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Résumé

Au cours du XXe siécle, les polymeres se sont développés a une vitesse tres importante, due a
leur facilité de production et a leur versatilite, permettant le développement de différentes
classes de matériaux suivant I'application visée. En raison de leur popularité, la production de
polymeres a entrainé une énorme quantité de déchets. En particulier, les élastoméres vulcanisés
ont récemment souffert d'une mauvaise réputation a cause de leur incapacité a étre refondus ou
réutilisés. Sur de longues périodes, leur dégradation mécanique se fait par des sollicitations
cycliques et I’effet de I'environnement. Cependant, ils restent trés largement utilisés dans
plusieurs secteurs industriels en raison de leurs propriétés physiques uniques. Un défi majeur
consiste donc a trouver des matériaux alternatifs capables d'étre réutilisés, réparés et recyclés,
répondant a des exigences tres élevées en termes de module d’élasticité, de ténacité, de

résistance a l'usure, de stabilité chimique et de codt.

Les élastoméres thermoplastiques, basés sur des copolymeres a blocs multiples, possédent les
propriétés mécaniques requises pour des applications structurelles et peuvent étre reutilisés ou
recyclés. La réparation de ces matériaux est possible, au-dessus de leur température de fusion,
a travers la dissociation des segments rigides, qui déclenche la transition solide-liquide. Nous
proposons d’atteindre cette température en chargeant une matrice ¢lastomere thermoplastique
avec des (nano)particules générant de la chaleur par induction magnétique a haute fréquence,

pour un traitement thermique rapide et sans contact.

D’abord, la caractérisation multi-physique a permis une compréhension compléte des
mécanismes agissant sur le composite sous un champ magnétique oscillatoire. Ensuite, la
capacité de réparation de ces matériaux a été évaluée, en étudiant leur comportement mécanique
via des expériences de traction uniaxiale jusqu'a leur rupture. Finalement, I’optimisation du
processus de cicatrisation magnétique a été effectuée afin de maximiser la récupération des

propriétés mécaniques et minimiser les défauts structurels induits.
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General Introduction

Context

Over the 20™ century, polymers have become essential in a wide range of domains. On top of
the economic advantages of their production, their versatile nature allows for the tuning of
different classes of polymers according to the intended application. Because of their popularity,
the immense amount of polymer produced has subsequently led to an unprecedented generation
of waste. In particular, elastomers, whose vulcanization process provides unrivalled mechanical
properties, have recently suffered from a bad reputation for being one of the prominent
materials in waste generation on land and in the oceans, because they are incapable of flowing
and thus, they cannot be reshaped or reused. This is the case for tires, shoe soles, seals and wire
sheaths whose inevitable disintegration happens through cyclic solicitations and environmental
degradation over long periods of time. The production of elastomers shall remain of the utmost
importance in several industrial sectors because of their unique physical properties. A major
challenge resides therefore in finding an alternative solution capable of being reused, repaired
and recycled, satisfying highly demanding requirements in terms of modulus, toughness, wear

resistance, chemical stability and cost.

Research has recently been oriented towards the development of different reusable materials.
Self-healing materials are appealing to both scientific community and industrial companies for
their ability to repair themselves, recovering a relevant part of their mechanical properties after
damage. However, their mechanic properties (post-healing strength in the range 103-107 Pa),
their chemical endurance (sensible to humidity) and time needed for this recovery (102-10° s)
present a limit to this approach. Therefore, on top of the material’s capacity to heal, a new

solution should also satisfy specific mechanics and processing requirements.

Strong and phase-changing thermoplastic elastomers (such as thermoplastic polyurethanes
TPUs) possess the mechanical properties required for structural applications (i.e., high strength
and toughness in service) and are capable of being reused or recycled through their
thermoreversible characteristics. The repairing of these materials is possible through the
dissociation of semi-crystalline hard-segments encompassed within the soft matrix, enabling
chain diffusion and the subsequent healing of the material through the macroscopic solid-to-

liquid transition. Cooling down the material at service temperature allows for the hard-segments
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General Introduction

to gather back from the liquid state providing solid-like properties. This dual behavior eases the

processing of thermoplastic elastomers and enables their reuse, repair, and recycling.

