résine bismaléimide, des thermoplastiques non solubles tels que le polyamide-imide (PAT)
et un polyimide (PI) ont également été utilisés pour améliorer la ténacité du matériau
thermodurcissable. Les particules de thermoplastique sont alors simplement dispersées
dans la matrice.

Rupture des bismaléimides

Un dispositif expérimental original a été utilisé pour étudier les comportements a petite
échelle lors de la rupture de la matrice thermodurcie. Une géométrie de test mécanique
permettant de propager de maniére controlée une fissure en mode I (DCDC) est associée a
la microscopie a force atomique (AFM). La propagation de fissure peut alors étre observée
a une échelle inférieure au micrometre. Ce dispositif a permis de mettre en évidence une
propagation lente de la fissure dans le matériau, les vitesses d’avancée de fissure allant du
micrometre par seconde (dans ce cas le suivi par caméra optique est substitué a ’AFM)
a la dizaine de picometres par seconde.

vi
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Une mesure du facteur d’intensité de contrainte peut étre réalisée a partir du profil
d’ouverture de la fissure. La variation de ce facteur est associée a la relaxation de la force
appliquée a I’échantillon. Sur les sept décades de vitesse explorées, le facteur d’intensité
de contrainte varie d’environ 10%. Un modele reliant la vitesses de propagation de fissure
au taux de déformation a la pointe, met en relation cette faible variation avec la faible
dépendance de la loi de comportement du matériau au taux de déformation.

Un phénomene de propagation saccadée est visible lorsque la vitesse de propagation
de fissure est suffisamment faible. Des phases de tres faible vitesse (pratiquement nulle)
succedent & des avancées brutales (instantanées a 1’échelle d’observation) sur environ
250 nm. Pendant les phases lentes, la pointe de fissure s’arrondit progressivement, alors
que la propagation brutale génere une pointe tres effilée. Ce phénomene peut avoir deux
origines, la premiere étant un phénomene mécanique semblable a du stick-slip a petite
échelle. La seconde provient de I'inhomogénéité du réseau polymere, ou 'alternance de
zones plus ou moins densément réticulées est associée a 'alternance de phases lentes et
rapides. L’utilisation d’un réseau homogénéisé a I’aide d’un inhibiteur de radicaux modifie
cette séquence de propagation. Les avancées brutales disparaissent et sont remplacées par
des phases d’accélération et de ralentissement de la pointe de fissure.

Rupture des matrices modifiées

Les différentes matrices modifiées ont été classées selon leur ténacité. Le PAI est relative-
ment efficace pour augmenter la ténacité (+25%), alors que le PI est le moins efficace.
Les PES et PEI sont d’efficacité équivalente a celle du PAI (+18-28%). Le PES et le PAI
ont été retenus pour poursuivre I’étude sur les mécanismes de renforcement.

La méthode d’observation utilisée sur la matrice bismaléimide pure a été adaptée pour
observer la propagation de fissure dans les matrices modifiées par ajout de thermoplas-
tique. Ce protocole permet de suivre avec une résolution temporelle les phénomenes ayant
lieu lorsque la pointe de fissure rencontre une particule renforcante (Figure VII).

Figure VII : images AFM d’une fissure propageant dans un mélange BMI/DBA/PES a
10 per. A) to ; B) to + 413 min ; C) to + 1102 min. Propagation vers le haut.
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Les mécanismes liés aux différents types de particules ont été ainsi identifiés. Si la
fissure traverse les particules de PES (Figure VII), elle a plutét tendance a contourner
celles de PAI (Figure VIII).

5 pm Spm

Figure VIII : images AFM d’une fissure propageant dans un mélange BMI/DBA/PAI a
7per. A) ty ; B) to + 25 min. Propagation vers le haut.

Les surfaces de rupture des différents échantillons ont été analysées en microscopie
électronique a balayage. Les différents évenements observés pendant la propagation sous
AFM ont été mis en relation avec des marques particulieres sur les surfaces de rupture.
Chaque évéenement permet ainsi de remonter a la formation des différents reliefs observés.

Ainsi il est possible d’établir une relation entre la structure du matériau (dépendant
de ses constituants), les mécanismes de propagation de fissure et Uefficacité du renforce-
ment. Dans le cas du PES, la fissure traverse les particules en étant peu déviée, mais
celles-ci montrent une forte déformation plastique, entrainant une dissipation d’énergie
supplémentaire par rapport a la matrice pure. Dans le cas du PAI, la déviation de la
fissure (engendrant des modes mixtes locaux) et la création de surface supplementaire
(contour des particules) cotitent de I’énergie. De plus, des mécanismes de déformation du
front de fissure (crack-pinning) semblent également étre impliqués.

Rupture des composites

Quatre formulations de matrices ont été retenues pour la conception de matériaux com-
posites a fibre de carbone : matrice bismaléimide pure, matrice modifiée avec 5 per de
PES, matrice modifiée avec 7 pcr de PAI et matrice modifiée avec 5 pcr de PES et 7 per de
PAI. Les contraintes du procédé d’injection, notamment sur la viscosité de la résine, em-
péchent de mélanger les thermoplastiques aux monomeres, par conséquent il sont placés
directement entre les plis de la préforme, dans laquelle la résine non modifiée est injectée.

La mesure de ’énergie nécessaire au délaminage en mode I du composite montre une
augmentation de la résistance a la propagation de fissure pour les composites a matrice
modifiées. Le meilleur renforcement est obtenu avec le PES et le plus faible avec le PAI,
le mélange des deux étant intermédiaire (Figure IX).
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Figure IX : énergie surfacique de délaminage en mode I pour les différents composites.

L’efficacité du PES ne peut pas étre simplement mise en regard de 1’étude sur les
matrices. Le procédé de fabrication des composites ayant nécessité d’introduire les ther-
moplastiques dans la préforme, le PES n’a pas été pré-solubilisé dans la résine. De fait,
des coupes microscopiques dans le composite révelent la présence de morphologies en
phase-inverse, qui n’apparaissent pas dans la matrice au méme taux de thermoplastique.
L’étude des surfaces de rupture des composites délaminés montre que les zones en phase-
inverse introduisent de la ductilité dans le processus de rupture. Ce nouveau mécanisme
permet d’expliquer la plus grande efficacité du PES (+99%) dans le composite par rapport
au PAI (+37%), situation inverse au cas des matrices. Le fait que combinaison des deux
types de thermoplastiques n’est pas aussi efficace que le PES seul peut s’expliquer par
une hypothese de maillon le plus faible, ou la présence de PAI renforce la matrice pure
mais amoindrit la résistance des zones de morphologie en phase-inverse.

Conclusions

Cette étude aborde de multiples aspects liés aux résines bismaléimides, allant de leur
chimie a la caractérisation fine de leurs mécanismes de rupture.

