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Résumé étendu (En Francais)

. Introduction générale

La réduction des codts et de la consommation d’énergie sont des facteurs clés dans de
nombreux secteurs industriels comme I’aéronautique et I’automobile. De méme, dans la société
moderne, le poids de la piece est devenu un critére important sur le choix des matériaux pour la
fabrication des produits industriels. Il existe donc une tendance selon laquelle les matériaux
légers tels que les composites polymeéres et en particulier les composites renforcés a matrice
thermoplastique, remplaceront progressivement certains matériaux metalliques traditionnels au
cours des prochaines décennies. Les composites renforcés a matrice thermoplastique sont
maintenant envisagés pour des applications dans des environnements thermiques sévéres tels que
les zones proches de sources de chaleur (par exemple les environnements techniques
automobiles) [1-3].

En outre, parmi les divers polymeres a hautes performances, ceux contenant des unités
aromatiques, tels que le PEEK de poly (éther éther cétone) [4-10], le poly (éther sulfone) PES
[11-13] et le poly (sulfure de Phénylene) (PPS) [14-20], ont beaucoup attiré I’attention au cours
de ces dernieres décennies. Le poly (sulfure de Phényléne) (PPS) est donc un de ces types de
polymeres qui, chargés de fibres organiques, allient a la fois une haute résistance mécanique a
une tres bonne tenue a la température. Il présente ainsi une combinaison unique d’excellentes
propriétés environnementales. Il est utilise dans de nombreux secteurs comme I’électronique et
les appareils électriques, les instruments de précision, les domaines de la chimie et de
I’aérospatiale [21-24]. En particulier, le poly (sulfure de Phénylene) (PPS) renforcé par des fibres
de verre courtes, mis en ceuvre par le procedeé d’injection, est utilisé fréeqguemment dans I’industrie

automobile (cas des refroidisseurs d’air). D’une facon générale, ce matériau présente des



propriétés mécaniques (rigidité, résistance mécanique, ...) intéressantes. Les PPS présentent
également un comportement en fatigue tres intéressant, une bonne performance thermomécanique
(Tg= 110 °C et Tt = 285 °C) ainsi qu’une grande résistance chimique.

Cependant, tous les polymeres et les composites a matrice polymeére, se heurtent aux
mémes problemes de stabilité thermique et de résistance a la dégradation [18, 25-28]. Ceci est
une des préoccupations majeures des utilisateurs de ces matériaux dans des conditions ou certains
éléments environnementaux comme 1’oxygeéne de I’air peut agresser le matériau ; en particulier
lorsque la température est relativement élevée. Cette préoccupation exige des chercheurs de
s’investir et de réaliser des activités de recherche dans ce domaine. L’objectif est de mieux
comprendre les processus et les mecanismes de vieillissement thermique afin de permettre
d’offrir plus de solutions pour une meilleure utilisation. Dans la présente étude, les aspects multi-
échelles doivent étre pris en compte car I’oxydation des polymeres est un phénoméne complexe
touchant le matériau a différentes échelles : moléculaire, macromoléculaire, morphologique,
micro-méso et macroscopique [29-32]. En conséquence, il convient de prendre en compte
diverses conditions au cours du vieillissement. Ceci, peut non seulement permettre davantage de
protections lors de [I’utilisation, mais également de mieux comprendre le processus de
dégradation détaillé des polymeres et de leurs parties renforcées.

Par ailleurs, aujourd’hui I’industrie a grand besoin de données sur le comportement
mécanique (propriétés d’utilisation) des matériaux dans les conditions de sollicitation diverses.
Un des modes de sollicitation trés courant est la sollicitation en fatigue ou la piéce est soumise a
une contrainte cyclique d’amplitude modérée qui contribue a la dégradation mécanique du
matériau dans le temps [9, 33-38]. Dans ces conditions, les pieces a base de polymere ou
composites doivent avoir une bonne résistance a la fatigue pour garantir une longue durée de vie

[39, 40].



Dans le cas d’une utilisation pratique réelle, le probléme est souvent plus compliqué. La
piece industrielle est souvent sollicitée mécaniquement (par exemple en fatigue) dans un milieu
chaud en contact avec les éléments environnants comme 1’air sous le capot moteur. Par
conséquent, la piéce est soumise a I’influence combinée de I’oxydation et de la fatigue. Par
conséquent, il est nécessaire de réaliser des recherches en prenant en compte les deux types de
dégradation (mécanique et thermique) ainsi que leur interaction.

C’est avec cet esprit que nous avons organisé notre travail objet de cette thése. Nous
avons essayé de suivre ce fil rouge au cours de ces trois dernieres années. Ce fil rouge relie les
différents volets suivants : caractérisation du PPS/FV, étude de I’oxydation du matériau, étude du
comportement en fatigue du matériau, étude de I’influence du vieillissement sur le comportement
en fatigue.

Le matériau composite PPS/FV est fourni par notre partenaire industriel Valeo. Ce travail
est réalisé pour et en collaboration avec le centre de recherche Valeo. Il a été mené au sein du
laboratoire PIMM (Procédes et Ingénierie en Meécanique et Matériaux) du Campus ENSAM de
Paris.

Le présent document se scinde en deux parties : le résumé étendu en francais et en anglais
(Partie 1) ; puis les articles publiés ou en cours de publication dans des revues internationales de
rang A en anglais (Partie 11). L organisation des différentes parties du résumé étendu respecte la
démarche suivante :

e Une description des matériaux composites PPS et leur comportement physico-chimique et
mécanique ;
e Une modélisation des propriétés sous vieillissement thermique du matériau PPS ;

e L ’analyse expérimentale du comportement en fatigue de ces matériaux ;



e L’étude de I'effet de I’oxydation thermique sur le comportement mécanique des

composites PPS étudiés.

Ci-aprés est présentée la liste des articles publiés lors de cette étude ou en cours de

publication. Ils sont cités dans le texte sous la forme : « Article N°-- ».

Article N°1: P. Zuo, A. Tcharkhtchi, M. Shirinbayan, J. Fitoussi, F. Bakir, “Overall investigation
of PolyPhenylene Sulfide (PPS) / from synthesis, process to applications — A review”.

Macromolecular Materials & Engineering. Accepted.

Article N°2: P. Zuo, R. C. Benevides, M. A. Laribi, J. Fitoussi, M. Shirinbayan, F. Bakir, A.
Tcharkhtchi, "Multi-scale analysis of the effect of loading conditions on monotonic and fatigue
behavior of a glass fiber reinforced polyphenylene sulfide (PPS) composite”, Composites Part B:
Engineering, 2018, 145: 173-181. Published.

Article N°3: P. Zuo, A. Tcharkhtchi, M. Shirinbayan, J. Fitoussi, F. Bakir, "Multi-scale
physicochemical characterization of a short glass fiber reinforced Polyphenylene Sulfide
composite under aging and its thermo-oxidative mechanism”,  Polymers for advanced

technologies, 2018. In press.

Article N°4: P. Zuo, J. Fitoussi, M. Shirinbayan, F. Bakir, A. Tcharkhtchi, "Thermal aging
effects on overall mechanical behavior of short glass fiber reinforced PolyPhenylene Sulfide

composites ", Polymer Engineering & Science, 2018. In press.



1. Matériaux et méthodes expérimentales

I1-1 Mateériaux

Les composites PPS/FV, objet de la présente étude, sont utilisés pour diverses
applications dans I’industrie automobile, en particulier pour des piéces de refroidisseur d’air
(piece spécifique a Valeo). Le poly (sulfure de Phénylene) (PPS) est un polymere constitué de
noyaux aromatiques liés aux sulfures. Sa formule chimique est illustrée a la Figure 1.

Le matériau composite utilisé pour cette étude est constitué de trois phases : la matrice, les
charges minérales (si elles existent) et les fibres de verre. La matrice est le poly (sulfure de

Phénylene) (PPS); il s’agit d’un polymeére thermoplastique semi-cristallin & haute performance.

S

Figure 1 : Structure chimique du PPS.

Les renforts sont des fibres de verre ayant un diamétre 15 pm et une longueur de 200 um

€en moyenne.

[1-2 Echantillonnage

Deux types d’échantillon sont utilisés. Ils sont tirés de plaques de 3mm d’épaisseur de

PPS/FV obtenues par injection et fournies par la société Valeo.

Des éprouvettes haltéres découpées par jet d’eau ont une longueur totale de 72 mm et
donc une épaisseur de 3 mm. La zone utile présente une longueur de 20 mm et une largeur de 10

mm.



Des films : ces mémes plaques sont aussi utilisees pour préparer des films. Tout d’abord,
une partie d’une plaque d’origine a été découpée et collée sur un support de base. Ensuite, cet
échantillon complet avec un support de base a été fixé sur un microtome de marque LEICA. Le
LEICA RM2255 est un microtome rotatif, entierement automatique et motorisé avec un panneau
de commande séparé pour I’élaboration de minces sections d’échantillons de dureté variable. Cet
appareil peut afficher différentes vitesses d’avancement et aussi permettre d’obtenir les diverses
épaisseurs de coupe nécessaires en contrflant automatiquement une distance et une localisation
précise de la lame. Pour cette étude, I’épaisseur des films est de 20 um et chaque film est placé
dans un sac pour étre stocke et utilisé pour les besoins de 1’é¢tude du vieillissement thermique du

matériau.

I1-3 Méthodes de caractérisation physico-chimiques et mécaniques des échantillons vierges et
vieillis

Les films d’une épaisseur de 20 um et les éprouvettes haltéres ont été placés dans des
fours a circulation d’air sous des temperatures de vieillissement fixées a 100 °C, 140 °C, 160 °C,

180 °C et 200 °C. Les échantillons sont analysés par les méthodes suivantes :

Thermogravimétrie : Les éprouvettes haltéres découpés dans les plaques de PPS/FV ont
été suspendues dans I’enceinte d’un four, en contact avec I’air, a différentes températures. Le
poids de I’échantillon a été mesuré a des intervalles de temps différents pour déterminer le
pourcentage de perte de masse : W%, en utilisant 1’équation suivante :

_ Wo-Wy

0

ou w est le poids aprés un laps de temps t et wo est le poids de I’échantillon vierge.
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Pour I’essai en perte de masse, quatre températures de vieillissement (100, 140, 180 et

200 °C) ont été imposées durant des périodes de 5256 heures au maximum.

Des essais de thermogravimétrie non-isotherme sont realisés entre la température
ambiante et 800°C avec une vitesse de chauffe de 10°C/min dans une atmosphere d’azote (40
ml/min), a I’aide d’un TGA Q500. La masse de I'échantillon initial est comprise entre 10 et 20

mg et est placée dans un creuset en Al,Os.

La spectrométrie IRTF a été utilisée pour caractériser les produits et déterminer I’ampleur
de I’oxydation du polymere. L’appareil utilisé est un spectrophotometre Nicolet Impact 410
configuré en mode transmission. Les mesures ont été effectuées sur des spectres résultant de
I’accumulation de 32 analyses, la résolution étant de 4 cm™. Les films d’une épaisseur de 20 um
ont été utilisés. La concentration en C=0, correspondant au pic a 1780 cm™[41], est calculée

selon la loi de Beer-Lambert suivante:

C= — (e.q.2)

ou A est I’absorbance du spectre IRTF, e est I’épaisseur des echantillons (ici 20 pum) et € est le
coefficient d’extinction (300 L. molt. cm? pour le groupe C=0[41]). De méme, les
concentrations en [C-S] (1075 cm™) et [C-H] (2923 cm™) sont calculées de la méme maniére et
les coefficients d’extinction de [C-S] et de [C-H] sont 114 [42]et 42 [43] L. molt. cm?,
respectivement.

Pour le test IRTF, les échantillons ont été prélevés a une durée de vieillissement allant de

0 h a 5256 h au maximum, avec quatre températures de vieillissement (140, 160, 180 et 200 °C).

11



L’absence ou la présence de stabilisants dans le matériau est vérifiée a I’aide d’un
spectrophotométre UV-visible PERKINELMER (modéle Lambda 5), équipé d’une sphere
intégrée. Les spectres sont enregistrés en mode d’absorbance 66 sur une plage spectrale allant de
200 a 400 nm. L’analyse des données est effectuée en appliquant la concentration en especes

déterminée par la méme méthode de spectrométrie IRTF et toujours selon la loi de Beer-Lambert.
Pour le test UV, un échantillon de film vierge (20 um) a été utilisé.

Pour I’analyse en microscopie optique, des échantillons vierges et vieillis a 180 et 200 °C

ont éte utilises. Le temps de vieillissement a été choisi entre 0 h et 5256 h au maximum.

La caractérisation de la microstructure des différents composites élaborés a été réalisée a
I’aide d’un microscope électronique a balayage (HITACHI 4800 SEM).

L’épaisseur de la couche oxydée pour une éprouvette de PPS est mesurée par microscopie
optique (microscope ZEISS- modéle Axio Imager 2). Une platine chauffante y a aussi été adaptée

afin d’étudier la cristallisation de la matrice.

Des essais de calorimétrie différentielle ont été menés a I’aide de I’appareil DSC de
NETZSCH Q10, dans le but de déterminer la température de transition vitreuse (Tg), la
température de fusion (Ts) et la variation d’enthalpie de fusion (AHf) qui permet de calculer le
taux de cristallinité (Xc). Une rampe en température entre 20°C et 350°C avec une vitesse de 5 a
25°C/min est appliquée pour les échantillons de PPS. Le taux de cristallinité, X, est calculé a

partir de relation suivante :

_ AHf
AH}*(p

* 100% (e.q.3)
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avec X =taux de cristallinité, AH, =enthalpie de fusion, AH? = enthalpie de phase cristalline
pure, ¢ = pourcentage de la matrice.

Des tests d’analyse mécanique dynamique (DMA) ont été effectués sur des échantillons
PPS/FV a I’aide de I’instrument DMA Q800 afin d’évaluer les principales températures de
transition et le comportement viscoélastique. Ces tests ont été réalisés dans les conditions
suivantes: une configuration de flexion alternée (nécessaire dans notre cas) et les températures de
test retenues ont été choisies entre 25 °C et 200 °C, la fréquence est comprise entre 0,1 et 50 Hz
et la vitesse d’évolution de la température de 0,5 °C/min. L’échantillon & section rectangulaire
présentait des dimensions de 35 x 12 x 3 mm®. De méme, pour le test DMA, quatre températures

de vieillissement (100, 140, 180 et 200 °C) ont été enregistrees de 0 h a 5688 h au maximum.

Des mesures de viscosité ont été effectuées avec le rhéometre MCR 502 de chez Anton

Paar. 2 types d’essais sont realisés :

e Essais isotherme (a 290 °C), a déformation (0,2%) et a fréquence angulaire de 1 rad/s.
e Essais isotherme (a 300 °C), a déformation (0,2%) et a fréquence angulaire entre 0,1 et

100 rad / s.

Ces essais (isothermes) ont été réalisés sur des échantillons de film a difféerentes
températures sous azote ainsi que dans une configuration plan-plan avec un intervalle de 1 mm

entre les deux plateaux.

Pour les tests rhéologiques, des échantillons vierges et des échantillons vieillis a 180 et

200 °C ont été utilisés. Le temps de vieillissement a été choisi entre 0 heure et 606 heures.

Les essais de traction a basse vitesse de déformation (quasi-statique) ont été réalisés sur

une machine hydrauligue MTS 830 avec les éprouvettes de PPS/FV selon deux directions 0 et
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90° par rapport a la direction de fluage. Un tableau récapitulatif (Tableau 1) regroupe les
principales caractéristiques de notre matériau. Les articles N°2 et N°3 présentent des

informations détaillées sur les caractéristiques physico-chimiques de ce matériau.

E (MPa) or(MPa) &r (%) Ty Tm T Densité
(g/cm?®)
Pure PPS [44] 3697 82 2.7
PPS-90° 4300441 84+4.3 3+0.14 105 283 244 1.58

PPS-0° 6000+45 104+4.4  2.85+0.24 109 - - -

Tableau 1: Certains paramétres caractéristiques physicochimiques et mécaniques du PPS

Pour I’essai de traction, quatre températures de vieillissement (100, 140, 180, 200 °C) ont

été choisies et la durée de vieillissement allait de 0 h a 5256 h au maximum.

Les essais de fatigue en traction-traction ont été réalisés sous différentes contraintes
maximales appliquées sur la machine de fatigue hydraulique MTS 830. La contrainte minimale
appliquée est toujours choisie égale a 10% de la contrainte maximale appliquée (R = 0,1). Dans
cette étude, nous présentons les résultats des essais effectués a deux fréquences : 10 Hz et 50 Hz.
Afin de mesurer avec précision I’évolution de la rigidité lors de la premiere étape de chargement
(endommagement initial), chaque essai de fatigue est précédé d’une étape de charge-décharge-
recharge en traction quasi-statique. Pendant le chargement cyclique, I’évolution de la température
(due a l’auto-échauffement) a été mesurée a la surface des échantillons a I’aide d’une caméra
infrarouge (Raynger-MX4). L’effet des dommages a été évalué par la mesure de I’évolution du

module de Young.
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I11.  Stratégie de recherche

Fondamentalement, le vieillissement conduit & un phénomene impliquant un changement
lent et irréversible des propriétés des matériaux. Ce changement peut étre la conséquence d’une
action chimique ou physique. En général, on peut classer les différents types de vieillissement en

deux grandes catégories:

1) Vieillissement physique sans changement de structure.

2) Vieillissement chimique avec changement de structure.

Dans le cas de I’oxydation ou thermo-oxydation des thermoplastiques, le vieillissement
est un phénomene chimique pouvant entrainer une réaction de réticulation ou couper les chaines
macromoléculaires. La réticulation apporte une resistance a la traction, une dureté et un module
de Young accrus, ainsi qu’une diminution de I’allongement a la rupture tandis que la coupure des
chaines est la cause de la fragilisation, 1’affaiblissement et I’endommagement du matériau. En
conséquence, I’oxydation est un phénomene multi-physique tres complexe. A cette complexite, il
faut rajouter les difficultés liees a la forme et a la structure 3D de la piece. De plus, le mécanisme
d’oxydation du PPS est moins connu dans la littérature et il n’y a pas beaucoup d’étude dans ce
domaine. Pour nous confronter a I’ensemble de ces problémes, notre stratégie de recherche est

basée sur les points suivants :

e Présenter les phénomenes de fagon simplifiée et accessible en étant vigilant a ce que cette
simplification n’aboutisse pas a des interprétations et des conclusions erronées.
e Utiliser les résultats expérimentaux convergents obtenus par difféerentes méthodes

complémentaires.
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Prendre en compte I’aspect multi-physique de ce sujet.

En effet, pour étudier I’influence de la thermo-oxydation sur les propriétés mécaniques et

en particulier sur le comportement en fatigue du composite PPS/FV, nous utilisons :

phases :

1) La méthode directe en réalisant des essais de fatigue sur les échantillons vieillis au
cours du temps.
2) Les méthodes indirectes qui permettent d’étudier cette influence a I’aide de I’effet

d’oxydation sur les autres propriétés en lien avec les propriétés mécaniques.

Il est important de rappeler que le PPS est un polymere semi-cristallin constitué de deux

I’une amorphe et I’autre cristalline.

D’une part, les deux phases ne s’oxydent pas de la méme facon. La phase amorphe est
moins compacte et I’oxygéne peut pénétrer dans cette phase et réagir avec la structure
chimique plus facilement. La phase cristalline est une phase compacte plus stable et elle
ne se modifie pas facilement lors de I’oxydation du polymere. L'oxydation de la phase
amorphe se produit souvent surtout a haute tempeérature et a long terme et aboutit a la
coupure des chaines macromoléculaires, au réarrangement et la modification de la phase
amorphe. Dans certains cas, ce rearrangement augmente le taux de cristallinité du
polymere.

D’autre part, la phase cristalline est plus résistante, plus rigide et plus fragile que la phase
amorphe ; donc la modification de la morphologie de la phase cristalline, a cause du
vieillissement, impacte plus facilement le comportement mécanique (fatigue dans cette

étude) du polymere.
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Pour cette raison, nous avons mis un accent sur la phase cristalline et son évolution au

cours de I’oxydation du polymére.

Il faut également rappeler que le polymere ne s’oxyde pas de la méme facon a différents
états physiques. A I’état vitreux, la phase amorphe est relativement figée et la mobilité des
chaines est faible. De méme, la réaction du polymére avec 1’oxygéne qui est plus difficile et plus
lente. En revanche, a I’état caoutchoutique I’oxydation se réalise plus facilement et plus
rapidement. Dans le cas du PPS, le résultat de I’essai de DMA (Figure 2) nous indique que, au
cours d’oxydation a 140°C, 160°C, 180°C et 200°C, la phase amorphe est a I’état caoutchoutique.
A 100°C, cette phase se trouve dans la zone de transition vitreuse avec une mobilité moléculaire

et une réactivité plus faible.

E'/MPa 100°C 160°C 200°C E"/MPa
4500+ . : ! ! r 300
4000
3500
3000+
2500
2000
15004
1000+
500

0 T T T — 1 T T 0
25 50 75 100 125 150 175 200 225 250

Température(°C)

140°C | 180°C |

r 250

r 200

r 150

r 100

+ 50

Figure 2 : Résultats de DMA : les différents états physiques (vitreux et caoutchoutique) et les

températures du vieillissement.

En conséquence, pour bien comprendre I’effet de la thermo-oxydation sur le
comportement en fatigue du PPS, il est nécessaire d’étudier, d’une part, I’interaction entre la
morphologie, I’état physique et les propriétés mécaniques de ce polymeére et d’autre part leur

évolution au cours du vieillissement. Cet aspect est bien illustré sur le Schéma.l.
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Schéma.1 : Stratégie de recherche des effets du vieillissement thermique sur I’état physique des
composites PPS.

Avant de montrer de fagon synthétique les resultats obtenus, il est également nécessaire

d’évoquer les points suivants :

Dans cette étude, le polymere n’est pas seul ; il est dans un milieu comprenant d’autres

constituants qui pourrait intervenir dans les processus de vieillissement :

1) Les fibres de verre

Les questions sont les suivantes :

o Est-ce que les fibres sont ensimées ? L ensimage permet d’avoir une bonne
adhésion entre les fibres et la matrice. La présence d’un ensimage a pour effet une
diminution de I’espace vide dans la zone interfaciale ce qui rend plus difficile la diffusion
de I’oxygéne dans cette zone.

o Est-ce que la présence des fibres favorise I’oxydation du polymere ?
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o Il est clair que la fragilisation du composite est due a I’oxydation de la
matrice et a la dégradation de Iinterface. Parmi ces deux causes, laquelle est

prédominante lors du vieillissement ?

2) Les stabilisants thermiques dans la matrice

Les stabilisants thermiques sont souvent utilisés pour ralentir le processus d’oxydation et
retarder le vieillissement du polymére. On emploie assez souvent au moins deux stabilisants
ayant chacun une nature et un role différents. Ces stabilisants peuvent protéger le polymere dans
les différentes conditions de mise en ceuvre et au cours de son utilisation. Dans certaines
conditions la présence de plusieurs stabilisants peut créer une sorte de synergie qui permet

d’augmenter leur efficacité.

Dans notre étude, en raison de I’absence d’informations du fournisseur sur les
antioxydants ou stabilisants thermiques, une analyse par spectrométrie UV est nécessaire pour
détecter la possibilité d’existence d’antioxydants traditionnels, notamment des polyphénols, des

polymeres phénoliques, etc.

3) Les charges minérales

De facon générale, a cause de la faible masse molaire, le PPS est relativement fluide lors
du moulage par injection ou de I’extrusion. Ceci peut mettre en difficulté la mise en ceuvre du
polymere. Pour optimiser la condition de cette mise en ceuvre du matériau, une des méthodes
consiste a rajouter des charges minérales. On peut ainsi augmenter la viscosité du polymere a
I’état fondu. Pour vérifier ’absence et la présence des charges, on peut utiliser plusieurs

méthodes. Une des méthodes simples consiste a utiliser la pyrolyse. Chauffer le composite a une
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température élevée (800°C) pendant un certain temps permet d’éliminer la matrice et de récupérer

les fibres et les charges minérales si elles existent.

IV.  Etude de la morphologie de la phase cristalline

IV-1 Cristallisation et sa cinétique

Pour pouvoir comprendre I'influence du vieillissement du PPS sur ses propriétés
mécaniques, comme il a été déja expliqué précédemment au paragraphe Il1, il est nécessaire
d’étudier I’évolution de la morphologie au cours temps. Pour ceci, nous avons effectué une étude
exhaustive dans ce domaine. Les résultats de cette etude font ’objet d’un article en phase de
rédaction. Pour rester cohérent avec ce résumé étendu, nous ne présentons pas la totalité de ces
résultats. Nous ne presenterons de fagon synthétique, une partie de ces résultats qui montre
I’influence du vieillissement sur la phase cristalline.

Comme nous avons déja indiqué, le PPS est un polymére thermoplastique semi-cristallin
avec un taux de cristallinité compris entre 40 et 45%. La phase cristalline de ce polymere comme
beaucoup d’autres polymeéres semi-cristallins présente une texture sphérolitique. Les études dans
la littérature [45] (voir la Figure 3), ont bien montré que la formation de la phase cristalline est
sensible a la vitesse de refroidissement. Ces resultats montrent que la taille (le diamétre moyen)
des sphérolites a la fin de la cristallisation diminue avec 1’augmentation de la vitesse de

refroidissement.
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T=205°C

PPS

T=225°C T=205°C T=195°C

(b)

Figure 3 : Images de microscopie optique polarisées du PPS pur lors de la cristallisation non

isotherme a deux vitesses de refroidissement différentes : (a) 20°C/min et (b) 5°C/min.

Nous avons réalisé des essais de DSC a vitesse de refroidissement allant de 5 a 25 °C sur
les échantillons de PPS/FV. Les résultats sont montrés sur la Figure 4 (a). On peut noter que la
vitesse de refroidissement a un effet significatif sur le processus de cristallisation du PPS. La
température de cristallisation (T¢) diminue avec 1’augmentation de la vitesse de refroidissement.
La T. diminue de 243°C a 230°C, quand la vitesse de refroidissement augmente respectivement

de 5°C/min a 25°C/min.

A partir des résultats de DSC nous avons suivi I’évolution du taux d’avancement de

cristallisation en fonction du temps a différentes vitesses de refroidissement; Figure 4 (b). On
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constate, chaque fois, 3 étapes lors de la cristallisation. La premiere étape correspond a la
nucléation et a la formation de cristallites (1I’unité structurale de la phase cristalline). Lors de cette
étape, le taux d’avancement de cristallisation n’évolue pas. Cette période est plus importante
quand la vitesse de refroidissement est plus faible. La deuxieme étape correspond a la phase de
formation des sphérolites et a leur croissance. La vitesse de croissance (la pente de la courbe) est
directement liée a la vitesse de refroidissement. Elle est plus importante pour la vitesse de
refroidissement la plus grande. La troisieme étape correspond a la phase finale de la formation
des sphérolites. Lors de cette étape, les sphérolites interagissent entre eux pour former des
polygones solides a la fin de cristallisation. On constate que la durée globale de cristallisation

diminue avec l'augmentation de la vitesse de refroidissement.
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Figure 4 : Courbes de flux de chaleur (a) et de cristallinité relative (b) des composites PPS a

différentes vitesses de refroidissement (5 ~ 25 °C /min).

Basé sur le modéle d’Avrami, le modéle de Jeziorny [46] est couramment utilisé pour
modéliser le processus de cristallisation non-isotherme. On peut présenter ce modeéle par
I’équation suivante [47-50]:
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o = In[~In (1 —x(t))] =InK+nlnt

(e.q.4)

InKc = lnTK (e.q.5)

ou a est taux de cristallinité relative, x(t) est le taux d’avancement de cristallisation, K

(une constante) est la vitesse de cristallisation, K¢ est la vitesse de cristallisation corrigée, n est la

constante d’Avrami et 3 est la vitesse de refroidissement.

La Figure 5 montre que 1’évolution de In(—In(1 — x(t))) en fonction de In(t) est linéaire

avec un coefficient de corrélation linéaire, R? proche de 1 (1>R?>0,99) pour toutes les vitesses de

refroidissement. Cela signifie que le modele de Jeziorny peut parfaitement décrire et vérifier le

processus de cristallisation non-isotherme de ce matériau PPS/ FV.
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Figure 5: Courbe du In (-In (1-X(t))) par rapport au In(t) a différentes vitesses de refroidissement

(5 a 25 °C/ min).

Le Tableau 2 récapitule les valeurs des constantes de cette loi obtenues aprés

identification pour les différentes vitesses de refroidissement. On constate que les valeurs de K et

K¢ augmentent avec la vitesse de refroidissement.
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R? n Ln K Ke

5 °C/min 0,99 2,02 -7,33 0,23
10 °C/min 1 2,00 -6,61 0,52
15 °C/min 0,99 1,08 0,34 1,02
25 °C/min 0,99 3,55 0,91 1,04

Tableau 2 : Parametres cinétiques de cristallisation non isothermes obtenus a I’aide du mode¢le de
Jeziorny.

Pour calculer I’énergie d’activation relative a la cristallisation non-isotherme, Kissinger et
ses collaborateurs [51] ont proposé une équation basee sur le modéle cinétique d’ordre n, comme

Suit;

B _ 1nAR _ __E
lnﬁ =In— In[G(a)] RT (e.q. 6)

ou P est la vitesse de refroidissement, T, est la tempeérature du pic de cristallisation. A est

le facteur pré-exponentiel et R est la constante universelle des gaz parfaits. E est I’énergie

d’activation et G (o) est la fonction de conversion. Pour déterminer 1’énergie d’activation nous

e 14 . .. . . 1 .
avons utilisé I’équation de Kissinger, et nous avons trace lnT£2 en fonction de - On obtient une
p

droite avec un coefficient de corrélation linéaire proche a 1. A partir de la pente de cette droite

nous avons déterminé I’énergie d’activation de la cristallisation non-isotherme (-58,78 kJ / mol).

V-2 L’effet de vieillissement sur le phénomene de cristallisation

Le PPS est un polymere semi-cristallin, possédant une phase amorphe et une phase
cristalline. La phase amorphe est beaucoup moins compacte. Par consequent, il constitue le point
faible vis-a-vis des phénomeénes d’oxydation. Par contre, ’oxygene ne peut pas diffuer dans la

phase cristalline. En conséquence le vieillissement thermo-oxydatif du PPS est en réalité attribué

24



essentiellement & la modification chimique de la phase amorphe. Cette modification peut se
manifester de différentes fagons : la réticulation (dans certains cas et pour certaines périodes du
vieillissement), la scission des chaines macromoléculaire, la diminution de la masse molaire, la
fragilisation, la rigidification, la réorientation des macromolécules,... Tous ces phénoménes se
déroulent dans la phase amorphe tandis que la phase cristalline reste relativement inchangeée.
Pour pouvoir comprendre I’effet du vieillissement sur les propriétés mécaniques, il est nécessaire
d’étudier cette modification morphologique. A travers de cette modification microstructurale, la
compréhension de 1’origine des changements de propriétés mécaniques devient possible. Dans le
cas du PPS/FV, nous avons déterminé les caractéristiques morphologiques a partir des résultats
d’essais sur les échantillons de PPS/FV vierge et vieillis (a 200 °C) en utilisant les techniques de
la DSC et de la DMA. Nous avons ensuite déterminé la Ty, la Ty, le taux de cristallinité ainsi que
les constantes du modeéle cinétique de cristallisation précédemment présenté (paragraphe

précedent). Le tableau 3 récapitule ’ensemble de ces résultats.
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Phase amorphe Phase cristalline

Echantillons T, (°C) Xc ) (%) n K )
Vierge 106 44,2 2,00 0.5
200°C-20h 108 45,0 2,10 0,88
200°C-96h 108 55,8 2,19 0,82
200°C-144h - 52,9 2,27 0,97
200°C-1080h 121 36,6 0,8 0,6

) Tg, obtenue par I'essai de DMA au pic de E”, (f=1 Hz) ; (++X¢, n, K¢, obtenus a part des résultats

de DSC avec une vitesse a 10 °C/min.

Tableau 3 : Les paramétres identifiés grace aux analyses de DMA et DSC sur les échantillons
vieillis et vierge.

On constate d’abord qu’a I’issue d’une exposition de 1080 h a 200°C, la T4 passe de 106
°C (echantillon vierge) a 121 °C. Cette augmentation peut étre attribuée aux deux phénomenes
suivants : la réticulation (a court terme), a la réorientation et la rigidification des macromolécules
a la suite de la rupture des chaines par 1’oxydation. Les macromolécules deviennent moins

mobiles dans la zone amorphe.

On constate également que le taux de cristallinité augmente de 44% (échantillon vierge) a
56% apres 96 h de vieillissement & 200°C. Apres une plus longue période d’oxydation (1080 h),
le taux de cristallinité diminue a 36,6%. Il est difficile d’interpréter cette baisse conséquente du
taux cristallinité. En revanche, ce qui est évident c’est qu’a ce stade de dégradation (1080 h) a

200°C, la phase amorphe est bien endommagée et la texture du matériau est fortement modifiée.
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Contrairement a notre hypothése de départ, on peut donc se poser la question suivante : est-ce que

la phase cristalline est aussi dégradée et de quelle fagon ?

Concernant la modification de la phase cristalline au cours du vieillissement, 1’analyse du

changement des valeurs des constantes du modéle ((e.q. 4) et (e.q. 5)) nous permet d’avancer les

idées suivantes :

V.

La constante n dépend de la nature de la nucléation, de la géométrie des cristallites et de la
densité des sphérolites. On constate que la valeur de n est plus ou moins égale a 2 pour les
échantillons vierges et vieillis a 200°C jusqu’a 144 h. On peut supposer que pendant cette
période la phase cristalline n’est pas modifiée de fagon significative. Cependant, pour les
échantillons vieillis apres 1080 h a 200 °C, n diminue a 0,8. Cela peut impliquer que le
PPS par rapport a son état initial a presque perdu sa capacité de nucléation et de
cristallisation en raison du vieillissement thermique bien avance.

De méme, K. dépend de la vitesse de cristallisation et l'augmentation de K¢ correspond a
l'augmentation de la capacité de cristallisation. Au début du vieillissement thermique, une
augmentation de K¢ de 0,5 (échantillon vierge) a 0,97 (échantillon 200 °C - 144 h) a été
observée. Cela indique que le vieillissement peut accélérer le processus de cristallisation.
Toutefois, a long terme (comme 200 °C -1080 h), quand le vieillissement est bien avance,
le polymeére est complétement dégradé ce qui produit une diminution de la cinétique de

cristallisation. En effet, a ce stade, la valeur de K. redescend a 0,6.

Comportement a long terme du PPS composite

Cette partie est dédiée dans un premier temps a I’étude du vieillissement thermo-oxydatif

du composite a matrice PPS. Il s’agit d’une étude de vieillissement accéléré a températures
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élevées (de 100 a 200 °C). Pour ce faire, nous effectuerons des analyses par spectrométrie IR afin
de détecter et suivre I’évolution des produits d’oxydation dans les matériaux. Ceci permettra de
proposer une interprétation des mécanismes de dégradation qui seront utilisés dans un second
temps pour la construction d’un modele cinétique capable de décrire I’évolution des produits
d’oxydation.

Pour cette partie de I’étude, la méthodologie consiste d’une part a réaliser des essais de
vieillissement accéléré avec suivi I’évolution de certains groupements chimiques (tel que C=0)
(indicateur d’avancement du vieillissement), et d’autre part de proposer un mécanisme
d’oxydation du PPS. Ce mécanisme permet de proposer un modele cinétique pour 1’évolution de
C=0. L’étape suivante est donc de confronter les résultats expérimentaux avec le modéle
théorique. Le schéma 2 présente cette démarche.