While this phenomenon is most often controlled through resistive heating, in this thesis, we
propose to use magnetic induction as an alternative stimulus offering fast, controlled,
contactless, and localized heating. Induction heating requires the use of magnetic particles as
fillers and originates from different magnetic relaxation mechanisms that depend on the
particles’ nature, size, as well as on the viscosity of the environment surrounding them. Through
this study, we seek to understand and optimize the healing of magnetic composite materials,

made of commercially available products.

Magnetic induction heating is often associated with biomedical research fields for applications
in cancer treatment through therapeutic hyperthermia, due to the aforementioned advantages.
Triggering the solid-to-liquid phase transition of magneto-responsive thermoplastic rubbers is
a process which remains to be optimized for healing or post-processing treatment. As the
heating mechanisms depends on the content of particles in the composite, on the properties of
the magnetic particles as well as on those of the matrix surrounding them, a thorough multi-

physics study is needed.

Objectives of the PhD

The primary objective of this thesis is to the produce and characterize magnetic composite
materials made of a thermoplastic elastomer matrix filled with magnetic (nano)particles. The
multi-physics characterization (i.e., microstructural, mechanical, rheological and magnetic)
should lead to a full understanding of the composite’s behavior under an oscillatory magnetic
field. A particular attention should be paid on the comprehension of the magnetic heating
mechanisms at the origin of heat generation depending on the magnetic particles (content,
nature, size...) and their interaction with the polymer matrix. The composites will be subjected
to an alternating magnetic field to reach the range of temperature needed for triggering the solid-
to-liquid transition. Then, the mechanical behavior of the composites will be determined
through uniaxial tensile experiments on native tensile dumbbell-shaped samples and samples
healed through magnetic induction after being cut in two halves. The stress/strain curves will
be measured up to the mechanical failure, which will be used to evaluate the mechanical

recovery between native and healed samples. With the project being conceived for upscaling to
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General Introduction

the industry level, another objective lies in the optimization of the magnetic healing to

maximize the recovery of mechanical properties, and minimize structural defects.

Scientific content

This thesis is part of the POMMADE (POlyMer MAterials inDuction hEaling) project was
funded by the Institut Carnot Ingenierie@Lyon, involving the collaboration of three
laboratories in Lyon, France: “Matériaux: Ingénierie et Science” (MATEIS), “Ingénierie des
Matériaux Polymeéres” (IMP) and “Laboratoire Génie Electrique et Ferroélectricité” (LGEF).
The thesis work was mainly conducted at MATEIS laboratory within the “Polyméres, Verres
et Matériaux Hétérogenes” (PVMH) team. Because of the multi-physics nature of this work,
collaborations were also built up with different research laboratories such as “Institut des
Nanotechnologies de Lyon” (INL), “Institut Lumiére Matiére” (ILM) and European
Synchrotron Radiation Facility (ESRF).

The introduction of magnetic induction heating to the MATEIS laboratory has led to multiple
new projects. Through the previous years, student projects, internships and post-doctoral
fellowships have relied on magnetic induction and its advantages for heat generation and for
sensing particular structural changes. The works on supramolecular superparamagnetic
nanocomposites (Falco et at., Macromolecules, 2020), on anisotropic ferromagnetic composites
(Xiang et al., Materials Today Chemistry, 2021) and on magneto-responsive metallo-
supramolecular networks (Jiang et al., Macromolecules, 2022 — recently accepted) are notable
collaborations. It should then be noted that forthcoming PhD thesis are expected to treat subjects

related to magnetic induction heating.

The manuscript starts with a Literature Review (Chapter 1) describing the main applications
and characteristics of thermoplastic elastomers, the basic concepts of magnetism and induction
heating, and the state of the art regarding induction heating on polymer-based nanocomposites,
as these are the fundamental concepts for understanding this work. Chapter 11 focuses on the
description of the Materials & Methods. The experimental results on the Structure &
Thermomechanics of Composites are presented in Chapter I, detailing the structural,
thermal, and rheological behavior, setting the conditions for an efficient repair of the samples.
Then, the materials are subjected to Magnetic Induction Heating (Chapter 1V) and selected
formulations are subjected to different Magnetic Induced Treatments (Chapter V). Finally,

we characterize the Movement in the Molten State (Chapter VI) of the magnetic particles
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under induction heating, clarifying the fundamental understanding of our material’s response
to the alternating magnetic field. The manuscript is completed by a General Conclusions

section gathering the results and the possible outlooks of this work.

Note that the main results presented in Chapters I11