La chimie des résines bismaléimide/bisallyles est tres complexe, avec plusieurs étapes
de polymérisation de natures différentes et de possibles réactions paralleles. La premiere
étape de réaction identifiée est conforme aux observations de la litérature scientifique, avec
un allongement des chaines par réaction d’Alder-éne entre les fonctions maléimides et al-
lyles. La seconde étape, menant a la réticulation du réseau polymere, est beaucoup plus
difficile a caractériser. Les méthodes d’analyse chimique ont souvent été mises en défaut
par la rapide formation de composés insolubles. L’utilisation d’inhibiteurs de radicaux
et la mesure rhéologique du temps de gel, discriminant les mécanismes de réticulation, a
permis de mettre en évidence le caractere radicalaire de cette seconde étape. Les autres
réactions d’addition de type Diels-Alder ne sont cependant pas a exclure completement.

ix
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Elles peuvent d’ailleurs constituer un mécanisme alternatif dans le cas ou la polyméri-
sation radicalaire est inhibée. La chimie méme de ces résines suggere une structure de
réseau polymere profondément différente de celle des époxys, référence en matiere de ma-
trice pour les composites aéronautiques. L’étape de polymérisation radicalaire engendre
des inhomogénéités, en particulier dans la densité de réticulation.

La stratégie d’amélioration de la ténacité de la matrice bismaléimide par I'ajout de
thermoplastiques nécessite une connaissance et une maitrise des phénomenes de séparation
de phases pendant la cuisson des thermodurcissables modifiés. Le parametre ayant la plus
grande influence sur les morphologies obtenues est la concentration en thermoplastique.
Pour préserver au maximum les bonnes propriétés thermomécaniques de la matrice, les
morphologies doivent se limiter a des dispersions de particules riches en thermoplastiques
dans une phase principale riche en thermodurcissable. Les formulations retenues sont
donc celles aux plus faibles taux de thermoplastiques (5-10 per).

L’étude des mécanismes de rupture de la matrice non modifiée a été poussée jusqu’a
une échelle sub-micrométrique. A 1'échelle macroscopique, le matériau est fragile (verre
organique), mais la dissipation d’énergie a majoritairement lieu dans une zone plastique en
pointe de fissure. Dans le cas des résines bismaléimides, cette zone a une taille de I'ordre
de quelques micrometres. La technique d’observation par AFM a donc permis d’étudier
les phénomenes controlant la résistance a la propagation de fissure. Le comportement
lors de la propagation a faible vitesse d’avancée de fissure est cohérent avec celui d’autres
polymeres vitreux, bien que jamais mis en évidence sur ces systemes auparavant. Un
modele en loi d’échelle, issu de réflexions plus générales, pour prédire ce comportement a
partir des courbes contrainte-déformation est suggéré. L’analyse fine de la propagation a
révélé des variations non monotones de la vitesse d’avancée de fissure. Celles-ci sont liées
a la structure inhomogene du réseau polymere, mis en évidence par 1’étude de la chimie
et de la physico-chimie de la résine.

Le méme dispositif expérimental a été utilisé pour observer les phénomenes de prop-
agation de fissure dans les matrices hétérogenes modifiées. Cette méthode apporte une
résolution temporelle qui n’existe pas dans ’analyse fractographique conventionnelle. Les
divers évenements observés ont été mis en relation avec les caractéristiques des surfaces
de rupture, apportant des informations sur leur origine, tout en confirmant la pertinence
de la méthode. Chaque type de formulation sélectionnée est associé a des mécanismes
renforcants particuliers, bien identifiés a ’aide de cette technique.

L’analyse de la rupture des laminés composites a permis de confirmer l'efficacité de
la stratégie de renforcement mise en place, I’énergie associée au délaminage pouvant étre
multipliée par deux. L’analyse fractographique a cependant révélé de nombreuses dif-
férences entre les matrices et les composites associés, tant sur le plan des morphologies
que sur les mécanismes de résistance & la propagation de fissure. A cause des contraintes
liées aux procédés de fabrication des laminés, les morphologies de la matrice dans le com-
posite ne sont pas identiques a celles dans la matrice seule. Ceci entraine I'apparition de
nouveau mécanismes renforcants.

Cette étude apporte une connaissance plus profonde des résines bismaléimides et mon-
tre la possibilité de concevoir des matériaux composites a ténacité augmentée pour des
applications structurelles hautes températures.
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Introduction

Composite materials for aeronautics

Aeronautic is an extremely demanding field from aerodynamic and electronic to mechanic
and chemistry. Material science remains a fundamental element, which engineering and
aeronautic design have to comply with. Huge changes have occurred since the beginning
of flying machines history. First aircrafts in the early 20" century made an extensive use
of wood and fabric, directly inherited from the 19*" century flying machines. During the
first half of the 20*" century, constant innovation in thrust, and structures went hand in
hand with an increasing use of metallic components. In the second half of the 20* century,
more powerful engines enabled high altitude flight, which lead to new requirements and
needs for materials and structures such as pressurization. In the 1960s, the development of
bigger planes to carry passengers made the search for strong and light designs a necessity.
Aluminium alloys were employed to this end. From the 1970s, composite materials have
been progressively more and more used (Figure 1). Even if the first glass fibre-based
radomes had been introduced in the 1940s, the use of carbon fibres lead to a new class of
low density and stiff materials.
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Figure 1: polymer matriz composite materials used as structural parts for different
aircrafts.

Military aircrafts are often those which include the highest proportion of composite
materials of their time, the exception being the last generation of civilian planes, with a
composite structural weight over 50%. The reasons are the great potential of composite
technologies (for instance with the stealth bomber B-10), the differences in certifications
between civilian and military technologies and the military funding programs. Helicopters
have applied composite technologies very early at a wide extent. This reflects different
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dynamics in material development and certifications. In any case, the global trend for the
use of these materials is an increasing curve.

Materials

Composite is a general designation for materials that are made from at least two non-
miscible components. For a simple two components composite, one of the materials is
the matrix, which keeps the whole part together and ensure the load transfer, the other
one being the reinforcement, which brings interesting mechanical properties. Common
matrices are made of metal, ceramic or polymer. Common reinforcement are based on
metal, ceramic, various kinds of fibres or particles [). Matrix and reinforcement can be
made from the same material, such as SiC/SiC or C/C composites in which fibres and
matrix are respectively made of silicon carbide or carbon. In that case, strong properties
result from the shape of the reinforcement. Generally, different materials are combined.
Metal matrix composites (MMC) comprehend metallic or ceramic fillers or fibres, ceramic
matrix composites usually comprehend ceramic fillers.

Composite materials considered here consist into a polymer matrix with long fibre
reinforcement. This class of composite materials is well represented in modern aeronautic
structures. There are two kinds of matrices used which are thermosetting polymers and
thermoplastic polymers. Thermosets are low molecular weight species that create macro-
molecular networks by reacting [>3. They are also commonly called resins, a term that
can designate either the unreacted compounds or the reacted and solid polymer material.
Thermoplastics are polymer species that have to be heated to reach a fluid state. Ther-
moplastic systems similar to thermosetting resins can also be found. They are based on
reactive precursors of thermoplastics, easier to handle for material processing. Composite
structural aeronautic parts are mainly designed from epoxy resins composites. Phenolic
resins are also used for non-critical structures in passenger compartments according to
their good fire resistance behaviour. Thermoplastic matrices are not as commonly used
as thermosets, but some applications, such as the A400M cockpit floor, made of carbon
fibre reinforced polyether ketone ketone (PEEK), have been successful.

Several kinds of fibres are used for such composite materials 2! (Figure 2). Carbon
fibres are used for primary structures, glass fibres for floors and secondary structures.
Radomes can be made with quartz or glass fibres, boron fibres can still be found in tail
units of some old military aircrafts.