Evaluation de vieillissement
thermique

Mécanisme de REVISEF I8 nacanina Vieillissement

vieillissement thermique thermique accéléré

Comparez les
résultats dela

Modele cinétique modélisation avec
les résultats

expérimentaux FTIR, ATG, rhéométre,
DMA, test de traction ...

dC .

S— [

= f(@) . J
Le modele est valide

t

Evolution des
différentes propriétés

MATLAB...

Schéma.2: Approche de la modélisation par oxydation thermique.
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A la suite de cette introduction, nous présentons la mise en ceuvre de notre étude et
notamment la modélisation de la thermo-oxydation du PPS/FV. Les résultats détaillés de cette

étude font ’objet de I'Article N°3.

V-1 Analyse préliminaire

En raison du manque d'informations précises sur la composition de ce matériau fourni par
le fournisseur, les pics pour les matériaux d'origine compris entre 1700 et 1800 cm™ peuvent
s'expliquer par le fait qu'il existe des groupes phényle ou un ester vinylique. Ces pics pourraient
apparaitre dans la position des groupes terminaux. Pour simplifier la recherche, il est nécessaire

de prendre en compte uniquement l'oxydation thermique du matériau PPS lui-méme.

Pour étudier I’évolution des produits d’oxydation, on a utilisé une approche classique qui
consiste a suivre la concentration totale des produits carbonyles a partir des absorbances des pics
IR gréce a la loi de Beer-Lambert. La concentration de [C=0] donne une indication claire sur
I’avancée de I’oxydation. La Figure 6 montre les résultats FTIR des pics C=0, qui sont situés aux
positions d’onde de 1780 cm™?, 1735 cm™ et 1710 cm™, respectivement. Plus précisément, ils
peuvent étre divisés en trois types différents de doubles liaisons C=0. Ainsi, on peut noter qu’il
existe une tendance a I’augmentation évidente de I’absorbance des doubles liaisons C=0, ce qui

indique que les composites PPS/FV sont sérieusement oxydés a 200 °C.
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La Figure 7 represente les différentes évolutions des produits d’oxydation du PPS pour les
4 températures d’exposition. Les courbes d’accumulation des produits d’oxydation (C=0) au

cours du vieillissement mettent en évidence les trois étapes caractéristiques de la cinétique

d’oxydation :

On peut constater que les taux d’accumulation des produits oxydants augmentent avec

Absorbance

—-—- 200°C-504h

----- 200°C-168h
- - -200°C-48h
—Virgin
1780cm™! /o
t  1735cm™
/ \. 1
/ \ 25
! \ PRGN
. )
! ; + 1710cm

T

d’induction.

1840 1800 1760 1720 1680
Wavenumber(cm'1)

Figure 6 : Evolution des produits d’oxydation du PPS a 200°C.

Une période d’induction précedant I’apparition des premiers produits carbonyles.

Une accélération rapide (auto-accélération) de I’oxydation a la fin de la période

Un régime stationnaire a vitesse d’oxydation globale apparente quasi-constante.

I’augmentation de la température d’exposition.
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Figure 7 : Evolution des produits d’oxydation du PPS a 140 °C, 160 °C, 180 °C et 200 °C.

Classiqguement, I’oxydation peut étre divisée en trois périodes: induction, propagation et
terminaison. On peut voir que le temps d’induction est tres court (environ 24 h) pour les
échantillons vieillis a 200 °C; alors que cette valeur augmente significativement pour les
températures de 180 °C et 160 °C (240 h et au-dela de 1100 h, respectivement). A la température
de 140 °C, le temps d’induction est trés long (plus de 2000 h). On peut donc noter que les temps
d’induction aux températures de 180 °C et 160 °C sont respectivement environ 10 et 45 fois plus
élevés qu’a 200 °C. En outre, la cinétique est tres rapide pour les températures d’oxydation de
200 °C et 180 °C. Apres environ 1000 h d’oxydation a 200 °C, la propagation a tendance a étre
saturée lorsque la quantité de produits d’oxydation atteint un maximum. A 180 °C, la saturation
semble étre atteinte aprés 2000 h d’exposition. Comparativement, il n’y a pas d’évolution
comparable et aucune tendance de plateau stable observable pour I’oxydation a 140 °C méme
aprés plus de 4000 h d’exposition. Ainsi, on peut conclure que, pour ce composite, les rapports
d’oxydation a 200 °C et 180 °C sont considérablement plus sévéres et plus rapides qu’aux

températures de 160 °C et 140 °C.
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V-2 Modélisation de la cinétique du vieillissement

e Lathéorie d’oxydation

Dans cette partie de I’étude du vieillissement thermique, une modélisation de la cinétique
d’oxydation a pu étre réalisée a partir des résultats expérimentaux.

Les polyméres hydrocarbonés soumis au vieillissement thermique dans I’air se dégradent
généralement par oxydation en chaine radicalaire [52, 53]. Le modele du mécanisme standard
sous air ou oxygene, considérant la décomposition simultanée d’hydroperoxyde uni- et bi-

moléculaire, est rapporté dans plusieurs travaux de recherche [54-56] (voir Schéma 3):

POOH — 2P°+Yco PC =0 (k1u)
POOH + POOH — P° + POO° +Yco PC= 0 (k1b)
P° + 02 - POO° (k2)
POO° + PH — POOH + P° (k3)
P° + P° — inactive products (k4)
P° + POO° — inactive products (k5)
POO° + POO° - inactive products + 02 (k6)

Schéma.3 : Schéma proposeé de la dégradation du polymere.
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Ici, [P °], [POO °], [POOH], [PH] représentent la concentration des radicaux alkyles, des
radicaux peroxyde, des hydro-peroxydes et du substrat, respectivement ; les nombres klu a k6
représentent les constantes cinétiques de chaque réaction.

Plusieurs recherches antérieures ont étudié le mécanisme de dégradation des polymeres
PPS [57-62]. En dessous de 200 °C, le diagramme schématique possible de la dégradation des
composites PPS / FV est donné dans le schéma 4. Selon la littérature [61] et selon la théorie de
I’énergie des liaisons, les liaisons carbone-soufre (C-S) et carbone-hydrogene (C-H) sont plus
faibles que la double liaison carbone-carbone (C=C). Ainsi, la premiére scission principale se
produit dans les liaisons C-S ou C-H. Dans des conditions de vieillissement thermique, il se
produit une dégradation par abstraction radicalaire, recombinaison, cyclisation et/ou d’autres
réactions plus complexes, avec un processus de production de différents composés tels que le

sulfure d’hydrogéne, le benzenethiol, le diphénylsulfure, le dibenzothiophéne, etc [63].
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Schéma.4 : Schéma proposeé de dégradation du PPS au sein du composite PPS/FV.
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Selon ce schéma, on peut clairement noter que le processus de dégradation oxydative
contient des voies principales qui peuvent se produire au niveau des liaisons C-S ou C-H. Il est
remarquable que, comme dans les recherches antérieures [52] [54], le mécanisme de dégradation
oxydative du PPS peut étre présenté par des équations différentielles. En utilisant ces équations
différentielles, il est alors possible de calculer quantitativement I’évolution de la concentration en
liaison [C=0] en fonction du temps sous différentes températures de vieillissement oxydatif

comme suit :
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d[P°]
dt

= 2 x kyy * [POOH] + k,p, * [POOH]? — k, * [P°] % [O]

+k; * [POO°] = [PH] — 2 = k, * [P°]? — kg * [P°] * [POO°] + ky,; * [PH]

d[POO°]

b kip * [POOH]? + k, * [P°] * [0] — kg * [POO°]? * [PH]

—ks * [P°] x [POO°] — 2 x k, * [POO°]?

@ = —kyy * [POOH] — 2 * kyp, * [POOH]? + k3 * [POO°] * [PH]
dIPH] .+ [PO0°] « [PH] — k., * [PH]

dt

% = kqy * [POOH] + k1, * [POOH]?

L1 F R [P][P;] + [0]

dt

d[p;] S

T kg1 * [PH] — Kq;, * [Pl][PZ] * [0]

(e.q.7)

(e.q.8)

(e.q.9)

(e.q.10)

(e.q.11)

(e.q.12)

(e.q.13)

Ici, [P °], [POO °], [POOH], [PH] représentent la concentration des radicaux alkyles, des

radicaux peroxy, des hydro-peroxydes et du substrat, respectivement ; les nombres k1u a k6 sont

les constantes cinétiques de chaque réaction.
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e Validation du modele cinétique

L’identification et la validation du modele cinétique proposé ont étés effectuées. La
corrélation avec les évolutions des données expérimentales obtenues entre 160° et 200 °C est
montrée en Figure 8. Les valeurs des parametres du modéle ayant permis d’obtenir les meilleures
simulations des résultats expérimentaux correspondant aux températures d’exposition de 160 °C,
180 °C et 200 °C sont récapitulées dans le Tableau 4. On peut voir que les résultats
expérimentaux sont trés cohérents avec la modélisation. Cela signifie que notre modele
mécanistique de dégradation oxydative semble approprié. On peut donc conclure que cette
modélisation nous permet de traduire correctement ’effet des mécanismes de dégradation d’une
maniere quantitative.

O 160°C Experimentals|
—— 160°C Modeling
180°C Experimentals
~——— 180°C Modeling
200°C experimentals
200°C Modeling

0.20+

0.16 1

e

=y

N
1

[CO] (moliL)

T T T T 1
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10’
time (s)

Figure 8 : Comparaison expérience-simulations de 1’évolution des produits d’oxydation a 160 °C,
180 °C et 200 °C.
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klu k1lb k2 k3 k4 k5 k6

(sh) (Imol'ts?)  (Imolts?) (Imolis?) (Imolis?)  (Imolis?) (I molis?)
T=160 °C 1.3x107 1.1x10% 1.3x10%  1.1x10°% 1.0x10%? 2.0x10° 3.0x10°
T=180 °C 1.6x10¢ 1.8x10° 1.5x10%  1.8x10°% 1.0x10%? 2.0x10° 3.4x10°
T=200 °C 2.0x10° 2.0x10° 1.6x10°  6.0x10°% 1.0x10%? 2.0x10° 4.0x10°

Tableau 4 : Constantes cinétiques et parametres d’Arrhenius des réactions

VI.  Comportement du matériau en fatigue

La fatigue est I’application de contraintes ou de déformations cycliques (répétees) dans le
temps qui peuvent modifier les propriétés locales et globales d’un matériau. La fatigue peut
entrainer d’une part des déformations irréversibles (plasticité) et/ou la formation de microfissures
aboutissant a la rupture de la piéce. La progression de I’endommagement en fatigue peut suivre

différentes étapes :

e La création de sites de nucléations

e La formation de microfissures

e La croissance et la coalescence de fissures microscopiques dominantes

e La propagation et la coalescence des microfissures donnant lieu a 1’apparition de macro-

fissures dominantes

e Larupture

Les principales caractéristiques et propriétés régissant le comportement en fatigue d’un

composite a matrice polymere, sont les suivantes :
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e La nature de la matrice : sa composition chimique, sa morphologie, I’état physique...

e Les additifs et les charges : billes de verre, particules minérales,...

e La nature des renforts : matiere, architecture et dimensions

e L’état de I’interface : I’ensimage, I’adhésion chimique, physique ou mécanique entre
matrice et fibres

e Le type et les conditions de sollicitation (température, amplitude des contraintes ou des

déformations, fréquence, rapport de charge ...)

Dans le cadre de ce travail, des essais de fatigue en traction-traction ont été réalisés sur
une machine hydraulique MTS 830 (Elastomeére Test System) avec application d’une force
maximale constante & une fréquence de 10 Hz. Les échantillons ont été découpés par jet d’eau en
utilisant la geométrie représentée sur la Figure 9-(a).

L amplitude de sollicitation affecte directement et de fagon conséquente la durée de vie
du matériau. Dans le but de comprendre I’effet de la microstructure sur le comportement en
fatigue des matériaux, nous avons effectué une etude préliminaire en fatigue sur deux matériaux
renforcés en fibres orientées a 90° et 0°. Les courbes de Wohler a 10 Hz correspondantes sont

représentees dans la Figure 9-(b) [64].
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Figure 9 : (a) Géométrie d’éprouvette (b) Courbes de Wohler pour les éprouvettes PPS-0° et

PPS-90° a 10 Hz.

On peut faire les remarques suivantes :

e Pour les échantillons PPS-0° et PPS-90°, les courbes de Wohler ne présentent pas de
valeur asymptotique notable représentative d’une limite d’endurance. Contrairement aux
matériaux meétalliques, ceci est souvent observé dans le cas des composites
thermoplastiques [65].

e Pour une amplitude de contrainte de 60 MPa, le PPS-90° rompt aprés 10° cycles de
fatigue. Alors que pour la méme amplitude, le PPS-0° se rompt aprés plus de 10° cycles.
Ce constat démontre clairement que la durée de vie est fortement influencée par
I’orientation des fibres.

e Pour les deux configurations, les courbes de Waéhler montrent deux domaines différents;
haute et basse amplitudes. Dans chaque domaine, la courbe S-N peut étre modélisée par
une équation linéaire-logarithmique:

omax = A. logN + B (e.q. 14)
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Dans cette équation, A et B sont des paramétres matériels identifiés par la pente de la
droite et I’ordonnée a I’origine, respectivement. La pente montre la sensibilité de la résistance a la
fatigue et I’ordonnée a I’origine B est lié a la résistance a la traction apparente.

Le Tableau 5 montre les valeurs de A et B pour le PPS-0° et le PPS-90° liées aux

domaines de contraintes élevées et faibles.

A (MPa) B (MPa)
Echantillons Domaine a Domaine a Domaine a Domaine a
forte faible forte faible
contrainte contrainte contrainte contrainte
PPS-0° -12,0 - 6,7 125,7 108
PPS-90° -15,2 -55 131 87,5

Tableau 5 : Les valeurs de A et B pour PPS-0° et PPS-90° dans chaque domaine

VII. Effets du vieillissement thermique sur le comportement mécanique

Dans cette partie nous présentons de facon synthétique I’effet du vieillissement thermique
sur le comportement mécanique du PPS/FV. Des informations détaillées sur le comportement a
long terme sont présentées dans I'Article N°4.

La revue de la littérature fournit beaucoup d’informations sur les propriétés générales des
composites PPS. Cependant, il existe un manque d’informations sur la réponse a la fatigue
lorsqu’ils ont été exposés au vieillissement thermique. Il est donc impératif de proposer des
travaux innovants pour mieux comprendre les effets du vieillissement thermique sur les

propriétés mécaniques, notamment en ce qui concerne le comportement en fatigue. Ce type de
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recherche concerne et intéresse directement des applications industrielles et est indispensable
notamment pour les calculs de structure en particulier dans le secteur automobile.

Un point clé de notre approche est de suivre la concentration [C=0O] au cours du
vieillissement thermique en tant qu’indicateur du processus d’oxydation et de degré de
dégradation dans la matrice. De plus, une relation entre I’oxydation thermique et le
comportement mécanique est établie afin de fournir un outil d’aide au choix de la structure
matériau et au dimensionnement pour le bureau d’études.

La premiére partie du document concerne I’analyse des effets du vieillissement thermique.
Les réponses en chargement quasi-statique et les essais charge-décharge avec augmentation
progressive de la contrainte maximale des échantillons vierges et vieillis sont analysés. L’effet du
vieillissement thermique sur les propriétés de fatigue du composite PPS est ensuite également

etudié.

Ci-apres, trois types d’essais mecaniques ont donc été considerés :

e Essai de traction : Les effets du vieillissement sur les courbes contrainte-déformation

obtenues par des essais de traction sont présentés. Les évolutions du module de Young, de
la contrainte a la rupture et de la déformation a la rupture sont tracées pour différentes
conditions de vieillissement. La réponse en traction est analysée pour une température
d’oxydation de 200 °C apres différents temps de vieillissement : 0 h, 30 h, 50 h, 100 h et

200 h.

e Essai de charge-décharge : Il est nécessaire d’analyser la perte de rigidité et I’évolution

de la déformation plastique pour comprendre I’effet des conditions de vieillissement sur
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les mécanismes d’endommagement et la déformation. Les essais de traction charge-
décharge sont effectués a une température de vieillissement de 200 °C pour différents

temps d’oxydation a savoir : 0 h, 30 h, 50 h, 100 h et 200 h.

e Essai de fatigue en traction-traction : Les essais de fatigue ont été effectués a 10 Hz

pour comparer la durée de vie du composite PPS soumis a diverses températures et temps
de vieillissement. De plus, les analyses de la perte de rigidité et de la fractographie sont
présentées. Les comportements en fatigue sur quatre types d’échantillons oxydés a 140 °C,
160 °C, 180 °C et 200 °C aux différents temps de vieillissement ont été analysés. On peut
noter que les amplitudes de chargement de 40 MPa et de 70 MPa ont été selectionnées

aprés I’analyse de la courbe de Wohler obtenue sur des échantillons vierges.

VI1I-1 Résultats des essais de traction

Les résultats des essais de traction sur les échantillons non vieillis et les échantillons

vieillis a la température de 200 °C pour différents temps de vieillissement sont présentés sur la

Figure 10.
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Figure 10 : Courbes de contrainte-déformation a différents stades de vieillissement a 200 °C.
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On peut noter qu’au début de I’exposition & 200 °C, de 0 h a 30 h, la contrainte a la
rupture augmente. Ceci est principalement dd a la post-réticulation, qui conduit a I’extension des
chaines moléculaires. Apreés cette étape préliminaire, la contrainte a la rupture diminue de 25%
pendant 200 h. Ceci montre que I’oxydation thermique a 200 °C favorise la mobilité des chaines
moléculaires en raison de la scission de celles-ci.

On peut noter que le module de Young relatif augmente lentement au début de
I’exposition a 200°C (en raison de la post-réticulation). De plus, tous les échantillons vieillis
possedent un module d’Young supérieur a celui des échantillons vierges, ce qui indique que la
réticulation peut affecter le comportement mécanique des composites PPS. La deformation a la
rupture présente une diminution constante d’environ 1,4% a 1% durant I’oxydation. Cela indique

une fragilisation due a I’oxydation.

Les résultats des essais de traction montrent bien I’influence du vieillissement sur les
propriétés mécaniques du composite PPS (Tableau 6 et Figure 11). Il a été montré une
augmentation du module d’élasticité et de la contrainte a la rupture au cours de la premiere phase
d’exposition. Pour étre plus précis, au cours du processus de vieillissement, la scission des
chaines moléculaires et la post-réticulation peuvent se produire simultanément dans le matériau
polymere PPS. De plus, il convient de noter qu’au début de I’oxydation thermique, la post-
réticulation est plus prononcée tandis que I’oxydation thermique a long terme correspond
principalement a une scission des chaines et a une dégradation importante du polymeére PPS.

De ce fait, aprés la premiere étape d’exposition, une deuxieme étape de vieillissement
montrant que I’effet de scission des chaines devient prédominant a la surface de I’échantillon, ce
qui finit par entrainer une perte des propriétés du composite de PPS, notamment en termes de

ductilité du fait de la fissuration en surface facilitée par Ioxydation. En effet, les
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thermoplastiques ont une structure moléculaire linéaire ou ramifiée et par conséquent ils
deviennent plus fragiles en raison de la scission de la chaine moléculaire ou de la réticulation

dans la structure chimique du polymere PPS en surface.

Vieillissement n° t(h) or (MPa) &r (%) E (MPa)
1 - 75,4 1,3 5900
Vierge
2 - 74,4 1,2 5890
1 30 79,4 1,35 6100
200 °C-30h
2 30 78,9 1,4 6200
1 51 70,5 1,2 6000
200 °C-51h
2 51 70,8 1,2 6150
1 100 63,4 1 6600
200 °C-100h
2 100 58,4 1 6300
1 199 66,5 1,1 6500
200 °C-199h
2 199 61,1 1 6400

Tableau 6: Résultats de traction aux différents stades de vieillissement a 200 °C
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Figure 11 : Evolution de (a) la contrainte a la rupture, (b) le module de Young et

(c) la déformation a la rupture au cours du vieillissement a 200 °C.

L’analyse de la microstructure des échantillons vierges (Figure 12-(a)) montre que
I’adhérence fibre-matrice semble étre de tres bonne qualité, probablement en raison de la
présence de I’agent de couplage. En effet, les fibres ont été arrachées de maniére fragile mais

restent encore recouvertes d’une fine couche de matrice PPS.
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PIMM 1.0kV 27.4mm x100 SE(M}) 500um PIMM 1.0kV 26.4mm x100 SE(M) 500um

(b) Essai de traction-échantillon vieilli

(a) Essai de traction-échantillon vierge 4200 °C - 199h

Figure 12 : Faciés de rupture : (a) échantillon vierge et (b) échantillon vieilli a 200 °C - 199 h

Comparativement, dans le cas d’un échantillon vieilli a 200 °C - 199 h, Figure 12-(b), on
peut noter que la matrice se dégrade trés sérieusement. Le vieillissement thermique a dégradé la
matrice et conduit a la séparation de la matrice des fibres, ce qui réduit les propriétés mécaniques

du matériau d’origine PPS.

VI1-2 Essai de charge-décharge

Afin de quantifier la possibilité de déformation plastique et d’endommagement, un essai
de traction charge-décharge avec augmentation progressive de la contrainte maximale a été
réalisé dans deux configurations : échantillons vierges et éprouvettes vieillies a 200 °C pendant
199 h (Figure 13 - (a)). La Figure 13 - (b) montre les évolutions de la déformation plastique (gp)
et du parametre d’endommagement (E/Eo) en fonction de la contrainte maximale pour les
éprouvettes vierges et vieillies. Comme il a été montré ci-dessus, la contrainte a la rupture et la
déformation a la rupture diminuent avec le vieillissement. On peut remarquer la stabilité relative

du module de Young qui indique un faible niveau d’endommagement lors d’un chargement
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quasi-statique (diminution de moins de 1%). Par contre, la plasticité augmente progressivement a
partir de 5% de la contrainte & la rupture ce qui nous pousse a dire que la déformation du

composite est essentiellement due a la non-linéarité du PPS.
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Figure 13 : (a) Essai de charge-décharge, et (b) évolution de la déformation plastique (gp) et du

parametre de perte de raideur (E/Eo) en fonction de la contrainte appliquée

VI11-3 Comportement en fatigue

- Effet de Pamplitude

La Figure 14 montre la courbe de Wohler obtenue lors d’essais de fatigue traction-traction
a une fréquence de 10 Hz pour des échantillons PPS-90° a la température ambiante. La rupture
finale et la durée de vie en fatigue du composite PPS dépendent fortement des conditions de
chargement et de la microstructure locale. Les courbes de Wohler bilinéaires soulignent

I’influence de I’lamplitude de chargement.
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Figure 14 : Courbe de Wohler du composite PPS réalisée sur des échantillons PPS-90°.

Essai de fatigue traction-traction a la frequence de 10 Hz et a la tempeérature ambiante, R = 0,1.

Afin d’étudier la durée de vie en fatigue du composite PPS vieilli a 180 °C et a différents
temps de vieillissement, des essais de fatigue traction-traction ont été effectués aux amplitudes de
chargement de 40 MPa et 70 MPa (voir Figure 15). On peut remarquer que le nombre de cycles a
la rupture diminue avec I’augmentation des amplitudes de chargement. On peut également
remarquer une réduction considérable du nombre de cycles pour une amplitude de 70 MPa, de 1,4
x 10% a 1,2 x 10° et pour un temps d’oxydation d’environ 250 h. Les résultats montrent que la
durée de vie en fatigue diminue fortement avec le temps de vieillissement en particulier dans le

cas des hautes amplitudes de chargement.
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Figure 15 : Effet du vieillissement et de I’amplitude de charge sur la durée de vie en fatigue

des échantillons, vieillis a 180 °C (f = 10 Hz).

- Effet de la température de vieillissement thermigue

La Figure 16 montre I’évolution de la durée de vie en fatigue en fonction du temps
d’oxydation aux différentes températures d’oxydation de 140 °C, 180 °C et 200 °C. On peut noter
que la vitesse de réduction de la durée de vie en fatigue augmente avec la température de
vieillissement thermique. En effet, a 200 °C, la durée de vie en fatigue est soumise a une tres

forte diminution.
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Figure 16 : Effet de la température de vieillissement sur la durée de vie en fatigue.
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Essais de fatigue a 10 Hz et une amplitude maximale de chargement de 40 MPa (R=0,1).

Ceci indique que I’application d’une température de 200 °C affecte trés fortement les
propriétés mécaniques des matériaux PPS. La durée de vie en fatigue est donc trés sensible a la
température d’oxydation.

- Analyse des faciés de rupture

Une analyse des faciés de rupture en fatigue a été réalisée sur les échantillons vierges et

vieillis afin de comprendre I’influence de la température et du temps d’exposition.

Différents temps de vieillissement pour une température d’oxydation de 200 °C:

La Figure 17 montre I’évolution globale des faciés de rupture des éprouvettes vieillies a
200 °C, depuis le debut de I’oxydation jusqu’a 5256 h. La Figure 17 - (a) montre I’échantillon
vierge pour lequel on peut noter que la surface est assez lisse, sans fissures apparentes, indiquant
que les fibres adherent étroitement a la matrice. L’augmentation du temps d’oxydation (96 h,
1056 h et 5256 h : Figure 17 - (b), (c) et (d), respectivement), conduit a une rupture de la matrice

plus accidentée en raison de I’instabilité a la rupture provenant de la surface oxydée plus élevée.
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(b) Echantillon vieilli a 200 °C-96 h
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(c) Echantillon vieilli & 200 °C-1056 h (d) Echantillon vieilli & 200 °C-5256 h

Figure 17 : Facies de rupture: a) échantillon vierge, b) échantillon vieilli a 200 °C-96 h,

c) échantillon vieilli a 200 °C-1056 h et d) échantillon vieilli a 200 °C 5256 h (cmax = 40 MPa).

Différentes températures de vieillissement aprés 1056 h d’oxydation:

La Figure 18 présente les facies de rupture du composite PPS vieilli a 140 °C et 200 °C
aprés 1056 h de vieillissement. Comparativement, a 200 °C, on peut voir de la matrice résiduelle

sur la surface exposée des fibres et aussi que certaines surfaces de fibre sont lisses. On peut
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également observer que la matrice se dégrade plus sérieusement a 200 °C. De plus, les

micrographies montrent que de nombreuses particules se sont agrégées a cause de I’oxydation.

PIMM 1.0kV 25.1mm x100 SE0M) ' PIMM 0.8KV 9.7mm x600 SE(M)

PIMM 1.0kV 26.9mm x100 SE(M) 500um PIMM 0.8kV 8.4mm x600 SE(M)

(b) Echantillon vieilli & 200 °C-1056 h

Figure 18 : Facies de rupture: a) d’un échantillon vieilli a 140 °C-1056 h et

b) échantillon vieilli a 200 °C-1056 h (cmax = 40 MPa).

VII-4 Couplage vieillissement - fatigue

La Figure 19 montre la relation entre le nombre de cycles a la rupture (Nr) et [C=0] a

différentes températures d’oxydation.
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Figure 19 : Relation entre N; et [C=0] aux différentes températures d’oxydation.

On peut noter qu’en genéral, cette courbe peut étre divisée en deux zones, des
températures d’oxydation élevées (par exemple 200 °C et 180 °C) et des temperatures modérees
(160 °C et 140 °C). Pour le méme nombre de cycles a la rupture (Nr), nous pouvons signaler que
les températures modeérées produisent moins de liaisons [C = O] tandis que les températures
élevées correspondent a plus de liaisons [C = O].

Pour un matériau polymere PPS soumis a une charge cyclique, les échantillons vieillis a
haute température ne nécessiteront que peu de temps pour atteindre la dégradation tandis qu’a
basse température un temps plus important sera nécessaire pour obtenir le méme degré de
dégradation. De méme la concentration [C=0] peut aussi representer le degré de dégradation.
Lorsque le méme nombre de cycles a été appliqué jusqu’a la rupture, la température élevée
entraine une dégradation plus importante, ce qui équivaut a une concentration [C=0] plus élevée
alors qu’elle sera plus faible pour une température basse. De plus, on peut voir que Nr diminue
fortement avec I’augmentation de [C=0], non seulement dans le cas des températures élevées

(180 °C et 200 °C), mais aussi dans le cas des basses températures (160 °C et 140 °C).
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VIIIl. Conclusions et perspectives

Dans le travail de cette these, I’effet du vieillissement thermique sur le comportement
en fatigue du composite de poly (sulfure de phényléne) renforcé par fibres de verre (PPS/FV) a
éte étudie.

Tout d’abord, deux types d'échantillons PPS/FV (PPS-0°, PPS-90°) ont été préparés par
moulage et par injection (Article N°2). On a constaté que l'orientation des fibres dans le sens du
chargement améliore la résistance monotone et la résistance a la fatigue. Une caractérisation
compléete a été réalisée a l'aide de plusieurs méthodes expérimentales. La microstructure, les
propriétés physico-chimiques et mécaniques ont été explorées, notamment le comportement a la
fatigue et les différents parametres affectant la durée de vie. 1l a été montré que méme avec une
amplitude de contrainte appliquée élevée et une fréquence élevée, le phénoméne d'auto-
échauffement observé en fatigue n'est pas suffisamment prononcé pour avoir une incidence sur la
durée de vie en fatigue du composite PPS/FV.

Ensuite I’étude du phénoméne de cristallisation du PPS/FV, a montré que la vitesse de
refroidissement a une influence relativement importante sur ce phénomeéne ; la température de
cristallisation, du PPS diminue sensiblement avec I’augmentation de la vitesse de
refroidissement. Les résultats montrent que le modéle de Jeziorny (basé sur le modéle d’ Avrami)
peut trés bien décrire et vérifier le processus de cristallisation non isotherme de ce matériau
PPS/FV. Les échantillons vieillis jusqu’a 144 h a 200 °C conservent une bonne capacité de
nucléation et de croissance géométrique du cristal tandis que pour I’échantillon vieilli apres 1080
h a 200 °C, n diminue a 0,8 en raison de I’effet néfaste du vieillissement thermique.

Troisiemement, sur la base de 1’étude de vieillissement a différentes températures et le

suivi du matériau au cours du temps par différentes méthodes d’analyse, notamment par IRTF et
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thermogravimétrie, un mécanisme d’oxydation est proposé et un modele cinétique de prédiction
de durée de vie, est construit et sa validité est vérifiée. Cette modélisation a permis de déterminer
les constantes de vitesse des différentes réactions d’oxydation.

Enfin, les effets du vieillissement thermo-oxydatif sur les propriétés mécaniques sont
étudiés par plusieurs types de sollicitation mécanique (de traction, de charge/décharge et de
fatigue). Nous avons montré que du a la réticulation et a ’augmentation du taux de cristallinité au
cours du vieillissement (a 200 °C), pour une période, la résistance (en traction) et le module
d’Young s’améliorent. Les essais de fatigue sur les éprouvettes de PPS/FV avec une amplitude
maximale (omax=40 MPa) et un rapport de chargement (R=0,1) ont également montré que le
nombre de cycles a la rupture diminue sensiblement au cours du vieillissement.

Pour la suite et en perspective :

e Le PPS/FV est un systéme complexe. Il est nécessaire d’étudier de fagcon approfondie le
réle de la matrice, des fibres de verre et leur interface. Pour cela il est nécessaire d’étudier
en parallele le vieillissement du PPS pur et I'influence de ce vieillissement sur Ses
propriétés mécaniques.

e Pour des considérations de confidentialité, I’accés a certaines informations était limité. La
nature de 1’adhésion fibre/matrice n’était pas connue. Est-ce que les fibres étaient
ensimées ? La réponse a cette question est trés importante pour 1’étude de I’interface
fibre/matrice en particulier quand 1’étude s’intéresse aux propriétés mécaniques du
PPS/FV. Pour bien mener cette étude le choix de méthodes expérimentales adaptées est
crucial.

e Pour la méme raison, il est trés important de mettre en évidence de facon directe ou

indirecte I’effet de ’oxydation sur I’interface fibre/matrice. Il est bien de noter que
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I’oxygene peut facilement pénétrer dans cette zone inter-faciale et réagir avec le produit
d’ensimage (s’il existe) et avec la matrice autour des fibres.

Pour pouvoir réaliser une vraie étude de couplage oxydation/fatigue, il est nécessaire de
réaliser une recherche approfondie (avec tous les éléments nécessaires y compris ceux
confidentiels) pour montrer la relation entre la microstructure (physico-chimique et

morphologique) et les propriétés mécaniques (comportement en fatigue par exemple).
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Extended Summary (In English)

l. General introduction

Reducing costs and energy consumption is the key factor in many industries such as
aerospace and automobile. Similarly, in modern society, the weight of the piece has become an
important criterion in the choice of materials for the manufacturing industrial products. There is
also a trend that lightweight materials such as polymer composites, in particular reinforced
thermoplastic matrix composites, will gradually replace some traditional metallic materials over
the next few decades. Reinforced thermoplastic composites are now being considered for
applications in severe thermal environments such as areas near heat sources (e.g., automotive
technical environments) [1-3].

In addition, among the various high performance polymers, those containing aromatic
units, such as PEEK (polyether ether ketone) [4-10], poly (ether sulfone) PES [11-13] and poly
(phenylene Sulfide) (PPS) [14-20], have attracted a great deal of interests and attentions in recent
decades. Poly (phenylene Sulfide) (PPS) is one of these types of polymers and it has a unigue
combination of excellent environmental properties when reinforced with fibers. In detail, it is
applied in many sectors such as electronics and electrical appliances, precision instruments, the
fields of chemistry and aerospace [21-24]. In addition, PPS polymer, reinforced with short glass
fibers and implemented by the injection process, is used frequently in the automotive industry
(case of air coolers). In general, this material has interesting mechanical properties (rigidity,
mechanical strength, etc.). PPS also has a very interesting fatigue behavior, a good thermo-

mechanical performance (Tg~ 110 °C and Tt~ 285 °C) and a high chemical resistance.

However, all polymers and polymer matrix composites face the same problems of thermal

stability and degradation resistance [18, 25-28]. This is one of the major concerns to the
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applications of these materials in conditions where certain environmental elements such as
oxygen in the air could attack the material; especially when the temperature is relatively high.
These concerns require researchers to investigate and carry out research activities in this area.
The goal is to better understand the processes and mechanism of thermal aging that can provide
more solutions for better utilization. In the present study, the multi-scale aspects must be taken
into account because the oxidation of polymers is a complex phenomenon affecting the material
at different scales: molecular, macromolecular, morphological, micro-meso and macroscopic
aspects, etc [29-32]. As a result, various aging conditions should be taken into account, which
may not only allow more protection during use, but also enhance our understanding with regard

to the detailed degradation process of polymer and their reinforced parts.

Moreover, today the industry is in great need of data on the mechanical behavior
(properties of utilization) of materials under various stress conditions. Actually, one of the most
common modes of solicitation is fatigue stress where the part is under a cyclic stress of moderate
amplitude which contributes to the mechanical degradation of the material over time [9, 33-38].
In this condition, the polymer-based or composite parts must have good fatigue strength to ensure
a long service life.

In the case of real practical use, the problem is often more complicated. The industrial
part is often mechanically stressed (for example in fatigue) in a hot environment in contact with
the surrounding elements such as the air under the bonnet. Then, in this configuration, the piece
will be under the combined influence of oxidation and fatigue. Therefore, it is necessary to carry
out research considering the two types of degradation (mechanical and thermal) as well as their

interaction [39, 40].