Figure 2: different types of fibres used as reinforcement for polymer matriz composites.
A) carbon ; B) E-glass ; C) aramid.

Properties of the composite are strongly dependent on the spatial orientation of
fibres 24 (Figure 3). For laminates, in which fibres layers are stacked in plies, the stack-
ing sequence determines the properties along spatial axis. For an unidirectional (UD)



Introduction

laminate, every fibres have the same direction, resulting into very strong longitudinal
properties at the cost of transverse performance. Unidirectional layers can also be stacked
with different directions to distribute the reinforcement effect all over the plane. Such
a sequence is called quasi-isotropic. Instead of unidirectional tapes, woven fibres can be
used, this also lead to isotropic properties.

Figure 3: stack sequences. A) unidirectional ; B) quasi-isotropic ; C) fabrics.

More complex structures involving honeycomb-like designs are commonly employed .
Honeycomb cores made of aluminium, carbon or aramid fibres are held between two rigid
sides that can be aluminium or composite slabs. In this later case, adhesion between
the two sides and the core can be achieved by the resin impregnating fibres. Those
panels, called sandwich structures, combine high strength with low density, i.e. used as
lightweight materials.

External layer

Honey comb core

Adhesive layer

Figure 4: sandwich structure including a honeycomb core.

Desirable properties

The main advantage of using organic matrices composite materials, is that a reduction
of weight can be achieved by replacing metallic parts. This usually requires to redesign
parts, to adapt the geometry and the composite structure to the expected mechanical
stresses.

Fabrication costs can also be reduced thanks to effective processes. Parts can be con-
structed very closed to their final shape, which can be very complicated. As a consequence,
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leaving aside additive layer manufacturing (ALM), very few material is lost compared to
classical machining of metallic parts (cut and drilling). It is also possible to design very
large parts and panels, which removes some assembling steps.

More than low density, composite materials have desirable physical properties such as
resistance to fatigue and lack of corrosion. Carbon fibres exhibit a negative longitudinal
thermal expansion coefficient, whereas matrices usually exhibit a positive one. Adjust-
ing the materials and the structure of the laminates, a nearly zero expansion coefficient
can be obtained. This is particularly useful for spatial applications, where the range of
temperatures of uses varies from -180°C to 160°C (6],

Limiting properties

The extensive use of composite materials in aeronautics has resulted in a mass production
decreasing the cost of raw materials. Some high performance polymer matrices compos-
ites are still quite expensive because of raw materials prices and processing conditions
(high temperature, long curing cycles...).

On several aspects, general properties of composite materials are highly limited. One
of the most worrisome drawbacks is the quite low electrical conductivity through the
thickness of laminates. Even if carbon fibres are prone to conduct charges, composite
laminates are alternated layers including insulating polymers. As a result, a lightning
strike generating local electrical charges would highly damage the material. Usually the
low electrical conductivity comes with low thermal conductivity which is also a problem,
most matrices having a limited range of compatible temperatures. For instance most
epoxy-based composites are not used above 140°C. As for thermal ageing, water uptake
alters the materials’ properties. Polymers usually absorb small amounts of water from
ambient atmosphere, this makes their attributes to vary until a saturation is reached. A
massive exposition to water might deteriorate the composite part. Thermoset matrices
often lead to materials sensitive to impacts. Lack of precaution while handling those parts
may result to damaging such as delamination.

Other considerations appear during machining or assembling. Drilling holes is a needed
operation for assembling and it causes huge loss of mechanical properties to composite
panels. Galvanic corrosion is also a problem when using carbon fibres and aluminium 1.
Both materials have to be isolated from each other.

Going further with composite materials

Intrinsic limitations of current composite materials point out that innovation is a necessity
if they were to be used to a larger extent. Thermal stability appears to be a crucial key to
new applications. Different kinds of thermoset matrices, such as bismaleimides, cyanate
esters, high temperature epoxies or benzoxazines, and high performance thermoplastic
matrices, such as polyaryletherketones (PAEK) or polyimides (PI), have been developed
for that purpose.

Design of materials integrating several functions (multi-functional materials) fits well
composites because of their multi-material nature. This route of development relies on
the necessity to simplify structures and to overcome limitations. Here, thermally stable



Introduction

composites would enable to use them in hot parts of structures, without the constrain to
add a thermal shield.

Bismaleimide resins

The US Air Force F-22 fighter jet is the first use of BMI resins at an industrial scale in
aeronautics. Among the 24% of thermoset composite materials, half is made of carbon
fibre with bismaleimide resins. These are mainly located on the wings. Some other kinds
of composite parts have been designed, relying on the thermal stability of these resins.
Aft flap hinge fairing structure of the US Air Force C-17 heavy carrier, that are located
under the wings (Figure 5A) and the helicopter tail boom of the Bell 429 have integrated
BMI composite structures. These are exposed to engine exhausts, so that service temper-
atures of 200°C are required. The nacelles surrounding engines are also exposed to high
temperatures. On Airbus A330 aircrafts, BMI composites are used in the inner cowls
of thrust reverser structures [ (Figure 5B). On Airbus A340, the pre-cooler ducts in the
inner fixed structure of thrust reverser are also made of BMI composites. Composites are
also integrated directly on motors. In the SaM146, an engine for regional aircrafts, the
mixed flow nozzle is mainly made of an epoxy/bismaleimide-based composite.

Bismaleimides are also used as adhesives with a high temperature stability for numer-
ous aircrafts [,

Figure 5: A) hinge fairing. B) open engine cowl, from [9].

By comparison with epoxy based composites, bismaleimides are not widely used in
aeronautic primary structures (an exception being the supporting structure of auxiliary
power units on Airbus planes). Those critical parts require materials that can sustain
stresses, function that is usually fulfilled with carbon fibre-based composites, but also
resist damaging and damage propagation. Bismaleimide resins are quite brittle materials
and bismaleimide composites may experience micro-cracking during thermal aging 1013,
There is therefore a need to improve their toughness to offer a wider range of high tem-
perature applications.

10



Introduction

Preamble to the study

Different aspects of bismaleimide-based composites for aeronautics will be addressed in the
following study. The outline is the toughening of bismaleimide-based composites for struc-
tural applications, compatible with temperatures of uses up to 200°C. For this purpose,
the thermoplastic modification strategy, successfully applied on epoxy-based composites,
was selected.

Chapter 1 starts with a general introduction to bismaleimide resins composition and
chemistry. The suitability for targeted high temperature applications is put to the test.
This chapter then focuses on the complex chemistry of these systems. From discussions
around the possible reaction paths, specific chemical mechanisms are identified. Differ-
ences with epoxy-based thermosets, the reference for structural aeronautics composites,
arise, especially about their polymer network structure.

Chapter 2 is dedicated to obtaining controlled morphologies from thermoplastic- mod-
ified bismaleimide systems. The phase separation mechanisms are identified and mor-
phologies are investigated at different scales. The influence of key parameters (chemical
structure of thermoplastics, thermal history, blend composition...) are also discussed.

Chapter 3 focuses on the fracture behaviour of a neat bismaleimide matrix. A multi-
scale approach is applied, investigating the classic macroscopic properties, down to micro-
scale mechanisms, using an uncommon experimental observation procedure. The relation-
ship between the thermoset network structure and the micro-scale fracture behaviour is
also considered.

Chapter 4 deals with the fracture behaviour of thermoplastic-modified systems. The
observation method introduced in chapter 3 is transposed to selected modified matrices
developed in chapter 2. Different mechanisms are identified, depending on the type of
modification. In a second part, failure of modified composites is investigated to determine
the most effective toughening strategy.

Chapter 5 summarises the results from different parts of the study. Suggestions for
further work are also detailed.

11



Chapter 1

Bismaleimide resins

After an introduction of the bismaleimide resins history and chemistry, main properties of
a standard material will be looked over, under the scope of high temperature applications.
The complex reactivity will then be examined, a chemical investigation highlighting key
questions, answers being brought by physico-chemistry. The last part focuses on the
consequences of the reaction path on the resulting polymer network structure.

1.1 Development of bismaleimide resins

1.1.1 Evolution of the BMI-based thermoset

Bismaleimide-based resins have been known for over 40 years and have come through three
generations, each one with a different chemistry. Maleimides can be prepared from maleic
anhydride (Figure 6A) or maleic acid (Figure 6B) reacting with a primary amine. The
maleimide chemical function is a five-atoms ring containing a nitrogen atom, a carbon-
carbon double bond conjugated with two carbonyl groups (Figure 6C). Using a primary
diamine leads to a bismaleimide, bearing two maleimide groups (Figure 6D). In that
case, the chemical backbone of the bismaleimide is determined by the original chemical
structure of the diamine: carbon aromatic, ester or sulfone . This kind of synthesis was
changed rapidly because of low reaction yields. The use of organometallic catalysts made
synthesis at an industrial scale possible ['%!.

A B C D
/D /D //D /{:} ﬂi\
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Figure 6: A) maleic anhydride ; B) maleic acid ; C) maleimide group ; D) bismaleimide.

Neat bismaleimides are considered as the first generation of bismaleimide resins.
Above their melting point, which depends on their chemical backbone (usually above
150°C [14.16)) " they undergo homopolymerization, leading to a cross-linked polymer. One
of the main limiting property of these thermosets is their high brittleness, arising from
a very high cross-link density. According to the low molecular mobility of polymeric
segments and low free volume, only few molecular rearrangements are possible while
damaging. As a consequence plasticity and deformation at break are very limited. To
reduce this effect, chain extenders have been added to bismaleimides. These are simply
co-monomers that increase the molecular weight between cross-links.

Bismaleimide/amine resins have also been employed ['"'8] but the last generation of
bismaleimide resins involves allyl chain extenders. They have been preferred to amines
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for several reasons. To ensure high thermal properties, the polymer chain has to be rigid,
the main factor being the chemical structure directly inherited from the monomers. So
far, high performance polymers mainly rely on aromatic backbones, but aromatic amines
needed for that kind of bismaleimide/amine resins are known to be health hazardous.
Furthermore, from a practical point of view, bismaleimide/amine resins still have to be
handled at quite high temperature. By comparison, bismaleimides can be be solubilized in
allyl derivatives, leading to a resin that can be handled in the same range of temperatures
as epoxy resins. This is a major advantage not to change the industrial process.

Some other chain extenders were investigated such as bisallylspirolactam [, allyl
chain extenders derived from epoxide (DGEBA) 29 allyl liquid crystals 2!, N-allyl (22,
bisthiols %, N-phenyl-maleimide 4 or allylamine [>26]. Other strategies aimed at modi-
fying the bismaleimide molecular structure by inserting polysiloxane chains 27 or oxidazol
cycles [28],

1.1.2 A whole history of chemical investigation

Varma and Sharma have examined the curing of pure bismaleimides. These crystalline
compounds melt at quite high temperatures (above 150°C) and react in the liquid state.
Different monomers indeed behave that way but lead to very different reactivity. They
found very different activation energies (based on a n'® order kinetic), which shows that the
curing behaviour strongly depends on the chemical structure ¥, Grenier-Loustalot and
co-workers have studied the polymerization of sterically hindered bismaleimides. Melting
and reaction temperatures both depend on the hindrance of the maleimide group %39, In
this case, homopolymerization follows a radical mechanism (Figure 7). Hopewell and co-
workers have examined the involved radical species, which depend on the maleimide chem-
ical structure B!, By mixing different bismaleimides, Grenier-Loustalot and co-workers
have observed eutectic blends 2. By using model compounds, they suggested a first-
order kinetic for the homopolymerization 3, which is consistent with results from an
other study based on inverse gas chromatography analyses 4.

Figure 7: homopolymerization of maleimides.
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Introducing amines brings new chemical paths as the amine reacts with the maleimide
function through a Michael reaction (Figure 8). The maleimide homopolymerization does
not occur at low reaction temperatures '7:18:35.36] . BMI and amine steric hindrance makes
both reactions more difficult *%, The secondary amine formed by the Michael reaction is
far less reactive than the primary one. Hopewell and co-workers have suggested that the
reaction is first catalyzed by the primary amine then by the secondary amine, involving a
BMI/amine complex formed from hydrogen bonds '7-'8l. This can be compared to Boey’s
kinetics study, which first step is autocatalytic ¥7. Other mechanisms are suggested when
the mixture is in solution, for instance a succinimide ring opening [,

o) Q H

\\ p— \ MNe.—.-
oo !

) )

Figure 8: Michael reaction between a primary amine and a maleimide.

The third and last system considered here is bismaleimide blended with an allyl chain
extender. In most of the studies, this system is a reactive blend based on 1,1’-(methyldi-
4,1-phenyl)bismaleimide (BMI) and 2,2’-diallylbisphenol A (DBA) (Figure 9).

Figure 9: usual components of a bismaleimide resin. A) BMI ; B) DBA.

All studies agree on the fact that at low curing temperatures (<200°C), the predom-
inant reaction is an ene-reaction (or Alder-ene reaction) involving an allyl double-bond
and a maleimide double-bond. As a result a prepolymer is formed (Figure 10) [39-51],
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Figure 10: Alder-ene reaction between a diallyl and a bismaleimide.

The following steps of the curing mechanism are more controversial. Some studies
using model compounds observe a Diels-Alder reaction followed by a re-aromatization
between the maleimide and the prepolymer 3944 (Figure 11). A Wagner-Jauregg reaction
is sometimes suggested in the same way 4059 This reaction starts like a Diels-Alder
reaction but leads to the formation of multiple rings on the same site. In the last curing
steps, persistent DBA double-bonds can undergo further cross-linking 9.

Figure 11: Diels-Alder reaction and re-aromatization of a maleimide group on the
resulting product of an Alder-ene reaction between an allyl and a maleimide.

The other possible cross-linking process is the homopolymerization of the maleimide
groups (Figure 7) #1:43.47.51 " The maleimide/allyl copolymerization is predominant be-
tween 140°C and 200°C. Between 200°C and 250°C, the maleimide homopolymerization
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takes place, but only if maleimide functions concentration is still high enough Y. The
Diels-Alder reaction which is observed in model systems is not taken into account be-
cause it cannot occur in highly cross-linked networks due to strong steric hindrance and
the restricted mobility. The bismaleimide immediately reacts on the prepolymer central
double-bond, this molecule creates free radicals from dissociation. The maleimide auto-
catalytic homopolymerization can then proceed 4751,

Phenol groups do not seem to react with maleimide functions . On the other hand,
they can form ether bonds by dehydration #1:43:47-49.51] This is observed for temperatures
as low as 140°C and it does not happen for the allyl-phenol alone *!. This process is
limited by the vitrification of the system, and these bonds are not stable above 300°C 3],
Other studies suggest that instead of creating ether bonds, phenol groups turn into car-
bonyl groups [*%:59 This last point requires to lose the phenol ring aromaticity through

multiple additions.