68



It is with this spirit that we have organized our work which is the subject of this thesis.
We have tried to follow this red route in the past three years. This red route connects the
following components: characterization of the PPS/GF, study of the oxidation of the material,
study of the fatigue behavior of the material, study of the influence of aging on the fatigue
behavior.

The PPS/GF composite material is supplied by our industrial partner Valeo. This work is
done for and in collaboration with the Valeo Research Center. It was conducted in the PIMM
laboratory (Processes and Engineering in Mechanics and Materials) of the ENSAM Paris
Campus.

This document is divided into two parts: the Extended Summary in French and English
(Part 1); then the articles published or being published in international journals of rank A in
English (Part I1). The organization of the different parts of the extended summary respects the
following approach:

e A description of PPS composite materials and their physicochemical and mechanical
behavior;

e A modeling of the properties under thermal aging of the material PPS;

e The experimental analysis of the fatigue behavior of these materials;

e The study of the effect of thermal oxidation on the mechanical behavior of PPS

composites.

The following is a list of articles published during this study or being published. They are

quoted in the text as: « Article N°-- ».
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Article N°1: P. Zuo, A. Tcharkhtchi, M. Shirinbayan, J. Fitoussi, F. Bakir, “Overall investigation
of PolyPhenylene Sulfide (PPS) / from synthesis, process to applications — A review”.
Macromolecular Materials & Engineering. Accepted.

Article N°2: P. Zuo, R. C. Benevides, M. A. Laribi, J. Fitoussi, M. Shirinbayan, F. Bakir, A.
Tcharkhtchi, "Multi-scale analysis of the effect of loading conditions on monotonic and fatigue
behavior of a glass fiber reinforced polyphenylene sulfide (PPS) composite”, Composites Part B:
Engineering, 2018, 145: 173-181. Published.

Article N°3: P. Zuo, A. Tcharkhtchi, M. Shirinbayan, J. Fitoussi, F. Bakir, "Multi-scale
physicochemical characterization of a short glass fiber reinforced Polyphenylene Sulfide
composite under aging and its thermo-oxidative mechanism”,  Polymers for advanced

technologies, 2018. In press.

Article N°4: P. Zuo, J. Fitoussi, M. Shirinbayan, F. Bakir, A. Tcharkhtchi, "Thermal aging
effects on overall mechanical behavior of short glass fiber reinforced PolyPhenylene Sulfide

composites ", Polymer Engineering & Science, 2018. In press.

1. Materials and experimental methods

I1-1 Materials

The PPS/GF composites, which are the subject of the present study, are used for various
applications in the automotive industry, in particular for air cooler parts (Valeo specific part).
Polyphenylene sulfide (PPS) is a polymer consisting of sulfur-bonded aromatic rings and its

chemical formula is illustrated in Figure 1.
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The composite material used for this study consists of different phases: the matrix, the
mineral fillers (if they exist) and the glass fibers. The matrix is Polyphenylene Sulfide and it is a

semi-crystalline thermoplastic polymer with a high performance.

Figure 1: Chemical structure of PPS.

The reinforcements are glass fibers having a diameter of 15 pum and an average length of

200 pm.

[1-2 Sampling

Two types of sample are used.

They are derived from plates of PPS/GF with a 3 mm thickness which were obtained by
injection and supplied by Valéo.

Dog-bone shape samples made by water jet have a total length of 72 mm and a thickness
of 3 mm. The useful area has a length of 20 mm and a width of 10 mm.

Films: these same plates are also used to prepare films. Firstly, a portion of an original
plate was cut and glued onto a base support. Then this complete sample with a base support was
fixed on a LEICA microtome. The LEICA RM2255 is a fully automatic and motorized rotary
microtome with a separate control panel for the elaboration of thin sections of samples of varying
hardness. This device can display different speeds of advancement and also allow obtaining the

various cutting thicknesses required by automatically controlling a distance and a precise
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location. For this study, the thicknesses of the films are 20 pm and each film is placed in a bag to

be stored and used during research of thermal aging.

I1-3 Physicochemical and mechanical characterization methods for virgin and aged samples
Films with a thickness of 20 um and the dog bone-shape test samples were placed in the
ovens (with circulation of air) and the temperatures of aging were fixed at 100 °C, 140 °C, 160

°C, 180 °C and 200 °C, respectively. Samples are analyzed by the following methods:

Thermogravimetry: The dog bone-shape specimens cut from the PPS/GF plates were
suspended in ovens, in contact with the air, at different temperatures. The weight of the sample
was measured at different time intervals to determine the percentage of mass loss: W%, using the
following equation:

Wop = T2t 5 100% (e.q. 1)

0

Where w is the weight at time t and wo is the weight of the virgin sample.

For the mass loss test, four aging temperatures (100, 140, 180 and 200 °C) were recorded

from O hours to maximum 5256 hours.

The non-isothermal thermogravimetry tests are carried out between room temperature and
800 °C with a heating rate of 10 °C/min in the nitrogen atmosphere (40 ml/min), using TGA
Q500. The mass of the initial sample is 10 to 20 mg, which is placed in the Al,Os crucible.

FTIR spectrometry was used to characterize the products and determine the extent of
polymer oxidation. The apparatus used is a Nicolet Impact 410 spectrophotometer configured in
transmission mode. The measurements were made on spectra resulting from the accumulation of

32 analyzes, the resolution being 4 cm™. The films with a thickness of 20 um were used. The
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concentration of C=0 corresponding to peak at 1780 cm™[41], is calculated according to the law

of Beer-Lambert, which is as following:

C= — (e.q. 2)

Where A is the absorbance of the FTIR spectrum, e is the thickness of the samples (20 um) and &
is the extinction coefficient (300 L. mol* cm™ for the C=0O group [41]). Similarly, the
concentrations of [C-S] (1075 cm™) and [C-H] (2923 cm™) are calculated in the same way and
the extinction coefficients of [C-S] and [C-H] are 114 [42]et 42 [43] L. mol™. cm™, respectively.
For the FTIR test, the samples were taken at an aging time ranging from 0 h to maximum

5256 h, with four aging temperatures (140, 160, 180 and 200 °C).

The absence or the presence of stabilizers in the material is verified using a
PERKINELMER UV-visible spectrophotometer (model Lambda 5), equipped with an integrated
sphere. The spectra are recorded in absorbance mode 66 over a spectral range of 200 to 400 nm.
The analysis of the data is performed by applying the species concentration which is determined

by the same method of FTIR spectrometry using the Beer-Lambert law.
For the UV test, a virgin film sample (20 pm) was used.

For optical microscopy analysis, virgin and aged samples at 180 and 200 °C were used.
The aging time was chosen between 0 hours and 5256 hours.
The characterization of the microstructure of the various composites was carried out using

a scanning electron microscope (HITACHI 4800 SEM).
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The thickness of the oxidized layer for each PPS test sample was measured by Optic
Microscopy in ZEISS (Axio Imager 2 model). We also used the OM (platinum heating) to study
the crystallization of the matrix.

The differential calorimetry tests were conducted by the NETZSCH DSC Q10, with the
aim of determining the glass transition temperature (Tg) and the melting temperature (Tf) as well
as the melting enthalpy variation (AHs) which allow to calculate the degree of crystallinity (Xc). A
temperature ramp between 20 °C and 350 °C with a speed of 5 to 25 °C/min is applied for the

PPS samples. The degree of crystallinity X, is calculated from the following relationship:

AH
XC = !

= W * 100% (e.q.3)

With X =crystallinity degree, AH; =enthalpy of fusion, AH¢ = pure crystalline phase enthalpy of

fusion, ¢ = percent of matrix.

Dynamic Mechanical Analysis (DMA) tests were performed on PPS/GF samples using
the Q800 DMA instrument to measure major transition temperatures and viscoelastic behavior.
These tests were carried out under the following conditions: an alternating bending configuration
was necessary in our case and the selected test temperatures were chosen between 25 °C and 200
°C. The frequency is between 0.1 and 50 Hz with the temperature rate of 0.5 °C/min. The sample

had a rectangular shape with dimensions of 35 x 12 x 3 mm®.

For the DMA test, four aging temperatures (100, 140, 180 and 200 °C) were recorded

from 0 to maximum 5688 hours.

Viscosity measurements were performed with the MCR 502 rheometer at Anton Paar. 2

types of tests are carried out:
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e Isothermal tests (at 290 °C), strain (0.2%) and constant angular frequency of 1
rad/s.
e |sothermal tests (at 300 °C), strain (0.2%) with variable angular frequency

between 0.1 and 100 rad/s.

These (isothermal) tests were carried out on film samples at different temperatures under
nitrogen as well as in a plane-plane configuration with an interval of 1 mm between the two

plates.

For the rheological tests, virgin samples and samples aged at 180 and 200 °C were used.

The aging time was chosen between 0 hours and 606 hours.

Tensile tests with low test velocity (quasi-static) were performed by the MTS 830
hydraulic machine on the PPS/GF specimens in two 0° and 90° directions (depending on the
direction of the fibers). A summary table (see Table 1) shows the main characteristics of our
material. Articles N°2 and N°3 present detailed information on the physicochemical

characteristics of this material.

E (MPa) or(MPa) &r (%) Ty Tm Te Density
(g/cm’)
Pure PPS [44] 3697 82 2.7
PPS-90° 4300+41 84+4.3 3+0.14 111 283 244 1.58

PPS-0° 6000+45 104+4.4 2.85%0.24 109 - - -

Table 1 : Some physicochemical and mechanical parameters of the PPS
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For the tensile test, four aging temperatures (100, 140, 180, 200 °C) were selected and the

aging time ranged from 0 hours to maximum 5256 hours.

The tension-tension fatigue tests were carried out under different maximum stresses
applied on the MTS 830 hydraulic fatigue machine. The minimum stress applied is always
chosen equal to 10% of the maximum applied stress (R = 0.1). In this study, we present the
results of tests carried out at two frequencies, 10 Hz and 50 Hz. In order to accurately measure
the evolution of the rigidity during the first loading step (initial damage), each fatigue test is
preceded by a loading-unloading-loading step in quasi-static tensile test. During cyclic loading,
the temperature evolution (due to self-heating) was measured on the surface of the samples using
an infrared camera (Raynger-MX4). The effect of the damage was evaluated by measuring the

evolution of Young's modulus.

1.  Research framework of our Project

Basically, aging leads to a phenomenon involving a slow and irreversible change in the
properties of materials. This change may be the consequence of a chemical or physical reaction.

In general, we can classify the different types of aging into two broad categories:

1) Physical aging without structural change.

2) Chemical aging with change of structure.

In the case of oxidation or thermo-oxidation of thermoplastics, aging is a chemical
phenomenon that can cause a crosslinking reaction or cut the macromolecular chains.
Crosslinking provides increased tensile strength, toughness and Young's modulus, as well as a

decrease in elongation at break while chain cutting is the cause of embrittlement, weakening and
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damage of the material. As a result, oxidation is a very complex multi-physics phenomenon. To
this complexity, we must add the difficulties related to the shape and 3D structure of the pieces.
In addition, the mechanism of oxidation of PPS is less known in the literature and there is not
much study in this field. To confront all these problems, our search strategy is based on the

following points:

e Presenting the phenomena in a simplified way, being careful that this simplification not
leading to erroneous interpretations and conclusions.
e Using the experimental results obtained by different complementary methods.
e Taking the multi-physical aspects of this subject into account.
Indeed, to study the influence of thermo-oxidation on the mechanical properties and in
particular on the fatigue behavior of the composite PPS/GF, we use:
1) The direct method by performing fatigue tests on samples aged over time.
2) Indirect methods that make it possible to study this influence by means of the
oxidation effect on the other properties related to the mechanical properties.
It is important to remember that the PPS is a semi-crystalline polymer consisting of two

phases: one amorphous and the other crystalline.

e On the one hand, the two phases do not oxidize in the same way. The amorphous phase is
less compact and oxygen can penetrate into this phase and react with the chemical
structure more easily. The crystalline phase is a compact phase and it does not change
easily during the oxidation of the polymer. The oxidation of the amorphous phase often
and especially happens at high temperature and in the long term leads to the scission of
the macromolecular chains, the rearrangement and the modification of this phase. In some
cases, this rearrangement increases the degree of crystallinity of the polymer.
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e On the other hand, the crystalline phase is more resistant, more rigid and more fragile than
the amorphous phase; therefore the modification of the morphology of the crystalline
phase, because of aging, can influence the mechanical behavior (fatigue in this study) of
the polymer.

For this reason, we have focused on the crystalline phase and its evolution during the

oxidation of the polymer.

It should also be remembered that the polymer does not oxidize in the same way at
different physical states. In the vitreous state, the amorphous phase is relatively fixed and the
mobility of the chains is weak as well as the reaction of the polymer with oxygen is more difficult
and slower. On the other hand, in the rubbery state, the oxidation is carried out more easily and
more rapidly. In the case of PPS, the result of the DMA test (Figure 2) indicates that during
oxidation at 140 °C, 160 °C, 180 °C and 200 °C, the amorphous phase is rubbery state. At 100

°C, this phase is in the glass transition zone with a lower molecular mobility and reactivity.
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Figure 2: DMA results: different physical states (glassy and rubbery) and the thermal aging

temperatures.

Consequently, in order to understand the effect of thermo-oxidation on the fatigue

behavior of PPS, it is necessary to study, on the one hand, the interaction between the
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morphology, the physical state and the mechanical properties of this polymer material and

secondly their evolution during aging. This aspect is well illustrated in Schema.1.

______________________________________
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Schema.1: Strategy to investigate the effects of thermal aging on the physical state of PPS
composites.

Before showing in a synthetic way the results obtained, it is also necessary to evoke the

following points:

In this study, the polymer is not alone; it is in an environment comprising:

1) Glass fibers
The questions are as follows:

o Are the fibers sized? The size allows a good adhesion between the fibers
and the matrix. In this condition, there will be less empty space in the inter-facial area and
oxygen diffusion in this area is more difficult.

o Does the presence of fibers promote the oxidation of the polymer?

o It is clear that the embrittlement of the composite is due to the oxidation of
the matrix and the degradation of the interface. Which of these two causes is predominant

in aging?
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2) Thermal stabilizers in the matrix

Thermal stabilizers are often used to slow down the oxidation process and delay polymer
aging. At least two stabilizers of different natures and capacities are often used. These stabilizers
can protect the polymer under the various conditions of utilizations. Under certain conditions the
presence of several stabilizers can create a kind of synergy which makes it possible to increase

the effectiveness of these stabilizers.

In our study, due to the lack of information from the supplier on antioxidants or thermal
stabilizers, a UV spectrometric analysis is necessary to detect the possibility of existence of

traditional antioxidants, including polyphenols and phenolic polymers, etc.

3) Mineral fillers

In general, because of the low molecular weight, the PPS is relatively fluid during
injection molding or extrusion. This can put in difficulty for the implementation of the polymer.
To optimize the condition of this implementation of the material, one of the methods consists of
adding mineral fillers. It is thus possible to increase the viscosity of the polymer in the molten
state. To check the absence and the presence of the mineral fillers, one can use several methods.
One of the simple methods is to use pyrolysis. Heating the composite to a high temperature for a
certain time allows the matrix to be removed and the fibers and the mineral fillers (if they exist)

to be recovered.

IV.  Morphological study of PPS/GF

IV-1 Crystallization and its kinetic aspect
To be able to understand the influence of the aging on its mechanical properties of the

PPS, as already explained in the paragraph of the research strategy, it is necessary to study the
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evolution of morphology over time. For this, we conducted a comprehensive study in this area.
The results of this study are the subject of an article in the progress. To stay consistent with this
extended summary, we do not present all of these results. We present in a synthetic way and
some part of these results shows the influence of aging on the crystalline phase.

As already indicated, PPS is a semi-crystalline thermoplastic polymer with a crystallinity
level between 40 and 45%. The crystalline phase of this polymer, like many other semi-
crystalline polymers, has a spherulitic texture. Studies in literature, [45] (see la Figure 3), have
clearly shown that the formation of the crystalline phase is sensitive to the cooling rate. These
results show that the size (diameter) of spherulites at the end of crystallization decreases with

increasing cooling rate.

PPS

T=205°C T=185°C

(a)

PPS

T=225°C

(b)

Figure 3 : POM photos of pure PPS during non-isothermal crystallization with different cooling

rates: (a) 20 °C/min and (b) 5 °C/min.
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We performed DSC tests with a cooling rate of 5 to 25 °C on the PPS/GF samples. The
results are shown in Figure 4 (a). From these results, it can be noted that the cooling rate has a
significant effect on the PPS crystallization process. The crystallization temperature (T)
decreases with increasing cooling rate. T¢ decreases from 243 °C to 230 °C as the cooling rate

increases from 5 °C/min to 25 °C/min, respectively.

From the DSC results we have followed the evolution of the relative crystallization as a
function of time at different cooling rates; Figure 4 (b). Each time, 3 steps are observed during
crystallization. The first stage corresponds to nucleation and crystallite formation (the structural
unit of the crystalline phase). In this step the rate of advancement of crystallization does not
evolve. This period is more important when the cooling rate is lower. The second stage
corresponds to the formation phase of spherulites and their growth. The growth rate (the slope of
the curve) is directly related to the cooling rate. It is more important for the faster cooling rate.
The third step corresponds to the final phase of spherulites. During this step, the spherulites
interact to form solid polygons at the end of crystallization. It can be seen that the overall

crystallization time decreases with the increase of the cooling rate.
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Figure 4: The heat flow (a) and relative crystallinity (b) curves of PPS composites at various
cooling rates (5~25 °C/min).

Based on the model of Avrami, the model of Jeziorny [46] is commonly used to model the

non-isothermal crystallization process. This model can be presented by the following equation

[47-50]:
a= In[—In (1 —x(t))] =InK+ nint (e.q.4)
InKc = lnTK (e.q.5)

Where a is the fraction of relative crystallinity and y(t) is relative crystallization fraction at time t;

K is crystallization rate constant; n is the Avrami constant and K is corrected crystallization rate

constant, B is cooling rate.

Figure 5 shows that In(—In(1 —x(t))) vs In t gives a straight line with a linear
correlation coefficient, R? close to 1 (1>R?>0.99) for all cooling speeds. This means that the
Jeziorny model can perfectly describe and verify the non-isothermal crystallization process of

this PPS/GF material.
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Figure 5: Plot of In (-In (1-X (t))) versus In (t) at various cooling rates (5~25 °C / min).
Table 2 summarizes the values of the constants of this law obtained after the modeling for

the different cooling rates. It is found that the values of K and K¢ increase with the increase of the

cooling rate.
R? n Ln K Ke
5 °C/min 0.99 2.02 -7.33 0.23
10 °C/min 1 2.00 -6.61 0.52
15 °C/min 0.99 1.08 0.34 1.02
25 °C/min 0.99 3.55 0.91 1.04

Table 2: Non-isothermal crystallization kinetic parameters from Jeziorny model

To calculate the activation energy related to non-isothermal crystallization, Kissinger et al.

[51] have proposed an equation based on the kinetic model of n-order, as follows:

lnﬁ2 =22 _ In[G(a)] — £ (e.g. 6)
T2 E

RTy
Where B is the cooling rate, T;, is the temperature of the crystallization peak. A is the pre-

exponential factor and R is the universal constant of perfect gases. E is the activation energy and

G (o) is the conversion function. To determine the activation energy we used the Kissinger
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equation, and we plotted lnT£2 as a function of%. We obtain a line with a linear correlation
p

coefficient close to 1. From the slope of this line we have determined the activation energy of the

non-isothermal crystallization (-58.78 kJ / mol).

V-2 Aging effect on crystallization behavior

PPS is a semi-crystalline polymer, having an amorphous phase and a crystalline phase.
The amorphous phase is much less compact. The oxygen attacking sites are in the amorphous
phase. Oxygen cannot diffuse in the crystalline phase. As a result, the thermo-oxidative aging of
the PPS has in fact led to the chemical modification of the amorphous phase. This modification
can be manifested in different ways: the crosslinking (in certain cases and for certain period of
aging), the session of the macromolecular chains, the reduction of the molar mass, the
embrittlement, the stiffening, the reorientation of the macromolecules, ... All these phenomenon
will occur in the amorphous phase and the crystalline phase during this period remains relatively
intact. To be able to understand the effect of aging on the mechanical properties, it is necessary to
study this morphological modification. Through this microstructural modification, the change in
mechanical properties is more comprehensive. In the case of PPS/GF, we determined the
morphological characteristics from the results of tests on virgin and aged PPS/GF samples (at
200 °C), with DSC and DMA. We then determined the T, the Ty, the crystallinity degree and the
constants of the kinetic model of crystallization previously presented (previous paragraph). Table

3 summarizes all these results.

It is first noted that the Tg increases from 106 °C (virgin sample) to 121 °C (after 1080 h
aging at 200 ° C). This increase can be attributed to two phenomena: (short-term) crosslinking
and the reorientation and stiffening of macromolecules as a result of the chains breaking through

oxidation. Macromolecules become less mobile in the amorphous zone.
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It is also shown that the degree of crystallinity increases from 44% (virgin sample) to 56%
after 96 hours of aging at 200°C. After a long period of oxidation up to 1080 h at 200 °C, the
crystallinity degree decreases to 36.6%. It is difficult to interpret this consequent drop in the
crystallinity rate. On the other hand what is obvious is that at this stage of degradation (1080 h) at
200 °C, the amorphous phase is well damaged and the texture of the morphology is completely

modified. The question can also be asked: is the crystalline phase degraded and in what way?

Concerning the modification of the crystalline phase during aging, the analysis of the
change of the values concerning the constants of the model ((e.q. 4) and (e.q. 5)) enables us to

obtain the following ideas:

e The constant n depends on the nature of nucleation, the geometry of the crystallites and
the density of the spherulites. The value of n is about 2 for virgin samples and aged at
200 °C up to 144 h. It can be assumed that during this period the crystalline phase is not
very modified. However, for the samples aged after 1080 h at 200 °C, n decreases to 0.8.
This may imply that the PPS compared to its initial state has almost lost its ability to
nucleate and crystallize due to well excessive thermal aging.

e Similarly, K. depends on the crystallization rate and the increase in K¢ corresponds to the
increase in the crystallization capacity. At the beginning of thermal aging, the increase in
Kc was observed from 0.5 (virgin sample) to 0.97 (sample of 200 °C - 144 h). This
indicates that aging can enhance the rate of crystallization. But in the long term (as 200 °C
- 1080 h), when aging is well excessive and the polymer is completely degraded and the

value of K¢ (0.6) shows that the polymer crystallizes more slowly during crystallization.
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Amorphous Crystalline Phase
phase
Samples T¢ O (°C) X ) n K )
Virgin 106 44,2 2,00 0.5
200°C-20h 108 45,0 2,10 0,88
200°C-96h 108 55,8 2,19 0,82
200°C-144h - 52,9 2,27 0,97
200°C-1080h 121 36,6 0,8 0,6

®) T4, obtained by DMA test at peak of E”’, (f=1 Hz); ™ X, n, K¢, obtained by DSC with a

cooling speeding of 10 °C/min.

Table 3 : The parameters obtained from DMA and DSC.

V. Long-term behavior of PPS composite

This part is dedicated initially to the study of the thermal aging of the composite PPS. It is
an accelerated aging study at high temperatures (from 100 to 200 °C). To do this, we will
perform IR spectrometric analysis to detect and monitor the evolution of oxidation products in
materials. This will allow a good understanding of the degradation mechanisms that will be used
in the second period for the construction of a kinetic model capable of describing the evolution of
the oxidation products.

For this part of the study, the methodology includes:

1) On the one hand, carrying out accelerated aging tests and monitoring the evolution of

certain chemical groups (such as C=0) (indicator of progress in aging);
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2) On the other hand, proposing a mechanism of oxidation of the PPS. This mechanism
makes it possible to propose a kinetic model for the evolution of C=0. The next step
is therefore to compare the experimental results with the theoretical model. Schema 2

presents this approach and methodology.

Evaluation of thermal oxidation

Thermal aging Revise the mechanism Accelerated thermal
mechanism aging

Compare the
modeling results

Kinetic model with the _ Evolution of _
experimental different properties

MATLAB... results FTIR, TGA, rheometer,
dC DMTA, Tensile test...

—=f (1
» S () CW J
The model is valid

t

Schema.2: Pathway for validating thermal oxidation modeling.
Following this introduction, we present our study and modeling of the thermo-oxidation

of PPS/GF. The detailed results of this study are the subject of Article N°3.

V-1 Preliminary analysis

Due to the lack of precise information on the composition of this material provided by the
supplier, the peaks for original materials between 1700 and 1800 cm™ can be explained by the
fact that there are phenyl groups or vinyl esters. These peaks could appear in the position of the
end groups. To simplify the research, it is necessary to take only the thermal oxidation of PPS

material itself into account.
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To study the evolution of the oxidation products, a conventional approach has been used
which consists of following the total concentration of the carbonyl products from the absorbance
of the IR peaks by means of the Beer-Lambert law. The concentration of [C=0] gives a clear
indication of the oxidation. Figure 6 shows the FTIR results of the C=0 peaks, which are at the
wave positions of 1780 cm™, 1735 cm™ and 1710 cm™, respectively. More precisely, they can be
divided into three different types of C=0 double bonds. Thus, it can be noted that there is a trend
towards an obvious increase in the C=0 double bond absorbance, indicating that the PPS/GF

composites are seriously oxidized at 200 °C.

0.28 - —-—- 200°C-504h
----- 200°C-168h
0.24- - - -200°C-48h
1 —— Virgin
g 0.20- 1780cm” —
= 1 t 1735cm™
2 0.16 I '
8 4 / \‘ )
2 0.12 / L
! v 1710cm™
0.08 -
0.04-
0.00 = 2%

1840 1800 1760 1720 1680
Wavenumber(cm'1)

Figure 6: Evolution of oxidation products of PPS at 200°C.

Figure 7 shows the different evolutions of the oxidation products of the PPS for 4 aging
temperatures. The accumulation curves of the oxidation products (C=0) during aging highlight
the three characteristic stages of the oxidation kinetics:

e A period of induction preceding the appearance of the first carbonyl products.

e Fast acceleration (self-acceleration) of the oxidation at the end of the induction
period.

e A stationary regime with apparent overall rate of constant oxidation.
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It can be seen that the rates of accumulation of the oxidant products increases with the

increase of the exposure temperature.
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Figure 7: Evolution of the oxidation products of PPS at 140 °C, 160 °C, 180 °C and 200 °C.

Conventionally, oxidation can be divided into three periods: induction, propagation and
termination. It can be seen that the induction time is very short (approximately 24 h) for the
specimens aged at 200 °C whereas this value increases significantly for the temperatures of 180
°C and 160 °C (approximately 240 h and above 1100 hours, respectively). At the temperature of
140 °C, the induction time is very long (more than 2000 h). It can thus be noted that the induction
time at temperatures of 180 °C and 160 °C is about 10 and 45 times higher than in the case of 200
°C, respectively. In addition, the propagation speed is very high for the oxidation temperature at
200 °C and 180 °C. After about 1000 hours of oxidation at 200 °C, the propagation tends to be
saturated when the amount of oxidation products reaches a maximum. At 180 °C saturation
appears to be reached after 2000 hours of exposure. Comparatively, there is no comparable trend
and no stable plateau trend observable for oxidation at 140 °C even after more than 4000 h of
exposure. Thus, it can be concluded that for this composite, the oxidation ratios at 200 °C and

180 °C are considerably more severe and faster than at temperatures of 160 °C and 140 °C.
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V-2 Modeling the Kinetics of aging
e The oxidation theory
In this part of the study of thermal aging, a modeling of the kinetics of the oxidation could
be realized from the experimental results.
Hydrocarbon polymers subjected to thermal aging in the air generally degrade by radical
chain oxidation [52, 53]. The model of the standard mechanism under air or oxygen, considering
the simultaneous decomposition of uni- and bi-molecular hydro-peroxide, is reported in several

research works [54-56] (see Schema 3):

POOH — 2P°+ Yco PC =0 (k1u)
POOH + POOH - P° + POO°+YcoPC= 0 (k1b)
P° + 02 - POO° (k2)
POO° + PH - POOH + P° (k3)
P° + P° - inactive products (k4)
P° + POO° — inactive products (k5)
POO° + POO° - inactive products + 02 (k6)

Schema.3: Possible scheme of the degradation of the polymer.
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Here, [P°], [POO°], [POOH], [PH] represent the concentration of alkyl radicals, peroxy
radicals, hydro-peroxides and substrate, respectively; the numbers klu to k6 represent the

Kinetic constants of each equation.

Several previous studies have investigated the degradation mechanism of PPS polymers
[57-62]. Below 200 °C, the possible schematic diagram of the degradation of PPS/GF composites
is given in Schema 4. According to the literature [61] and the theory of bond energy, the carbon-
sulfur (C-S) and carbon-hydrogen (C-H) bonds are weaker than the carbon-carbon double bond
(C = C). Thus, the first major scission occurs in the C-S bond or the C-H bond. Under aging
conditions, degradation, radical abstraction, recombination, cyclization and/or other more
complex reactions occur, with a process of producing different compounds such as hydrogen

sulfide, benzenethiol, diphenylsulfide, dibenzothiophene, etc [63].
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Schema.4: Possible schema of degradation of the PPS/GF composite.
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According to this scheme, it can clearly be noted that the oxidative degradation process
contains major pathways that may occur in the C-S or C-H bond positions. It is remarkable that,
as shown in previous research [52, 54], the mechanism of oxidative degradation of PPS can be
presented by differential equations. By using these differential equations, it is then possible to
quantitatively calculate the evolution of [C=0] as a function of time under different oxidative

aging temperatures as follows:

dEiiO] = 2 xkq, * [POOH] + ky3, * [POOH]? — k, * [P°] * [O]
+k; * [PO0°] * [PH] — 2 * k, * [P°]2 — kg * [P°] * [PO0°] + ky; * [PH]
(e.q.7)

d[P(iOO] - klb * [POOH]Z + k2 * [Po] % [O] _ k3 % [Pooo]z % [PH]
—ks * [P°] * [POO°] — 2 * kg * [POO°]?

(e.q.8)
d[P;)tOH] — —klu * [POOH] — 2 % klb * [POOH]Z + kS % [pooo] * [PH] (e. q. 9)
d[gf 1 —ks * [POO°] * [PH] — kg,  [PH] (e.q.10)
d[gto] = kq, * [POOH] + k,, * [POOH]? (e.q.11)
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d[p]

dt = ksl * [PH] - ksz * [Plo] [PZO] * [O] (e' q 12)
dEiPtZ] = kg, * [PH] — kg, = [P{][P,] * [O] (e.q.13)

Here, [P°], [POO°], [POOH], [PH] represent the concentration of alkyl radicals, peroxy

radicals, hydro-peroxides and substrate, respectively; the numbers k1lu to k6 represent the

Kinetic constants of each equation.

Validation of the kinetic model

The validation of the proposed kinetic model has been done. It was able to better simulate

the experimental data obtained between 160 °C and 200 °C (see Figure 8). The values of the

model parameters are summarized in Table 4, which provide the best simulations of the

experimental results corresponding to exposure temperatures of 160 °C, 180 °C and 200 °C. It

can be seen that the experimental results are very consistent with the modeling. This means that

our model of oxidative degradation mechanism is appropriate. Based on this analysis, it can be

concluded that with this modeling, we can translate the oxidative degradation mechanism in a

quantitative way.
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Figure 8: Numerical simulations of oxidation products at 160 °C, 180 °C and 200 °C.

klu k1b k2 k3 k4 k5 k6

(s (Imolis?t)y  (Imolts?)  (Imolts?)  (Imolis?)  (Imolts?) (I molis?)
T=160°C 1.3x107 1.1x10% 1.3x106  1.1x10°3 1.0x10% 2.0x10° 3.0x10°
T=180°C 1.6x10* 1.8x10% 1.5x106  1.8x10°3 1.0x10% 2.0x10° 3.4x10°
T=200°C 2.0x10° 2.0x10° 1.6x10°  6.0x103 1.0x10%? 2.0x10° 4.0x103

Table 4 : Kinetic constants and Arrhenius parameters of the reactions

VI.  Fatigue behavior of PPS material

Fatigue is an action of time-varying stresses or deformations that can modify the local
properties of a material. Fatigue can lead to crack formation leading to breakage of the workpiece.
The progression of the fatigue damage can follow different stages:

e The creation of nucleation sites

e The formation of micro cracks

e Growth and coalescence of dominant microscopic cracks

e The propagation and percolation of dominant macro cracks

e Breaking
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The main characteristics and properties governing the fatigue behavior of a polymer
matrix composite are as follows:

e The nature of the matrix: its chemical composition, morphology, physical state...

e Additives and fillers: glass marbles, mineral particles...

e The nature of the reinforcements: material, architecture and dimensions

e The state of the interface: the size, the chemical, physical or mechanical adhesion between
matrix and fibers

e The type and condition of stress (temperature, amplitude of stresses or deformations,
frequency, load ratio ...)

As a part of this work, tension-tension fatigue tests were carried out on the MTS 830
(Elastomer Test System) hydraulic machine with application of a force at 10 Hz. The samples
were cut by water jet in using the geometry shown in Figure 9 (a).

The amount of stress directly and substantially affects the life of the material. In order to
understand the effect of the microstructure on the fatigue behavior of materials, we carried out a
preliminary fatigue study on two fiber reinforced materials oriented at 90° and 0°. The Wahler

curve at 10 Hz is shown in Figure 9 (b)[64].
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Figure 9: Specimen geometry (a) and Wohler curves for PPS-0° and PPS-90° samples at 10 Hz

(b).

We can give the following comments:

e For the PPS-0° and PPS-90° samples, the Wohler curves do not have a significant
asymptotic value representing an endurance limit. Unlike metal materials, this is often
observed in the case of thermoplastic composites [65].

e For stress amplitude of 60 MPa, the PPS-90° is broken after 1x10° fatigue cycles. While
for the same amplitude, the PPS-0° breaks after more than 10°. This observation clearly
demonstrates that the service life is strongly influenced by the orientation of the fibers.

e For both configurations, the Wohler curves show two different domains; high and low
amplitudes. In each domain, the S-N curve can be modeled by a linear-logarithmic
equation:

omax = A. log N + B (e.q. 14)
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In this equation, A and B are the material parameters corresponding to the slope of the
curve and the intercept, respectively. The slope A shows the sensitivity of the fatigue strength and
the intercept B represents the apparent tensile strength.

Table 5 shows the values of A and B for the PPS-0° and the PPS-90° related to the high

and low stress domains.

A (MPa) B (MPa)

Samples High stress Low stress High stress Low stress
domain domain domain domain

PPS-0° -12.0 -6.7 125.7 108

PPS-90° -15.2 -55 131 87.5

Table 5 : The values of A and B for PPS-0° and PPS-90° in each domain

VII. Effects of thermal aging on mechanical behavior

In this part we summarize the effect of thermal aging on the mechanical behavior of

PPS/GF. Detailed information on long-term behavior is presented in the Article N°4.

The literature review provides much information on the general properties of PPS
composites. However, there is a lack of information on the response to fatigue when exposed to
thermal aging. It is therefore imperative to propose innovative work to better understand the
effects of thermal aging coupling with mechanical properties, particularly with regard to fatigue
behavior. This type of research is very interested to very practical and useful industrial aspects,

particularly for structural calculations in automotive sector.
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A key point in our approach is to track the [C=0] concentration during thermal aging as
an indicator of the oxidation process and degree of degradation in the matrix. In addition, a
relationship between thermal oxidation and mechanical behavior is established to provide a tool
to help the choice of material structure and its design.

The first part deals with the analysis of the effects of thermal aging. Quasi-static loading
responses and loading-unloading tests with gradual increase to the maximum stress of virgin and
aged samples are analyzed. Also, the effect of thermal aging on the fatigue properties of PPS is
subsequently studied.