Considering this entire set of investigations, various methods and measurements were
employed. Most of them use differential scanning calorimetry (DSC) to compare reactive
systems and sometimes to determine parameters in kinetic models. When it comes to
chemical analysis, 'H-NMR, ¥C-NMR, in solid and liquid states, IR and NIR spectro-
scopies, UV fluorescence and different kinds of chromatographies were involved. None
of the works briefly described here were able to provide a fully satisfying reaction path
for the maleimide/allyl-phenol blends. The first reason is the high number of possible
reactions, the fact that they do not exclude each other and the probability of a depen-
dency on the thermal history. The second reason is more practical, whatever the reaction
path suggested, cross-linking leads to insoluble species that cannot be analysed by many
spectroscopic and chromatographic methods. This is why many studies are based on
model compounds: molecules that exhibit the same chemical groups but with a lower
functionality to avoid cross-linking (mono-maleimides and mono-allyls). This strategy
indeed enables the use of powerful analysis methods such as NMR in solution, but, as
pointed out by Rozenberg and co-workers [*74%51 steric hindrance and species mobility
strongly differs from the real resins.

1.2 Experimental details

1.2.1 Selected materials

The selected monomers were already introduced: 1,1’-(methyldi-4,1-phenyl)bismaleimide
and 2,2’-diallylbisphenol A (Figure 9). All monomers used came from a single batch.

Other molecules with a lower functionality were used for mechanistics investigations.
Similar reactivity compared to the monomers is expected but leading to more soluble
species, suppressing or delaying the cross-linking process. N-phenylmaleimide (MI, Fig-
ure 12A) and 1-allylphenol (AP, Figure 12B) copy the reactivity of BMI and DBA re-
spectively. This model system approach has been widely used to study theses reaction
paths 340 1-propenylphenol (PP, Figure 12C) is a mixture of Z and E isomers. It
should partially reproduce the reactivity of the Alder-ene adduct (Figure 10).
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Figure 12: A) N-phenylmaleimide ; B) 1-allylphenol ; C) 1-propenylphenol.

To investigate the radicalar nature of chemical reactions, hydroquinone (HQ) was used
as a radical inhibitor.

Main physical properties of these compounds are summarized in Table 1.

Compound Molecular mass Aspect Melting point(°C)
(g/mol)

BMI 358.35 yellow powder 156
DBA 308.41 yellowish viscous liquid -

MI 173.17 green solid 90
AP 134.18 clear liquid -
PP 134.18 clear liquid -

| HQ | 110.11 \ white powder \ 172

Table 1: main properties of chemicals.

1.2.2 Experimental procedures

1.2.2.1 Mixing protocol

The standard procedure to prepare the resin was the dissolution of the solid part (BMI)
in the liquid part (DBA). Monomers were heated at 130°C and the blend was stirred and
degassed under vacuum until an amber clear mixture was obtained. This resin could be
stored at low temperature (-18°C). The standard resin composition was chosen with a
BMI/DBA molar ratio of 1.145:1. The standard curing cycle was: 3°C/min up to 180°C,
isotherm for 1h ; 1°C/min up to 200°C, isotherm for 2h ; 1°C/min up to 250°C, isotherm
for 6h. Cooling was performed around 1°C/min (supplier recommendations for aeronautic
grade material).

Systems involving model compounds (MI, AP or PP) were prepared at room tempera-
ture simply by mixing components together. Dissolution of solids in liquids was achieved
during the heating step before reaching the experiment temperature.

1.2.2.2 Spectroscopy

Infrared spectroscopy: Infrared analyses were carried out on an Agilent spectrometer.
Powder samples were mixed and ground with potassium bromide. The powder was then
compacted, under a 10 tons pressure, to form tablets. These specimens were placed in
an infrared ray for transmission analysis. Soft samples were analysed between two potas-
sium bromide tablets. If needed, these samples can be placed in a heating device, allowing
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in situ analysis. Characteristic vibrations associated with chemical bonds can be iden-
tified with this spectroscopy, providing information on compounds molecular structure.
Elongation, in plane and out of plane vibrations will be noted v, § and v respectively.

Nuclear Magnetic Resonance spectroscopy: Samples were solubilised in a deuter-
ated dimethyl sulfoxide (DMSO-d6) at a concentration around 30 mg/ml. 'H analysis
was performed with a 32 scans sequence in a Bruker Avance apparatus (400 MHz). Char-
acteristic frequencies can be identified, giving information on the chemical environment
of protons. IR and NMR complete each other for chemical identification. For the sake of
clarity, relevant NMR signals will conveniently be extracted from spectra, which will be
displayed in appendix A.

1.2.2.3 Calorimetry

The Differential Scanning Calorimetry measurements were carried out with a Q2000 appa-
ratus from TA Instruments. Baseline calibration was done with specific sapphires provided
by the constructor. The constant cell calibration was done with indium before each set
of measurements. Samples were prepared in aluminium pan capsules.

The sample and a reference pan capsule are maintained at the same temperature. The
heat flow necessary to maintain this temperature is measured. The difference between
the reference and the sample capsules account for the sample material alone (®g). If
a transformation is to be associated to an energy, the corresponding mass enthalpy is
obtained by:

1 b
AH, =— [ ®ydt

m Jt,

with m the sample mass, t, and t, the starting and ending time of the event. For a
constant heating rate Ry, the time-temperature dependency is sometimes used:

1 Ty
OyxdT

AH,, =
mRyp Jr,

1.2.2.4 Rheological analysis

Rheology: The rheology of the uncured resins has been done with an AR2000EX appa-
ratus from TA instruments. The resin samples were softened by heating and set between
two aluminium plates. The lower plate is fixed whereas the upper one sets up an oscilla-
tion or a flow. The gap between the two plates (the resin layer thickness) was forced to
be constant and equal to 0.5 mm. For isothermal curing conditions, the temperature was
set to the aimed one as quickly as possible (around 20°C/min). Experiments were carried
out with 40 mm diameter parallel plates.

In an oscillatory test, the elastic and dissipative contributions to shear are measured:

7o
G = — cos(d
. (9)
T0 .
G" = —sin(6
Yo ()
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7o is the angular strain amplitude, 7y the maximum shear stress and ¢ the phase shift
between oscillatory strain and stress. 7y is chosen to remain in the linear visco-elastic
domain of the thermoset. In this domain, G’ and G” do not depend on the shear strain
amplitude. When it comes to cross-linking, materials evolve from liquids to gels (or soft
solids) with a significantly reduced linear domain. Consequently, the previous relations
are expected to become invalid above a certain curing extent.

Dynamic Mechanical Analysis: The behaviour of solid samples was studied by dy-
namic mechanical analysis. Single cantilever tests were carried out with a Q800 apparatus
from TA Instruments. The samples (48(£ 0.5)x10(£ 0.5)x2(% 0.1) mm?) were cut with
an Isomet 5000 linear precision saw from Buehler with low cutting speed (between 1.2
and 2 mm/min) and moderate rotation speed (around 2800 rpm) to avoid burning the
surface. The gauge length in clamp is 17 mm.

Three point bending samples were designed the same way with the following dimension:
60(£ 2)x10(£ 0.5)x2(+£ 0.1), the gauge length being 50 mm. This test geometry reduces
the shear component of the applied stress because the sample edges are not clamped but
lie on free cylinder paws. However, modulus values are not as accurate as what would be
obtained with traction experiments. Here, oscillatory tests were performed at 1 Hz with
a maximum deformation of 0.1%. With this kind of experiment, the storage (E’) and loss
(E") moduli are distinguished:

=2 cos(0)
€0

E" = % sin(s)
€o

€o is the strain amplitude, oy the maximum stress and § the phase shift between oscillatory
strain and stress (tan(d) being the loss factor). For a pure elastic solid, no phase shift
would theoretically be observed (§ = 0). The Young modulus is usually approximated by
the DMA elastic modulus as long as energy dissipation can be neglected. E’ accounting
for the energy conservation and E” for dissipation, the approximation becomes: E = E’
for B < E' (§ close to 0).

The oscillatory frequency will be noted f and the strain amplitude ¢;. This last
parameter is chosen to remain in the linear visco-elastic domain of the material.

1.2.2.5 Degradation

The thermal decomposition of various samples was followed with a Q500 apparatus from
TA Instruments. Samples were placed in a platinum crucible and could be heated under
air or nitrogen atmosphere up to 900°C. The heating rate is chosen at 10°C/min.

1.3 Thermal properties

High temperature applications require some thermal performance on very basic material
properties. Mechanical properties have to keep up when increasing the temperature (re-
main constant in ideal case). Moreover, the material should not suffer alteration due to
long time exposure at high temperature and stress. These alterations can take many forms
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such as oxidation, hydrolysis, creep or micro-cracking and often pair up. This section re-
views the main properties of the BMI/DBA standard resin, showing its compatibility with
the targeted temperature range.

1.3.1 Thermal degradation

Thermogravimetric analysis brings quantitative information about the weight loss of a
material during its thermal degradation. As a consequence chemical transformations that
do not lead to a gas emission cannot be detected by this method. This kind of experi-
ment is also sensitive to the surface-to-volume ratio of samples that determines the outer
surface area (influencing the oxidation and gas release kinetics). With heterogeneous sam-
ples such as composite laminates these effects are amplified because the nature of surfaces
depends on the sampling procedure 152,

Both the cured and uncured reactive systems were analysed by thermogravimetry
under air (Figure 13). Similar features are observed with an onset of weight loss close
to 410°C and a maximum weight loss rate close to 440°C. Above 600°C, the weight loss
rate remains constant with similar values for both kinds of samples. The main difference
is located in the temperature range under 200°C, i.e. the curing temperature range.
Uncured samples usually loss around 5% weight before the main degradation (this also
explain why the initial weight on Figure 13B is not 100%), the sample being cured directly
in the TGA crucible). This effect is often attributed to the phenol groups reactivity and
will discussed in the following section.
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Figure 13: weight loss of the standard BMI/DBA resin heated at 10 °C/min under air.
A) uncured ; B) cured.
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The cured system starts loosing significant weight at 400°C, which is in accordance
with the targeted applications requirements.

1.3.2 Mechanical properties preservation

Three point bending DMA was used to follow the evolution of the modulus on a wide
temperature range, each point being measured after reaching temperature equilibrium
(Figure 14). Between 40°C and 260°C, E” is lower than E’ by more than an order
of magnitude, E’ will then be considered as an estimation for E. At 200°C, E’ has
decreased by nearly 25% but it still remains close to a few GPa, which is the typical value
for aeronautic thermosetting resins.
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Figure 14: storage modulus of the standard BMI/DBA resin at different temperatures.

In composite materials the interesting mechanical properties such as the Young mod-
ulus are mainly inherited from the carbon fibres. The effect of such a modulus variation
can be estimated with a simple calculation, that leads to a modulus loss of only 0.3% in
the fibre direction (see Appendix B for calculation details).

1.3.3 Thermomechanical behaviour

DMA also gives a full overview of the material behaviour while increasing the temperature.
For samples cured with the standard cycle, the a-relaxation is measured at 310°C, the
E" peak at 300°C and the onset of the £ decrease at 290°C (Figure 15). Correspondence
between the a-relaxation and the glass transition gives a glass transition temperature (7,)
around 300°C. The [-relaxation is wide, as it can be seen on the inset of Figure 15 it
ranges from -50°C to 200°C. This suggests that several kinds of chain and side groups
relaxations are involved. From a practical point of view, targeted service temperatures
are contained within the S-relaxation domain.
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Figure 15: Dynamic Mechanical analysis of the cured BMI/DBA system. 3°C/min,
f=1Hz, g =0.1%.

Above the glass transition temperature, a rubbery plateau is expected. In this state,
the material is a soft elastic solid. In this case, the storage modulus decreases quickly after
the glass transition without a real plateau. In the meantime, the loss modulus relaxation
peak remains quite broad. A decrease zone of E’ is usually encountered when the material
starts to flow, which is the case for a thermoplastic whereas it cannot occur for a polymer
network, due to chemical bonds between the polymer chains. This points out a probable
evolution of the material at high temperatures, where a decrease of E’ could be correlated
with a thermal degradation.
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Figure 16: Dynamic Mechanical analysis of the cured BMI/DBA system with successive
cycles. 3°C/min, f=1Hz, eq=0.1%.

Successive heating ramps were applied to the same sample ; the first ramp stops imme-
diately after the glass transition ; the second ramp stops to a slightly higher temperature
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and the latter one at 400°C. It can be seen on Figure 16 that after each heating phase,
the glass transition is shifted to higher temperatures. Once the material is softened, unre-
acted chemical functions gain enough mobility to carry on additional cross-linking which
considerably increases the T, (here by 50°C). Visual control revealed slightly blackened
samples after the first two heating cycles. After the last cycle, samples are ash-black,
suggesting occurrence of oxidation.

The BMI/DBA resin cured with the standard cycle appears to undergo chemical trans-
formations above its T}, region. First a post-curing phase is observed, significantly increas-
ing the T,, similarly to epoxy-based systems [3l. At higher temperatures oxidation seems
to occur, this event is correlated with the very beginning of the weight loss during thermal
degradation (between 300°C and 350°C on Figure 13). The decreasing elastic modulus
above T, can be a consequence of oxidation. These two alterations of the material had
been attributed by Morgan and co-workers to a competition between cross-linking by
phenol forming ether bonds and ether bonds breakage because of thermal instability
(Figure 17A) 43l For degradation at higher temperatures, Torrecillas and co-workers sug-
gested breakage of cross-link points through formation of isocyanate species (Figure 17B).
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Figure 17: suggested degradation mechanisms in a bismaleimide resin. A) ether
bonding/debonding ; B) cross-link degradation.