Hereinafter, three types of mechanical tests were considered:

e Tensile test: The effects of aging on stress-strain curves obtained by tensile tests are
presented. Changes in Young's modulus, tensile stress, and ultimate strain are plotted for
different aging conditions. The tensile response is analyzed for an oxidation temperature
of 200 °C after various aging times of 0 h, 30 h, 50 h, 100 h and 200 h.

e Loading-unloading test: It is necessary to analyze the loss of stiffness and the evolution

of plastic deformation to understand the effect of aging conditions on the mechanisms of
damage and deformation. The tensile and loading-unloading tests are carried out at an
aging temperature of 200 °C. for different oxidation times, namely 0 h, 30 h, 50 h, 100 h

and 200 h.

e Tension-Tension fatigue test: The fatigue tests were performed at 10 Hz to compare the

life of the PPS composite at various temperatures and aging times. In addition, the
analysis of stiffness loss and fractography is presented. The fatigue behaviors on four

types of samples oxidized at 140 °C, 160 °C, 180 °C and 200 °C at different aging times
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were analyzed. It can be noted that the loading amplitudes of 40 MPa and 70 MPa were

selected after the analysis of the Wohler curve obtained on the virgin samples.

VII-1 Results of tensile tests

The results of tensile tests on virgin samples and samples aged at 200 °C for different
aging times are shown in Figure 10.

It can be noted that at the beginning of the exposure at 200 °C from 0 h to 30 h, the
breaking stress increases. This is mainly due to post-crosslinking, which leads to the extension of
the molecular chains. After this preliminary step, the breaking stress decreases by 25% for 200
hours. This shows that thermal oxidation at 200 °C promotes the mobility of the molecular chains
due to the cleavage of chemical bonds.

It can be noted that the relative Young's modulus increases slowly at the beginning of
thermal aging at 200 °C (due to post-crosslinking). In addition, all aged samples have a higher
Young's modulus than virgin samples, indicating that crosslinking can affect the mechanical
behavior of PPS composites. The breaking strain exhibits a constant decrease from about 1.4% to
1% during oxidation. This indicates embrittlement phenomenon due to oxidation.
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Figure 10: Stress-strain curves at different stages of aging at 200 °C.
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The tensile test results clearly show the influence of aging on the mechanical properties of
the PPS composite (Table 6 and Figure 11). An increase in modulus of elasticity and stress at
break was shown during the first period of thermal aging. To be more precise, during the aging
process, cleavage of the molecular chains and post-crosslinking can occur simultaneously in the
PPS polymer material. In addition, it should be noted that at the beginning of the thermal
oxidation, the post-crosslinking is more pronounced while the long-term thermal oxidation
mainly corresponds to a chain cleavage and a significant degradation of the PPS polymer.

As a result, after the first exposure step, a second aging step showing chain scission effect
becomes predominant at the surface of the sample, ultimately leading to a loss of properties of the
PPS composite, especially in terms of ductility. This can be explained by the fact that the
thermoplastics have a linear or branched molecular structure and that therefore they become more
fragile due to the cleavage of the molecular chain or the crosslinking in the chemical structure of

the PPS polymer.
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Aging n° t(h) or (MPa) &r (%) E (MPa)

1 - 75,4 1,3 5900
Virgin

2 - 74,4 1,2 5890

1 30 79,4 1,35 6100
200 °C-30h

2 30 78,9 1,4 6200

1 51 70,5 1,2 6000
200 °C-51h

2 51 70,8 1,2 6150

1 100 63,4 1 6600
200 °C-100h

2 100 58,4 1 6300

1 199 66,5 11 6500
200 °C-199h

2 199 61,1 1 6400

Table 6 : Tensile results at different stages of aging at 200 °C
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Figure 11: Evolution of (a) the stress at break, (b) Young's modulus and

(c) Strain at break during aging at 200 °C.

From the microstructure analysis of the virgin sample (Figure 12-(a)), it is evident that the
fiber-matrix adhesion appears to be of very good quality, probably due to the presence of the
coupling agent. Indeed, the fibers were torn off in a fragile manner but still remain covered with a

thin layer of PPS matrix.
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(b) Tensile test-aged sample

(a) Tensile test-virgin sample at 200 °C-199h

Figure 12: Fracture surface: (a) virgin sample and (b) sample aged at 200 °C -199 h.

Comparatively, in the case of a sample aged at 200 °C during 199h (see Figure 12 - (b)), it
can be noted that the matrix degrades very seriously. Thermal aging has destroyed the matrix and
led to the separation of the fiber and matrix, which reduces the mechanical property of the

original PPS material.

VI11-2 Loading-unloading test

In order to quantify the possibility of plastic deformation and damage, a loading-
unloading test with progressive increase of the maximum stress was carried out in two
configurations: virgin samples and specimens aged at 200 °C for 199 h (Figure 13 (a)). Figure 13
(b) shows the evolutions of the plastic deformation (gp) and the damage parameter (E/Eo) as a
function of the maximum stress for aged specimens. As shown above, the breaking stress and the
breaking strain decrease with aging. One can notice the relative stability of the Young's modulus
which indicates a low level of damage during a quasi-static loading (decrease of less than 1%).

On the other hand, the plasticity increases progressively from 5% of the stress to the rupture
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which pushes us to say that the deformation of the composite is essentially due to the non-

linearity of the PPS.
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Figure 13: (a) Loading-unloading test, and (b) evolution of plastic strain (gp) and stiffness loss

parameter (E/Eo) as a function of applied stress.

VI11-3 Fatigue behaviors

- Amplitude effect

Figure 14 shows the Wohler curve obtained in tension-tension fatigue tests at a frequency of
10 Hz for PPS-90° samples at room temperature. The final fracture and fatigue life of the PPS
composite strongly depend on the loading conditions and the local microstructure. The bilinear

Wohler curves emphasize the influence of loading amplitude.
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Figure 14: Wohler curve of the PPS composite made on PPS-90° samples.

Tension-Tension fatigue test at a frequency of 10 Hz and at room temperature, R = 0.1.

In order to study the fatigue life of the PPS composite aged at 180 °C and at different
aging times, tension- tension fatigue tests were carried out at loading amplitudes of 40 MPa and
70 MPa (see Figure 15). It can be noted that the number of cycles at break decreases with
increasing loading amplitudes. One can also notice a considerable reduction in the number of
cycles with the amplitude of 70 MPa, from 1.4 x 10* to 1.2 x 10% with an oxidation time of about
250 h. The results show that the fatigue life decreases sharply with aging time in the event of an

increase in loading amplitude.
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Figure 15: Effect of aging and load amplitude on fatigue life

samples, aged at 180 °C (f = 10 Hz).

- Effect of the thermal aging temperature

Figure 16 shows the evolution of the fatigue life as a function of the oxidation time at
different oxidation temperatures of 140 °C, 180 °C and 200 °C. It can be noted that the speed of
reduction of the fatigue life increases with the temperature of thermal aging. Indeed, at 200 °C,

the fatigue life is subjected to a very sharp decrease.
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Figure 16: Effect of aging temperature on fatigue life.

Fatigue tests at 10 Hz with a maximum load amplitude of 40 Mpa (R=0.1).
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This indicates that the temperature of 200 °C is very favorable to destroy the mechanical
properties of PPS materials. The fatigue life is therefore very sensitive to the oxidation
temperature.

- Analysis of fracture surface

A fracture surface analysis was performed on virgin and aged samples to understand the
influence of temperature and fatigue exposure time.

Different aging times for an oxidation temperature of 200 °C:

Figure 17 shows the global evolution of fracture surface of test samples aged at 200 °C,
from the beginning of oxidation to 5256 h. Figure 17 - (a) shows the virgin sample from which it
can be noted that the surface is quite smooth, with no obvious cracks, indicating that the fibers
adhere tightly with the matrix. The increase in oxidation time (96 h, 1056 h and 5256 h; Figure
17 - (b), (c) and (d), respectively), leads to more aggregated particles due to the higher instability

surface energy.
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PIMM 1.0kV 28.6mm x100 SE(M) 500um

(b) Aged sample at 200 °C - 96 h

PIMM 1.0kV 26.9mm x100 SE(M) 500um PIMM 1.0kV 28.2mm x100 SE(M)

(c) Aged sample at 200 °C-1056 h (d) Aged sample at 200 °C-5256 h

Figure 17: Fracture surface: a) virgin sample, b) sample aged at 200 °C-96 h,

c) sample aged at 200 °C -1056 h and d) sample aged at 200 °C - 5256 h (omax = 40 MPa) .

Different aging temperatures after 1056 h of oxidation:

Figure 18 shows the fracture surface of the PPS composite aged at 140 °C and 200 °C
after 1056 h of aging. Comparatively, at 200 °C, residual matrix can be seen on the exposed
surface of the fibers and also some fiber surfaces are smooth. It can also be observed that the
matrix degrades more seriously at 200 °C. In addition, the micrographs show that many particles

have aggregated due to oxidation.
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(b) sample aged at 200 °C-1056 h

Figure 18: Fracture surface: a) a sample aged at 140 °C - 1056 h and

(b) sample aged at 200 °C - 1056 h (omax = 40 MPa).

VII-4 Coupling aging - fatigue

Figure 19 shows the relationship between number of cycles at failure (N;) and [C=0] at
different oxidation temperatures. It can be noted that, in general, this curve can be divided into
two zones, high oxidation temperatures (for example 200 °C and 180 °C) and moderate
temperatures (160 °C and 140 °C). For the same number of cycles at break (N;), we can see that

moderate temperatures produce less [C=0] while high temperatures correspond to more [C=0].
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For a PPS polymer material subjected to a cyclic loading, samples aged at high
temperature will require only a short time to achieve degradation while at a lower temperature a
longer time will be required to achieve the same degree of degradation. Similarly, the
concentration [C=0] can also represent the degree of degradation. When the same number of
cycles has been applied until breaking, the high temperature causes a greater degradation, which
is equivalent to a high [C=0] concentration while it will be lower for a moderate temperature. In
addition, it can be seen that N, decreases sharply with increasing [C=0], not only in the case of

high temperatures (180 °C and 200 °C), but also in the case of low temperatures (160 °C and 140

°C).
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Figure 19: Relationship between N, and [C=0] at different oxidation temperatures.
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VIIIl. Conclusions and perspectives

In the work of this thesis, the effect of thermal aging on the fatigue behavior of the glass
fiber reinforced poly (phenylene sulfide) composite (PPS/GF) has been studied.

First two types of PPS/GF samples (PPS-0°, PPS-90°) were prepared by injection
molding (Article N°2). Fiber orientation in the loading direction has been found to improve
monotonic strength and fatigue resistance. A complete characterization was carried out using
several experimental methods. The microstructure, the physicochemical and mechanical
properties have been explored, notably the fatigue behavior and the various parameters affecting
the service life. It has been shown that even with high applied stress amplitude and a high
frequency, the self-heating phenomenon observed in fatigue is not sufficiently pronounced to
affect the fatigue life of the PPS/GF composite.

Then the study of the PPS/GF crystallization phenomenon showed that the
crystallization cooling rate has a relatively large influence on this phenomenon, the crystallization
temperature of the PPS decreases substantially with the increase of the cooling rate. The results
show that the Jeziorny model (based on the Avrami model) can very well describe and verify the
non-isothermal crystallization process of this PPS/GF material. Samples aged up to 144 h at
200 °C retain a good nucleation and crystal geometric growth capacity, whereas for the sample
aged after 1080 h at 200 °C, n decreases to 0.8 due to harmful effect of thermal aging.

Thirdly, based on the study of aging at different temperatures and the follow-up of the
material with the aging time by the different methods, notably FTIR and thermogravimetry, an
oxidation mechanism is proposed and a kinetic model of the duration prediction of life is built
and its validity is verified. This modeling has made it possible to determine the rate constants of

different oxidation reactions.
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Finally, the effect of thermo-oxidative aging on mechanical properties is studied by
several types of mechanical stress (tension, loading-unloading and fatigue). We have shown that
due to the crosslinking and the increase of the crystallinity degree during aging (at 200 °C), for a
period, the resistance (tensile test) and the Young's modulus improve. Fatigue tests on PPS/GF
specimens with a maximum amplitude (omax = 40 MPa) and a loading ratio (R = 0.1) have also
shown that the number of cycles at fracture decreases substantially with the aging time increasing.

For the future and in perspective:

e PPS/GF is a complex system. It is necessary to study in depth the role of the matrix, the
glass fibers and their interface. For this it is necessary to study in parallel the aging of
pure PPS and the influence of this aging on its mechanics.

e For the problem of confidentiality, the access to certain information was limited. The
nature of fiber/matrix adhesion was not known. Were the fibers sized? The answer to this
question is very important for the study of the fiber/matrix interface especially when the
study is interested in the mechanical properties of PPS/GF. To properly conduct this study,
the choice of suitable experimental methods is crucial.

e For the same reason, it is very important to highlight directly or indirectly the effect of
oxidation on the fiber/matrix interface. It should be noted that oxygen can easily penetrate
this inter-facial area and react with the sizing product (if it exists) and with the matrix
around the fibers.

e To be able to carry out a true oxidation/fatigue coupling study, it is necessary to carry out
a detailed study to show the relation between the microstructures (physicochemical and

morphological aspects) and the mechanical properties (for example fatigue behavior).
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Abstract

Poly (phenylene sulfide) (PPS) is one kind of high-performance polymer with high thermal
stability that can be used widely in different industrial domains. However, according to an
investigation of the literature, few reviews have comprehensively focused on the
continuous development of PPS applications in the past decade. To meet this demand, this
paper provides an overall investigation of PPS polymer and PPS-based composites from
synthesis and process to applications. Briefly, this paper introduces PPS materials
according to the following topics. First, the molecular weight distribution and morphology
of PPS, as well as their reinforced parts, are introduced. Afterwards, the topic is focused
on the synthesis, process and blending of PPS. In the next part, this paper investigates the
key points regarding PPS as a high-performance polymer, focusing on the aspect of thermal
behavior and mechanical properties. Finally, PPS composite applications are emphasized

and overviewed from a wide range of aspects.
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1 Introduction

Generally, polymers can be divided into three categories: thermoplastics,
elastomers and thermosets according to their chemical structure and physical behaviors.
The thermoplastics, with linear or branched macromolecules, can be re-melted back into a
liquid, whereas elastomers and thermoset always remain in a permanent solid-state due to
the molecular structure of their crosslinked network. Moreover, thermosets have a structure
with very high crosslinking densities, and their molecular networks will only break at high
temperaturest’. As a matter of fact, many researchers pay much more attention to
thermoplastic polymers, especially high-performance polymers with excellent thermal and
mechanical properties. Figure 1 shows the schematic pyramid distribution of low- to high-
performance amorphous and semicrystalline polymers corresponding to their cost. This
pyramid provides the information of common thermoplastic materials consisting of 3
categories (common, mid-range and high-performance polymers) according to thermal and
chemical as well as mechanical properties. Additionally, Table 1 exhibits some parameters

of certain high-performance polymers with high resistant-temperatures.
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High Performance Polymers

Mid-Range Polymers

Figure 1: The pyramid graphic of common thermoplastic materials. Note: polyamide (PA),
polyamide Imide (PAI), thermoplastic polyimide (TPI), polyphenylene sulfone (PPSU),
polyether-imide (PEI), polyethersulfone (PES), polysulfone (PSF), polyaromatic (PAR),
fluoropolymers (FP), liquid crystal polymers (LCP), polyphenylene sulfide (PPS),
polyphthalamide (PPA), polyamide-4.6 (PA-4.6), polyphthalate carbonate (PPC),
polycarbonate (PC), polyphenylene oxide (PPO), polyethylene terephthalate (PET),
polyamide-6/6.6 (PA-6/6.6), polyoxymethylene (POM), ultrahigh molecular weight
polyethylene (PE-UHMW), styrene maleic anhydride (SMA), acrylonitrile butadiene
styrene (ABS), polystyrene (PS), polymethyl methacrylate (PMMA), styrene acrylonitrile
(SAN), polyvinyl chloride (PVC), polypropylene (PP), high density polyethylene (HDPE),

low density polyethylene (LDPE). 2441 Copyright 2018, Elsevier Sci. Ltd.
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Table 1: Some high temperature resistant thermoplastic polymers 2441

Abbreviation Polymer Ty Continuous Heat deflection
temperature of temperature
()

usage (C) (T)

PAI Polyamide-Imide 275 250 279

Pl Polyimide 250 288 246
PES Polyethersulfone 224 177-204 204-238
PEI Polyetherimide 213 177-204 199-216
PSF Polysulfone 190 149-171 171-182
PEEK Polyetheretherketone 143 204-232 177-321
PPA Polyphthalamide 134 204-232 277-285
PPS Polyphenylene Sulfide 92 204-232 149-288
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It is widely acknowledged that among a wide range of high-performance polymers,
those containing aromatic units, such as poly (ether ether ketone) (PEEK), poly (ether
sulfone) (PES) and poly (phenylene sulfide) (PPS), have attracted much attention in the
past several decades. In particular, PPS, as one of these polymers, is widely used as a high
strength/high temperature engineering thermoplastic for applications such as molding
resins, organic fibers, and matrices for thermoplastic composites. Additionally, PPS is
commonly and widely used as an engineering polymer with a unique combination of
excellent environmental and mechanical as well as thermal properties. In addition, it is
applied in a wide range including electronics and electrical appliances, automobiles,
precision instruments, chemical sectors and aerospace fields 221, More intensively, glass
fiber or carbon fiber reinforced PPS composites are also popularly used in the automobile,
aerospace and other widespread industrial sectors [6I17I1L8I91[201211[22-271(28-35] |y particular,
PPS and their reinforced parts are capable of enduring high temperatures and resisting well

under mechanical loading in some special environmental conditions.

PPS, a semicrystalline polymer with repeated thiophenyl units, has high thermal
oxidation and chemical resistance. It has advantages of good toughness, low density, high
abrasion resistance and high chemical as well as thermal stability comparable to other high-
performance engineering resins, such as polyimide, polyarylester and polyetheretherketone
[36-38] - Furthermore, PPS, as a high-performance polymer, has better comprehensive
mechanical properties than common or middle range polymers such as polypropylene,

polyamide, and UHMWPE according to the cost/performance characteristics %41,

Comparatively, PEEK is also one of the most promising alternative materials, but

it still has some drawbacks such as weak adhesive properties 21, Moreover, PEEK has a
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relatively high price when compared with most other polymers and it is insoluble in
industrial solvents [“*#%, |t also has some disadvantages such as difficulties regarding

synthesis and complex processing conditions [46-4°1,

Furthermore, considering an epoxy thermoset, it can be widely used as coating,
adhesives as well as electric encapsulates, etc. However, epoxy materials have obvious
disadvantages such as brittleness due to an intrinsically high degree of crosslinking 5%,
Additionally, it has some shortcomings, such as the inherently low fracture toughness and

poor resistance to fracture as well as relatively low mechanical properties [°% 521,

Moreover, polyimide (P1) is widely used in microelectronics and aerospace fields
due to its comprehensively excellent properties 554, However, P polymer materials still

encounter problems such as difficult processing and high cost.

In addition, UHMWPE is a good choice in applications that require wear resistance
and low friction as well as toughness. However, as we know, it is very difficult to directly

process UHMWPE due to its very high viscosity 5% 561,

In addition to these resins, there are also thermosetting bismaleimide (BMI) resins,
which can be applied for advanced polymer composites 7 581, However, BMI resin also
suffers from inherent brittleness because of its highly crosslinked structures, and some
microcracks are easily generated and propagated under friction stress. This is an obvious

drawback which needs to be overcome when these resins used %,

PF (phenol-formaldehyde) resins and their reinforced materials can also resist harsh

thermal conditions, they can be used as carbon-mineral materials by blending with other
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substances and they also have other applications [°-621; however, researchers should also

consider their adhesive and toughness properties during applications.

Additionally, the study of Cyanate resin (CE) should be focused on improvement
of its fracture toughness and the applied temperatures as well as its comprehensive

properties, especially in terms of mechanics [63-6°],

All of the polymers are widely used in various industrial sectors. However, it should
be mentioned that, considering the performance and cost of these mentioned materials, it
seems very necessary to develop the PPS materials in different ways because PPS materials
have excellent comprehensive properties and their price is appropriate when their

performance is taken into account.

2 PPS materials

2.1 Overview of PPS

Poly-Phenylene Sulfide (PPS) is a polymer consisting of aromatic rings linked with
sulfides, and its chemical formula is shown in Figure 2. Additionally, FTIR results of PPS
in Figure 3 give detailed information concerning the chemical bonds of the PPS polymer

chain.
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Figure 2: Chemical structure of PPS.
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Figure 3: FTIR spectrum results from transmission mode of PPS.

According to previous reports, PPS was obtained by the polycondensation
polymerization method. Macallum synthesized phenylene sulfide polymers from the melt
reaction of p-dichlorobenzene with alkali and alkaline earth metal sulfides catalyzed by

sulfurt®l, The reaction occurred at approximately 300 <C under a certain pressure together
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with the solid-liquid phases. Furthermore, the main work was based on the condensation

of p-dichlorobenzene with sodium carbonate and sulfur. It is shown in Figure 4.

Ck —Cl + NayCOy -+ S

S—+—+ NaCl + Na,SO, - CO,

Figure 4: Synthesis of PPS. ¢ Copyright 1948, American Chemical Society.

The detailed mechanism of the Macallum polymerization reaction was proposed by
Lenz and other coworkers 769, They proposed several steps concerning this mechanism

as follows:
The reaction can be resumed as the following equations:
Na,CO; + S-$-5-§ — > T—S‘Na " +Nat 0SS + CO,
Equation (1)
Na,CO; + S-S$-5-§ — > T-S‘Na * +Na* 0s-Ss + CO,

Equation (2)

ArCl +Na,S —» ArSNa* + NaCl
Equation (3)
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As a conclusion, the following comments are outlined:

o The reaction would start by the formation of polysulfide through a
series of nucleophilic substitution types of oxidation-reduction reactions
between Na>COz and sulfur.

. Initiation of the polymerization would occur through radical attack
by sulfur on the aromatic ring to form a polysulfide side chain.

. Propagation of the reaction would result from successive
nucleophilic substitutions by sulfide and thiophenoxide anions on the

haloaryl sulfides.

Moreover, the commercial grades of PPS were first introduced by Phillips
Petroleum Company in the 1960s under the trade name “Ryton”. In detail, they produced
two types: one kind is called a thermoplastic branched polymer with a very high viscosity,
which was processed by PTFE-type processes, while the other one is an initial linear
polymer, which could be processed by compressing molding that is laminated with glass

fiberl”®

2.2 Molecular weight of thermoplastic PPS

There are two types of PPS: thermoplastic branched PPS with high viscosity and
linear PPS polymer. Due to the high melting point (Tm=285 <C) and high dissolution
temperature (>200 <C) of PPS in 1-chloronaphthalene (solvent), it is difficult to
characterize the molecular distribution and rheological properties in the molten state.

However, it tends to be facilitated with the development of high temperature gel
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permeation chromatography technology. Stacy et al. "l measured the molecular weight
distribution of PPS by high-temperature gel permeation chromatography (GPC). In their
research, they used the Mark-Houwink-Sakurada (MHS) equation (see Equation (4)) to
explain the relation of [n] (intrinsic viscosity) and M (molecular weight) and gave the

values of the constants K (8.91x10"°) and a (0.747) for PPS.
[n] = KM? Equation (4)

From other research reports, they listed the weight average molecular weight (M,,) and

the number-average (M,,) of PPS from different commercial suppliers (see Table 2)t"2,

Table 2: Molecular weight parameters of PPS samples [/

Sample  Supplier M, M, M, M,, M, M,,/MS

1032 %103  /MZ%  «103¢  x103°¢

g/mol  g/mol g/mol g/mol

A Phillips  18.1 2.8 6.4 22.0 15.8 1.39

B Kureha  35.7 2.2 16.2 39.8 20.6 1.94

C Kureha  46.7 2.5 18.5 50.7 26.6 1.91

a: Determined in 1-chloronaphthalene at 210 <C; b: Obtained by the modified UV/Vis

absorption detector method; c: Obtained by the Stacy viscometric detector method.
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In addition, the report in [”®l provided an interesting solution to determine the

molecular weight distribution of PPS by the following equations:
ar = n“—"f (?) (%) Equation (5)

no = 2.06M}68 x 10720 Equation (6)

where 1, is the zero-shear viscosity at T (temperature), n;,5 is the zero-shear viscosity at

the reference temperature (315 <C, the processing temperature of PPS),L is the density, ar
is the shifted factor, To is the reference temperature (315 <C) and Lo is the density at the
reference temperature (315 <C). The molecular distribution for thermal-aged PPS is shown
in Figure 5. From this Figure, one can note the evolution of the molecular weight
distribution of thermal-aged PPS with the time of aging increasing after 30 minutes and 60

minutes of heating temperature at 315 <C.
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Figure 5: Differential molecular weight distribution curves obtained from dynamic melt
viscosity using exact for PPS resin: (A,—) virgin; (B, --) preheated in air for 30 min;

(C, --) preheated in air for 60 min. I3l Copyright 1990, Wiley-VCH.

2.3 Morphology of PPS

PPS is a semicrystalline thermoplastic polymer and similar to all semicrystalline
polymers, its morphology consists of amorphous and crystalline phases [“1. In this section,
we discuss the morphology of PPS from the following 7 parts: 1) formation of the
crystalline phase and spherulites, 2) kinetics of crystallization and kinetic models, 3) effect
of the nucleating agent and thermal history (e.g., curing or annealing), 4) effect of fibers in
the case of composites, 5) trans-crystallization and 6) the relation between the crystalline

phase and mechanical properties as well as 7) thermal treatment effect on crystallization.

2.3.1 Formation of crystalline phase and spherulites

For the study in this section, the cooling process can be divided into two types:

isothermal crystallization and nonisothermal crystallization.

From the aspect of isothermal crystallization, Figure 6 represents the formation of
the spherulites under an optical microscope equipped with a heating device. The photo
presented in this figure was taken in the stage of the isothermal growth of spherulites with
spherical morphology at 221 <C; one can note the typical homogeneous spherulites with a

diameter of approximately 2 pm at 221 <C %1,
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Figure 6: Optical microscopy photo of pure PPS at Tc=221 <C. [ Copyright 1994,

Wiley-VCH.

Furthermore, DSC and PLM (polarized light microscopy) techniques are popularly
used to characterize the isothermal crystallization process, not only in the domains of
metals but also in polymers and composites domains. Liliana et al. [® studied the
isothermal crystallization behavior of PPS by DSC and PLM techniques. The highest

crystallization rate was obtained with isothermal treatment at 268 <C.

From the aspect of nonisothermal crystallization, Lian et al. "l studied the
morphology of the nonisothermal crystallization process for pure PPS which has been
shown by the polarized optical microscopy (POM) photos. These photos show (see Figure
7) that the pure PPS presented well developed spherulites with distinct boundaries. In this
work, the authors also studied the effect of the cooling rate on crystallization phenomena.
They have performed three different tests at different cooling rates (5, 20 and 30 <T/min).
One can see different crystallization stages and nucleation as well as growth at different
rates of cooling. When the cooling rate was low (5 <T/min), the beginning and final stages

of crystallization can be observed at the high temperature range (225 <C — 195 <C), but at
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the high cooling rate (30 <C/min), crystallization would be seen at the lower temperature
range (195 <C — 140 <C) under microscopy. In addition, the final spherulites were larger

when the cooling rate was lower.

PPS

T=225°C ' T=205°C

PPS

T=205°C T=185°C T=160"°C

PPS

T=195°C T=170°C T=140°C

(©)

Figure 7: POM images of virgin PPS during nonisothermal crystallization process at (a)

5 <T/min; (b) 20 <T/min; (c) 30 T/min. ' Copyright 2017, Springer.
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2.3.2 Kinetics of crystallization and kinetic models

Some researchers in ref "8 compared the crystallization kinetics of virgin and
solvent treated PPS. The overall crystallization rates were found to be much faster for the
solvent-treated PPS than for the virgin neat PPS. Some other investigators compared
different polymers: For example, Song et al. [®] studied the crystallization kinetics and
nucleating agents for enhancing the crystallization of PPS. The comparison of PPS
crystallization rates with those of other polymers indicates that it crystallizes much more

slowly than polyethylene or isotactic polypropylene.

Moreover, some kinetic models (e.g., Avrami model) were applied to investigate

the crystallization kinetics of PPS. The Avrami model can be used as follows:

X¢ = Xper = 1 — exp(—kt™) Equation (7)
Log| —Log(1 — X,c;)] = Log k +nlogt Equation (8)
where X; = X, = X”C/X at time t is the relative volume fraction of crystallinity,

vemax

X, Is the volume fraction of crystallinity, n is the Avrami exponent and Kk is a temperature-

dependent rate constant.

As seen in Figure 8, a good linear regression implies the Avrami model can be well
applied to perform modeling concerning the isothermal crystallization for PPS materials

with reinforcement.
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Figure 8: Avrami plots of carbon (10%)-filled PPS samples crystallized at 230, 235, 240,

245 and 250 <T. #%51 Copyright 1995, Wiley-VCH.

2.3.3 Effect of the nucleating agent and thermal history (e.g., curing or annealing)

-Nucleating agent

In practice, the nucleation may begin on the surface with the nucleation sites such
as fillers or additives (e.g., fibers, nanotubes). For example, Jiang et al. 8 prepared a series
of composites by mixing PPS with multiwalled carbon nanotubes at 1, 2 and 3 wt % to
investigate the nucleation effect of hydroxyl-purified multiwalled carbon nanotubes in PPS
composites. They revealed that the enthalpy AHc of the composites increased with
increasing the amounts of multiwalled carbon nanotubes, whereas the crystallization

temperature decreased dramatically in parallel.
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Moreover, with the addition of carbon nanofiber in PPS, there was a slight decrease
in the crystallization temperature but no significant change in the melting point or the glass
transition temperature 811, From the results of Figure 9 and Table 3, one can conclude that
the higher the proportion of CNF, the lower was the crystallinity. This is mainly due to the

propensity of CNF in hindering the orderly arrangement of PPS molecules.
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Figure 9: Differential Scanning Calorimetry (DSC) analysis of PPS-CNF composites as
a function of heating rate: (a) 5 T/ min, (b) 10 <T/min, and (c) 20 T/min. CNF

proportions corresponding to volume. B Copyright 2017, Springer.
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Table 3: Effect of CNF on the thermal properties from DSC analysis [

Sample Heating rate Ty T(T) Tm  AH: (/) AHm Xe
(<Cimin) <) () Ug) (%)
PPS 5 839 1251 2819 39.5 59.2 16.3
PPS-2% CNF 83.5 1199 2823 16.9 34.1 14.6
PPS-5% CNF 84.5 1183 282.1 18.6 34.0 13.6
PPS-10% 84.7 120.3 2819 17.0 29.6 11.9
CNF
PPS 10 84.8 1295 281.0 38.8 60.0 16.7
PPS-2% CNF 85.4 1242 2815 23.8 42.0 154
PPS-5% CNF 86.5 123.0 2818 20.2 35.0 13.1
PPS-10% 85.9 123.8 2815 16.5 30.0 12.7
CNF
PPS 20 86.6 132.6 281.0 29.3 45.6 13.5
PPS-2% CNF 86.4 130.6 281.8 27.8 419 12.0
PPS-5% CNF 86.2 1309 2825 19.6 334 12.2
PPS-10% 87.1 129.0 282.2 17.0 27.1 9.6
CNF
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Other additives can also be regarded as a nucleating agent for PPS. For example,
Ref 2 reported nanodiamond (ND) as an efficient nucleating agent for PPS, and they
clarified that the Avrami equation and Mo method provided a fairly satisfactory description
for the nonisothermal crystallization of PPS in both pure and composite forms.
Nanodiamond particles can supply a heterogeneous nucleation point for PPS by
dramatically improving the crystallization temperature and crystallization rate. In
particular, it can be seen the ND particles morphology is spherical or nearly spherical in
Figure 10. Moreover, the micrographs show that many particles are aggregated together
due to the high instability resulting from the high surface energy and the large surface area
of the particle quantity. Comparatively, the morphology of the composite surface tends to

be meticulous and smooth after mixing with ND particles.
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Figure 10: SEM images of: (a) nanodiamond; (b) PPS; and (c and d) PPS/ND. [#2

Copyright 2014, Elsevier Sci. Ltd.

-Thermal history

Thermal history (e.g., curing or annealing) plays an important role during the
crystallization process because the thermal history can not only affect the crystallization
behavior but can also change the crystal structure. Some commercial PPS treated by
thermal curing was studied by Lee et al.[®%, and they found an increase of molecular weight
due to crosslinking. The reasons can be explained as follows: PPS is a thermoplastic
polymer with generally low molecular weight. Some phenomena such as oxidation (or
thermal treatment) may create a crosslinked junction between molecular chains; however,

the density of crosslinking is not high and the structure is not truly a 3D network. It is
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indeed the branched macromolecules with a higher molecular weight. They concluded the
crosslinking of PPS can significantly affect crystallization behaviors. Lu et al.[®4 studied
the effects of annealing on the relaxation behavior and charge trapping in film-processed
PPS. DSC results suggested that annealing increased the crystallinity of PPS film. Brady
et al.!%! examined the crystallinity of PPS, and they concluded that curing (crosslinking
and chain extending) the resin by heating in air affected the crystallization ability of the
resin. As previously mentioned, because of the thermal treatment, the formation of some
crosslinking points in the structure of PPS occurs. The chains around these crosslinking
points are less mobile. They may act as nucleating agents which increase the degree of
crystallinity. However, high crosslinking density hinders the crystallization. Moreover, the
observation of crystalline morphologies by optical microscopy suggests that thermal curing
for as little as 1 day contributes to the formation of smaller size crystallinity of spherulites

in regard to nontreated pure PPS.

Moreover, Ref [ studied the effect of thermal history on the crystal structure of
PPS. The results showed the dimensions of the crystal lattice were strongly dependent on
previous thermal conditions. With the annealing time improving at the fixed temperature,
the decrease of lattice a, b led to an increase in lattice density. In this study, the plots of
unit cell parameters and the lattice density versus the cold-crystallization temperature are
shown in Figure 11. The unit cell parameters a and b first showed a decrease with the cold-
crystallization temperature increasing, but when the crystallization temperature increased
above 245 <C, the unit cell parameters a and b varied. The unit cell parameter c first
increased until reaching the cold-crystallization temperature of 245 <C, and then fluctuated.

However, the density of PPS crystal increased with crystallization temperature up to 255
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<C and decreased when the temperature was 265 <C. This implies that thermal history can

significantly affect the crystal structure.
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2.3.4 Effect of fibers in the case of composites

Generally, the thermal history can modify the extent and nature of crystallization

FLY

for any thermoplastic polymers. However, in the case of composites that are reinforced
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with fibers, the morphology can also be affected by the fibers. For example, the report of
[87] studied the isothermal crystallization from the melt of unreinforced PPS and of model
carbon and aramid as well as glass fiber reinforced PPS composites. The result indicated
that the influence of fibers on PPS crystallization was decided not only by surface treatment
but also by fibers themselves. Additionally, as we discussed above, the fibers can provide
the nucleation site for crystallization and this may have some effect on crystallization

process.

2.3.5 Trans-crystallization

Interestingly, some trans-crystallization phenomena can be observed in some
composites during cooling and formation of crystalline morphology. First, it should be
noted that the black line is the fiber, and trans-crystallization starts from this place situated
around the fiber. In detail, it can be concluded as follows: the surface of the fibers provides
the nucleation sites, which could form the spherulites around these nucleation sites (see
Figure 12). One can note the trans-crystalline layer grew over the whole embedded fiber

length and subsequently the layer thickness increased [,
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Figure 12: Typical PPS trans-crystallization morphology around T700S fiber in fiber

pull-out samples. 8 Copyright 1995, Springer.

2.3.6 The relation between the crystalline phase and mechanical properties

As we know, the crystallization behaviors can also directly affect mechanical
properties. For example, Lu et al. [ studied the effect of the crystallinity on impact
properties and they found the relationship as follows: the impact strength of PPS blends
increased with the decrease in crystallinity. Moreover, fracture toughness was studied by
Nishihata et al. ], They used the linear PPS, heat-treated PPS and branched PPS as
specimens. The results showed that the fracture toughness of linear PPS was superior to
that of heat-treated PPS and branched PPS, and the fracture toughness was affected by the
crystallinity. Nevertheless, we should mention that in this reference, they used different
kinds of PPS (for example several types of linear PPS), and the effect of crystallinity on

fracture toughness cannot be concluded by a monotonic tendency.
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2.3.7 Thermal treatment effect on crystallization

Wide angle X-ray diffraction (WXRD) methodology was used by Liu et al.®Y], and

they evaluated the crystallization behavior of PPS during processing and thermal treatment.

One can see that major diffraction peaks at 18.7, 20.7, 25.6 and 27.7 <can refer to the index

of reflections on the (110), (200), (112), and (211) lattices’ planes of the orthorhombic

structure (see Figure 13 (a)). Additionally, from Figure 13 (b), one can conclude that the

thermal treatment can lead to an increase in the intensity peaks. This mainly indicates that

an improvement of crystal perfection occurs due to the molecular chain rearrangement

arising from the annealing or thermal treatment process.
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Figure 13: (a) WAXD patterns of neat PPS and carbon fiber reinforced PPS: 1. injection

molded neat PPS, no heat treatment; I1. Injection molded neat PPS, annealed for 3 h at

250 <C; lIl. AM PPS/CF (50 wt %), no heat treatment; 1\VV. AM PPS/CF (50 wt %),

annealed for 3 h at 250 <C; V. AM PPS/CF (50 wt %), annealed for 9 h at 250 <C; VI.

AM PPS/CF (50 wt %), annealed for 18 h at 250 <C; (b) WAXD patterns of AM PPS/CF

(50 wt %) with different thermal histories. P Copyright 2018, Elsevier Sci. Ltd.
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3 PPS processing

The melting point of PPS is relatively high (285 <C), and PPS molding takes place
at high temperature 2191 As a result, in order to avoid the degradation of the polymer, it
is highly desirable to have a process for molding PPS during a minimum of molding time.
The general process for producing PPS containing mixtures was disclosed in 1%, This
process could be described as follows: PPS is first mixed with the selected filler and
subsequently they were molded in a compressive way to form a part of a needed shape.
This part is then freely sintered by being subjected to a gradually increasing temperature
in an oven and cured for some time. After the curing process, the part is cooled and is ready
for utilization. Other related processes to produce PPS-based materials (film, fibers) can
be found in the patents of [X9% 1% Virgin PPS presents difficulties in injection molding. Its
high fluidity in the molten state will require the usage of a shutter nozzle and to cure sealing
of the mold. Moreover, the patent of X% introduced a sheet formed by randomly dispersing
and accumulating PPS filaments. The filaments drawn by a high-velocity air stream were
formed directly into a sheet. This produced sheet could be used as industrial filters and heat

insulating materials due to its outstanding chemical and thermal properties.

Additionally, the properties of injection molded PPS thermoplastics are shown in

Table 479
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Table 4: Properties of injection molded PPS ['¥]

Property Units PPS PPS/glass fiber
(60/40)

Specific gravity 1.35 1.65

Tensile strength

21 MPa 64-77 150

204 <C MPa 33 33

Flexural modulus 21 <C MPa 4200 15500

Elongation at break % 3 2-3

Dielectric constant 3.1 3.8

(10" — 107 Hz)

Dissipation factor (1 kHz) 0.004 0.0037

Volume resistivity Qcm 2.5*10716

Water absorption % <0.02 <0.05

4 Blending

With the development of society and the economy, more polymers have

increasingly been synthesized and applied in different domains. However, they are not

sufficient to meet the requirements of the growing demand of polymers with different

properties (e.g., miscible or immiscible [196-110 electrical 117 thermal [0 1171211
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mechanical [40 111 1221261 ang tribological properties 23 28 127132y Thys, blends and
composites are compounded to improve the utilization of different polymers. In particular,
in this section, we pay more prominent attention to the polymer blends, especially those

with the compositions containing PPS 130, 131, 133-136]

As mentioned above, neat PPS is rather brittle and has low impact strength as well
as difficulties in injection molding. Thus, many approaches have been proposed to
overcome these disadvantages of PPS. To modify PPS by physical blending or alloying
with other polymers or with other reinforcement materials is the most common and

widespread method in industrial and academic domains currently [28 137-143],

Thus, in this section, we introduce the modifications according to the following
three aspects: 1) PPS blending with other polymers; 2) PPS mixing with nanotubes at the

nanoscale range; and 3) other additives in blending.

4.1 PPS blending with other polymers

There is a wide range in the literature regarding discussions about blending PPS
with other polymers. For example, Lim et al. [1®l investigated the thermal behavior and
phase morphology of binary blends of PPS with polycarbonate(PC), and they found the
melt viscosity of PPS/PC blends was largely decreased when the PC was added to the PPS
polymer. Moreover, the melting behavior of PPS and its blends with PSF (polysulfone) and
PEK-C (polyetherketone with phthalidydene groups) was reported in Ref 144, The results
showed the melt temperature Tm and melt time ty increased, and the intensities of the lower

melting peaks of PPS increased. These phenomena could be attributed to the structure of
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PPS which impedes the formation of upper melting crystals and the transformation of lower

melting crystals into upper melting crystals.

In addition, Oyama et al. [**" studied the high-performance reactive blends
containing PPS. They clarified that the reactive PPS blends showed good thermal stability

up to 400 <C.

Furthermore, the crystallization behaviors of polymers blending with PPS are a
primary concern of many researchers. Shingankuli et al. 2481 explored the thermal and
crystallization behavior of engineering polyblends (glass reinforced PPS with polyethylene
terephthalate). They revealed that the degree of crystallinity of PPS was reduced, whereas
that of PET was increased due to blending. The crystalline morphologies of isothermally
and nonisothermally crystallized PPS and their blends with PA66 were investigated [14°1,
The results exhibited that the presence of PA66 remarkably affected the crystallization
process of PPS. Moreover, the nonisothermal crystallization behavior and kinetics of the
PPS/polycarbonate blend were studied in the report of [l and showed that the
crystallization temperature of the PPS component in the blend decreased with the
increasing of PC contents. In addition, some researchers [ prepared the
PPS/polyvinylidene fluoride(PVDF) polymer alloys by melt blending, and the results
indicated that the addition of PVDF can accelerate the crystallization of PPS and improve
the thermal stability of PPS/PVDF alloys. The multiple melting behaviors of PPS blends
with Polyamide 6 were also studied 5%, and the results suggested that PA 6 can accelerate
the cold-crystallization of amorphous PPS. The researchers of 52 also investigated the
through-thickness distribution of liquid crystalline polymer (LCP) in PPS/LCP blends.

They concluded that a nonuniform distribution of LCP in the PPS-rich region occurred.
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In addition, the mechanical properties of these blending polymers with PPS also
attracted some attention from the investigators. The dynamic mechanical behavior of
blending PPS with acetylene-terminated sulfone was studied by Zeng et al. 5%, They
demonstrated that the flexural modulus and interlaminar shear strength of continuous
unidirectional carbon fiber composites with a blended matrix of ESF/PPS=10/90 were
obviously higher than those of composites with the pure PPS matrix. Similarly, the
microdispersion of polyphenylene ether in PPS/PPE alloy can also affect the mechanical
behaviors (1431, In this study, it showed that the weld strength of PPS/SG/PPE was found to

be significantly decreased because of the increasing particle diameter.

In addition, styrene-b-ethylene/butylene-b-styrene triblock copolymer (SEBS) and
maleic anhydride grafted SEBS (sebs-g-MA\) for the blends of polyphenylene sulfide/nylon
66(PPS/PA 66) were prepared by Tang et al. %1, They demonstrated that the addition of
elastomers remarkably increased the toughness of PPS/PA66 blends. Wang et al. 54
explored the kinetic and thermodynamic behavior of water absorption in unidirectional
fiber reinforced composites by blending PES and PPS. The results revealed that PPS
reduced water absorption by weakening the polarity of benzene and forming a compact

structure by crystallization.

4.2 PPS mixing with nanotubes at the nanoscale range

From the aspect of mixing with carbon nanotubes under nanoscale conditions, there
are also considerable research reports. For example, Yu et al. %1 fabricated multiwall
carbon nanotube reinforced PPS nanocomposites through melt compounding. The results

showed that the incorporation of carbon nanotubes into PPS had a remarkable increase in
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the aspect of thermal stability for this nanocomposite. Similarly, PPS/multiwall carbon
nanotube composites through melting compounds were prepared and investigated by Yang
et al. [*6] and they concluded that the concentration of multiwall nanotubes can have some
effects on the structure and chain mobility of the prepared composites. More intensively,
they found a significant increase of Tq and the storage modulus when multinanotubes were
added in PPS. Moreover, the research in this reference [*>" studied PPS/multiwall nanotube
composites from the perspective of physical aspects. The report revealed that the multiwall
nanotube was fully dispersed in the PPS matrix, especially at low loading levels due to
their good affinity. The presence of multiwall nanotubes can make a positive contribution
to both the tensile properties and dynamic thermal mechanical properties. In addition,
single-walled carbon nanotube (SWCNT) buckypaper (BP) reinforced-PPS composite
laminates were manufactured by Pascual et al. [*% through hot-press processing. The TGA
analysis demonstrated a remarkable improvement in the degradation temperature of the
polymers by the incorporation of the BP. These authors also investigated the mechanical
properties of carbon nanotube/PPS composites incorporating polyetherimide and inorganic
fullerene-like nanoparticles, and the results revealed that mechanical properties were
enhanced in aspects of stiffness and strength by the addition of both nanofillers. Moreover,
multiwall carbon nanotube reinforced PPS nanocomposites were fabricated by Yu et al.
[ through melt compounding, and they found both thermal and mechanical properties
showed an increase with the addition of CNT friction. As the results show in Figure 14, the
spherical shape of the nanoparticles contributed to a lower contact hindrance with the
polymer segments, and simultaneously, the SWCNTSs with a larger interfacial contact area

with the matrix showed a good advantage in hindering the diffusion of the PPS chains,
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resulting in higher Tq. The performed tests confirmed that hybrids incorporating the
optimized amounts of both nanofillers have enhanced dynamic mechanical performance
when compared with composites reinforced only with SWCNTs wrapped in PEI. This
phenomenon can be explained as follows: a single-walled carbon nanotube with a larger
interfacial contact area is favorable to having a larger contact area with the matrix, which
can positively contribute to the friction between the carbon nanotube and the matrix from
the viewpoint of tribology. This larger contact area will restrict the mobility of PPS
macromolecule chains and hinder the mobility of the PPS chains. Moreover, Han et al. [16%
used the melt mixing method to fabricate PPS/multiwalled carbon nanotube composites,
and they reported that the homogenous dispersion of multiwalled carbon nanotubes in the
polymer matrix contributed to the increasing complex viscosity of the PPS/multiwall
carbon nanotube. Similarly, Yang et al. **® prepared PPS/multiwall carbon nanotube

composites and observed an increased Tg¢ and storage modulus of PPS via DMA.
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Figure 14: Comparison of the room temperature storage modulus E’ (a) and glass
transition temperature T (b) for the different PPS-based composites. To simplify the
nomenclature, x and y denote the weight percentage of SWCNTS and IF-WSy,
respectively, and the composite incorporating nonwrapped SWCNTSs is designated by

(*).[1581 Copyright 2012, Elsevier Sci. Ltd.

4.3 Other additives in blending

In addition to the fillers or particles (e.g., short/long fibers, particles and nanotubes),
there are also some additives (e.g., antioxidants 163, heat stabilizers [**3, UV stabilizers
[1631 carbon black 164, titanium dioxide 11 clay 1661 mica [**°], metal deactivators [6":
1681 plasticizers [%°1 pigments @, adhesives 17 nucleating agents *°! and flame
retardants "Y1 compositions), which may be added in the industrial PPS materials to
deionize and/or acidify the PPS, or to reach some particular purposes or to achieve better

functions.
Some examples are as follows:

e Zou et al. %1 added a small amount of clay into PPS/polyamide 66 blends,
and they found the morphology changed gradually from a sea-island
structure into continuity and a lamellar supramolecular structure with the
increase in clay content.

e The patent of US4418029A [%%2 provides some information about the
stabilized PPS fiber. In this patent, the heat stability of PPS was improved
by the addition of cure retarders consisting of Group VIIA or Group VIIB

metal salts of fatty acids to reduce gel formation during melt extrusion.
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Another patent (see US4535117A) 172 introduced the addition of cure
retarders containing metal sorbates, an alkaline earth metal nitrite for the
improvement of the heat stability of PPS.

Moreover, Bo et al. "1 obtained a polymer blend consisting of linear PPS
and hyperbranched PPS in the melt. They found the crystallization degree
of the blends decreased with the increase in HPPS content. Both the storage
modulus and loss modulus increased with the increase of HPPS content.
Moreover, one can note in Figure 15 that the maximal tensile strength is
obtained at the optimal content of 1% nano-SiO2 and the elongation has the
minimal value at the same content of 1% nano-SiO.. Young’s modulus
increases with an enhanced content in nano-SiO2. The main reason can be

attributed to mobility restriction due to the nano-SiO; added in the matrix.
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Figure 15: Tensile properties of PPS composites as a function of nano-SiO> weight

fraction: (a) tensile strength, (b) elongation to break, and (c) Young’s modulus. [**l

Copyright 2013, Elsevier Sci. Ltd.

5 PPS - high-performance polymer/properties of PPS

5.1 Thermal behavior

PPS exhibits good dimensional stability and thermal stability. This is mainly due to

its ordered alternating arrangement of phenylene and sulfide atoms. Several studies have

discussed these aspects: 1) thermal expansion/shrinkage/conductivity; 2) thermal stability;

3) thermal aging and thermal stability 74 175]: and 4) viscoelastic properties.
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5.1.1 Thermal expansion/shrinkage/conductivity

The temperature-dependent coefficient of thermal expansion for PPS was reported
in previous research by Bonnet et al. [ as shown in a schematic figure of annealed PPS
(see Figure 16). One can observe a shrinking above the glass-transition temperature (105
<C) while a softening appears in the zone of 10-30 K, above Ta (Ta refers to the isothermal

annealing temperature in this research).
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Figure 16: Temperature-dependent coefficient of thermal expansion for annealed PPS

(expansion and film/fiber modus). 178 Copyright 1999, Springer.

In addition, Goyal et al. 771 explored the thermal properties of new high-
performance PPS/aluminum nitride (AIN) composites prepared with hot pressing
technology for usage in electronic packaging. As seen in Figure 17, the linear thermal strain
(AL/L) for pure PPS and the 29.3 vol. % composite are exhibited. The expansion occurred
because there was a movement of molecules or segments when they acquired energy with
an increase in temperature. The thermal strain of the 29.1 vol. % was lower than that of

pure PPS.
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Figure 17: Thermal strain (AL/L) of composites as a function of temperature. [*77]

Copyright 2011, Springer.

The thermal conductivity of PPS is 0.3 W/mK at 25 <C. In the research of Pak et
all*"8l they concluded that PPS is suitable for the application as a thermally conductive
polymer. These authors investigated the thermal conductivity of composites with a PPS
matrix and multiwall carbon nanotubes (MWCNT) as fillers. The results showed that the
thermal conductivity of the composite was affected by the interaction and interfacial
thermal resistance between the PPS matrix and the MWCNTSs. Similarly, the thermal
conductivity of single-walled carbon nanotube (SWCNT) buckypaper (BP) embedded in
PPS was studied by Pascual et al. [*7®, Furthermore, they also concluded that the thermal
conductivity of PPS composites with SWCNTs could be well predicted by theoretical
models. More interesting results can also be found in the reference of Khan et al.[*®l in
which the study demonstrated that various carbon-based fillers, including pitch-based
carbon fibers (CFs), multiwalled carbon nanotubes (MWNTS), and graphene nanoplatelets
(GNPs), can be dispersed in the polyphenylene sulfide (PPS) matrix to tailor the material’s

effective thermal conductivity. Gu et al. [*®1 also conducted some innovative work
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concerning thermal conductivity of PPS-based materials. They found the thermal
conductivities of the GNPs/PPS composites were improved with the increasing mass
fraction of GNPs, and the thermally conductive coefficient of the fGNPs/PPS composite
30 with 40 wt% fGNPs is greatly improved to 4.414 W/mK, approximately 19 times higher
than that of the original PPS (0.226 W/mK). Moreover, in their other related studies 821,
they employed hybrid fillers of micrometer boron nitride/nanometer boron nitride
(mBN/nBN) to fabricate the highly thermally  conductive insulating
mBN/nBN/polyphenylene sulfide ((mBN/nBN)/PPS) composites via mechanical ball
milling followed by the hot-compression method. The thermally conductive coefficient (k),
dielectric constant (e) and dielectric loss tangent values and thermal stabilities were all

enhanced with the increasing addition of mMBN/nBN hybrid fillers.

5.1.2 Thermal stability

Similarly, the Kkinetics of the thermal degradation of hyperbranched poly
(phenylene sulfide) were studied %1 and the results showed that the degradation
temperature (Tq) increased to a higher temperature with the increase in the heating rate.
The change occurred from 476 <C for 5 <T/min to 529 <C for 40 <C/min. The change was
from 28.2% for 5 <C/min to 45.4% for 40 <C/min, and the char yield at 850 <C increased

significantly with the rise in the rate.

Additionally, there are some other studies reporting the thermal stability of PPS or
their reinforced parts. For example, high-resolution thermal gravimetric properties of
polyphenylene sulfide film under four atmospheres were investigated by Li et al. ®*1, and

they found that there was a strong dependent relationship between thermal degradation

158



parameters (e.g., temperature, the maximal degradation rate), testing atmosphere and
method. More intensively, the kinetics behavior on pyrolysis of PPS under different oxygen
concentrations was examined by Teng et al. ¥ and they concluded that only one stage
occurred in inert atmosphere while two stages existed in oxidative atmosphere in the
pyrolysis process of polyphenylene sulfide. The activation energy™®®! of PPS blending can
also be affected by the blending composition. In addition, an increased heating rate!*8” and
partial crosslinking [®8 can enhance the initial thermal decomposition temperature of PPS
blending materials. Moreover, Tanthapanichakoon et al. 1189 examined the degradation
behavior of semicrystalline PPS bag-filter materials by NO and O> at high temperature,
and they summarized that the fabric strength depended on the crystallinity and the

damages/defects in the amorphous region.

5.1.3 Thermal aging and thermal degradation

In this section, the aspects of thermal aging and degradation phenomena of PPS
after aging are emphasized, and we try to investigate the degradation process of PPS
according to classical studies %1, As mentioned above, PPS has good stability against
water and acid as well as many other chemicals due to the sulfur atoms which can endow
the polymer with flexibility. These sulfur atoms, however, cause problems such as so-
called crosslinking and coloration when the polymer is heated in the presence of oxygen.
This significantly limits the utilization of the polymer. According to the previous studies,
the change in PPS during thermal curing may result in the main chain scission or
crosslinking reactions (4. Ref [1°? reported the isothermal kinetic behavior under the
fluidized-bed condition of linear PPS and the branched PPS, which was formed by curing

at 340 <C. The authors concluded that the bond strength influenced the activation energies
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required for cleavage and the formation of the two families of products (see Figure 18).
When the pyrolysis temperature increased, more Ph-S bonds were cleaved; therefore, the
pyro-products obtained were of low molecular weight (dimer and trimer), and the
secondary reactions yielding dibenzothiophenes became dominant. Moreover, this
pyrolysis method can provide a better understanding regarding the aspect of polymer

structure via the examination of their thermal fragmentation products.
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Figure 18: Scheme of curing of LPPS under nitrogen at 340 <C. [*92 Copyright 1993,

Elsevier Sci. Ltd.
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The exact aging process of PPS was clarified in depth by Ehlers et al. 'l They
concluded that cleavage of carbon-sulfur bonds and abstraction of hydrogen from some of
the rings resulted in chain fragments with phenyl and phenylmercapto end groups.
Cleavage of the C-SH bonds and abstraction of more hydrogen led to hydrogen sulfide. As
shown in Table 5, hydrogen sulfide was the predominant volatile product at the lower
temperature, and hydrogen at the two higher temperatures. Only very small amounts of
other volatiles were present. Above 450 <C, the reactions tended to be more complex with
the formation of some water, carbon dioxide and carbon monoxide as well as sulfur

dioxide.

Table 5: Analysis of the residues of Poly (1,4-phenylene sulfide) [']

Analysis of volatiles from PPS

Temperature Volatile products, mole- %

(T
H. H20 CHs4 CO H2S CO2 SO2 CeHs

20-450 8.5 0.4 1.4 1.0 84.5 11 1.8 1.3
450-550 59.7 31 1.2 2.9 29.8 0.2 ---- 3.1
550-620 614 2.8 1.4 2.3 28.7 0.2 ---- 3.2
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Thermal degradation of polyphenylene sulfide (PPS) film in four types of
atmospheres including air, nitrogen and helium as well as argon were studied by Li et al.
[184] "In this research, they pointed out that most polymers contain weak bonds that break
with a higher probability than other stronger bonds. When the thermal energy began to
surpass the bond energies of various bonds in the PPS chains, a random chain scission
occurred and the rate of degradation enhanced rapidly. Similarly, thermal degradation of
Poly (phenylene sulfide) was examined by Christopher et al. [ through a weight loss
method. They indicated that in a closed system, poly (phenylene sulfide) broke down by
chain-scission and transferred reactions, yielding largely an involatile residue containing
some low molecular weight chain fragments. Moreover, an understanding that the
mechanism of PPS involved a combination of crosslinking, chain scission and aging

reactions was concluded in the literature of (19,

Similarly, Deslauriers et al. 2% studied the aspects of PPS degradation and
stabilization. They found that polymer end groups played an important role in the thermal-
oxidative coloration of PPS. In semicrystalline samples PPS, the end groups or any other
imperfection would be concentrated at spherulite boundaries in the amorphous phase.
Moreover, an obvious degradation of the mechanical properties can be observed due to the

serious degradation that was enhanced with the increase in treatment temperature and time

[195]

5.1.4 Viscoelastic properties

Generally, the classical theory of elasticity is concerned with the mechanical

properties of elastic solids in accordance with Hooke’s law. In this case, stress is always
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directly proportional to strain in a small deformation; however, the mechanical properties
of elastic solids are definitely independent of the rate of strain. The classical theory of
hydrodynamics addresses the properties of viscous liquids, and in this case, the viscous
liquids follow Newton’s law, where the stress is always directly proportional to rate of
strain but independent of the strain itself. However, the materials with viscoelasticity
exhibit both viscous and elastic characteristics when undergoing deformation. That is,
viscoelastic materials have both elements of elastic and viscous materials. The viscoelastic
response of PPS or PPS-based materials has been studied over the past several decades 3%
196-2021 In this section, the principle purpose is focused on overviewing viscoelastic

properties of PPS polymer materials.

Dynamic mechanical analysis (DMA or DMTA) helps us to obtain the related
values and parameters including the storage modulus and loss modulus as well as the
parameters concerning the damping behavior of polymers. With the DMA method, Guo et
al. % jnvestigated the isothermal physical aging behavior of PPS film by creep and stress
relaxation, and they indicated stress and strain remained in the linear viscoelastic regime.
Annealing effects in PPS were also studied by dynamic mechanical analysis in the
reference of 231, Annealing of injection molded 1zod bars was performed in a vacuum oven
at temperatures of 160, 180, 200 and 220 <C with a constant annealing time at 4 h. The
authors found an area of the increased endotherm with the increase in the annealing
temperature. Similarly, thermal behaviors and viscoelastic properties of PPS/epoxy resin
were studied 21 and the results showed that the epoxy resin can promote degradation and

branching of PPS during melting mixing due to its poor thermal stability.
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Moreover, the morphology and mechanical performance of carbon fiber reinforced
PPS composites was reported %! and the results showed the variation of the apparent
storage modulus (E’) and the loss factor (tan 0) as a function of temperature for different
molding and loading conditions. Furthermore, the authors showed that the treatment
temperature could have a remarkable effect on the viscoelastic properties although the

crystallinity of the composite did not change with molding conditions.

The effects of annealing on the relaxation behavior and charge trapping in film-
processed PPS was studied in reference 4. In this study, DMA results showed a
corresponding increase in the temperature location of the dissipation peak and a decrease

in its amplitude when T, increased above 100 <C.

Some researchers also focus on the rheological properties of PPS or PPS related
materials [2°6-208] |n detail, PPS and PPS/MWNTs (multiwall nanotubes) were prepared by
Yang et al. [ and as shown in Figure 19, they evaluated the change of viscosity before
and after adding multiwall nanotubes and explained an obvious improvement on
viscoelasticity of the nanocomposites due to the presence of the nanotube network

interpenetrating into the PPS matrix.
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Figure 19: (a) Storage modulus; (b) loss modulus; (c) complex viscosity; (d) tan delta
versus frequency for PPS and PPS/MWNTs composites with various MWNTS loading.

Rheology testing performed at 320 <C. [*5¢1 Copyright 2009, Elsevier Sci. Ltd.

In Ref 2% the research studied the rheological behavior of polyphenylene sulfide
(Ryton-type PPS and Fortron PPS). The results showed that the apparent viscosity of the

Ryton PPS decreased obviously with the increase in the shearing rate or shearing stress.

165



5.2 Mechanical properties and applications

5.2.1 Factors affecting the mechanical behaviors of fiber reinforced composites

e Fiber selection
Normally, fiber can be divided into three categories according to its origin: plant,
animal or mineral. There are major structural components in all plant fibers while protein
exists in animal fibers. In addition, high-performance plant fibers possess much higher
strengths and stiffness than available animal fibers. Comparatively, mineral-based natural
fibers are less frequently used due to health issues associated with carcinogenic substances
acquired through ingestion. As a result, plant fibers are the most suitable and popular for

utilization in composites that have high structural strength requirements.

e Matrix selection
In a fiber-reinforced composite, the matrix plays an important role to prevent
consequences from harsh environments including thermal impact as well as chemical
resistance. Moreover, it can transfer the load to the fibers. In commercial utilizations,
polymeric materials are the most commonly applied matrix due to their light weight and

good process ability at a relatively low temperature.

e Fiber-matrix adhesion
Fiber-reinforced polymer composites can transfer the applied force to the
surrounding fibers. As a result, the bonding strength between the fiber and matrix plays an
important role for the mechanical properties of composites. Some planted fibers may have
some drawbacks due to the poor bonding from the hydrophilic nature of the fiber and the

hydrophobic nature of the resin. Some solutions to overcome these drawbacks were
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proposed by using mechanical interlocking, chemical bonding, electrostatic bonding and

interdiffusion bonding as well as a coupling agent or chemical pretreatment 210 214,

e Fiber dispersion
Fiber dispersion varies according to the fiber length (short or long) and processing
factors such as pressure and temperature. Good dispersion of fibers favors a good bonding,

which can improve the mechanical properties 22,

e Fiber orientation
Generally, the composites with the fibers aligned parallel to the direction of the
applied load can have the best mechanical properties. By increasing the fiber orientation
with respect to the fiber loading, one can reduce the strength and modulus. In addition,
different strengths and moduli correspond to various physical phenomena including

different self-heating properties and damage propagation.

e Used technique in composite manufacturing
Compression molding, injection molding and resin transfer molding 23214 are the
three commonly used techniques to fabricate the reinforced polymer composites. It is
necessary to point out that the final properties vary along with the evolution of the
fabrication process by using different parameters, including processing, pressure and

temperature as well as speed.

e Porosity of composites
Porosity can occur due to the inclusion of air bubbles while pouring resin over the
fibers at the time of processing. The formation and the influence mechanism of composite

porosity were studied by Li et al. 2151, They showed that the main reason that porosity was
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formed was the poor wettability of fibers, the retention of vapor molecules and the
molecular volatilization generated during the crosslinking reaction. Additionally, the

increased cure pressure can decrease the porosity factor and porosity size remarkably.

e Void content in composites

There is a possibility that air or other volatiles will be trapped in the composites
during the fabrication of composites. These air or other volatiles can form microvoids in
the composites, which can affect the mechanical properties of composites. For example,
the influence of voids on the flexural fatigue performance of unidirectional carbon fiber
composites was investigated by Chambers et al. ?*8l. They concluded that a strong
correlation existed between large voids (area > 0.03 mm?), and these voids had a
detrimental effect on the mechanical properties. Furthermore, they reported that this
detrimental effect can be attributed to the voids on the crack propagation in the resin-rich

interply regions.

5.2.2 General mechanical behaviors of PPS and PPS composites

In this section, we particularly focus on the mechanical properties of PPS and PPS
composites [19 135 2172201 There is a wide range of studies concerning PPS-based
composites from the aspect of mechanical properties, including (1) tensile behavior and
impact test behaviors; (2) bending or flexion behavior; (3) shear behavior; (4) compressive

behavior; and (5) fatigue behavior.

5.2.2.1 Tensile behavior and impact test behaviors
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Tensile behaviors are generally affected by environmental conditions 221222 |n the
previous studies, environmental effects on glass reinforced PPS composites were studied
by Lou et al. 2%, They revealed that this material possessed excellent mechanical
properties at temperatures above the glass transition temperature, and this was due to high
crystallinity and long glass reinforcement. They also clarified that the loss in properties
was caused principally by the degradation of the fiber-matrix interface. Good strength

property retentions were observed after exposure to both hot air and water.

Zhai et al. 241 also showed that the mechanical properties of glass fiber reinforced
PPS composites were affected by thermal treatment. Moreover, the effect of temperature
on the mechanical properties was studied ?2°1, and the result showed maximum stress and
elastic modulus increased obviously with the increase in glass fiber content below the glass
transition temperature of the PPS matrix. In particular, the results showed the maximum

stress and elastic modulus of PPS composites at various temperatures (see Figure 20).
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Figure 20: Maximum stress (Left) vs Elastic modulus (Right) as a function of glass fiber
content for PPS/glass fiber composites at various testing temperatures. 2251 Copyright

1996, Springer.
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Moreover, PPS, as a high-performance polymer, is always used as a matrix of

composites, and there is a wide range of reports to clarify this aspect. C/PPS laminates

subjected to monotonic off-axis tensile loadings showed strongly matrix-dominated

response results in an elastic-ductile behavior, while the PPS resin at 120 <C displayed a

lower longitudinal stress with a long longitudinal strain.

Similarly, PPS, as a good blending composition, shows good mechanical properties

when blended with other polymers. For example, in the research of (%1 the authors

reported the mechanical properties of PPS with other liquid crystalline polymers (LCPs),

and the detailed results are shown in Table 6:

Table 6: Mechanical properties of the injection molded blends 1%

Materials Tensile strength  Elastic modulus Elongation (%) Charpy impact
(MPa) (MPa) strength
(kI/m?)
PPS/0 82 3697 2.7 8.0
PPS/5 84 4035 2.9 12
PPS/10 87 4040 34 24
PPS/20 73 4512 2.2 15
PPS/30 69 4952 1.7 14
PPS/50 100 6447 2.1 13
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The effect of thermal treatment on the tensile properties of PPS composites
reinforced by carbon fibers was studied by Pantelakis et al. 1%l and they exhibited an
appreciable decrease in tensile strength when these specimens were subjected to thermal
treatment. The report of (226! also studied the mechanical behaviors of PPS fiber materials
after heat treatment, and they found that excess heat treatment, longer than two days,
resulted in over-oxidative crosslinking and was detrimental to the thermal mechanical
properties of the samples at high temperature. In addition, Garrell et al. B studied the
mechanical properties of PPS bonded with Nd-Fe-B permanent magnets from -40 <C to
180 <C, and they revealed the ultimate tensile strength of PPS bonded magnets decreased

with the increase in temperature.

Moreover, the influence of temperature on the impact behavior of woven-ply
carbon fiber reinforced PPS composites was studied by Wang et al. (2?1 et. Figure 21 is the
experimental equipment used for the low velocity impact tests. As shown in the results in
Figure 22, the temperature has a crucial effect on the limited propagation of delamination
due to the geometry of the woven plate. The shape of the impact-induced damage of the
specimens for 15 J and 25 J impacts transformed from nearly circular to oval or even cross-
shaped with increasing temperature. In addition, the results showed that the damage
propagation along the longitudinal direction was seriously confined at elevated

temperatures.
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Figure 21: Experimental equipment used for low velocity impact tests. (2271 Copyright

2018, Elsevier Sci. Ltd.

Figure 22: C-scan inspection of CF/PPS impacted specimens for 15 J and 25 J at

different temperatures: (a) 15 J; (b) 25 J. 2271 Copyright 2018, Elsevier Sci. Ltd.

In addition, Sinmacelik et al. ?%] studied the nature weathering effects on the

mechanical and surface properties of PPS composites. They showed that the percentage
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decrease in the impact strength after natural weathering of fiber/particle-filled PPS

composite was smaller when compared to short fiber-filled PPS composite.

The impact damage effect on the fatigue life of PPS composites reinforced using
carbon fiber was evaluated by Kytyr et al. ??°1 and they revealed that the module of
elasticity computed from three-point bending elasticity decreased without a significant
influence of the impactor diameter. In addition, they concluded frequencies, ultrasound
wave propagation and bending stiffness were suitable as measurement parameters for the

evaluation of the material degradation process in C/PPS composite during its fatigue life.

5.2.2.2 Bending or flexion behavior

The load bearing performance of pin-connected carbon/PPS composites under
static loading conditions was investigated by Yylmaz et al. 1% and they found the bearing
strength of the pin connection highly depended on the joint and material parameters (for
example the connection geometry, fiber orientation, layer orientation, and pressure
distribution along the plate thickness). Furthermore, the effect of carbon fiber
reinforcement on the mechanical properties of Polyamide 6/PPS composites was studied
in 28 and the report revealed that with the addition of carbon fibers, the strength, and
modulus improved while the breaking elongation rate and impact strength just decreased
to a small degree. In this study, the authors revealed that bending strength and bending
modulus increased apparently with the addition of carbon fiber. Luo et al. [*3% prepared
PPS/ polytetrafluoroethylene composite reinforced with short carbon fibers, and they
revealed that the incorporation of carbon fibers apparently improved the tensile strength,

flexural modulus and hardness of PPS/PTFE blends.
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5.2.2.3 Shear behavior

The interlaminar shear strength (ILSS), translaminar and interplane shear strength
as well as transverse stretch strength are the most commonly used measures to evaluate the
quality of bonding in the structural pieces. In other application of PPS, the joint part from
polymer composites is very significant for the aerospace industry since aircraft structures
are large and complex and cannot be manufactured in a single step. PPS-based composites
are popularly applied as a joint part in this domain. For example, welded glass fiber
reinforced PPS joints were used and tested in a wide range of temperatures by Koutras et
al. 281 This research reported that the lap shear strength decreased with increase in
temperature. The shear strength behaviors of PPS/glass fiber composites was also studied
by Costa et al. 221, and they considered different environmental condition effects. One can
see the fracture, observed by the interlaminar shear strength, in Figure 23. The results
showed that fractures (submitted to (a) no conditioning, (b) hydrothermal conditioning and
(c) seawater conditioning) followed the same multiple delaminating and interlaminar
cracks at the horizontal and vertical positions; however, the fracture submitted to UV
conditioning exhibited a compressive buckling or compressive yielding in some parts

situated at the upper part of the beam.
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Figure 23: Representative fracture observed by the interlaminar shear strength test: (a)
no conditioning, (b) hygrothermal conditioning, (c) seawater conditioning and (d) UV

conditioning. %2 Copyright 2018, Elsevier Sci. Ltd.