1.3.4 Conclusion

The BMI/DBA system exhibits a high T}, close to 300°C and is thermally stable up to
200°C, chemically and mechanically. Alteration occurs above T,. An evolving material is
not desirable for aeronautics perspectives, but this bismaleimide resin starts to be altered
nearly 100°C above the maximum targeted service temperature. By comparison epoxy
composites used up to 100°C usually exhibit a T, around 200°C, i.e. the same gap is
meet here. Nevertheless, possible chemical transformations have to be kept in mind for
long term ageing.
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1.4 Reactivity

1.4.1 Phenol reactivity

A Michael addition between phenols and maleimides has been observed at moderate tem-
perature using a base to help deprotonation of the intermediate adduct **. The reaction
is still possible without any base, at higher temperature. Nevertheless, Zahir and co-
workers did not observe such adducts in a BMI/DBA reactive blend 9. As pointed
out previously, the main phenol reactivity is here considered to be etherification through
dehydration [41:43.47.51] The initial weight loss observed by TGA can be attributed to wa-
ter elimination. Mijovi¢ and Andjeli¢ found that this etherification does not occur when
the bisphenol (DBA) is heated alone. Comparatively, TGA of DBA did not show such
an initial weight loss. The occurrence of such a condensation reaction is not desirable
because water would act as a plasticizer, lowering Ty, if it remained trapped within the
polymer network. In case of evaporation, porosity could also be generated with highly
harmful consequences for composite structures.

Morgan and co-workers found this reaction to be partial and limited by vitrification
and ether bonds unstable above 350°C 3], They followed the ether bond appearance
by IR spectroscopy with a characteristic C—O band at 1183 cm™. It was not possible
to reproduce such observations (see Figure 18), as using in situ measurements does not
allow a sufficient accuracy, and because several absorption peaks are overlapping in this
area. In fact, the maleimide C-N-C band can still be distinguished at 1150 cm™ but
the succinimide C~N-C band, located at 1185 cm™ B%_ is expected to increase during the
Alder-ene reaction.

1.4.2 Maleimide/allyl reactivity

1.4.2.1 Alder-ene reaction
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Figure 18: infrared spectra of @ BMI/DBA 1:1 model blend during curing at 150 °C.
Curves obtained after 1, 3, 5, 7, 9, 15, 20 and 30 min, from up to down.

The first step of the reaction path, the Alder-ene reaction, involves the consumption of
allyl and maleimide functions with the creation of succinimide rings. These were evidenced
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with IR spectroscopy on a BMI/DBA model system during curing at 150°C (Figure 18).
Among the disappearing peaks, allyl C=C-H (¢) and C=CH, (v) are located at 692 cm™
and 915 cm! respectively. The maleimide C=C-H () and C-N-C (v) vibrations are
measured at 827 cm™ and 1150 cm! respectively. The succinimide C-N-C (v) expected
at 1185 cm™ brings its contribution to the broad band around 1180 cm™.

Further investigations were carried out with model compounds with the same malei-
mide to allyl proportions as in the standard BMI/DBA system consider a representative
reactivity. NMR attributions for starting materials can be found in Table 2.

Compound Attribution Signal (ppm) | Shape | Integration
BMI/MI | Maleimide double bond 7.15 S 4/2H
BMI Central methyl 4.04 s 2H
MI Methyl 3.32 S 3H
DBA/AP Allyl -CH= 5.9 m 2/1H
DBA/AP Allyl =CH, 4.95 m 4/2H
DBA/AP Allyl -CHy— 3.2 d 4/2H
DBA/AP Phenol 9.05 S 2/1H
DBA Central methyl 7.36 s 6H
PP Propenyl -CH= 6.45-6.6 d 0.154+0.85H
PP Propenyl =CH- 5.7-6.2 m 0.15+0.85H
PP Propenyl ~CHjz 1.8-1.85 d 0.45+2.55H
PP Phenol 9.4 s 1H

Table 2: NMR signals for monomers and model compounds (s=singlet, d=doublet and
m=multiplet). From [29, 30, 32, 36, 55-57].

Model compounds mixtures were heated in isothermal conditions and sampled at dif-
ferent curing times. Chemical transformations in a MI/DBA blend cured at 175°C were
observed by 'H NMR (Figure 19).

Characteristic resonances show the progressive consumption of allyl, turning into the
Alder-ene adduct. Next to the central proton of the DBA allyl group, a new multiplet
similar in shape appears around 6.16 ppm. This one is attributed to the central proton
of propenyl chain bonding the succinimide ring with the phenol ring (¢). At 7.25 ppm
a signal that might be a doublet also appears. Proximity to the maleimide and aro-
matic peaks made proper integration impossible, it is attributed to the -CH= next to
the phenol ring side (b). The remaining propenyl ~CHy— can be seen as a shoulder of
the water peak at 3.3 ppm (d). The corresponding phenol is located at 9.38 ppm (a).
These attributions are consistent compared to the propenylphenol spectrum (see Table 2).

The succinimide protons can be evidenced at 2.95 ppm and 2.65 ppm (e and f). In-
tegration gives values slightly too high compared to the propenyl chain. If succinimide
ring formation by other means, such as homopolymerization, is not totally excluded, the
proximity of strong signals from water (3.3 ppm) and DMSO-d6 (2.5 ppm) is expected to
increase the integral value.
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Figure 19: resonance signals extracted from NMR spectra of a MI/DBA 2.28:1 model
systems cured at 175°C, at different reaction times. DMSO-d6, 400 MHz.

The same experiment carried out with BMI/AP and MI/AP blends lead to similar
observations.

Most studies consider 200°C to be a transition temperature from which new reactions
may occur. Curing model systems blends at 200°C confirmed that the Alder-ene reaction
is still observed. Figure 20 shows the characteristic =CH- and phenol NMR signal of the
Alder-ene adduct for the three model systems.

As expected, at this temperature, reactive systems become insoluble much more

quickly than at 175°C. Moreover comparing Figure 19 with Figure 20, the Alder-ene
adduct proportion appears to be slightly higher for the MI/DBA mixture cured at 175°C.
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This suggests a consumption of the adduct, leading to insoluble species, that were not
analysed by 'H NMR. The Alder-ene reaction alone cannot explain this phenomenon.
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Figure 20: resonance signals extracted from NMR spectra of BMI1/AP, MI/DBA and
MI/AP model systems cured at 200 °C, at different reaction times. DMSO-d6, 400 MHz.

1.4.2.2 Addition reactions

DMSO-d6 was preferred as NMR solvent to deuterated chloroform because it offers a bet-
ter solubility to the analysed reaction products. Nevertheless insoluble species are always
formed, probably because of branching. As mentioned previously, solid state analysis
from the literautre did not bring a full comprehension of the cross-linking process.

To get a better understanding of the possible reactivity of maleimide functions with
the Alder-ene adduct, propenylphenol (PP) was used. Zahir and co-workers had already
suggested that maleimides have a higher reactivity with propenyls than with allyls (39
This was confirmed by the impossibility to use the same curing conditions for BMI/PP
model systems as for BMI/AP. At 175°C, BMI/PP becomes a glassy hard solid in less
than five minutes whereas the BMI/AP mixture can still be solubilised after more than
two hours. Consequently, for further studies, the curing temperature was lowered at
150°C.

Analysis of such a BMI/PP 1:2 system leads to the same difficulties as depicted in
the literature. Difficult to solubilise and to separate, reaction products were not identi-
fied precisely. It can be seen on Figure 21 that products are only traces to the initial
compounds. In these conditions, integration is nearly irrelevant and peak shapes hard to
determine. Nevertheless different molecular structures attributions are suggested. The
Wagner-Jauregg product is suggested by Reyx and co-workers [*1. The Diels-Alder adduct
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is also quite suitable and suggested by both analysis from Reyx and Zahir %40, The poly-
mer form is not to exclude 8!, protons from the carbon backbone would be located under
the PP methyl protons. Each of these compounds leaves several unidentified peaks that
can come from a mixture or from impurities. The presence of a single new methyl signal
(doublet 0) and the apparent change in the isomeric ratio (based on the methyls) suggests
a preferential addition reaction such as the Diels-Alder one.
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Figure 21: resonance signals extracted from the NMR spectrum of a BMI/PP 1:2
mizture after 6 min curing at 150 °C. Attribution suggestions for different adducts.
DMSO-d6, 400 MHz.

-h-—099
0
0
0.
0
0
0
0
2
0
0

Remark: the g and h signals on Figure 21 are also found on NMR spectra from long
time curing or high temperature curing of BMI/AP, MI/DBA and MI/AP systems.

Thermal analysis of BMI/AP /PP systems, varying from AP:PP proportion and keep-
ing the maleimide/(allyl + propenyl) ratio constant, gives more information on the al-
lyl/propenyl competing to react with maleimide functions (Figure 22). Three main reac-
tion peaks are evidenced around 115°C, 160°C and 220°C. The latter enthalpy peak is
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identified as BMI homopolymerization whereas the central peak stands for the Alder-ene
reaction. Both can be found on a BMI/DBA blend thermogram as displayed on Figure 23
(for a better comparison, the BMI:DBA proportion was chosen at 1:1 and BMI was not
solubilised in DBA before the experiment). The lower temperature enthalpy peak stands
for the maleimide/propenylphenol reaction.
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Figure 22: thermograms for BMI/AP/PP mixtures at 2 °C/min.
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Figure 23: thermograms for BMI/AP, BMI/DBA miztures and BMI alone at 2 °C/min.
Increasing the PP content first suppresses the BMI homopolymerization then the

Alder-ene reaction. When the PP to BMI ratio reaches 1.5, with still 25% of allyl double-
bonds, only the maleimide/propenylphenol reaction is detected. This transformation
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appears to be predominant and to consume maleimide functions beyond stoechiometry.
This demonstrate the high reactivity of maleimides with aryl-propenyl groups, pointing
out that the reaction between maleimide groups and the central double bond of Alder-ene
adducts is a plausible polymerization path.

1.4.3 Standard resin reactivity

From practical and theoretical points of view, bismaleimide resins chemistry has always
proved to be difficult to investigate. Some reactions are observed with little doubt, such as
the Alder-ene reaction, responsible for the chain-extension, and maleimide polymerization.
Other addition reactions such as Wagner-Jauregg and Diels-Alder are strongly supported
by studying model compounds reactivity. Using physico-chemistry investigation instead
of chemical analysis will give more information about the nature of reactions involved in
key steps such as gelation. This last point will be developed in the following part.

1.5 Kinetics elements

1.5.1 Gelation

1.5.1.1 Theoretical considerations

A gel is a state in which a material (polymer solution and/or architecture, particle dis-
persion...) develops a macroscopic structure. The gel state is usually characterised by
two fractions: the gel, made of a percolated structure and the sol made of the remaining
soluble compounds. The gel rests upon physical or chemical interactions. Physical gels
often exhibit possible transitions from and to the gel state because of the reversibility
of the involved interactions. For thermosets, gelation is usually defined by the creation
of a macromolecular network (percolation). This type of chemical gel can also be pre-
ceded by a physical gel state in which unbonded macromolecular species are organized
in a network shape. Depending on the polymerization route, the sol fraction consists of
unreacted monomers, oligomers or branched species.

Gelation of thermosetting polymers is based on the cross-linking process, in which
non-linear polymer chains are created. For epoxy/amine resins, chain extension and
cross-linking can be achieved by the same chemical reaction. A bifunctional monomer
contributes to lengthen polymer chains, whereas a functionality higher than two implies a
cross-link node. At this stage, bismaleimide/allyl resins appear to be quite different. The
Alder-ene reaction can only lead to chain extension, cross-linking has to go through addi-
tion reactions or maleimide homopolymerization. As a consequence, functionality-related
gelation phenomena become difficult to define. For instance, the BMI monomer can react
twice by Alder-ene reaction but four times by homopolymerization, without considering
the new reactive double bond brought by the Alder-ene step. Thus the cross-linking
process is directly determined by the chemical reactions reported in the previous part.
Furthermore, gelation is a key behaviour for handling the resin, with consequences on the
whole processing. Polymerization reaction conversion upon gelation can be predicted by
models such as Flory-Stockmayer 5969 or Macosko-Miller theories [0, These models are
based on monomers functionality and assume equivalent reactivity, which makes them
inapplicable to the BMI/DBA system.
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Gelation transition in thermosets is associated to a strong increase in viscosity to
reach a higher stiffness, with an elastic response (transition from liquid-like to solid-like
material). This makes rheology a dedicated method to observe this phenomenon. During
isothermal curing, the time at which gelation occurs is denoted as gel time 4. A first
approximation is to consider a liquid to solid transition where the viscosity increases up to
the saturation threshold of the rheometer. This method is not accurate because viscosity
may rise on wide period. Another widespread criterion is the intersection of the G’ and G”
curves. Winter gave a theoretical approach to justify the fact that this method is not the
most rigorous one 92, Only a few cases are compatible with this approach, for instance
stoechimetrically balanced networks, a concept difficult to apply to the BMI/DBA system.
The same theoretical background lead to the Winter and Chambon criterion (3, In this
approach, both G'(w) and G”(w) at the gel point are proportional to w™, resulting to tan(d)
not depending on the frequency. The starting point of this mathematical modelling is the
time to frequency transformation of a power law for the shear modulus at the gel point:

G(t) = St

S accounts for the gel flexibility. G’ and G” are calculated as follow:

G'(w) = w/

0

[e.e]

G(#) sin(wt)dt = T(1 — n) cos (”2”) Sum

G"w)=w /Ooo G(t) cos(wt)dt = T'(1 — n) sin (n;r) Sw™

here, I" is the Gamma function (Euler). This transformation requires the power law to
be valid over the whole time range (from short to long times). An underlying molecular
theory suggested by Winter and Chambon, to comply with this hypothesis, is the fractal
theory 1631, In fractal networks, objects are similar whatever the considered scale. A
noticeable point is the resulting homogeneous topology of such networks.

1.5.1.2 Rheology of bismaleimide resins

Isothermal experiment with combined sinusoidal oscillations containing several frequen-
cies (5 Hz, 10 Hz and 20 Hz) were used to determine the gel time starting from 130°C.
The strain amplitude (79) was fixed at 1%. At this strain value, the initial material
still follows a linear stress-strain behaviour. Figure 24 displays examples of experimental
tan(d) curves for two temperatures. During the first part of the experiment, the viscos-
ity is very low, which results into inaccurate measurements. The shear moduli G” and
especially G’ cannot be determined precisely. For longer times, smooth tan(d) curves are
obtained. Gelation occurs during the t