5.2.2.4 Compressive behavior

The compressive behavior of notched and unnotched carbon woven-ply PPS
thermoplastic laminates at different temperatures was studied by Wang et al. %31, The
results (see Figure 24) showed that the stress-strain curve of the unnotched specimen at RT
had a similar linear trend as that of the notched one. Nonlinearity also existed for the
notched specimen at elevated temperatures, which was associated with the softened matrix.
Comparatively, as seen in Figure 25 and Figure 26, the matrix and interface cracks can be

seen in notched specimens at RT and 95 <C, which were similar to the unnotched
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specimens. They concluded that a transition of failure modes existed from the wedge shear
failure and an obvious delamination at RT, whereas in the other case, kink bands or even

microbuckling occurred at elevated temperatures.
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Figure 24: Compressive stress-strain curves of unnotched (left) and notched (right)

specimens at different temperatures. (2231 Copyright 2017, Elsevier Sci. Ltd.
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Figure 25: Failure modes of unnotched specimens at different temperatures: (a) RT; (b)

95 <T; (c) 125 <T. % Copyright 2017, Elsevier Sci. Ltd.

(b) (d)

Figure 26: Failure modes of notched specimens at different temperatures: (a) RT; (b) 95

<C; (€) 125 <T; (d) 200 <T. 2% Copyright 2017, Elsevier Sci. Ltd.

Postfire compressive behaviors of carbon fibers woven-ply PPS laminates were
studied by Maaroufi et al. 1234 23] and Figure 27 shows the experimental setup and anti-
bulking fixture. In addition, the different compressive responses were compared for all fire-
testing conditions in Figure 28. In their similar works 24231 the authors concluded that a
compressive loading led to further delamination, which was explained by the mechanism
in Figure 29. In particular, localized bending at the crimp was found to cause
microbuckling in woven-ply misaligned structures. Furthermore, microbuckling occurred
along with a plastic deformation of the matrix in highly ductile matrix systems, resulting

in the formation of the deformed inclined kink bands also called plastic buckling.
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Figure 27: Compression test after fire exposure: experimental setup and anti-bulking

fixture. 234 Copyright 2017, Elsevier Sci. Ltd.
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Figure 28: Thermomechanical responses of quasi-isotropic C/PPS laminates subjected to
a compressive loading after different prior fire testing conditions. 24 Copyright 2017,

Elsevier Sci. Ltd.
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Figure 29: Damage mechanisms in woven-ply quasi-isotropic C/PPS laminates subjected
to compression after fire exposure: (a) Local microbulking of fiber bundles at the crimp
in a 5-harness satin weave; (b) Delamination and global plastic buckling induced by
postfire delamination and the formation of plastic kink bands. 4 Copyright 2017,

Elsevier Sci. Ltd.

In addition, the effect of microsized and nanosized carbon fillers on the thermal

properties of PPS composites was studied by Khan et al. 28] and they found that various
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carbon-based fillers, including pitch-based carbon fibers, multiwalled carbon nanotubes,
and graphene nanoplatelets, can be dispersed in the PPS matrix to tailor the material’s

compressive modulus.

Furthermore, the effect of a carbon-based filler on the glass transition temperature
(Tg) of the PPS composites was discussed. The hindrance of mobility of the polymer chains
caused by the presence of microsized and nanosized filler particles could increase the Tg

of the composites.

5.2.2.5 Fatigue behaviors

In the aspect of fatigue behaviors, there is a wide range of earlier published studies.
The fatigue behavior of the material blended by using polyphenylene ether ketone and PPS
was studied by Zhou et al. 1231, They found the constructed S-N curves shifted their trends
dramatically at the maximum cyclic stress. In addition, Baere et al. [23% examined the
interlaminar behavior of a 5-harness carbon fabric reinforced PPS by using lap
experiments, they considered the quasi-static, hysteresis and fatigue loading conditions and
they found that under quasi-static loading, both until failure and with continuously loading
and unloading with an increasing maximum load, there was no crack growth. For fatigue
loading, cracks growth can be seen clearly from the beginning of fatigue life. In other works
of 2401 they evaluated two types of welding procedures (extra sheets of PPS were added to
the bond). It was found that one-sided welding yielded irreproducible results, not only
between separate welding cycles with the same settings but also between the three
specimens originating from one cycle. However, the two-sided welding showed

reproducible results, both within one welding cycle and different welding cycles.
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The ultrasonic fatigue behavior and microstructure of carbon fiber fabric reinforced
PPS in the very high cycle fatigue regime were studied in the report 2411, and the authors
analyzed the very high cycle fatigue behavior of a carbon fiber twill 2/2 fabric reinforced
PPS (CF-PPS) systematically up to 10° loading cycles. The different stress ratios between
R=0.21 and 0.51 showed an exponential decrease of the bearable stress amplitude in the
range between 10° and 10° cycles. One can observe the following in Figure 30: the results
showed an exponential decrease of the bearable shear stress amplitude over the number of
cycles until delamination. Furthermore, it was marked as a prevention interval in which the

specimen failure of all further experiments would appear with a probability of 95%.
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Figure 30: S-Ndelamination curve for CF-PPS in the very high cycle fatigue regime. [241]

Copyright 2016, Elsevier Sci. Ltd.

Moreover, the environmental effects on glass reinforced PPS composites were
studied by Lou et al. ??%. They revealed that this material had excellent mechanical

properties at temperatures much higher than the glass transition temperature, and good
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fatigue property retentions were observed after exposure to both hot air and water.
Regarding the fatigue behavior of glass and carbon fiber reinforced engineering
thermoplastics PPS, the S-N curve appeared linear with no evidence of a fatigue limit up
to 10° cycles. The glass reinforced PPS composite degraded while the carbon reinforced

materials with a brittle matrix degraded more slowly that that with the ductile matrix (2421,

In this research, the authors also provided all S-N curves for several injection
molded thermoplastics and their glass or carbon-filled composites. The measurements were
made at room temperature in a uniaxial tension-tension mode with minimum
stress/maximum stress equal to 0.1. There was no evidence of a fatigue limit for any of the
thermoplastic matrix composites studied in the range up to 10°. This study reported that
PPS composites failed by a crack propagation mechanism. Similarly, the tensile fatigue
resistance of 40% glass fiber/ PPS composites was measured by Ovya et al. *°l and they
reported that the fatigue strength decreased continuously with the number of loaded

applications at 23 <C.
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Conclusion

This review cited a considerable number of publications on the synthesis, characterization,
and different applications of PPS polymer or PPS-based composite materials. An overview
on PPS has been presented in this paper. According to the literature report, it is of
importance to combine physicochemical properties with mechanical properties and take
these two aspects into consideration together because of their close relationship. In
addition, PPS has been widely used in commercial applications, where high temperatures
are required, so it is also crucial to conduct intensive and extensive research in this aspect.
Furthermore, it is noteworthy that PPS has many interesting properties that reveal why PPS
or PPS-based materials are used in a wide range of applications including automobile parts,
coating, chip carriers, wear rings, ball valves, and as a thermoplastic matrix for composite
materials, etc. However, it is self-evident that there are still numerous areas that need more
study to obtain a better understanding and enlarge the application domains of PPS more
extensively and intensively. In particular, there is a lack of knowledge about the long time
thermal aging effect on PPS under fatigue conditions or in other harsh environments. In
addition, more investigation on the fatigue properties of PPS-based composites materials
is needed, which will contribute to the structural applications of PPS as a high-performance
engineering material. Moreover, the mechanical degradation of PPS-based composites is
also of significance to an in-depth investigation. Undoubtedly, more researchers can find
interesting topics of PPS since much more remains to be learned about PPS materials, not

only about the science but also about the engineering applications in practice.
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In this paper, two kinds of PPS/GF composite samples (PPS-0°, PPS-90°) were prepared with two different fiber
main orientations related to the injection direction. A wide range of their properties were discussed. Using DMTA
analysis, it was shown that the PPS/GF composite under study obeyed the time-temperature equivalence prin-
ciple. Moreover, Perez model was verified and gave a good estimation of the viscoelastic properties of the PPS/
GF. Monotonic and fatigue behaviors and fatigue life of PPS/GF were investigated. Fiber's orientation, applied
amplitude and loading frequency effects were emphasized. Self-heating effect on fatigue strength was also

analyzed. SEM fracture surface observations allowed analyzing, at the local scale, the main deformation me-
chanisms occurring during mechanical loading. No evident damage development was observed for both
monotonic and fatigue loading. PPS matrix plasticity appeared to be the predominant deformation mechanism
until a semi-ductile or semi-brittle final failure depending on the loading conditions and local microstructure.

1. Introduction

Thermosetting resin-based composite materials have been ex-
tensively used over the past 40 years [1-4]. They provide us a wide
range of useful mechanical properties, together with undeniable
drawbacks, such as the need of low temperature storage, hand-made
draping, irreversible defects of the manufacturing process and also
difficult recycling. In the modern society, high-performance thermo-
plastic resins offer a promising alternative to thermosetting resins. In-
deed, thermoplastic resins offer many advantages over conventional
thermosetting resins and they also exhibit a high performance such as
chemical resistance, as well as excellent damage and impact properties
[5-8]. PolyPhenylene Sulfide (PPS) is a semi-crystalline polymer with
an ordered alternating arrangement of phenylene and sulfide atoms. It
is widely used as a high performance engineering polymer with a un-
ique combination of excellent physical, thermal, and mechanical
properties. It is applied in a wide range including electronics and
electrical appliances, automotive parts, precision instruments, chemical
sectors and aerospace fields [9-12]. Moreover, Poly-Phenylene Sulfide
(PPS), as a high performance thermoplastic, is an attractive engineering

* Corresponding author.

thermoplastic which is widely used due to its good tribological prop-
erties, flame retardant and resistant to chemical and thermal abilities,
as well as having good processing properties [13-19]. To improve the
mechanical properties of pure PPS, composites formed using polymer
blending, fiber reinforcing and/or fillers are usually used in industry
[20-23]. It is well known that, the properties of fiber reinforced com-
posites depend on several factors such as the characteristics of its matrix
and fibers, form and volume fraction of fibers, chemical and physical
interaction between fiber and polymer, and processing conditions.
Especially the main factor is the compatibility between fibers and the
matrix [24]. Good interfacial adhesion between fiber and matrix is
necessary for obtaining composite with excellent mechanical proper-
ties. Recently, many researches were focused on fiber reinforced PPS
composites. Ana et al. [25] studied novel carbon fiber (CF)-reinforced
poly (phenylene sulfide) PPS laminates incorporating inorganic full-
erene-like tungsten (IF-WS2) using melting-blending and hot-press
processing. They found that those nanoparticles showed great potential
to improve the mechanical and tribological properties of conventional
thermoplastic/CF composites for structural applications. Liu et al. [26]
explored the interfacial micromechanical performance of carbon fiber
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(CF) reinforced polyphenylene sulfide (PPS) composites by micro-bond
test and concluded the interfacial shear strength increased with in-
creasing fiber embedded length below 0.02 mm/s and above 0.04 mm/
s. Vieille et al. [27] investigated the influence of temperature on me-
chanical properties and behaviors of carbon fiber fabric reinforced
polyphenylene sulfide (PPS) laminates subjected to different loadings
and they exhibited that a temperature up to the glass transition tem-
perature (T,) softens the matrix behavior and reduces mechanical
properties (in-plane shear, compressive, flexural and interlaminar
shear).

On the other hand, as a good composite candidate in mechanical
properties, we pay much attention to the aspect of fatigue behavior of
PPS. Especially it is very important to understand the damage me-
chanism and relative self-heating phenomenon of PPS under fatigue
loading since these researches can give us a great help in industrial
utilization. In this aspect, there are a wide range of published re-
searches before. Lou et al. [28] studied environmental effects on glass
reinforced PPS composites. They clarified that the loss in properties was
caused mainly by the degradation of the fiber-matrix interface. Good
fatigue property retentions were observed after the samples were ex-
posed to both hot air and water. Mandell et al. [29] researched fatigue
behavior of glass and carbon fiber reinforced engineering thermo-
plastics PPS. The tensile-tensile S-N fatigue curves showed that PPS
reinforced with 40% glass fiber degraded more rapidly than that for PPS
reinforced with 40% carbon fibers.

In this paper, two kinds of PPS/GF samples were prepared (PPS-0°,
PPS-90°). Here, PPS-0° corresponds to fibers oriented in the mold flow
direction while PPS-90° derives from the samples with fibers oriented
perpendicularly to it. The main structure for this paper is as follows:
firstly, microstructure is characterized by SEM. Therefore, a wide range
of tests are applied to exhibit the physico-chemical properties of PPS/
GF composite material. Finally, the most important attention is given to
the discussion concerning some aspects of fatigue behavior of PPS/GF
composite and the effects of some parameters (e.g. fiber orientation,
frequency and amplitude).

2. Materials and characterization methods
2.1. Materials

PPS/GF composite materials with 30% (weight content) short glass
fibers are kindly supplied by Valeo Company France in the form of
injected plate. The material presents a density of 1.58 g/cm® and water
absorption of about 0.02%.

2.2. Characterization methods

2.2.1. Microscopic observations

Microscopic observations and image analysis, using Scanning
Electronic Microscope (HITACHI 4800 SEM), were used in the aim to
investigate qualitatively the material microstructure and especially fi-
bers orientation.

2.2.2. Differential scanning calorimetry (DSC)

The differential scanning calorimetry (DSC) measurements were
carried out with the DSC Q 10V 9.0 Build 275 (TA Instruments,
Guyancourt, France). The samples of mass between 10 and 20 mg were
placed in hermetic aluminum capsules. The sample was heated first up
to 300 °C with a temperature rate of 5°C/min in the atmosphere of
Nitrogen (40 ml/min), in order to eliminate the effect of the thermal
history of the material. It was cooled down to 0°C in order to be re-
heated up to 300 °C with the same temperature rate. In this test, the
melting point, Ty, and the crystallization temperature, T, of the sample
have been measured.
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PPS/GF
L1 (mm) 22
Ly (mm) 20
Li
L3 (mm) 10
R (mm) 6
] t o D (mm) 3

Fig. 1. Used specimen dimension of PPS/GF composite.

2.2.3. Dynamic thermo-mechanical analysis (DMTA)

Thermo-mechanical (DMTA) tests have been performed on PPS/GF
composite samples using DMA Q 800 instrument, from TA Company, in
order to measure the main transitions temperatures and to characterize
the viscoelastic behavior of the polymer. The tests have been realized at
following condition: alternating bending configuration; temperature
range 25 °C-250 °C; frequency from 0.1 Hz to 50 Hz; temperature rate
2°C/min. The sample has a rectangular shape with 35 x 12 X 3 mm?
dimensions.

2.2.4. Thermal gravimetric analysis (TGA)

Thermal mass change of PPS/GF samples was followed using TGA
Q500, the temperature program is from room temperature to 800 °C
with 10 °C/min in the nitrogen atmosphere (40 ml/min). The original
sample mass is 12.32mg, which is put in the Al,O3 crucible (85 pL).
This test may give an idea about the thermal stability of the polymer.

2.3. Tensile and fatigue devices

Tensile properties were measured with an INSTRON 5966 machine
at room temperature. Dog bone shape samples (see Fig. 1) were used.
The displacement rate was 0.5 mm/min. The load cell capacity was of
10 kN.

Tension-tension fatigue tests were performed at different applied
maximum stresses on MTS 830 hydraulic fatigue machine. The
minimum applied stress is always chosen to be equal to 10% of the
maximum applied stress (R = 0.1). In this paper, the results of experi-
ments performed at two frequencies 10 Hz and 50 Hz are presented. In
order to measure precisely the stiffness reduction due to the first
loading stage (initial damage), each fatigue test is preceded by a quasi-
static tensile loading-unloading-reloading stage.

During cyclic loading, the rising temperature (due to self-heating)
has been measured on the surface of the specimens using an infrared
camera (Raynger-MX4). The damage effect has been evaluated through
the measurement of the Young's modulus evolution. In this work, the
experimental fatigue tests have been performed on the sample with the
geometry as shown in Fig. 1. Fatigue experiments have been achieved
at different load directions, amplitudes and frequencies.

3. Results and discussion
3.1. Characterization of microstructure

Fig. 2(a) is an optical microscopy photo after composite pyrolysis.
Image analysis reveals short glass fibers with a diameter of about 15 um
and the length ranging from 70 to 360 um with an average length of
about 200 um. This important dispersion of the length of the fibers can
be explained by the fact that a large number of the fibers are broken
during extrusion and injection by the metal screws. Fig. 2(b) show a
typical microstructure of the PPS/GF composite obtained by SEM ob-
servation. One can notice that a large number of fibers are oriented in
the mold flow direction.
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Fig. 2. (a) Optical microscopy photo after pyrolysis and (b) typical SEM PPS/GF microstructure.
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Fig. 3. DSC results performed on PPS/GF with two heating (a) and cooling (b) cycles.

3.2. Physicochemical characterization

3.2.1. DSC analysis

Fig. 3 shows the heat-cooling curves of PPS/GF after two cycles.
According to the results, it is notable that the second heat-cooling cycle
follows the first one in the same way and two cycles show almost the
same melting point (T,,,) and crystallization temperature (T.). This re-
versible effect means that PPS/GF composite material is thermally
stable and even heating up to 300 °C, its characteristics don't change.
The results show that for PPS/GF composite material, T, is about
283 °C and T, is about 244 °C.

3.2.2. TGA characterization

The TGA curve of PPS/GF is shown in Fig. 4. The results show that
the PPS/GF has no obvious weight loss before 370 °C. From this tem-
perature until to 500 °C, the sample losses almost 10% of its initial
weight. Then, the kinetic of weight loss changes indicates another
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Fig. 4. TGA curve of PPS/GF.

mechanism. At the end of TGA test, all matrixes will be pyrolized and
only the mineral glass fibers will remain in the system (almost 60%). In
view of these TGA results, one can conclude that PPS/GF owns good
thermal stability.

3.3. Thermo-mechanical properties

3.3.1. DMTA measurement

DMTA test is especially performed to study the thermomechanical
behavior of the polymer and to determine the diverse transitions and
change of physical state of polymers. In this work, DMTA tests have
been performed according to alternating bending configuration, with
the frequency of 1 Hz. The result of DMTA test is shown in Fig. 5. All
three curves (E’, E” and tand) show three physical state regions: glassy
state, glass transition zone (called also a-transition) and rubbery state.
From this result, it can be seen that PPS/GF exhibits a glassy state up to
80 °C. In this region the change of E’, E” and tand is not significant. In
glassy state, E’ is relatively high (> 3700 MPa). The second zone (be-
tween 80 °C and 160 °C) is a-transition zone. It corresponds to glass

E"/MPaE'/MPa Tand
300 4500~ ~0.150
4000 0.135
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35001 L0.120
200 30001 [0.106
| 0.090
2500
150 Lo.075
208 L 0.060
100 1500 o648
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Fig. 5. DMTA test performed on PPS/GF.
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Fig. 6. Effect of frequency on loss modulus spectrum of PPS/GF compositein the range of
0.1 Hz-50 Hz.

transition phenomenon. In this zone, E’ decreases drastically from
3700 MPa to a value lower than 800 MPa. E” increases first and then
decreases; showing a pic at 107 °C (a-transition temperature). This
value may be considered as glass transition temperature of the polymer.
tand (E”/E’) shows the same tendency as E”. The rubbery state of PPS/
GF, is then in the zone of temperature higher than 160 °C. As it can be
seen the value of E’ in this state is low (< 800 MPa) and the sample is
relatively soft.

3.3.2. WLF equation

To explore the effect of temperature on viscoelastic properties of
PPS/GF, multi-frequencies DMA test was conducted on PPS-90° speci-
mens in flexural bending mode and the results are shown in Fig. 6. One
can note that when increasing frequency, the a-transition temperature,
Ta (related to Tg) has an increasing trend to high temperatures. This
evolution may be followed by WLF equation [30]:
f  —CI1(Ta — Tar)

© fr ~ C2 + (Ta — Tar) )

where f is the frequency; T is the temperature; T, (1 Hz) is the re-
ference temperature at reference frequency, f.. C1=B/(2.303 f;) and
C2 = f;/Aa are WLF constants with f, free volume fraction, Aa heat
expansion coefficient and B, a constant near to 1.

By linear regression method, WLF equation has been transformed to
the following linear equation:

1 _-C2 1 1
loef = Cl T-Tar C1
08 % 2

1
T—Tar "

Then, Lf was plotted against A fitted curve to a linear function
og —
fr

1.5 v =3.9137x + 0.0589
R? = 0.9964

-
(=]
1

o
(4]
1

1/log(FiFr)
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1/(Ta-Tar)

-1.04

Fig. 7. Linear regression of WLF equation.

Composites Part B 145 (2018) 173-181

Table 1
The values of WLF constants.

Composite Cl Cc2 fg Aa

PP/GF - 90° 17.0 66.4 2.56 x 1072 3.85 x 1074
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Fig. 8. Cole-Cole experimental diagram (the points) and Perez model (continuous curve).

with a correction coefficient (R?> = 0.9964) is shown in Fi g. 7. The value
of C1, C2, fg and Aa are shown in Table 1. This means that PPS/GF
composite under this study obeys the time-temperature equivalence
principle.

3.3.3. Cole-Cole diagram
The viscoelastic behavior of PPS/GF composite may be shown by
Perez model [31,32] using Cole-Cole method. The Cole-Cole diagram
presents the variation of G” (loss modulus) versus G’ (storage modulus),
obtained from the DMTA test on PPS-90° samples of PPS/GF (Fig. 8).
The Perez model gives an expression of the complex Young modulus
G* as a function of frequency and relaxation time:

Gy — Gy
1+4Qlwrl+ (iwo) 3)

G'=G+iG =G+

where w, the angular frequency, is equal to 2nf, G and G are respec-
tively the relaxed (rubbery state) and unrelaxed modulus (glassy state)
and 7 is the relaxation time. k, k’ and Q are the parameters of the model.
Experimental (the points) and Perez model (continuous curve) Cole-
Cole diagrams are shown in Fig. 8. This figure shows that with the
identified values of the Perez model parameters shown in Table 2, the
experimental Cole-Cole diagram is highly consistent with the chosen
model. So, Perez model predict accurately the thermo-mechanical
properties of PPS/GF.

3.4. Mechanical properties

3.4.1. Tensile behavior

The results of the stress-strain tensile tests on PPS-0° and PPS-90°
specimens at the room temperature are shown in Fig. 9 and the main
characteristics are registered in Table 3. As it can be seen, the value of
Young's modulus of PPS-0° is about 6000 MPa, which is higher than that
for PPS-90° (4300 MPa). Moreover, because of the fibers orientation,
PPS-0° specimens have higher failure stress (104 MPa) than that of PPS-

Table 2
The value of the Perez model constants.

G o (MPa) G co(MPa) k k' Q T (8)

700 4130 0.22 0.16 0.5 0.6

198



P. Zuo et al.

120 -

100 -

co

o
1
N

’ ——PPS-90°
- - PPS-0°

Stress(MPa)
[-2]
o
AN

3
o
1
N

20 /

0
0.000 0005 0.010 0.015 0.020 0.025 0.030
Strain(mm/mm)

Fig. 9. PPS/GF typical tensile curves.
Table 3

Results of pure PPS, PPS-90° and PPS-0° samples obtained from tensile tests Standard
deviation given by 5 repeated tests in each case.

E(MPa) o.(MPa) £.(%)
Pure PPS [33] 3697 82 2.7
PPS-90° 4300 = 41 84 + 4.3 3 +0.14
PPS-0° 6000 *= 45 104 = 4.4 2.85 = 0.24

90° (84 MPa).

The results of tensile tests indicate that the reinforcement effect of
the fibers remains relatively limited. This may be attributed to the small
length of the fibers as shown before.

Moreover, the fracture surfaces after tensile failure, observed by
SEM (see Fig. 10) allow the following comments:

e The fibers with a diameter 10-15 pm, mostly oriented in the mold

§
i

PIMM 0.8kV 10.4mm x400 SE(M)
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flow direction during injection, are pulled out during the last stage
of the failure (see Fig. 10 (a; c)).

e It is obvious to conclude a very good adhesion between matrix and
fibers, probably due to the presence of a coupling agent. Indeed,
fiber pull-out is not consecutive to fiber-matrix interface failure but
rather to micro-cracking of the matrix surrounding the interfaces.
Hence, all the fibers remain coated by a thin layer of PPS matrix
after pull-out.

e Two kinds of broken zones can be distinguished: The first one cor-
responds to brittle failure of the matrix which mostly occurs locally
between longitudinal fibers (see the dotted circles in Fig. 10(a)). The
second one shows local semi-ductile failure of the matrix around and
between the fibers (see Fig. 10(b) and (c)). This phenomenon seems
to be favored when the fibers are miss-oriented versus tensile axis.

In order to quantify the possibility of plastic deformation and da-
mage development, loading-unloading tensile test with progressive in-
crease of the maximum stress have been performed (to be shown in a
further publication). It was shown that the non-linear behavior of the
PPS/GF composite is essentially due to plasticity (no significant loss of
stiffness was observed). Therefore, together with the above SEM ob-
servations, one can conclude that, under monotonic loading, the pre-
dominant non-linear deformation mechanism is the local plasticity of
PPS matrix. Indeed, because of an excellent adhesion between fiber and
matrix, no progressive damage due to fiber-matrix interface de-bonding
occurs as it is classically observed in reinforced thermoplastics [34,35].
Moreover, at room temperature, PPS is far from the transitions a and ,
which implies semi-brittle or semi-ductile behavior depending on the
local state of stress. This local plasticity is also limited because of the
presence of fibers. Finally, stress concentrations around the fibers lead
to matrix cracking near the interfaces and to semi-ductile failure or
semi-brittle failure between fibers depending on the local micro-
structure configuration. The final failure occurs after the coalescence of
micro-cracks and pull-out of matrix-coated fibers.

L g
100um

20.0um

Fig. 10. SEM micrograph of PPS/GF composite fracture surface after tensile test. (a) Local brittle failure of the matrix between longitudinal fibers (PPS-0°); (b) and (c) local semi-ductile

failure around the fiber (PPS-90°).
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Fig. 11. Wohler curves of PPS/GF composite performed on PPS-90° and PPS-0° specimens
under tensile-tensile fatigue loading at the frequency of 10 Hz and room temperature,
R =0.1.

3.4.2. Fatigue behavior
3.4.2.1. Wohler curves. Fig. 11 shows the Wohler curves obtained in
tension-tension tests at a frequency of 10 Hz for PPS-0° and PPS-90°
specimens at room temperature.

From this figure one can have the following comments:

- For PPS-0°, and PPS-90° samples, the Wohler curves don't show a
clear asymptotic value representative of an endurance limit, Gepqg. In
contrast to metal materials, this is often observed in the case of
thermoplastic composites [36].

It is obvious that, for PPS-0°, their fibers' orientation shows more
resistance against fatigue loading than that for PPS-90°. For ex-
ample, under 60 MPa stress amplitude, PPS-90° is broken after
1 x 10 fatigue cycles. While for the same amplitude, PPS-0°, failure
is observed after more than 1 x 10°.

For both two configurations, the Wohler curves show two different
domains; high and low stress amplitude. In each domain, SN curve
can be modeled by a logarithmic linear expression:

Omax = A. Log N + B

In this equation, A and B are the material parameters corresponding
to the slope of the curve and the Y intercept, respectively. The slope A
means the sensitivity of the fatigue resistance and the intercept B re-
presents the apparent tensile strength.

Table 4 shows the value of A and B for PPS-0° and PPS-90° related to
high and low stress domains.

3.4.2.2. Effect of frequency. 10 Hz and 50 Hz Woéhler curves obtained
from fatigue test on PPS-0° specimens are shown in Fig. 12. As it can be
seen, there is no evident difference between the two curves for the
higher applied stresses (above 70 MPa). However, when the applied
loading decreases, one can see obviously that samples submitted to
higher frequency tends to have lower cycles to failure. As generally
observed, with the improvement of frequency, the fatigue curve tends
to shift to lower fatigue life. But in the case of PPS/GF it concerns only

Table 4
The values of A and B for PPS-0° and PPS-90° in each domain.

Samples A (MPa) B (MPa)
High stress Low stress High stress Low stress
domain domain domain domain
PPS-0° —-12.0 -6.7 125.7 108
PPS-90° —15.2 -5.5 131 87.5
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Fig. 12. The effect of frequency on the fatigue test results performed on PPS-0° samples,
R=0.1.

the lower range of amplitude. This will be further discussed.

3.4.2.3. Self-heating phenomenon. In order to emphasize the effect of
amplitude and frequency, it is generally appropriate to study the self-
heating phenomenon under various fatigue conditions. Indeed, during
the tensile-tensile fatigue test, the temperature of specimens increases.
The intensity of self-heating is generally dependent on the applied stress
amplitude and frequency. Figures (13 and 14) show the effect of these
two parameters respectively. As shown in Fig. 13 (a), the temperature
growth for PPS-90° samples is plotted versus the increasing cycle
number. As expected, one can observe that self-heating is more
pronounced for high values of the applied stress amplitudes.
However, the maximum temperature reaches above 32°C when
applying high amplitude (85 MPa) while this value does not exceed
27 °C for amplitude of 65 MPa. Comparatively, for PPS-0° specimens
(Fig. 13 (b)), the temperature increases at the beginning while after
4000 cycles, the temperature tends to decrease due to heat exchange
with the external atmosphere. However, one can notice that the
maximum temperature of self-heating also corresponds to the
maximum applied amplitude (about 28.5°C for PPS-0° at 85MPa).
Thus, one can conclude that self-heating under fatigue test is sensitive
to the applied stress amplitude. While PPS-90° specimens develops
more obvious self-heating phenomenon than PPS-0° specimens, one can
also conclude to the influence of fiber orientation. Indeed, self-heating
is due to local deformation of the matrix which is favored when the
fibers are miss-oriented.

Fig. 14 shows the influence of frequency (10 Hz and 50 Hz) on self-
heating. One can notice that applying a higher frequency (50 Hz) leads
to a very fast temperature increases. The maximum temperature
reached by a PPS-90° sample at 75MPa is about 37.5°C at breaking
point where it does not exceed 27 °C for an applied frequency of 10 Hz.
The same tendency is observed for PPS-0.

Therefore, one can conclude that:

The amplitudes and frequencies affect obviously the self-heating
phenomenon of PPS/GF composite [37].

However, contrary to most of thermoplastic matrix based composite
materials, the effect of self-heating observed in the condition of the
performed experiments of this research work remains relatively
limited. Indeed, the maximum temperature rise does not exceed
38°C. At this temperature the matrix (presenting the a-transition
temperature of 107 °C related to glass transition temperature) al-
ways remains at glassy state and its mechanical properties are not
significantly influenced by temperature (see Fig. 5).

- Moreover, even if at room temperature, the composite is far from
the ductile to brittle transition temperature, the fracture of the
matrix remains almost brittle, especially because of the effect of the
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Fig. 13. Self-heating during fatigue tests (at 10 Hz), on PPS-90° (a) and PPS-0° (b) samples loaded under different amplitudes.
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Fig. 14. Self-heating during fatigue tests with different frequencies, on PPS-90° and PPS-
0° samples.

crystalline zones and the presence of the fibers.

3.4.2.4. Relative Young's modulus. The relative Young's modulus is
generally identified to be an efficient parameter to detect the
presence and evolution of damage during cyclic loading. It can also
be used in a stiffness-based fatigue failure criterion [38]. The relative
modulus is defined as the modulus E at each stage of fatigue test divided
by the virgin material Young's modulus (i.e. without prior loading and
damaging history), Eo. Fig. 15 shows the evolution of the relative
modulus under different amplitudes at 10 Hz and 50 Hz. Fig. 15 (a)
gives a global view of the Young's modulus evolution for an applied
frequency of 10 Hz while Fig. 15(b) shows the same result for 50 Hz. For
both frequencies, one can note the relative stability of Young's modulus
which appears as a long plateau until failure, independently on the
applied amplitudes. No significant loss of stiffness is observed: less than

1.104 (a)
~ PPS-0°-85MPa
> PPS-0°-75MPa
1.05 « PPS-0:-65MPa
o 1007 & ‘mefnggr o Eim tuth & LWL
E .
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0.90-

0.0 0.2 0.4 0.6 0.8 1.0
N/N¢

E/Eq

1% at 10 Hz and less than 2% at 50 Hz. In regard to Figs. 5, 13 and 14,
this very smooth evolution can be attributed to self-heating. This result
is consistent with the conclusions drawn in paragraph concerning the
local mechanisms observed in the case of monotonic loading (i.e. no
damage development, local plasticity and semi-ductile failure).

3.4.2.5. Fracture surface analysis. In order to understand the influence
of fiber orientation, amplitude and frequency on the fatigue life
(Figs. 11 and 12), fracture surfaces have been investigated and the
SEM observation are shown in Fig. 16.

Several observations can be drawn:

- Fracture surface of specimens submitted to high amplitude ((a) and
(b)) show more rugged topography than those submitted to low
level of stresses. Indeed, a high level of local stresses may result in
sudden rupture and brittle failure of matrix around fiber clusters,
especially when fibers are normally oriented to the principal stress
((b)).
Under low applied stress amplitude, one can observe a semi-ductile
failure due to the progressive accumulation of local plastic strain
during cycling ((c) and (d)). Here again, normal orientation may
amplify this effect ((d)).
- The application of higher frequency leads to more flat and homo-
geneous topography, indicating a more generalized plasticity of the
continuous matrix leading to premature failure.

Here again, one can conclude semi-ductile or semi-brittle behavior
driven by the local plasticity of the PPS matrix. No progressive damage
is detected due to a very high strength of the fiber-matrix interface.
Indeed, similarly to the monotonic loading case, the fibers are pulled
out after local failure of the surrounding matrix without visible fiber-
matrix interface debonding.
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Fig. 15. Relative Young's modulus evolution of PPS-0° samples under different frequencies (a) 10 Hz, (b) 50 Hz.
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Fig. 16. SEM fracture surface observations for different fiber orientation, amplitude and frequency conditions.

4. Conclusion

In this paper, two kinds of PPS/GF samples (PPS-0°, PPS-90°) were
prepared by injection molding. A complete characterization has been
performed using several experimental methods. Microstructure, phy-
sico-chemical and mechanical properties have been explored including
fatigue behavior and the different parameters affecting fatigue life.
Finally, SEM fracture surface analysis provided a multi-scale inter-
pretation of the origin of deformation and failure.

The main results can be summarized as follows:

® PPS/GF composites obey the time-temperature equivalence prin-

ciple.

Cole-Cole diagram has been successfully modeled by Perez model. It

was shown that this model gives a good estimation of the viscoe-

lastic properties of PPS/GF composites.

e Due to an excellent fiber-matrix adhesion, no progressive damage is
developed, independently on the applied loading type (monotonic
or fatigue).

e Even at high applied stress amplitude and high frequency, self-
heating phenomenon observed during fatigue is not sufficiently
pronounced to impact fatigue life of PPS/GF composite.

® Both monotonic and cyclic behaviors are essentially driven by the
PPS matrix plastic deformation. However, at room temperature, the
ability of the PPS matrix to develop plastic deformation remains
limited.

202

e Consequently, final failure and fatigue life is highly dependent on
the loading conditions (amplitude and frequency) and local micro-
structure.

- Bi-linear Wholer curves emphasized the influence of the loading
amplitude. More brittle failure was observed at high amplitude and
low frequency.

- Increasing frequency leads to lower fatigue life and more general-
ized plasticity.

- Fiber orientation in the loading direction improves both monotonic
and fatigue strength.
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1 | INTRODUCTION

| Abbas Tcharkhtchi® | Mohammadali Shirinbayan® | Joseph Fitoussi® |

In this paper, the thermo-oxidation for a short glass fiber-reinforced polyphenylene
sulfide (PPS/GF) composite was experimentally and theoretically studied by a wide
range of physicochemical and mechanical techniques. The accelerated thermal aging
temperatures were fixed at 100°C, 140°C, 160°C, 180°C, and 200°C. Firstly, the
results of weight loss under aging indicate the formation of volatile products because
of chain scission of end groups. Also, Fourier-transform infrared spectroscopy (FTIR)
results suggest that the formation and accumulation of carbonyl group arising from
the formation of hydroperoxides in oxidative propagation process. In all cases of dif-
ferent thermal oxidation temperatures, it is hard to observe some significant change
about the concentration of carbonyl group during the induction time. This induction
time depends inversely on the oxidation temperature. Moreover, the cross-linking
and chain scissions exist together according to the results of rheological results and
it is easier to see the cross-linking phenomenon at the beginning of oxidation while
the chain scissions are more pronounced, with the oxidation process developing fur-
ther. In aspect of mechanical properties, omax increases at the beginning of oxidation
because of cross-linking, and subsequently, the o, always decreases because of
thermo-oxidation of the PPS matrix. In addition, the detailed thermo-oxidation pro-
cesses are fully discussed in the end of this study. A mechanistic schema has been
proposed to present different oxidation reactions of PPS polymer and then a kinetic
model has been extracted from this mechanism. Afterwards, the model has been ver-

ified by experimental results at different temperatures.

KEYWORDS

aging, mechanical properties, polyphenylene sulfide (PPS), rheology, thermo-oxidation mechanism

modeling

As an engineering composite, PPS composite possesses high-

temperature resistance combined with good mechanical properties.

Polyphenylene sulfide (PPS) is a thermoplastic polymer consisting of
aromatic rings linked by sulfur atoms. It is widely used as a high perfor-
mance engineering plastic with a unique combination of excellent
mechanical and thermal properties. In detail, it is applied in a wide
range, including automobile pieces, precision instruments, and aero-

space products.>™

In our previous research,” we have comprehensively characterized this
PPS composite and also fully discussed their fatigue behaviors. More-
over, since thermal treatment can have an important effect on
mechanical properties of PPS materials, there are various researches
focusing on this aspect. For example, Ma et al® studied the mechanical

behaviors of PPS materials after heat treatment and they found

Polym Adv Technol. 2018;1-14.
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excessive heat treatment, longer than 2 days, resulted in over oxida-
tive cross-linking and was detrimental to the thermal mechanical prop-
erties of the samples at high temperature. Zhai et al” also found the
mechanical properties of glass fiber-reinforced PPS (PPS/GF) compos-
ites were negatively affected by thermal treatment. Moreover, in
some study,8 the authors verified the effect of thermal treatment on
the tensile and in-plane shear behavior of carbon fiber-reinforced
PPS composite specimens and the results suggested that there was a
significant degradation of mechanical properties, and this degradation
can be enhanced by increasing treatment temperature and time.

On the other hand, exploring the thermal degradation details
about PPS materials can give us some more useful guidance in prac-
tice. Many researchers had focused their attention on aspect of ther-
mal degradation of sulfur-containing aromatic polymers, PPS
polymers, and their reinforced composites. For example, Yamashita
et al” studied the photodegradation of sulfur-containing aromatic
polymers: polyethersulfone (PESF) and polysulfone (PSF). It was
found that the main chain scission and cross-linking occurred simulta-
neously during the photodegradation process of these two polymers.
Moreover, Ehlers et al'® clarified in-depth about the cross-linking
phenomenon during the PPS aging process. They concluded that
cleavage of carbon-sulfur bonds and abstraction of hydrogen from
some of the rings resulted in chain fragments with phenyl- and
phenylmercapto end groups. Also, cleavage of the C—SH bonds and
abstraction of more hydrogen favored to produce hydrogen sulfide.
Moreover, Li et al*? studied thermal degradation process of PPS films
in different atmospheres with the temperature ranging from 25°C to
790°C. In that research, they pointed out that most polymers
contained weak bonds that were expected to break with a higher
probability than other stronger bonds. When the thermal energy
began to surpass the bond energies of various bonds in the PPS
chains, a random chain scission took place and the rate of degradation
would be enhanced rapidly. Also, Black et al*? concluded the degrada-
tion mechanism of PPS involved a combination of cross-linking and
chain scission reactions. In addition, some researchers®? also studied
the different aspects of PPS degradation and stabilization. They found
that chemical end groups of polymer played an important role in the
thermal oxidation of PPS and the coloration reasons of PPS were
mainly derived from the accumulation of specific, colored products
(eg, phenyl-phenyl moieties) and some intermolecular products. In
other aspect, there are also some reports using different ways to
investigate the degradation of PPS. For example, Perng et al'*
researched thermal decomposition characteristics of PPS by stepwise
pyrolysis/gas chromatography/mass spectrometry (Py-GC/MS) and
thermogravimetric analysis/mass spectrometry (TG/MS) techniques,
they clarified the mechanism and kinetic model for thermal decompo-

I*> studied thermal

sition of PPS in-depth. Similarly, Christopher et a
degradation of Poly (phenylene sulfide) by following the weight loss
during the time of aging. All of these applied techniques are very
powerful and favorable to explore extensive thermal oxidation mech-
anism of PPS materials.

However, there is no report talking about the exact thermo-
oxidation process of PPS under air or oxygen and there is no
research details concerning quantitative calculation of oxidation

products from PPS materials during accelerated thermal aging

process. Especially, there is no study talking about modeling of
thermo-oxidation of PPS, but this modeling is very important to pre-
dict the lifetime of PPS materials.

So, in this paper, the main work is to follow the evolution of phys-
icochemical and mechanical properties of PPS during accelerated
aging at different temperatures. Afterwards, a mechanism has been
proposed to describe the thermo-oxidation process of PPS materials.
This mechanism can give us an access to obtain a kinetic model and
also it can not only remarkably contribute to quantitative calculation
of thermal oxidation products, but also leads to efficient prediction

of thermos-oxidative lifetime for PPS materials.

2 | MATERIALS AND CHARACTERIZATION
METHODS

2.1 | Materials and sample preparation

PPS composite materials reinforced with short glass fibers (30%
weight fraction) were kindly supplied by Valeo Company in France.
According to our previous research results,” image analysis of optical
microscopy (OM) reveals short glass fibers with a diameter of about
15 um and the length from 70 to 360 um with an average length of
about 200 um after pyrolysis.

Moreover, the original plate with a thickness of 3 mm was used
for preparing the films. First of all, one part of an original plate was
cut and pasted on a base support. Then this complete specimen with
a base support was fixed on a LEICA microtome. The LEICA
RM2255 is a fully automatic, motorized rotary microtome with a sep-
arate control panel for creating thin sections of specimens of varying
hardness for various domains, including industry, medicine and biol-
ogy, etc. The apparatus can set up different moving forward speeds
and obtain the variously needed cutting thickness by controlling accu-
rate location distance automatically. For this study, the thickness of
film is 20 um and every film is put into one separate bag to stock
and use in thermal aging research. Also, other basic parameters can
be referred in Table 1.

Also, it should be emphasized that two kinds of specimen were
used in this study. One kind is a film with a thickness of 20 um, which
was obtained by microtome. The other samples have a standard
dimension (see Figure 1). In fact, the received PPS plates were cut
by the Lokicoup Company with the desired sample dimension we have
designed. All samples for the mechanical tests have the same standard
dimensions.

The films with a thickness of 20 um (obtained from PPS plate) and
dog-bone shape samples were put into the ovens and the aging tem-
peratures were fixed at 100°C, 140°C, 160°C, 180°C, and 200°C. It
is necessary to describe that the accurate thermal test conditions are

as follows:

1. For weight change test, four aging temperatures (100°C, 140°C,
180°C, and 200°C) were recorded from O hours to a maximum
of 5256 hours.

2. For the Fourier-transform infrared spectroscopy (FTIR) test, the

samples were taken at the aging time ranging from O hours to a
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TABLE 1 Basic parameters of polyphenylene sulfide (PPS) composite materials
PPS Fiber type Density (g/cm?) T, (°C) Tm(°C) T.(°C)
Parameters Short glass fiber 1.58 109 283 241

FIGURE 1 The detailed dimension of glass fiber-reinforced
polyphenylene sulfide (PPS/GF) sample for tensile tests [Colour
figure can be viewed at wileyonlinelibrary.com]

maximum of 5256 hour at four aging temperatures (140°C,
160°C, 180°C, and 200°C).

3. For the dynamic mechanical analysis (DMTA) test, four aging tem-
peratures (100°C, 140°C, 180°C, and 200°C) were recorded from
0 hours to a maximum of 5688 hours.

4. For the ultraviolet (UV) test, a virgin film sample was used.

5. For rheological tests, virgin samples and aged samples at 180°C
and 200°C were used. The aging time was chosen from O hours

to a maximum of 606 hours.

6. For OM analysis, virgin sample and aged samples at 180°C and
200°C were used. The aging time was chosen from O hours to a

maximum of 5256 hours.

7. For tensile test, four aging temperatures (100°C, 140°C, 180°C,
and 200°C) were chosen, and the aging time was from O hours
to a maximum of 5256 hours.

2.2 | Characterization methods

2.21 | Weight loss characterization

The dog-bone-shaped samples (in Figure 1) were prepared before the
test, and afterwards, the samples were suspended in ovens, which can
keep them in full contact with air at different temperatures. The
weight of the sample was measured in different interval time points
to observe the residual weight percent W%, and the calculation equa-

tion is as follows:

M*100% (1)

W%:Wo

Where W, is the weight in the time of t and W, is the weight of

virgin sample.

2.2.2 | Tensile tests

Tensile properties were measured with an INSTRON 5966 machine at
room temperature. The test velocity was 0.5 mm/min. Dog-bone-
shaped samples (see Figure 1) were employed. The received PPS
plates were cut by the Lokicoup Company with the desired sample
dimension we needed. All samples for the mechanical tests have the
same standard dimensions.

2.2.3 | Infrared analysis (FTIR)

FTIR spectrometry was used to characterize the extent of polymer
oxidation, using a Nicolet impact 410 spectrophotometer in transmis-
sion mode. Measurements were made on spectra resulting from the
accumulation of 32 runs, the resolution being 4 cm™. The film with
a thickness of 20 um (preparation by microtome) was used. The
absorbance of carbonyl was converted to the concentration using a
molar absorptivity of 300 L mol™t cm™ at the peak maximum
(1780 cm™1).2¢ Also the concentration of [C=0] or other degradation
products can be calculated according to the Beer-Lambert law, which

is as follows:

C=—r1 (2)

Where A is the absorbance or optical density for the FTIR spec-
trum, e is the thickness of samples (20 um) and ¢ is the extinction coef-
ficient. Similarly, the concentration of [C—S] and [C—H] are calculated
using the same way and the extinction coefficients for [C—S]*” and
[C—H]*® are 114 and 42 L mol™* cm™, respectively.

It should be emphasized that different film thickness will change
the final values of concentration. In this manuscript, a standard thick-
ness of 20 um was chosen for all samples under study.

2.2.4 | Rheological characterization

Viscosity measurements were conducted by the Rheometer MCR 502
from Anton Paar. The tests were performed on film samples at differ-
ent temperatures under nitrogen, as well as in a plate-plate configura-
tion with a gap of 1 mm.

There are three main rheological tests in this study:

1. To see the viscosity evolution as a function of aging condition at
180°C, virgin and aged specimens were used and the experimen-
tal temperature was fixed at 290°C (strain = 0.2%, angular fre-
quency = 1 rad s™%).

2. To see the viscosity evolution as a function a time at a fixed tem-
perature, one virgin specimen was used and the isothermal tem-
(strain = 0.2%,

perature was fixed at 290°C angular

frequency = 1 rad s™%).
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3. To compare different rheological properties, virgin and aged sam-
ples from 180°C and 200°C were used and the experimental tem-
perature was fixed at 300°C (strain = 0.2%, angular frequency
ranging from 0.1 to 100 rad s7%).

2.2.5 | Optical microscopy analysis (OM)

The oxidation layer thickness for PPS sample is measured by the OM
technique and the plate samples are observed via Zeiss Axio Imager 2.
The detailed operation can be briefly described as follows: virgin or
aged samples from ovens were cut from crossing section and the pre-
pared samples with a crossing section surface were observed by OM
apparatus. The objective lens was chosen x 5 and the corresponding
scale label was put on lower right corner of images. Finally, every
three thickness points were measured to obtain the average thickness
of oxidation layer.

2.2.6 | Dynamical mechanical analysis (DMTA)

DMTA tests have been performed on PPS/GF samples using DMTA
Q800 instrument in order to measure the main transition tempera-
tures and the characterization of viscoelastic behavior. The tests have
been realized under the following condition: alternating bending con-
figuration was necessary and test temperatures were chosen from
25°C to 200°C with a frequency ranging from 0.1 to 50 Hz as well
as temperature rate at 0.5°C min~. The sample had a rectangular

shape with a dimension of 35 x 12 x 3 mm°®.

2.2.7 | Ultraviolet (UV) spectrometry analysis

The UV spectrometry analysis does not only check the absence or
presence of stabilizers in the materials, but can also be used to quan-
titatively calculate the amount of absent or present products. This
spectra under study is obtained using PERKINELMER UV-visible
spectrophotometer (model Lambda 5), equipped with an integrated
sphere. They are recorded in absorbance mode 66 over a spectral
range extending from 200 to 400 nm. The analysis of the data is done
by applying the same method of IR spectrometry using the Beer-

Lambert law.
3 | RESULTS
3.1 | Weight loss characterization

Thermo-gravimetric method is commonly used to follow the oxidation
process, but it is important to emphasize that this method can only
give information about the weight loss related to the volatile oxida-
tion products, which means the small molecules are formed due to
the scission at the end of molecular chains. Also, it should be noted
that this technique cannot give more information when the chain
scission is not at the end of chain and when the oxidative products

are not volatile.

Figure 2 records the residual weight percent of PPS/GF samples
as a function of aging time in the ovens fixed at different temperatures
(100°C, 140°C, 180°C, and 200°C, respectively). For all of these tests,
the weight loss ratio remains small (below 1%) until approximately
5000 hours, while the degradation trend is different under different
oxidation temperatures. The result suggests that the weight loss con-
tains several steps and also depends on oxidation temperatures. At the
beginning, the samples loss some weight because of the evaporation
of humidity or moisture in matrix. After long time aging (more than
2000 h), the sample aged under 100°C, 140°C stay stable without
obvious weight loss while the weights of samples under 180°C and
200°C decrease obviously. This indicates that weight loss is highly

dependent on applied thermal aging temperature.

3.2 | Evolution of chemical groups in PPS/GF
composite

Figure 3 records the FTIR spectrum comparison of PPS from virgin
sample and aged sample at 200°C-504 hours. Several remarkable
changes can be noticed from the spectrum. First of all, the densities
of C—H bonds corresponding to the wavenumber position of 2856
and 2923 cm™! decrease sharply during aging process at 200°C. Also,
it should be emphasized that after 504 hours, the C—H bond can
hardly be detected, which suggests that a large amount of C—H bonds
break during aging. Moreover, one can observe that C=O chemical
groups increase in some relative extent after 504 hours. For C—S
chemical bonds, it is difficult to distinguish some change from this
whole spectrum. So, to get more information of the FTIR spectrum,
more details about different chemical group concentrations are calcu-
lated from enlarged wavenumber positions corresponding to different
chemical groups, which are shown in the following text.

In detail, the evolution of [C—S] concentration is shown in
Figure 4. It is interesting to notice that the [C—S] concentration has
a sudden decrease at the beginning of aging and subsequently it stays
stable for a long time. But it should be emphasized that after
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FIGURE 2 Residual weight percent versus different thermal aging
temperatures and aging time [Colour figure can be viewed at
wileyonlinelibrary.com]
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500 hours, the [C—S] concentration starts to decrease in higher ther-
mal oxidation temperatures (eg, 180°C, 200°C). How can we explain
this phenomenon? The answer is as follows: according to the litera-
ture,X?2° C—S (276 kJ mol™?) is weaker than C—H (414 kJ mol™) bond
and C=C (477 kJ mol™%) from the view of bond energy theory. It sug-
gests obviously that the [C—S] concentration slightly decreases
because the weakest bond energy of C—S bond leads to breakage in
the position of C—S bond. However, it should also be emphasized that
PPS is one kind of polymer with sulfur atoms, which can easily have
numerous cross-linking reactions, in return, leading to formation of
other more stable cross-linking products containing C—S bonds.

The evolution of [C—H] concentration is shown in Figure 5, which
is calculated according to the results of wavenumber position of
2923 cm 2 It is obvious to see that [C—H] concentration evolution
highly depends on oxidation temperatures. In general, higher temper-
ature corresponds to shorter induction time. For example, it can be
seen that at 200°C, the [C—H] concentration decreases sharply

starting from 33 hours while induction time at 180°C is about

FIGURE 5 C—H concentration (2923 cm™) evolution versus
oxidation time under different temperatures

192 hours. This indicates that decreasing oxidation temperature leads
to significant delay of induction time. Comparatively, the propagation
process tends to be finished after 400 hours at 200°C, while this time
point for 180°C is by 2000 hours. Besides, at 160°C, the induction
time and termination time of C—H bond rupture tend to be longer
than the case in 180°C and 200°C. On the contrary, at 140°C, the cor-
responding oxidation phenomenon is too weak to detect until
5000 hours exposition according to the concentration of [C—H]. Until
this time point of 5000 hours, [C—H] concentration does not appear
an obvious decreasing trend.

Figure 6 shows the experimental results of C=0 (1780 cm™?) con-
centration evolution versus oxidation temperature and time.?* In all
cases, the curves have three different periods: In the first period, there
is no change of C=0 concentration and it remains nearly constant. It is
interesting to note that at 200°C, the induction time of oxidation is
less than 30 hours, while this value at 180°C is about 300 hours. In
addition, it is noteworthy that the oxidation phenomenon at 160°C
has a moderate oxidation trend before 1000 hours of oxidation. Com-
paratively, in the case of oxidation temperature at 140°C, there is no
obvious increase of [C=0] until 1200 hours.

211


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ZUO ET AL

6_|_ _polyrme
WILEY-g5¥snsed,
0.20 -
| |
L
0.15 ni® 00
. -1 (o]
.' °
j [ ]
T 0.10{ = 0®
E e 0®
— 4 o]0
9—’ 005 ’ ”’
- 08 ’./
I @} " v v v W~
0.00 | EEmnn®® v v v T
0 1000 2000 3000 4000 5000
time (h)

FIGURE 6 C=O concentration (1780 cm™!) evolution as a function
of oxidation time under different temperatures

The second step corresponds to the period of auto-acceleration
of C=0 formation. This auto-acceleration depends on oxidation tem-
perature and it is more remarkable when the temperature is higher.
In the third period, the amount of C=0 from the formation is almost
the same as that of disappearing. As a result, its concentration remains
relatively constant. In the case of this study, after 1000 hours of oxi-
dation at 200°C, the C=0 concentration tends to be stable.

3.3 | Evolution of molecular weight

In order to follow the effect of aging on molecular weight of PPS, the
viscosity of virgin and aged samples at molten state has been
measured.

In this study, to characterize the thermal aging effects on different
properties, five different aging temperatures ranging from 100°C to
200°C were chosen. It is reasonable to choose 180°C than 200°C
for rheological study. This main reason is that the induction time of
oxidation. According to the FTIR results, the induction time at 180°C
is more than 300 hours while the value at 200°C is less than 30 hours.
In other words, the aging temperature of 200°C leads to more rapid
and serious degradation than 180°C. However, for the purpose of this
research, the main goal is to see how the degradation happens at the
beginning of oxidation. As a result, it is more logical to see the aging
temperature with relatively longer and remarkable induction time
since it is more reasonable to characterize the evolution of starting
oxidation process rather than the period of serious oxidation at 200°C.

Table 2 gives the evolution of viscosity obtained from samples
with different aging conditions. One can note that the viscosity has
some increasing trend from 9700 to 9750 Pa s ! at the beginning of
oxidation from O to 30 hours. After that, the viscosity decreases with
the oxidation time increasing, which means that thermo-oxidation
favors to the diminution of molecular chain length during the aging
time from 30 to 606 hours at 180°C. Also, one can see that the thick-
ness of oxidation layer increases from O to 113 um during this oxida-

tion period.

TABLE 2 Values of complex viscosity 1 (pa s) as a function of time at
the shear rate of 1 s™* as well as the other parameters (viscosity
measurement thickness of plate, D (mm) = 1, in the atmosphere of
nitrogen at 290°C)

Thickness of oxidation

Time (h) N (pas) layer, d (um)
Virgin 9700 0

180°C-30 h 9750 37 +84
180°C-48 h 3650 43+ 6.2
180°C-240 h 3050 66 +2.3
180°C-571 h 3000 100 + 3.8
180°C-606 h 1800 113 +12.9

4 | DISCUSSION

4.1 | Non-Arrhenius nature of induction time

As discussed, induction time (tj,q) of oxidation phenomenon depends
strongly on oxidation temperature. The induction time significantly
decreases by increasing the temperature. Table 3 shows the induction
time of oxidation at different temperatures. In order to study the
nature of this phenomenon, Int;,q4 is plotted versus 1/T.

The result of the relationship of In (tj.q) versus 1/T is shown in
Figure 7. One can see clearly that the curve in this figure is not a lin-
ear curve; this may indicate that the Arrhenius Law cannot explain the
temperature dependence of the oxidation induction period of
PPS/GF.

TABLE 3 Induction time versus oxidation temperature
T (°C) Induction time (h)
140 1200
160 890
180 260
200 25
8-
n
n
6
n
2
& 44
£
n
2
0 ¥ T T T ¥ T ¥ T ¥ 1
0.0020 0.0021 0.0022 0.0023 0.0024 0.0025
1K)

FIGURE 7 The relationship of In (tj,q) versus 1/T
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In order to explain intensively and extensively, several tests have

been performed.

4.2 | Rheological properties at molten state during
oxidation

The viscosity at molten state gives information about molecular weight
of polymers via the Mark-Houwink equation ([n] = ng x M?). That
means higher viscosity corresponds to bigger macromolecules.??23
Viscosity measurement was carried out on the sample of PPS/GF
in the atmosphere of nitrogen with an isothermal condition of 290°C.
The results are shown in Figure 8. The viscosity increases obviously
with the time increasing. This improvement of viscosity is mainly
because of the evolution of molecular weight by postpolycondensation.
It should be emphasized that the molecular chain tends to be extended,

not shortened with this high temperature.
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FIGURE 8 Viscosity evolution as a function of time for glass fiber-
reinforced polyphenylene sulfide (PPS/GF) composite, in the
atmosphere of nitrogen at 290°C

technologies
Other rheological tests were performed on virgin and aged (at
180°C and 200°C) samples of PPS/GF in the atmosphere of nitrogen
at 300°C. Table 4 and 5 exhibits the evolution of storage modulus and
viscosity of PPS/GF aged at different temperatures and times as a func-
tion of shear rate. In general, one can note evidently after oxidation, the
rheology behavior of PPS/GF at molten state changes significantly.

i. Firstly, for all samples, storage modulus (G') favors to an increas-
ing trend while viscosity (n) has a decreasing trend with the

shear rate increasing.

ii. Moreover, n and G' firstly increase and subsequently decrease
for aged samples. This process can be accelerated by aging tem-
perature. In detail, for the samples aged at 180°C during
100 hours and 390 hours, n and G' increase, when compared
with the virgin sample. This increase of viscosity and storage
modulus can be attributed to the cross-linking phenomenon.

iii. Also it is interesting to notice when the oxidation time increases
to 503 hours, n and G' are lower when compared with the aged
sample after 390 hours at 180°C. The decrease of n and G' after
a certain time of aging is attributed to the decrease of molecular

weight arising from chains' scission.

iv. Also, in the case of 200°C, one can see also an obvious increase
for the storage modulus and viscosity decrease with the increas-

ing of shear rate.

v. In aspect of thermo-oxidation, the viscosity becomes higher
after 100 hours of oxidation. This is also because of the cross-
linking in PPS materials. However, after 339 hours of oxidation,
the viscosity is very low, even lower than the case of virgin sam-
ple because of important chains' scission and obvious drop of

molecular weight.

vi. The results also suggest that cross-linking takes place essentially
during the induction period of PPS/GF thermo-oxidation. How-
ever, this phenomenon may continue even after this period
when oxidation reaches to its auto-accelerated step.

TABLE 4 Values of storage modulus (G') of different samples at different shear rates

Shear rate (s™%)

PPS/GF
0.1 0.25 04 1 25 4 10 25 40 100
G' (pa) Virgin 898 1430 1680 2280 3050 3540 4940 7290 9040 14400
180°C-100 h 3090 4000 4390 5100 6030 6630 8320 11000 13000 18800
180°C-390 h 3000 6480 7450 7920 9820 11100 14600 19700 23400 34800
180°C-503 h 2710 4930 5650 7010 8640 9740 12700 17300 20500 29300
200°C-100 h 4460 6400 7170 8640 10400 11600 14800 20100 23900 36200
200°C-339 h 132 105 107 119 137 148 163 155 159 -
TABLE 5 Values of viscosity of different samples at different shear rates
=l
PPS/GF Shear rate (s™)
0.1 0.25 0.4 1 25 4 10 25 40 100
n (pas) Virgin 12800 7810 5800 3170 1750 1320 791 505 410 276
180°C-100 h 33700 17200 11900 5610 2750 1970 1060 610 473 292
180°C-390 h 41200 30900 22100 9340 4780 3480 1920 1090 841 518
180°C-503 h 34900 22900 16300 8090 4090 2950 1600 899 683 399
200°C-100 h 52300 28600 20100 9810 4920 3550 1950 1150 899 570
200°C-339 h 2670 883 575 257 114 76.1 34.8 16 10.6 417
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vii. Also, it is worth noting that during the oxidation process of

PPS/GF, the cross-linking and chain scissions exist together. At

the beginning of oxidation (essentially in induction period),

cross-linking is the predominant phenomenon, while the serious

chain scissions are more pronounced with the oxidation devel-
oping further.

4.3 | Glass transition temperature evolution and
mechanical properties

4.3.1 | Evolution of glass transition temperature

Figure 9 shows the Ty evolution as a function of aging time under dif-
ferent temperatures from 100°C to 200°C. The value of Tj is derived
from the peak position of loss modulus via the DMA technique at
1 Hz. At all temperatures, with the increase of thermo-oxidation time,
T, tends to increase because of cross-linking of the PPS.?* While with
the temperature increasing, the T, also has an improvement. This
mainly means that for PPS/GF composites, the T, value is sensitive

24,25

to the aging time and temperature, and thermal aging leads to

the embrittlement phenomenon of PPS/GF composite.

4.3.2 |
modulus

Evolution of maximum stress and Young's

The mechanical properties as a function of aging time under different
temperatures are recorded in Figure 10. Firstly, for all temperatures,
Omax iNcreases very slightly at the beginning of oxidation because of
the cross-linking phenomenon. After then, it drops progressively with
the oxidation time increasing. For example, after approximately
3000 hours at 200°C, the 0.y reduces sharply from 84 to 40 MPa,
while these values at 180°C and 100°C are 54 and 88 MPa, respec-
tively. Also, it should be emphasized that intensive distributions of
tensile test values sufficiently reflect the serious mechanical degrada-
tion evolution as a function of long time aging. This is also consistent
with the DMTA analysis results. According to the DMTA results, one
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FIGURE 9 T, evolution as a function of aging time under different
temperatures, obtained from the DMA results at 1 Hz
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FIGURE 10 (a) Evolution of 0,. for glass fiber-reinforced
polyphenylene sulfide (PPS/GF), as a function of oxidation time at
different temperatures (100°C, 140°C, 180°C, and 200°C), and (b)
evolution of E for PPS/GF, as a function of oxidation time at different
temperatures (100°C, 140°C, 180°C, and 200°C)

can note the thermal aging temperature and time can affect sensitively
Tg, and Tg increases dramatically with the higher aging temperature
and longer aging time. This indicates thermal aging process triggers
the molecular interaction or reaction and limits the mobility of mole-
cules, making the material become brittle, which finally undermines
the mechanical properties.?®

Concerning Young's Modulus, as it can be seen, the virgin sample
has a value of 4300 MPa. After aging, all of Yong's modulus values
increase and this trend becomes more obvious with the aging tempera-
ture enhancing. Some researchers also reported that the thermal aging
could enhance the Young's modulus.?® This is in some extent because
of the cross-linking reactions, which restrict the molecular mobility,%”

and this phenomenon is favored to higher Young's modulus.

4.4 | Thermo-oxidation mechanism

441 | UV measurement

In the absence of the supplier's information regarding antioxidant in

the PPS/GF under study, UV spectrometry analysis is shown in
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Figure 11 to detect the existing possibility of antioxidants in PPS
material. One can see in the range of given spectrum, there is no obvi-
ous peak (283 nm) corresponding to the antioxidants (eg, benzo-
phenolic group, Ar-OH).282? This may indicate it is not easy to detect
the antioxidants. In other words, this may imply that it is not necessary
to take the effect of antioxidants into account under this research.

4.4.2 | Thermo-oxidation mechanism and corre-
sponding kinetic equations

The standard thermo-oxidation mechanism of polymers under air or
oxygen condition, which considers simultaneous process, is reported
in several research works®°32;

On the basis of this standard mechanism, several researchers
explained the degradation mechanism of PPS polymer or PPS com-
posites.9’2°’33'36

In order to propose an acceptable oxidation mechanism of
PPS/GF, the first question is about the energy of different bonds.
According to the literature,?®?° C—S (276 kJ mol™}) and C—H
(414 kJ mol™) bond are weaker than the C=C (477 kJ mol™) from
the view of bond energy theory. So, the first main scission happens
in the position of C—S bond or C—H bond. In this case, the possible
detailed reactions can be shown as follows®”:

According to this schema, one can note clearly that the oxidative
degradation process contains main routes which can start from the
bond position of C—S or C—H. It is noteworthy that, as the past
research,3%%8 the classic oxidative degradation mechanism of PPS
can be displayed by the differential equations. With the use of these
differential equations, it is possible to calculate quantitatively the
C=0 evolution as a function of time under different oxidative aging

temperatures and the detailed equations are as follows:

@ = 2*ky,*[POOH] + klb*[POOH]Z . [Po] 0]

+ks* {Poo"] *[PH] - 2%4* m 2 kst m * [Poo"]
+ k1 *[PH], (3)

Absorbance

-1

2
277 279 281

283 285 287
nm

289 291 293 205 297

FIGURE 11 Ultraviolet (UV) spectrum of glass fiber-reinforced
polyphenylene sulfide (PPS/GF) composites
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7[ i ] = ky,*[POOH]? +k2*[P ]*[o] —ks*[POO } *[PH]
i [P]*[P00’] - 2%s* [Po0 | @
W = k1, "[POOH] - 2%ks,*[POOH]? + ks* [POO'|*[PHI,
(5)
@ — [Poo"} *[PH] - ks *[PH],
(6)
@ — k1 *[POOH] + ky*[POOH?,
(7)
d|P;
b = k' IPH] - ke* [P [P [0},

o

% = ket *[PH] - kp* [P‘;] {P"Z] 0],

(9)
Here, [P"], [POO], [POOH], [PH] stand for the concentration of
alkyls radicals, peroxy radicals, hydroperoxides, and substrate, respec-

tively. Also, two other possible radicals are marked as: {PZ], [Pz}

respectively. The k series represent the kinetic constants of every

equation.

4.5 | Modeling results

It should be emphasized that the concentration of [C—S] changes
slightly according to the FTIR results. So, it may imply that this Step

(1) in Schema 1 is a minor reaction. So, here, some simplification is
taken and it is considered that [P;], {PZ} concentrations are very

small (approximately 0). Also the classical mechanistic oxidation mech-
anism (closed loop) mainly takes ky, to k¢ into consideration.

On the basis of the analysis in mind, to prove the correctness of
our proposed differential equations of oxidative degradation process,
the experimental results are verified by the modeling curve from dif-
ferential equations and we choose the data of 160°C, 180°C, and
200°C as an example.

With the tool of MATLAB software, the simulative verification
process can be drawn that it is practical to give a group of random
values for kq, to ks from related literatures and the differential equa-
tions are also input into the MATLAB program. Subsequently, these
values can be adjusted progressively to obtain a good modeling result.
That is to say, this simulative verification process can be converted by
solving differential equations and compared with the experimental
results (the MATLAB program created by ourselves can realize this
process automatically). The modeling results are shown in Figure 12
and in Table 6.

One can see the experimental results are highly superposed with
the modeling. This definitely implies that our proposed oxidative deg-
radation mechanism is correct. According to the analysis, one can con-
clude that with this modeling, we can precise the oxidative
degradation process in a quantitative way and predict the lifetime of

PPS/GF composites under the service of thermal condition in practice.
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SCHEMA 1 Possible schematic diagram for the degradation of PPS/GF composite in air. [Colour figure can be viewed at wileyonlinelibrary.com]

With the help of the Arrhenius equation:

Ink = _EJr InA

RT (10

We can also calculate the corresponding activation energy values
according to the rate constants (see Figure 13 and Table 7).

One can have the following comments:
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o For ky,, it corresponds to activation energy of 33.4 kJ mol ! and it
is highest among all values. This means that the reaction related to
k4, is highly dependent on the aging temperature and increasing
temperature can favor higher unimolecular hydroperoxide. In a
wide range researches using classic polymer oxidation mecha-
nism,>?#! the activation energy is always the maximum. Why is

always this case? Because this step (hydroperoxide build-up) is
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FIGURE 12 Modelingresults of the thermo-oxidative equations at the
peak of 1780 cm™! under different aging temperatures: 160°C, 180°C,
and 200°C [Colour figure can be viewed at wileyonlinelibrary.com]

the controlling-speeding step for the oxidation, and it decides the

fastness or slowness of the oxidation process.

e For k43, one can note that the corresponding activation energy is
4 kJ mol™, which is obviously lower than the value of ky,. This
implies that bimolecular hydroperoxide build-up is less sensitive
to the aging temperature when compared with unimolecular
hydroperoxide build-up. In addition, one can see that with the
aging temperature increasing, k4, and kq, are more and more

approaching the same values.

o For ky, the activation energy is 8.4 kJ mol™* and the constant of k,
can be affected by aging temperature. It is interesting to note that
“k, >> kq.” This is the step of propagation, which indicates the
propagation process is highly quick and will finish once the initia-

tion process starts.

o For ks, the activation energy is 11.1 kJ mol™? and it is interesting
to note that “k, >> k3 >> ky.” This is also the step of propagation.
In addition, it should be noted that radical POO® is less stable than
radical P°. If there is enough oxygen, POO° will react very faster
than P°.

e For kg, ks, and kg, the activation energies are very small (near
0 kJ mol™). This mainly indicates that the termination process is

insensitive to the aging temperature.

e Moreover, the constants have the following order: ks > ks > kg,
ko, >> ks >> kq, which are in high agreement with other wide

ranges of researches.®?"#2

TABLE 6 Rate constants determined by inverse method

kqy (s7%) kap (I Mol™ s7%) ko (I Mol s7%)
T = 160°C 1.3 x 1077 1.1 x 1079 1.3 x 10°
T = 180°C 1.6 x 1079 1.8 x 1002 1.5 x 10°
T = 200°C 2.0 x 102 2.0 x 100 1.6 x 10°

FIGURE 13 Relationship of In (k) versus 1/T [Colour figure can be
viewed at wileyonlinelibrary.com]

4.6 | Influence of thermo-oxidative temperatures

It is worthy noticing that the slope of the propagation step (see
Figure 14 and Table 8) obtained from the concentration [C=0Q] curve,
is a good parameter to characterize the kinetic process of PPS
oxidation.

Moreover, with the combination of the Arrhenius equation, one
can calculate the activation energy, which is 20.7 kJ mol™! and the
R?is 0.99 (see Figure 15). These two methods give us a good guidance
to calculate the thermal oxidation activation energy of PPS/GF
composites.

According to the results, one can clearly conclude that the
thermo-oxidation of PPS is highly sensitive to the applied tempera-
ture. Once the oxidation temperature increases, the induction time
will shorten and the lifetime has an inverse trend.

As one can see, Figure 16 shows the comparison of the OM
photos before and after degradation. The samples come from the
dog-bone-shaped specimen with a crossing section surface before
and after degradation. One can see the crossing section surface of vir-
gin sample has a continuous and consistent gray color without any
obvious difference while for the sample aged 5256 hours at 200°C,
one can see the edge of crossing section surface has an obvious dark
color and the degree of darkness tends to be light from exterior to
interior. This change of color can mainly prove that the serious degra-
dation happens in PPS/GF composite. In addition, because of the lim-
itation of oxygen diffusion, the degradation trend of interior parts is

less serious than that of exterior parts.

ks (I Mol™* s7%) ks (I Mol s7%) ks (I Mol™* s7%) ke (I Mol™ s7%)
1.1 x 1072 1.0 x 10*2 2.0 x 107 3.0 x 10°
1.8 x 1072 1.0 x 10*2 2.0 x 107 34 x 10°
6.0 x 100 1.0 x 10*2 2.0 x 107 40 % 10°
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TABLE 7 Activation energy determined by inverse method
Number in Schema 1 (3) (4) (5) (6) (7) (8) (9)
Activation energy (kJ mol™%) 8.4 111 334 4.0 0 0 1.8
R? 0.98 0.91 0.99 0.91 1 1 0.94

0.20 -

2

-

(3}
1

[CO] (moliL)
e
5

o

=)

a
1

0.00 -

(A) Virgin

time (h)

FIGURE 14 The slope of the concentration [C=0] in different
oxidation temperatures, in step of propagation [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 8 Rate constants determined by inverse method in step of

0 1000 2000 3000 4000 5000

(B) 200 °C-5256 h

propagation
T (°C) Slope
140 1.8*107(-6)
160 2.3*107(-5)
180 1.2*107(-4)
200 3.6*107(-4)
FIGURE 16 (a) Optical microscopy observation on crossing section
surface of virgin sample, and (b) optical microscopy observation on
0 crossing section surface of sample aged at 200°C-5256 hours [Colour
figure can be viewed at wileyonlinelibrary.com]
-5 -
5 | CONCLUSIONS
g
S .10- In this paper, the mechanism and modeling of thermo-oxidation for
‘2— PPS/GF composites were studied. The main results are as follows:
- According to the rheological results, during the oxidation process
154 of PPS materials, the cross-linking and chain scissions exist together.
At the beginning of oxidation, it is easier to see the cross-linking phe-
nomenon, while the chain scissions are more pronounced with the oxi-
dation developing further. In addition, to PPS/GF composites, the T,
-20 0.0'05 ' U.OIOG 0-0'07 value is sensitive to the aging time and temperature. Also, the
UT (K'1) mechanical strength first increases and subsequently decreases with

FIGURE 15 The relationship of In (slope) versus 1/T

the aging time and aging temperature increasing because of the pre-
dominance of embrittlement arising from thermal aging. In the end,
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the possible schematic diagram for the degradation of PPS/GF com-

posites was confirmed by the combination of experimental results

and modeling of the differential equations from our proposed

thermo-oxidative degradation mechanism. In general, higher tempera-

ture and longer oxidation time lead this PPS/GF material into more

obvious degradation.
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In this article, the overall mechanical properties of a short
glass fiber-reinforced polyphenylene sulfide (PPS) compos-
ite were tested after oxidation at different temperatures
(140, 160, 180, and 200°C), with a maximum oxidation time
of approximately 5,300 h. In aspect of thermal aging pro-
cess, the oxidation rates in 200 and 180°C are considerably
harsher and faster than the case in 160 and 140°C, accord-
ing to the concentration evolution of [C=0]. In aspect of
mechanical properties, for virgin samples, due to an excel-
lent fiber-matrix adhesion, no progressive damage is
developed. Moreover, the fatigue results of aged samples
show that the fatigue lifetime of PPS composites decreases
more and more obviously with the oxidation time increasing
while no significant loss of stiffness is observed. In addi-
tion, both monotonic and cyclic loadings are basically
driven by the PPS matrix deformation. In the end, the rela-
tionship between fatigue lifetime and concentration of
[CO] is built and discussed. POLYM. ENG. SCI., 9999:1-8, 2018.
© 2018 Society of Plastics Engineers

INTRODUCTION

In the past several decades, glass fiber-reinforced polypheny-
lene sulfide (PPS) composites are widely used to lighten automo-
tive parts and other application sections [1-15]. The main reason
to use this thermoplastic composite is that the sulfur atom is
attached to the contraposition of benzene ring, which makes it
rigid and displays some special features. For example, PPS has a
short-term heat distortion temperature of 260°C. Furthermore,
PPS has high stiffness and strength, as well as good stability
against water, acid and many other chemicals [1-4,16—-18]. The
composite under study is a short glass fiber composite with a PPS
matrix which is a high performance thermoplastic. One of the
applications of PPS composite is to use as an inlet tank which is
exposed to hot air. In this case both of thermal and mechanical
properties are very important. Due to PPS matrix properties, this
composite has many advantages to other equivalent composites
such as high thermal stability, excellent humidity-proof ability
and good mechanical properties.

In aspect of thermal oxidation of PPS, there are a wide range
of reports published in the past several decades. Ehlers et al. [6]
clarified in depth about the crosslinking and oxidation process of
PPS. They gave extensive research about cleavage of carbon—
sulfur bonds and abstraction of hydrogen process from the other
rings. Similarly, some research concluded also the thermal oxida-
tion mechanism of PPS involving a combination of crosslinking,
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chain scission and oxidation reactions [19]. During the same ear-
lier period, Christopher et al. [5] studied thermal degradation of
PPS by a weight loss method. They indicated that in a closed sys-
tem, PPS broke down by chain-scission and transferred reactions.
In another research domain, it was reported that thermal treating
or annealing can affect the mechanical properties of PPS. For
example, Scobbo and Hwang [20] studied the annealing effects
on PPS by dynamic mechanical analysis. Annealing was per-
formed in a vacuum oven at temperatures of 160-220°C. Anneal-
ing time was constant at 4 h. They found an increased modulus
accompanied by an increase in the glass transition temperature.
Other reports studied the effect of thermal treatment on the tensile
and in-plane shear behavior of carbon fiber-reinforced PPS com-
posite specimens. They found the mechanical properties have
shown an appreciable degradation and the observed degradation
enhanced with increasing treatment temperature and time [21].
Also some investigations utilized different methodologies to study
thermal degradation of PPS. For example, Perng [22] studied ther-
mal decomposition of PPS by stepwise (pyrolysis/gas chromatog-
raphy/mass spectrometry) and (thermogravity/mass spectroscopy)
methods; they clarified the mechanism and kinetic model for ther-
mal decomposition of PPS. Cao and Chen [23] used calorimetry
to record the coefficient of thermal expansion and tensile modulus
of PPS composites under thermal cycling. They indicated that
thermal cycling at high temperatures can increase the degree of
crystallinity of PPS. These literatures give us a good reference
about the degradation of PPS polymer and its reinforced parts.

As a good engineering thermoplastic material, PPS/GF com-
posites show excellent mechanical properties and fatigue perfor-
mance. In fact, there are a wide range of reports concerning this
issue [24-33]. Some researchers pay attention to PPS composites
with different types of reinforcements. For example, some authors
studied the fatigue behavior of a carbon fabric-reinforced PPS.
They concluded that PPS composite with the fiber orientations of
0 and 90° did not show significant stiffness reduction and the
materials showed a very brittle failure [27]. These authors moved
further to examine the inter-laminar behavior of a carbon fabric
reinforced PPS by using lap experiments and they considered sev-
eral loading conditions. The results showed that no crack growth
was observed [25,26], both under quasi-static loading until failure
and successive loading-unloading stages with increasing maxi-
mum load. Kytyr et al. [34] also evaluated impact damage effect
on residual fatigue life of PPS composites reinforced by carbon
fibers. They revealed that elasticity modulus decreased according
to the result of three-point bending test. Moreover, frequencies,
ultrasound wave propagation and bending stiffness were shown to
be suitable indicators to evaluate material degradation process in
carbon fiber-reinforced PPS composite during fatigue. In addition,
S-N curves were studied in PPS composite systems to explore the
fatigue behavior and lifetime. For example, Zhou et al. [24]
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investigated the fatigue behavior of PPS- polyphenylene ether
ketone blends. They found the S-N curves shifted their trends
obviously for maximum cyclic stress. Mandell et al. [30] com-
pared fatigue behavior of glass and carbon fiber reinforced PPS
and both S-N curves appeared linear trends.

To assess the reliability of composite structures, Weibull distri-
bution function has been widely used by different researchers
[35-37]. For example, the statistical analysis of fatigue life using
two-parameter Weibull distribution function was carried out by
Bedi and Chandra [38] and they characterized fatigue life by
probability density and cumulative distribution functions. Simi-
larly, S-N curves at specific reliability levels were studied by sta-
tistical analysis in the reference of [39]. The authors showed that
the stiffness-based degradation and S-N curves were correlated
and can be studied by statistical analysis.

Literature review provides a lot of information about general
properties of PPS and PPS/GF composites. However, PPS/GF
fatigue response under thermal aging condition is lacking. Indeed,
in practice, PPS/GF composites materials are used for long time
service under a harsh temperature or environment. As a result, it
is meaningful to propose some innovative works to get a better
understanding of thermal aging effects on microstructure and
mechanical properties, especially on fatigue behavior. This kind
of investigation is very important to industrial applications. There-
fore, this study pays attention to analyze the mechanical properties
of PPS/GF composites after thermal aging.

More specifically, the first part of the present paper concerns
thermal aging effect analysis. After that, quasi-static loading
responses of virgin and aged samples are analyzed. In the next
part, tensile tests until failure and loading-unloading with progres-
sive increase of the maximum stress are performed on a PPS/GF
composite. Thermal aging effect on fatigue properties of PPS/GF
is also followed. Finally, an important issue of this work is to pro-
pose a clear relationship between thermal oxidation (e.g., [C=0])
and the principal mechanical properties (e.g., tensile strength, rela-
tive Young’s modulus, fatigue lifetime) of PPS/GF composites.

MATERIAL AND METHODS

Sample Preparation

The material used for this study is a PPS composite based on
short glass fibers. Its matrix is a semi-crystalline high performance
thermoplastic with high thermal stability, low water absorption
(<0.02%) and high mechanical resistance and stiffness. For this
study, the material was kindly supplied by Valeo Company in the
form of injected plates.

This sampling method provides geometrically clean samples
without negative edge effects. Experiments showed a very low
dispersion of mechanical test results with this sampling method. It
is important to note that, with this method there is no any effect
of water on the properties of the composite for different reasons:
the water absorption of PPS is very low and the time of this
method is very short (<30 s). Besides, the temperature of aging is
high (between 140 and 200°C) and at these temperatures all resid-
ual water will go out of the samples just at the beginning of aging
tests.

The samples with a standard dog-bone dimension (see the ref-
erence 40) were put into ovens under different thermal aging tem-
peratures (140, 160, 180, and 200°C, respectively). Total aging
time was up to about 53:00 h. Samples were progressively taken
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out from ovens at different applied aging time for physicochemi-
cal and mechanical characterizations.

Characterization Methods

Microscopic Observations. A scanning electronic microscope
(HITACHI 4800 SEM) has been used to investigate qualitatively
the PPS composite microstructure and especially the fiber-matrix
interface evolution.

Infrared Analysis. Fourier transform infrared (FTIR) spec-
trometry was used to characterize the extent of polymer oxidation,
using a Nicolet impact 410 spectrophotometer in transmission
mode. Measurements were made on spectra resulting from the
accumulation of 32 runs, the resolution being 4 cm™!. The absor-
bance of C=0O group was converted to the concentration using a
molar absorptivity of 300 L. mol™'. cm™" at the peak position
(1,780 cm™") [41] and a molar absorptivity of 42 L.mol™". cm™
at the peak position (2,923 cm™"). Also the concentration of
[C=0] or other degradation products can be calculated according
to the Beer—Lambert law and the equation is as follows:

c=2 (1)

e.e

where, A is the absorbance for FTIR spectrum, e is the thick-
ness of samples (20 pm) and € is the molar attenuation coeffi-
cients (¢ = 300 L. mol™!. em™).

Differential Scanning Calorimetry. The differential scanning
calorimetry (DSC) measurements have been carried out with the
DSC Q10 V9.0 Build 275TA Instruments (Guyancourt, France).
The different samples were placed in hermetic aluminum cap-
sules. The sample was heated up to 300°C with a temperature rate
of 10°C/min in the atmosphere of Nitrogen (40 mL/min). To
accumulate the degree of crystallinity of PPS/GF composite
[42,43], the equation below was used:

AHf

Xc=—7>-—7*100 2

where X. is the crystallinity, AHy is the sample enthalpy with
unknown crystallinity and AHJQ is the pure reference PPS enthalpy
(80 J/g), and ¢ is the percentage of PPS/GF in our material, with
@ of 0.7 in this study.

Quasi-Static and Fatigue Test. Tensile properties and
loading-unloading-reloading tests have been performed at room
temperature using a MTS 830 hydraulic machine (capacity
10KN). The applied displacement rate was always 2 mm/min.
Moreover, tension-tension fatigue tests also have been performed
at different applied maximum stresses on the same machine. The
minimum applied stress is always chosen to be equal to 10% of
the maximum applied stress (R = 0.1) [44-47]. In this article,
results of experiments performed at frequency of 10 Hz are
presented. During cyclic loading, the plastic deformation and loss
of stiffness evolution have been systematically evaluated. A previ-
ous paper [40] showed that under this frequency, the effect of
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self-heating can be reasonably neglected in regard to the high
values of transition temperatures for PPS.

RESULTS AND DISCUSSIONS
Thermal Aging Analysis

As mentioned earlier, the evolution of [C=0] concentration
provides a very clear description of the oxidation process and the
degree of degradation in the matrix. Figure la shows the FTIR
results of C=0 peaks after several exposition times at 200°C. One
can note the location of the peaks at the wavenumber of 1,780,
1,735, and 1,710 cm™". Specifically, it can be classified into three
different types of C=0O group. One can note that there is an obvi-
ous increasing trend for the absorbance of C=0 chemical group,
which indicates that the PPS/GF composites are seriously oxi-
dized at 200°C.

Another analysis shows that C-H peaks can be a second rele-
vant indicator for thermal aging analysis of PPS composites.
Figure 1b shows FTIR results of C-H peaks, corresponding to the
wavenumber of 2,923 and 2,852 cm™!, respectively. One can note
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FIG. 1. (a) FTIR results of C=0O peaks situated at 1,780, 1,735, and

1,710 cm™"; specimens aged at 200°C. (b) FTIR results of C-H peaks situated
at 2,923 and 2,852 cm’l; specimens aged at 200°C.
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clearly that these peaks decrease sharply during oxidation due to
the rupture of C-H chemical group. It can be also noticed that
after an exposition of 504 h at 200°C, the C-H peaks tend to
completely disappear. At this stage, the materials should be con-
sidered to be extremely degraded.

The [C=0] concentration evolution of PPS/GF composite under
different oxidation temperatures at the peak positions of
1,780 cm™! is shown in Fig. 2a. Classically, the oxidation process
can be divided into three periods, induction, propagation, and ter-
mination. It can be seen that the induction time is very short
(about 24 h) for the specimens aged at 200°C while this value sig-
nificantly increases for the temperatures of 180 and 160°C
(240 and above 1,100 h, respectively), and for 140 °C, the induc-
tion time is very long (>2,000 h). Indeed, one can note that the
induction time at temperatures of 180 and 160°C is about 10 and
45 times higher than the case in 200°C, respectively. Besides, the
rate of propagation is very sharp for the oxidation temperature in
200 and 180°C. After less 1,000 h of oxidation in 200°C, the
propagation tends to be saturated when the amount of oxidation
products reaches a maximum. At 180°C, the saturation seems to
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FIG. 2. (a) Concentration evolution of [C=0] at 1,780 cm™', as a function

of oxidation time under different oxidation temperatures (140, 160, 180, and
200°C). (b) Concentration evolution of [C-H] at the peak of 2,923 cm™), as a
function of oxidation time under different oxidation temperatures (140, 160,
180, and 200°C).
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be reached until 2,000 h of exposition. Comparatively, there is no
comparable evolution and no stable plateau tendency observed for
140°C oxidation even after above 4,000 h of exposition. So, it
can be concluded that, to the PPS/GF composite, the oxidation
rate at 200 and 180°C are considerably harsher and faster than the
cases of oxidation conditions of the temperature of 160 and
140°C. [C=0] concentration evolution analysis shows that induc-
tion time, oxidation kinetic, and saturation are obviously affected
by temperature in the range from 140 to 200°C.

To complete the analysis, the evolution of [C-H] concentration
obtained from the peak at 2,923 cm™" is shown in Fig. 2b. Accord-
ing to this figure, one can note that at 200°C, the [C-H] concentra-
tion decreases sharply starting from 33 h. This analysis implies
the induction time of [C-H] is slightly higher than that for [C=0]
concentration. This delay indicates that these two mechanisms
may occur simultaneous and are probably coupled. Moreover, one
can note that after 360 h, the [C-H] bonds tend to completely dis-
appear at 200°C. One can consider that, at this point, oxidation is
over. Comparatively, the induction and termination points of oxi-
dation at 180°C, are about 192 and 1500 h, respectively. This
indicates that decreased oxidation temperature leads to significant
delay of the induction and termination times. At 160°C, the induc-
tion time and termination time of C-H bond rupture tends to be
longer than the case in 180 and 200°C. At 140°C, the correspond-
ing oxidation phenomenon is too weak to detect until 5,000 h
exposition according to the concentration of [C-H]. Until this
time, [C-H] concentration still seems stable.

According to the analysis, one can note that the oxidation tem-
perature can obviously affect the induction, propagation and ter-
mination time of the C-H bond rupture. Higher oxidation
temperatures (e.g., 200°C) are more pronounced to the tendency
of C-H bond rupture.

A complete discussion about the mechanism of thermal aging
for PPS composite will be presented in future publication. How-
ever, the above information allows studying the effects of thermal
aging on the mechanical behavior of PPS composite under four
aging temperatures (140, 160, 180, and 200°C). Different aging
times have been considered. One should be noticed in mind that
the so called virgin sample corresponds to the virgin sample
(23°C-0 h).

Evolution of Morphology

The effect of aging on morphology of polymer has been fol-
lowed by measuring its degree of crystallinity during the time.
Table 1 shows the evolution of the degree of crystallinity of the

TABLE 1. The evolution of the degree of crystallinity of the samples aged at
180 and 200°C.

Time of
aging (h) Degree of crystallinity (%)
Aging temperature Aging temperature
=180°C =200°C

0 44.2 44.2

20 47.1 45.0

96 51.5 55.8

144 46.0 52.9

720 43.9 54.6

1,080 48.9 36.6
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samples aged at 180 and 200°C. The result shows that the degree
of crystallinity of polymer increases at the beginning of the aging
period for 180 and 200°C. Then it decreases during second step
before stabilizing during relatively long time.

This increase of degree of crystallinity has yet been observed
during the aging of certain thermoplastic polymers [48,49]. This
increase is due to the chain scission and the rearrangement of the
morphology of the polymer. This increase in the degree of crystal-
linity will lead to the increase of strength and rigidity of the
polymer.

Effects of Thermal Aging on Overall Mechanical Behavior

Hereafter, three types of tests have been considered:

* Tensile test [50,51]: The effects of aging on the stress—strain
curves obtained by tensile tests are presented. The evolution
of Young’s modulus, failure stress and failure strain are
plotted for different aging conditions: Tensile response is
analyzed for an oxidation temperature of 200°C after various
aging times of 0, 30, 50, 100, and 199 h.

* Loading-unloading test [52-54]: It is necessary to analyze
the loss of stiffness and the plastic deformation evolution to
understand the effect of aging conditions on the damage and
deformation mechanisms. Loading-unloading tensile tests
are performed at aging temperature of 200°C after various
oxidation times of 0, 30, 50, 100, and 199 h.

» Fatigue loading [45,55-58]: Tension—tension fatigue tests
have been performed at 10 Hz to compare the fatigue life
time of PPS composite at various aging temperatures and
times. Moreover, analysis of stiffness reduction and fracto-
graphy during and after cyclic loading are presented. Fatigue
behaviors on four kinds of oxidized samples at 140, 160,
180, and 200°C at different aging times have been analyzed.
One can note that two loading amplitudes have been
selected from the analysis of the Wohler curve obtained on
virgin sample [40].

Tensile Tests Analysis. Tensile tests results clarify the influ-
ence of aging on the mechanical properties of PPS composite (see
Fig. 3a—c). It was shown an improvement of elastic modulus and
failure stress during the first stage of exposition. Several authors
have attributed this improvement to the crosslinking and crystal-
linity, depending on the temperature and the time of exposure
[59,60]. To be clear, during aging process, molecular chain scis-
sion, post-crosslinking and increase of crystallinity can occur
simultaneously in our PPS polymer material. Also, it should be
noted that at the beginning of thermal oxidation, the post-
crosslinking and increase of crystallinity are pronounced while
extensively long time thermal oxidation mainly corresponds to
chain scission and serious degradation of PPS polymer.

Table 2 gives more details about the relative values and stan-
dard deviation of tensile test results of PPS composite at different
stage of aging at 200°C, which is obtained from the MTS
machine.

As a result, after the first stage of exposition, a second stage of
aging during which the effect of chain scission becomes predomi-
nant at the surface of the specimen, finally leading to loss of prop-
erties of the PPS composite especially in terms of loss of
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FIG. 3. (a) Evolution of relative failure stress during aging at 200°C:
(Relative stress (resp. strain) = stress (resp. strain)/ultimate stress (resp. strain)
obtained in virgin sample). (b) Evolution of relative Young’s modulus during
aging at 200°C: (Relative stress [resp. strain] = stress [resp. strain]/ultimate
stress [resp. strain] obtained in virgin sample). (b) Evolution of relative failure
strain during aging at 200°C: (Relative stress [resp. strain] = stress [resp.
strain]/ultimate stress [resp. strain] obtained in virgin sample).
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TABLE 2. Relative tensile results of PPS composites aged at 200°C.

Relative Relative Relative
Aging Time  failure failure Young’s
conditions (h) stress 6/ o strain €/gg Modulus E/E,
Virgin 0 1.13 £0.06 0.96 + 0.07 1 £ 0.005
200°-30 h 30 1.17 £ 0.01 1.02 £ 0.02 1.01 £0.01
200°-51 h 51 1.04 £ 0.01 0.88 +0.01 1.05 £ 0.03
200°-100 h 100 0.92 £0.06 0.74 £ 0.05 1.09 £ 0.03
200°-199 h 199 0.94 £ 0.04 0.8 £0.01 1.1 £0.01

ductility. This issue can be explained by the fact that thermoplas-
tics have linear or branched molecular structure and easily
become more brittle because of chain scission or crosslinking and
increase of crystallinity happening in aspect of chemical structure
of PPS polymer.

From fracture surface analysis of virgin sample submitted to
tensile loading until failure in Fig. 4a, it is obvious to indicate that
fiber—matrix adhesion seems to be of very high quality, probably
due to the presence of a coupling agent. Indeed, fibers have been
pulled out in such a brittle way but still remain coated by a thin
layer of PPS matrix.

Comparatively, in the case of aged sample at 200°C for 199 h,
Fig. 4b, one can note that the residual matrix on the exposed sur-
face of fibers and almost fibers surfaces are smooth. This indicates
that the matrix degrades very seriously. Thermal aging has
destroyed the matrix and leads to the separation of matrix and
fibers, which in return reduces the mechanical retention of PPS
original material.

Loading-Unloading Analysis. One can observe that, under
monotonic loading, the predominant non-linear deformation
mechanism seems to be the local plasticity of PPS matrix [40]. In
order to quantify the possibility of plastic deformation and dam-
age development, loading—unloading tensile test with progressive
increase of the maximum stress have been performed in two
cases: virgin samples and aged specimens at 200°C for 199 h
(Fig. 5) shows the plastic deformation (g,) and loss of stiffness
parameter (E/E) evolutions as a function of maximum stress for
aged specimen. As it was shown above, the failure stress and
strain decrease by aging. One can notice the relative stability of
the Young’s modulus which indicates no significant damage
occurs during quasi-static loading (<1% decrease). Also, the plas-
ticity increases about 5%.

Fatigue Behavior Analysis. Effect of loading amplitude. Figure 6
shows the Wohler curves obtained in tension-tension fatigue tests
at a frequency of 10 Hz for PPS-90° specimens at room tempera-
ture [40]. According to previous work, final failure and fatigue
life of PPS/GF composite is highly dependent on the loading con-
ditions (amplitude and frequency) and local microstructure. Bi-
linear Wohler curves emphasized the influence of the loading
amplitude. More brittle failure was observed at high amplitude.

For studying the effect of oxidation on fatigue behavior of the
composite, iso-stress fatigue tests have been performed on the
aged samples during the time. For these tests the choice of stress
amplitude is very important. In order to have enough results dur-
ing a reasonable time, for high aging temperatures, we must
choose a low o, while for low aging temperatures; we must
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FIG. 4. (a) SEM micrograph of PPS/GF composite; fracture surface after
tensile test of virgin sample. (b) SEM micrograph of PPS/GF composite; frac-
ture surface after tensile test of aged sample at 200°C-199 h.
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FIG. 5. The plastic deformation (e,) and loss of stiffness parameter (E/Eo)
evolutions as a function of maximum stress: (Relative stress [resp. strain] =
stress [resp. strain]/ultimate stress [resp. strain] obtained in virgin sample).
[Color figure can be viewed at wileyonlinelibrary.com]

choose a high o,. So in the basis of the Wdhler curves for the
study of fatigue behavior during aging at high temperatures
(180 and 200°C) and also at low temperatures (140 and 160°C)
for comparison, we have chosen 6, = 0.6 Gyjimate-virgin-

In order to study the fatigue lifetime of aged PPS composite at
180°C at different aging times tension-tension fatigue tests have
been performed at different loading amplitudes of 0.6 Guyimate-
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FIG. 6. Relative Wohler curves of PPS/GF composite performed on PPS-
90° specimens under tensile-tensile fatigue loading at the frequency of 10 Hz
and room temperature, R = 0.1 (Relative stress = stress /ultimate stress
obtained in virgin sample after tensile test [Guiimate-virginl)-

virgin @A Gylimate-virgin (S€€ Fig. 7). One can notice that the cycle
number decreases with the loaded amplitudes increasing. In par-
ticular, the applied amplitude of 0.6 Gyiimate-virgin favors to a
higher cycle (maximum to about 107 cycle) while one can also
notice that the considerable reduction of cycle number with the
amplitude of Gyjimate virgin: from 1.4 X 10% to 1.2 x 10° with an
oxidation time of approximately 250 h. From Fig. 7, one can also
note that the lifetime reduction rate is increased from the tests
with loading amplitude from 0.6 Gyjimate-virgin 1O Cultimate-virgin-
Results show the fatigue lifetime sharply decreases by aging time
increasing in the case of loading amplitude of 0.6 Gyuiimate-virgin-
Also the temperature of 180°C favors an obvious diminution of
fatigue cycle number with the increasing oxidation time.

Effect of Thermal Aging Temperature. Figure 8 shows the
fatigue lifetime evolution as a function of oxidation time under
different oxidation temperatures of 140, 180, and 200°C. One can
note that fatigue lifetime reduction rate increases with thermal
aging temperature. Indeed, at 200°C the fatigue lifetime is submit-
ted to a very sharp decrease. This indicates the 200°C is very
harsh to destroy the mechanical properties of PPS materials. This
is to say, the fatigue lifetime is very sensitive to the oxidation
temperature and decided by the thermal aging conditions.

Fatigue Behavior Coupled With Oxidation
Phenomenon. Figure 9 shows the relation between N, and [CO] in
different oxidation temperatures. One can note that generally it can
be divided into two zones, high oxidation temperatures (e.g., 200 and
180°C) and moderate temperatures (140 and 160°C). For the same
rupture cycle number (), one can see the moderate temperatures
produce less [CO] amount while the high temperatures correspond to
more [COJ. However, it needs to be noted that the large amount of
[CO] in high temperatures is produced in a short time since the
induction time for high oxidation temperature is very short and quick,
which can be referred to the relative section above in this article.
Considering our PPS polymer material subjected to dynamic load-
ing, the samples aged at high temperature will consume a short
time to reach degradation while the low temperature will take more
time to appear the same degree of degradation. Comparatively, the
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[CO] can stand for the degradation degree. When the same cycle
number was applied until rupture, the high temperature leads to
more degradation, which is equivalent to high [CO] while the
value for low temperature is small. Moreover, one can see that Nr
decreases sharply with the increase of [CO], not only in the case
of high temperatures (180 and 200°C), but also in the case of low
temperatures (140 and 160°C).

CONCLUSION

PPS/GF composite was tested after oxidation at different tem-
peratures (140, 160, 180, and 200°C) until approximately 5,300 h
under tensile, loading—unloading and cyclic loading. The main
results are as follows:

The oxidation rate increases by increasing the temperature. At
200°C it is considerably harsher and faster than at 140°C and this
difference is related to the exothermic nature of global apparent
activation energy of oxidation reactions.

Tensile behavior of sample aged at 200°C exhibited that at the
beginning of oxidation from 0 to 30 h, the tensile behavior stays
its mostly original retention. This is mainly due to the post-
crosslinking and also to the increase of the degree of crystallinity
of PPS. After then, the tensile strength decreases sharply almost
of its 25% strength during 200 h. One can note that the relative
Young’s modulus slowly increases at the beginning of oxidation
and this trend tends to be constant with the thermal oxidation time
increasing. This also proves the crosslinking and increase of crys-
tallinity exist during the oxidation process. Moreover, the strain
has a consistent decrease. This indicates the material tends to be
brittle during oxidation, showing a decreasing elongation.

Loading—unloading tests presented that the PPS/GF composite
has an evident nonlinear elasticity-limited plasticity, not only for
virgin sample, but also for aged samples.

Fatigue analysis of aged samples showed that the fatigue life-
time decreases with the loaded amplitudes increasing. The cycle
number for aged samples has an obvious decreasing trending due
to oxidation, and this trend tends to be more excessive with the
oxidation temperature and oxidation time increasing. PPS/GF
composite will lose its fatigue performance obviously at the
beginning of oxidation and the fatigue performance will tend to
be worse with the oxidation process going further.
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Etude de I’effet du vieillissement thermique sur le comportement en fatigue du
composite de poly (sulfure de phéyléne) renforcépar des fibres de verre
(PPS/FV)

RESUME : Dans ce travail, I’effet du vieillissement thermique sur le comportement en fatigue du
composite de poly (sulfure de phényléne) renforc€par fibres de verre (PPS/FV) a ééé&udié Ce mat&iau
est d’abord @udi€par différentes méthodes d’analyse afin de déterminer ses caractéistiques physico-
chimiques et meéeaniques. Ensuite, le maté&iau subit un vieillissement thermo-oxydatif accd&é a
diffé&entes tempé&atures comprises entre 100 <C et 200 <C. Certaines caractéistiques du matéiau sont
d’ailleurs suivies au cours du vieillissement. A partir des réultats obtenus, un mécanisme d’oxydation est
propos€et un modée cinéique est développé La validitéde ce modde est véaifiée par les ré&ultats
exp&imentaux, essentiellement obtenus par la spectromérie infrarouge. L’effet du vieillissement sur le
comportement meeanique est éudi€ par les deux axes suivants : D’abord d’une manié&e indirecte en
étudiant I’évolution de la morphologie de la phase cristalline au cours du temps et ensuite par la méhode
directe. Dans cette mé&hode directe, premiéement, le comportement en fatigue et en traction-traction du
PPS/FV a é@éé&é&udiéen faisant varier la fréquence et ’amplitude de la sollicitation. La courbe de Wdhler
est tracée en fonction du nombre de cycles ala rupture. 1l a &é&constatéque le vieillissement modifie le
positionnement et 1’allure de la courbe de Wchler. Ensuite les éorouvettes vieillies & diffé&entes
tempé&atures sont testées en fatigue (traction-traction) avec une amplitude maximale (omax=40 MPa) et un
rapport de chargement (R=0,1) afin de suivre I’influence de la dégradation thermo-oxydative au cours du
vieillissement. Il a &é constatéque 1’oxydation a un effet néfaste sur le comportement en fatigue du
PPS/FV. Ce maté&iau perd significativement de ses performances méne au désut du vieillissement et
surtout a haute tempé&ature de vieillissement. La perte de la performance en fatigue du maté&iau
s’accentue au fur et amesure que le processus d’oxydation se poursuit.

Mots clé& : Composite de poly (sulfure de phényléne) (PPS) : fibre de verre; oxydation thermique;
comportements de fatigue; mod@isation cinéique; cristallisation ; propri&é meéeaniques.

Study of thermal aging effect on fatigue behaviors of a short glass fiber reinforced
Polyphenylene Sulfide (PPS/GF) composite

ABSTRACT: In this work, the effect of thermal aging on the fatigue behavior of a glass fiber reinforced
poly (phenylene sulfide) composite (PPS/GF) was studied. This material is first characterized by different
methods of analysis to determine its physicochemical and mechanical characteristics. Subsequently, the
material undergoes accelerated thermo-oxidative aging at different temperatures between 100 <C and 200
<C. Some characteristics of this material are followed during thermal aging. From the results obtained, an
oxidation mechanism is proposed and a kinetic model is developed. The validity of this model is verified
by the experimental results, essentially obtained by infrared spectrometry. The effect of thermal aging on
mechanical behavior is studied in two ways: Firstly, indirect manner by studying the evolution of the
morphology of the crystalline phase over time and subsequently by the direct method. In this direct
method, firstly the tension-tension fatigue behavior of PPS/GF was studied by varying the frequency and
amplitude of stress. The Wchler curve is plotted on the basis of the number of cycles at break. Thermal
aging has been found to alter the position and shape of the Wd&hler curve. Then the samples aged at
different temperatures were tested by tension-tension fatigue with a maximum amplitude (omax = 40 MPa)
and a loading ratio (R = 0.1) to follow the influence of thermo-oxidative degradation during aging. It has
been found that thermal aging has a detrimental effect on the fatigue behavior of PPS/GF. This material
loses its performance significantly even at the beginning of aging, especially in high aging temperature.
The loss of fatigue performance grows in the oven as the oxidation process continues.

Keywords : Polyphenylene Sulfide (PPS) composite; short glass fiber; thermal oxidation; fatigue
behaviors; kinetic modeling; crystallization; mechanical properties.
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